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Preface

An earlier Compendium of Chemical Terminology described the

notion of catalysis and a catalyst as follows: “Catalysis is the action ofa

catalyst”; and a “Catal_i'.s't is a substance that increases the rate ofrcaction

without 1-noditfitng the overall standard Gibbs energy change in the

reaction”. Some attempts were made in the past to define the term

“photocatalysis". Indeed, one of the IUPAC Commissions defined

photocatal_t-*.s'i.s' as “a catalytic reaction involving light absorption by a

catalyst or a substrate”. In a later revised glossary a complementary

definition of a photo-assisted catalysis was also proposed: “catalytic

reaction im'olving production o/ia catalyst by absorption of light”. Both of

these descriptions are less than satisfactory as they lack some, if not many,

of the details of the catalytic process. Addition of the extra reactant, namely

light, inserts an extra dimension to an otherwise complex issue. The term

1)/"10I()(.‘(tI‘(Ii\-’.$'iS has been characterized in the past by a continued use of

labels to describe a variety of mechanistic possibilities for a given process.

Today water resources are the most exploited natural system since man

strode the earth.Pollution of water bodies is increasing steadily due to rapid

population growth, industrial proliferation, urbani7.ation, increasing living

standards and wide spheres of human activities. The large number of water

pollutants includes organic like phenolic compounds, dyes, pesticides and

synthetic detergents and inorganic, sediments, radioactive materials.

thermal pollutants, etc. The World Health Organization (WHO) estimated

in I996 that every eight seconds a child dies from a water-related disease

and that each year more than five million people die from illnesses linked

to consumption of unsafe drinking water or inadequate sanitation. United

Nations declared 2003 as an International Year of Freshwater and also



recommended the proclamation of 2005-2015 as the International Decade 

on Water for Life. 

Briefly narrating, nanocrystalline mesoporous Ti02 catalysts and 

metal incorporated TiO:! catalysts synthesized by different methods have 

their unique and often improved mechanical, ~Iectrical. optical and 

chemical propenies as compared with conventional catalysts. A 

comparative activity study is indented in this work to select the best route 

for the preparation of Ti02 catalysts as well as the best catalytic system 

among the metal incorporated Ti02 catalysts in pollution abatement such as 

dye degradation. Thus fonnulated this thesis into ten chapters including 

chemical cala~vsis and arrived at the interesting conclusion that metal 

incorporated Ti02 catalysts give tremendous results in the respective 

reactions and are eca-friendly catalysts. Last chapter in each section 

summarizes the investigation and conclusions drawn from the work. 
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Introduction

Abstract
............................................................................................................ . .

Over the years, growing human needs led to industrialization providing

amenities to make human life comfortable. However, due to the industrial

growth, the pollution of air and water also reached to a degree where new

and innovative processes/technologies are required to be developed to

check the pollution. Therefore, varieties of techniques have been developed

for pollution abatement. Among these processes, photocatalysis systems

such as combination of a semiconductor with UV light are a very promising

technique. TiO2 nano particles have been extensively studied for oxidative

and reductive transformation of organic and inorganic species present as

contaminants in air and water. This chapter deals with a brief account of the

history of catalysis, photocatalysis, semiconductor photocatalysis, TiO; and

the applications. The oxidation of organic substrates represents one of the

most important industrial chemical reactions, explaining the significant

efforts invested in the research and development of new heterogeneous

catalysts with increased activities and selectivities in these type reactions.

Therefore liquid phase reactions like epoxidation of cylcohexene and

hydroxylation of phenol were discussed using CeO2/TiO2and CuO/TiOg

catalysts. The oxidation products of these reactions are important in fine

chemical industry, pharmaceuticals etc.



Chapter I

1.1.0 Catalysis

Presently we are faced with the challenge of cleaning our natural

water and air resources. While we enjoy the comforts and benefits that

chemistry has provided us, from composites to computer chips, from drugs

to dyes, we are faced with the task of treating wastes generated during

manufacturing processes and the proper disposal of various products and

byproducts. Catalysis was not a phenomenon which was developed in

recent years but which was associated with the life itself. Basic

understanding of this phenomenon and its utilization in vitro has happened

in the last two centuries. Considering our necessities and commodities

available, we have to depend on catalytic reactions. Why‘? Because

catalytic processes are more environmental friendly. Needs only low

temperature, highly selective to the desired product and/or target our

interest, environmentally clean, less expensive compared to other processes

and easily controllable.

A clear understanding of the development and utilization of the

catalyst and catalysis was possible through the technological advancements

in basic spectroscopy and other devices which have thrown light on its

structural and mechanistic aspects. Catalysts play key role in the production

of clean fuels, the conversion of waste and raw materials into energy, clean

combustion engines including control of NOX, soot production and

reduction of green house gases, production of clean water and of polymers

as well as reduction from polymers to monomers. Tremendous pressure is

currently exerted on chemical manufacturing industry to develop new

synthetic methods that are environmentally more acceptable in this

catalysis field. Photocatalysis play a leading role in this situation and is

presently existing in industry front as a pollution abatement technic. lt is an

2



Introduction

eco-friendly method of producing fine chemicals. Sustainable energy

source like sun can be used which leads to the production of hydrogen and

oxygen by the conventional redox reaction. A naturally occurring

photocatalysis phenomenon is photosynthesis that is known since

prehistoric times without any knowledge of the intrinsic mechanisms of

plants growth.

1.2.0 Photocatalysis

The term photocatalysis has been characterized in the past by a

continued use of labels to describe a variety of mechanistic possibilities for

a given process. Understanding heterogeneous photocatalysis has

necessitated a suitable description of (i)what photocatalysis is, (ii) what

tumover quantities are (numbers, TON; rates, TOR; frequencies, TOP )

and (iii) how quantum yields (I) can be established for a seemingly very

complex heterogeneous system. The turnover quantities, while being

relatively understood in homogeneous photocatalysis, are not simple

parameters to estimate and thus have required further considerations in

heterogeneous photocatalysis as they necessitate knowledge of the number

of photocatalytically active sites for TON and TORII]. ln the early 19805,

Salomon[2]proposed that the broad description of photocatalysis be

subdivided into two main classes: (i) photogenerated catalysis, which is

catalytic in photons, and (ii) catalyzed photolysis, which is non-catalytic in

photons. In photogenerated catalysis, ground states of the catalyst and of

the substrate are involved in the thermodynamically spontaneous (exoergic)

catalytic step. By contrast, in catalyzed photolysis either the nominal

catalyst T or the substrate

3



Chapter 1

L, _T I| lhv
C

TProducts .
I hv or A hi­C iSubstrate

IProducts Substrate

H ta) _ I  lb) H _
Fig 1.1 — C is the catalytic entity

or both are in an excited state during the catalytic step. Note that T is the

nominal catalyst and C denotes the catalytic entity. Teichner and Formenti

[3] described heterogeneous photocatalysis as an increase in the rate of a

thermodynamically allowed (G< 0) reaction in the presence of an irradiated

solid with the increase (in rate) originating from the creation of some new

reaction pathways involving photocreated species and a decrease of the

activation energy. ln this sense, one could argue that many of the reactions

involving irradiated semiconductor photocatalysts belong to the class of

photogenerated catalysis. Several photoreactions that take place in the

presence of semiconductor particles and that have been claimed to be

photocatalytic may in fact be described more appropriately as

semiconductor-assisted photoreactions [4]. Thus Photocatalysis can be

described as a change in the rate of chemical reactions or their initiation,

under the action of light in the presence of substance— called photocatalyst ­

that absorbs light quanta and takes part in the chemical transformation oi

the reaction participants or a photocatalyst is a substance that produces

4
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Introduction

electron-hole pairs by absorption of light quanta and makes chemical

transformations of the reaction participants that come into contact with it,

and regenerates its chemical composition after each cycle of such

interactions. A photocatalytic process occurs via the following steps [5]:

ii» Generation of electron-hole pairs by exciting a semiconductor with

radiation of a suitable energy

IL Separation of electron-hole pairs by traps that have trapping rate

higher than the recombination rate

3 Redox reaction by separated electrons and holes with adsorbed

substrates, according to thermodynamic and kinetic constraints

4» Evolution of products and regeneration of the surface.

This working mechanism for the photocatalytic process can be

defined as a chemistry of “redox mechanism” and the role of light is mainly

to excite the solid, which must essentially be a semiconductor.

Photocatalytic degradation of environmental contaminants using

semiconductor photocatalyst has been studied widely over the past three

decades. Historically, the discovery of photo-electrolysis of water directly

into oxygen at a TiOg electrode and hydrogen at a Pt electrode by the

illumination of light greater than the band gap of TiO2 (3.2 eV) is attributed

to Fujishima and Honda in early 1972 [6,7] though photocatalysis by ZnO

and TiO2 has been reported much earlier by Markham in l955. The works

of Carry et al. has proved that the semiconductor catalysts have a potential

to decompose many organic compounds, conversion of inorganic anions

and metal removal [8]. Due to faster electron transfer to molecular oxygen,

TiO; is found to be more efficient for photocatalytic degradation of

pollutants[9].

5



Chapter l

1.2.1 Semiconductor

Semiconductors are electronic conductors with electrical resistivity

values generally in the range of 10': to 109 ohm-cm at room temperature,

intermediate between conductors (l0'6 ohms-cm) and insulators (1014 to

1022 ohm-cm) [10]. At absolute zero temperature, pure and perfect crystal of

most semiconductors will be an insulator. In a semiconductor, the highest

occupied energy band is called the valence band (VB) and lowest empty

energy band is called the conduction band (CB). These two bands are

separated by an energy band called band gap (Egg). Figure l.2 shows the

band structure and band filling in metal, insulator, and semiconductor. In

intrinsic semiconductor, conduction band is close to the valence band.CB  “CB ‘
Eac

Eac,, . .. v .r . -- t ~-» -. ;=.-  ~¥>3$'P¥3,- ‘ -‘i'     'V,- --\ -~w  .  -. UJI0   1' -  _. ....  .. . ys it
I 5-  1"’: -.>~ ‘r .. .1,‘ ,-~ ;- ~ .‘ ." »' 5 g’ '-: Hi-. ». '.-9.-11-'9" :5! .'i_;'i  '. *7’ ".tb.§§   ‘Ii  - -1" ti ii!  v'-’­
9 i r -* , “" ~ ;._  ». 1; ‘_ 2. .‘;   ,1_,,»:»,»_',_»,_,_4_,;:1- 1 1'3-Q" ',\,;_~;._»-' ,‘_‘|_,_‘ vi kc  »;'.:i.:; - ,6K If t I ~0 ‘P ‘i x ~03 ~ if

rg K 8*

M -v  -Y I...-y .,_,,._,._  1 . ..,_ | ~ »  n/' )v_s,  _
__1_£__::____u_:_K _ J ‘l L ‘Jar . ;_;.rv_‘:: \,‘:_\___:§,vV_\ j-‘;!,:_ .5  ._.__».j;»? 4;;    _.__i  V  , N I ",-_ E, .,:  ;.     I if-1--_-_E’-.;*}_;_; j;,;'j‘._.?_45_;‘;;  3:  »_;_iV T  ~_~%i'?1'_'_§1f§§:_, ‘ I: ‘  _- j_,.|_ -0',- -~;.>~.».-t 1,-rt :~.~=,>=¢'i .   -» V ,,    ,~.  .“@~,,>- - i  -‘ 141' .1" i," :-1;_-Q‘-.7‘ 1 |-  - inlnu ­(a) (b) (¢)

Fig1.2 Schematic representation of the band structure in

(a) metal (b) insulator (c) intrinsic semiconductor

There are two types of semiconductors, n-type in which majority

charge carriers are electrons and p-type in which majority charge carriers

are holes. Semiconductors can be made conductive either by putting extra

electrons into the conduction bands, or by removal of an electron from the

valence band that creates a positively charged hole. The hole can be

regarded as the mobile entity because annihilation of a hole by a nearby

electron effectively moves the hole over in space. The energy of the most

6



Introduction

energetic electrons in the partially filled band is called Fermi level. In a p­

type semiconductor, Fermi level lies just above the valence band edge, and

in an n-type semiconductor, the Fermi level lies just below the conduction

band edge as shown in Figure 1.3.

le I i CB
. . . . . . ....>...... ..._'._.

_....... . . - . _ . . . . . . .... Er

I vs, I i vs 1
p"type |-ptype

Figure 1.3: Fermi levels in'p- and n-type semiconductors.

In semiconductors, mobile charge carrier can be generated by three
different mechanisms:

1) Thermal excitation: If the band gap energy is sufficiently small (less

than half an electron volt) thermal excitation can promote electron from

valence band to the conduction band.

2) Photoexcitationi In this case, an electron can be promoted from the

valence band to the conduction band upon absorption of a photon of

light, provided that the photon energy is greater than or equal to the

band gap energy.

3) Doping: It is a process ofintroducing new energy level into the bandgap.

Two types of doping can be distinguished. For n-type doping (with

group [II elements like B, Al, Ga, and In), occupied donor levels are

created near the conduction band edge where current is carried mainly

by negative charge carriers. Likewise, p-type doping (with group V

elements like P, As, Sb, and Bi)corresponds to the formation of empty

7



Chapter 1

acceptor levels near the valence band, creating positive charge carriers

where current is carried mainly by positive charges. The surface defects

and impurities in n type or p-type semiconductors are responsible for

the change in band gap of the semiconductor.

1.2.2 Semiconductor Photocatalysis

A single particle of semiconductor can provide both oxidizing and

reducing species for the reaction. Semiconductors like TiO2, ZnO, Fe;;O3,

CdS and ZnS can be used as photocatalyst for the waste water treatment

and polluted air purification [ll-20].Semiconductors can act as sensitizer

for light-induced processes. Absorption of a photon of energy greater than

the bandgap energy leads to the formation of an electron-hole pair. In the

absence of suitable scavengers, the stored energy is dissipated within few

nanoseconds by recombination [21]. If a suitable scavenger or surface

defects state is available to trap electron or hole, recombination is

prevented and subsequent redox reaction may occur. The valence band

holes are powerful oxidants (+1.0 to +3.5V vs. NHE depending on the

semiconductor and pl-I), while the conduction band electrons are good

reductants (+0.5 to -l.5V vs. NI-IE) [22]. Most organic photodegradation

reactions utilize the oxidizing power of the holes either directly or

indirectly. Semiconductor photocatalysis is an emerging technique valuable

for water and air purification and remediation. Fundamental and applied

research on this subject has been performed extensively during the last 30

years all over the world [23-27]. Nowadays, the main goal of research and

development in semiconductor heterogeneous photocatalysis which is a

part of Advanced Oxidation Processes (AOPs) used for air and wastewater

treatment [5].

8
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1.2.3 Semiconductor Photocatalysts

Metal oxides and sulphides represent a large class of semiconductor

materials suitable for photocatalysis [24-26]. Fig 1.4 lists some selected

semiconductor materials, which have been reported to be used for

photocatalytic reactions,with their VB and CB potentials, bandgap energy.

INHEL t ___, to _ ,_-T 5-1-i ZLS l
CdS_' -no, Z-'39  srrio,

o~~ T as  1  »-rsss~s“":£’* s s T  Hz/1-1*T  Zsi 3.6  F°‘o‘ l
———-'—-——-——-—-—#-—--f-—-—-l@--- ----- no/o3- 32c 31 ‘ j 32 T 2 '

l

i

2 _ _;_ 12 2.2u lL  _ _____ p w ,?,_,__ i L
Fig 1. 4. Energy levels of various semiconductors

Among these listed semiconductors, TiO2 has proven to be the most

suitable for wide spread environmental applications [1l,l5,l8,28].In spite of

this vigorous activity and the search for the “ideal” photocatalyst for more

than two decades, titania has remained as a benchmark against which any

emerging material candidate will be measured. Titanium dioxide is

biologically and chemically inert; it is stable to photo- and chemical

corrosion and is inexpensive. Furthermore, TiO2 is of special interest since

it can use natural (solar) UV radiation. This is because TiO2 has an

appropriate energetic separation between its valence and conduction bands,

which can be surpassed by the energy of a solar photon. The VB and CB

energies of the TiO;; are estimated to be +3.l and -0.1 volts, respectively,

which means that its band gap energy is 3.2eVand therefore absorbs the

9
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near UV light (7t<388nm). Due to faster electron transfer to molecular

oxygen, TiO2 is found to be more efficient for photocatalytic degradation of

pollutants [29]. The band position of some common semiconductor

photocatalysts in aqueous solution at pH =1 are shown

. * . ‘* B d .
Semiconductor Valence Conduction gig) Band gap

Band Band (ev) Wavelengthi (V vs. NHE) V (V vs.NHE) 1 (nm) 8
‘TKDQ +31 -0.1 32 588SD02 +0.3 3.9

V I
L318

8 ZnO -0.2 3.2 388+3.0

+1.4 i
J. ZnS

-2.4 3.7 335

+02 2.8 443 8 3W03 +3  Ll_.______,_ __ _ . ._ices +21 -0.4 14 496888 8 M
3 CdSe +1.6 y -0.1 r7ii§729 l. -~ l
GaAs i +1.0 -0.4 1.4 886

GaP +1a ii: -1.0 2.3 539 i
Table 1.1 Band Position of Common Semiconductor Photocatalyst

atpH=l

Although ZnO has characteristics similar to TiO2 and seems to be a

suitable alternative to TiO;, it dissolves in acidic solutions and therefore

cannot be used for technical applications [30].Other semiconductor particles

(CdS or GaP) absorb larger fractions of the solar spectrum than TiO2 and

can form chemically activated surface-bond intermediates, but unfortunately,

such catalysts get degraded during the repeated catalytic cycles usually

involved in heterogeneous photocatalysis.
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1.2.4 Tbe Structure of Ti01 

There are four polymorphs of Ti02 found \0 nature; rutile 

(tetragonal), anatase (telragonal), brook tle (orlhorhombtc), and Ti02 B 

(monoclinic). Other structures exist as well, for example corunnite Ti02 has 

been synthesized at high pressures and is one of the hardest polycrystalline 

materials [31].1n 1982 Rosemeyer ;1993, Morad and Aldahan have found 

the co-existing nature of rutile, anatase and brookite [32]. In 1986 Post and 

Bumham calculated that the rutile is more stable than anatase by less than 4 

KJ/mole and more stable than brookite by approx 20 KJ/moie al low temps 

[33]. Particle size experiments suggest that, in Ti02 crystals less than a few 

tens of nanomelers in diameter, Ihe anatase is more smble than rutile due 10 

surface energy effec ts in 1997 by Gribb and Banficld [34] 

[001 ) Rutile 

1.946 A titanium 

(0 10) 
[ 1 00] 

(0 10) Anatase 
~ " "\ 

1.966 A 

) 

\ 

~~3080 
~ 

6 ' .937A 

~ 
100 , I '-' '- " 001 

Figt.S Bulk structures of Rutile and Anatase Ti02. 
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However, only anatase and rutile play role in all the applications of Ti02• 

Figure 1.5 shows the bulk structures of rutile and anatase Ti02. The energy 

bandgap of analase (3.2 eV. 388 run) and rulile (3.02 eV. 411 run) combines 

with the valence band position to generate highly energetic holes at the 

interface giving rise to easy oxidation reactions. Anatase has been found, 

in most of the cases, to be photocatalytically more active than rutile [25,35-

38J . 

b-i 
c 

Fig 1.6 Unit cell of Ti02 

Figure 1.6 shows the unit cell structure of the rutile and anatase crystal 

where the grey spheres are oxygen atoms and black spheres are Ti. The 

structure of rntile and anatase can be described in tenns of chain of Ti06 

octahedra. The two crystal structures differ by the distortion of each 

octahedron and by the assembly pattern of the octahedral chain. Each Ti4
+ 

ion is surrounded by an octahedron of six O~· ions. The octahedron in rutile 

is not regular, showing a slight orthorhombic distortion. The octahedron in 

anatase is significantly distorted so that its symmetry is lower than 

orthorhombic. In rutile structure each octahedron is in contact with 10 

neighbour octahedron each (two sharing edge oxygen pairs and eight 

12 
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sharing comer oxygen atoms) while in the anatase structure each

octahedron is in contact with eight neighbours (four sharing an edge and

four sharing a comer) [39]. Among the two crystalline phases of anatase

and rutile, anatase is believed to possess enhanced photocatalytic and

photoelectrochemical conversion performances probably because of its

open structure compared with that of rutile [25,40].

1.2.5 Electronic Properties of TiO;
The titanium has no electrons in its valence shell when it is in the

oxidation state of +4, resulting in an empty tgg-band. The band gap is the

gap between the filled p-band(valence band) and the empty t;_>g-band

(conduction band). The empty tgg and completely filled p-band of TiO2

makes the semiconductor with a bandgap of 3.2 eV which falls in the UV

region.

EA

P _iiiinii S

d \ I29-band I

IEg=3.2eV 4- p

-p-band. __i  s-I5-and
Fig1.7 Band Diagram of TiO;

1.2.6 Band edge Positions

The indication of the thermodynamic limitation for the
photoreaction that can be carried out with the charge carrier will be

l3
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understood by knowing the band positions or flat band position of the

semiconductors. In order to photo-reduce a chemical species, the

conduction band of the semiconductor must be more negative than the

reduction potential of the chemical species and to photo-oxidise a chemical

species, the potential of the valence band of the semiconductor must be

more positive than the oxidation potential of the chemical species. The

ordinate in Figure 1.8 denotes the intemal energy and not free energy. The

free energy of an electron-hole pair is smaller than the energy of the band

gap. The reason for this behaviour is that the electron-hole pairs have

significant configurationally entropy arising from the large number of
translational states accessible to mobile carriers in the conduction and

valence band. TiO2 has it band edge at -0.] V and +3.1 V with respect to

NHE. The band gap and band edge position with reference to NHE for a

number of ionic and covalent materials in the bulk state are given

Figurel.8. The data refer to the conditions where the semiconductor is in

contact with the aqueous redox electrolyte at pH=l.

'I‘hIl)IJ1  Tr i_n"rnI 3 '2!" l.u-l- .m+ = nu. W_I,h 1t l " rm +-I-W­-“** E!‘-'~ '1' T 2 '
“ ‘ - I two“/Mu“

E

_  ii; [gm ,re 4: e
“Mk _ f_i§“*1  1'3

e -11» e at

_s  _ __s_g zallif -33re e  :
§ P-T’.

F‘  — » 1E
T i E —flE=‘§ fig‘;_

'-——:

l ‘ MP/nu"
w-r i -an -I - 1 1 i 1 1 1 1 I

l.'n“¥h"
l

l I‘ - i -11- i-an not-*' T T, _
4.5+

4.0-l n.o- T -l~ ­1 i " T
Fig - 1.8 The positions of bands of semiconductors relative to the standard potentials of
several redo:-I. couples (shown at the right hand side of the figure). The positions of the
valence and conduction band of acrnioonductors appear favourable for one or the ozherof the he-dox reaction of the cleavage of water.
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1.2.7 Space charge Layer and Band Bending

Ecs .
E’ ------- - -, ------------- - -E’

; Solution
Space "charge region

Fig 1.9 Space charge region on the semiconductor

Space charge layer plays a crucial role in photocatalytic reactions.

The generation of a space charge layer requires the transfer of mobile

charge camcrs between the semiconductor and the electrolyte. For bulk

semiconductor in contact with liquid medium, the charge transfer can only

take place in the presence of an electroactive species acting as electron

donor or acceptor. Thus, an interfacial redox reaction is required to produce

the electric field within the semiconductor. The term space charge layer is

used to define an electrically charged region of narrow width, typically

l0'5— l0'3 cm, extending from the surface of semiconductor into its bulk

phase. Often such a layer forms spontaneously as a consequence of charge

between the semiconductor and the electrolyte. Or unlike metals,
semiconductors have energy gap, which restricts the recombination of

photgenerated electron—hole pair. The field is penetrated into the bulk to a

few angstroms called space charge layer. Within the space charge layer, the

valence and conduction bands are bent. When the semiconductor is placed

in vacuum the bands are usually flat. When the semiconductor is allowed to

contact with solution or the metal, band bending occurs. The double layer is

formed at the semiconductor-solution interface and the transfer of mobile

15
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charge carrier between semiconductor and solution produces the space

charge layer. If there is no space charge layer, the electrode is at the flat

band potential. When the semiconductor is doped with the transition metals

or any other species, it will affect not only the Fermi energy level but also

the thickness of the space charge region. The thickness of the Garrett space

charge region is inversly proportional to the carrier concentration. ie..as

carrier concentration increases the thickness of the space charge region

decreases [41]. Normally lower activity is observed when semiconductor is

used alone; this is due to the high recombination rate of the electron-hole

pair. When the semiconductor surface is doped with an appropriate metal,

the rate of recombination reduces to a greater extent and the photocatalytic

activity is correspondingly enhanced. Depending upon the redox potential

of the substrate, one can tune the redox properties of the semiconductor by

doping with metals. ln the case of n-type semiconductor, the surface was

enriched by negative charge .In order to maintain the electrical neutrality

positive space charge layer has been fomied in the semiconductor, which

results in band bending. The direction of band bending depends on the

nature of the excess charge present on the surface of the semiconductor

[42|.In band bending, four different situations may arise [43]. These are

illustrated in Figure1.l0and 1.11 for a n-type semiconductor in contact with

the electrolyte. If charges are accumulated at the semiconductor side which

have the same sign as the majority charge carriers, one obtains an
accumulation layer. If on the

» r_ ~* 7E‘; _ T _ _'” 31 '—“""""" l. .  /, ___ __ _ ll51' _  ' _; 1"
Acciunulatlon Dcpkuon » Inversion

Fig 1.10 Band bending at the interface
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other hand, majority charge carrier deplete into the solution, a depletion

layer is formed. The excess space charge within this layer is given by

immobile ionized donor states. The depletion of majority carrier can go so
far that their concentration at the surface decreases below the intrinsic

level. If the electronic equilibrium is maintained, the concentration of holes

in this region of the space charge layer exceeds that of electrons. As a

consequence, the Fermi level is closer to the valence band than the

conduction band and the semiconductor is p-type at the surface and n-type

in the bulk called an inversion layer. When the semiconductor is in contact

with an electrolyte containing a redox couple, the Fermi level adjusts to

equilibrate with potential of redox species. Contact between the
semiconductor and electrolyte results in Schottky barrier. The electric field

of this barrier induces spatial separation between electron and hole by

driving the photo generated electron and hole in opposite directions,

resulting band bending at the interface or for efficient photocatalytic

reaction, the electron- hole pair recombination must be suppressed either

trapping the photogenerated electron or hole or both can lead to this. When

semiconductor particle is exposed to light with energy greater or equal to

band gap (the energy difference between the minimum of conduction
eoloctrom Qholu -,+ lrnmobllo brluddonot stnoor

blblltht Obctrolylo

ccn:bctIon- *5 5 F 5E pg-gfl if .... -._1°-~---=1-=~ -—e~ E, _./ -End -atz E  ..

£63-ri

1'
81>

I

5777777777 E1 -' -~—­valance bond EMa) b) ¢) d)
Fig 1.11 Space charge layer formation at the n-type semiconductor­

Solution interface: (a) flat band potential (b) accumulation
layer (c) depletion layer (d) inversion layer.
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band edge and the maximum of valence band edge) it leads to the creation

of electron-hole pairs. Under the influence of the electric field, this

electron-hole pair moves into the surface of the conduction and valence

band respectively. The electron in the conduction band moves to the

surface and reduction reaction takes place either with adsorbed molecule or

the surface groups. The depletion layer at the semiconductor-solution

interface, sometimes referred to as Schottky barn'er, plays an important role

in light induced charge separation which is discussed in detail in this

chapter.

1.2.8 Mechanism of Semiconductor Photocatalysis

When semiconductor photocatalyst is irradiated with light having

energy hv higher than the bandgap energy, EBG, light absorption process

creates an electron in the conduction band (CB) and a hole

0 ""' “ u.I \\/  9 cm' hv1 :\ 1\
. V’L //’

Fig 1.12 Mechanism of Photocatalysis on a semiconductor

in the valence band (VB), which can then diffuse and/or migrate to the

semiconductor’s surface and react as depicted in the Fi g l.l2.The possible

events these photogenerated electron—hole pairs may undergo are given in

Figl.l3

(a) recombination in the bulk

(b) recombination at the surface

18
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(e) reduction of a suitable electron acceptor , A adsorbed on

the surface by the photogenerated electron

(id) oxidation of a suitable electron donor , D adsorbed on

the surface by the photogenerated hole.

The electron hole pairs recombine to generate heat and if this is the

only process that occurs, the semiconductor will show no photoactivity.

Electron hole recombination is promoted by defects in the semiconductor

material and thus most amorphous semiconductor materials show little

photoactivity. If, however, the photogenerated electron and hole are able to

make their separate ways on to the surface of the semiconducting material

then it is possible for these to interact with surface species.

Sumac h’
nQC@|'|ufi|.§'| *6

® @-é 0 5»\"_I ©®© C
RecombinationF ~@ o

A

Figl.l3 Processes on the Photo-excited semiconductor Surface and

Bulk |44|

Under these circumstances, if an electron donor D molecules such

as ethanol. methanol and EDTA (Ethylene diamine tetra acetic acid), is

present at the surface, then the photogenerated hole can react with these

molecules to generate an oxidized product, D+. Similarly, if there is

electron acceptor A molecules present at the surface. such as oxygen or

hydrogen peroxide, then the photogenerated electrons can react with them
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to generate a reduced product, A -. The overall reaction can be summarized 

as follows: 

A+D Reaction t. t 

The above basic electron- hole generation, transport and transfer 

processes are also illustrated in Figure 1.14[45]. Many of the current 

commerc ial systems that utili ze Reaction I.t employ the semiconductor 

photocatalyst such as Ti0 2 to dri ve oxidation of organic pollutants by 

oxygen i. e. pholominerali zation of pollutants. Ti02 

Organic pollutant + 02 - CO! + H20 + mineral acids Reaction 1.2 

Product 

Fig 1.14 Schematic illustration of the major processes on TiOl 

It may be noted that, for Reaction 1.2 onl y mineral acids are 

generated, if there are any hetroatoms such as sulphur. nitrogen or chlorine 

present in the original organic pollutant. In photomineralisation, ultra­

bandgap light generates electron-hole pairs. Photogenerated holes that 

make it to the surface can react with surface hydroxyl groups to generate 

adsorbed hydroxyl radica ls (OH") which in turn can oxidise the pollutant 

molecules such as dyes. Photogenerated electrons that make it to the 

surface can react wi th adsorbed oxygen 10 generate superoxide anion (ot) 

20 



which can be subsequently reduced to hydrogenperoxide and then water. 

The intennediate species hydroperoxides(H02")produced can act as a 

further source of hydroxyl radicals (OH) In photomineralisation of organic 

materials sensitized by Ti02 as depicted by Reaction 1.2, the 

photogenerated electrons reduce water to oxygen and the photogenerated 

holes mineralise the organics. The latter process appears to involve the 

initial oxidation of surface hydroxyl groups on the Ti02 to hydroxyl 

radicals which then oxidise the organics and any subsequent intennediate 

or intennediates [23-25,30,45]. The reduction of oxygen by photogenerated 

electrons generate superoxide anion(02°l as an initial reduction product. 

The latter species can be funher reduced to hydrogen peroxide, which is 

intennediate in the overall reduction of oxygen to water. Hydrogen 

peroxide is, of course, also a possible source of hydroxyl radicals and it 

appears likely that during the course of Reaction 1.2 some of the 

mineralisation of the organic pollutant is brought about by oxidising 

species such as hydroxyl radicals generated via the reduction of oxygen by 

photogenerated electrons [23-25,30,45] . 

• 
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Fig 1.15 Photocatalytic redox reactions 
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As shown in Figure l.l5 When a photon of energy higher or equal

to the bandgap energy is absorbed by a semiconductor particle, an electron

from the valence band (VB) is promoted to the conduction band (CB) with

simultaneous generation of a hole (hi) in the valence band (VB). The

electrons in CB (och) and the holes in the valence band (ihib) can

recombine on the surface or in the bulk of the particle in a few nanoseconds

or can be trapped in surface states where they can react with donor (D) or

acceptor (A) species adsorbed or close to the surface of the particle. The

energy values of the valence band and conduction band are standard redox

potential (NHE). The efficiency of a photocatalyst depends on the

competition ofdifferent interface transfer processes involving electrons and

holes and their deactivation by recombination. The semiconductor

photocatalytie process is a complex sequence of reactions that can be

expressed [46,47] by the following set ofequations:

_ Scmiconduc tor _ _ _ _ _
T1O~ or } _ L > T1()g( Ci,-b . ht}, )—> recombination' 1” "3 "um
hvbii) __) HIOT aids —)  + ads + H+

hvb+ )+  —ads _)  +  ads
ihvb. ) + Dziils —"'  + DTa1ds

aids + Dil(i$ '_> Dtixitlc

( e‘ ch) + Auds _)  + A ads

The oxidative pathway leads, in many cases, to complete mineralisation oi

an organic substrate to CO; and H30. Generally, A is dissolved O3, which is

transferred in superoxide radical anion (Of) and can lead to the additional

formation of HO‘.
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TiO2 ( 6-01,) + Ogads 4‘ H+ —> TiO2 +HOg' ._, O2'- '4' H+

HO2' + TiO2 ( 6-cb) + H+ —> H02

2HO2' ——> H203 + O2

H202 + O2" —> HO‘ + O2 + HO'

H202 + hv —> 2H0’

1-1202+ TiO2( eicb) —+ HO‘ + HO'

In general, it is usually assumed that the organic pollutant in water

or air does not undergo direct hole transfer, although there is some evidence

that this process does occur in some cases (at least to some extent) but

rather that oxidation takes place through a surface-bound hydroxyl radical

(Ti W OH ' +) [50]. Electron-hole recombination on most semiconductor

materials is usually very fast, e.g. typically less than 10 ns for TiO2.

However, if a hole scavenger is added to a semiconductor colloid, it is

possible to remove some of the photogenerated holes and effectively trap

the photogenerated electrons for a sufficient time to allow their transient

absorption spectrum to be recorded. Similarly, if an electron scavenger is

added, the transient absorption spectrum of trapped photogenerated holes

can be determined. The semiconductor photocatalysis proved effective in

the complete mineralisation of hundreds of organic materials including

many alkanes, alkenes, haloalkenes,aromatics, haloaromatics, insecticides,

pesticides, detergents and dyes [23-25,30,45].Reaction 1.2 is an example of

a photocatalytic oxidation reaction which is often abbreviated as PCO.

Although there are many semiconducting materials, only a few are very

effective as semiconductor photocatalysts. Ideally, a semiconductor

photocatalyst should be chemically and biologically inert, photocatalytically

active, easy to produce and use, activated by sunlight and cheap. In fact, not
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surprisingly, no semiconductor fits this list of ideal specifications, although

semiconductor, titanium dioxide, TiO;;, comes close to them. Thus, TiO2

displays features of an ideal semiconductor photocatalyst with the

exception that it does not absorb visible light.TiO2 has a large bandgap 3.2

eV and therefore, is only a UV light absorber and as a consequence is

limited to absorbing a small fraction, ca. 10% of the solar spectrum .

Despite this limitation, its positive features far outweigh this, and so TiO2

has become the semiconductor material widely studied in the field of

semiconductor photochemistry. Most of the early work in semiconductor

photocatalysis, focused mainly on the photomineralisation of organics

dissolved in aqueous solution as explained by Reaction 1.2 while usually

employed semiconductor is in the form of a powered dispersion. As a

result, a number of commercial devices currently in market utilize TiO2 in

the form of powder dispersion.

1.3.0 Synthesis of Nanocrystalline Mesoporous TiO;

The advancement in this field of photocatalysis is the synthesis of

nanostmctured mesoporous oxides with improved catalytic efficiency.

Recently much attention was drawn to the preparation of titania powders

with mesopores ,namely mesostructured titania which was proved to have

high catalytic activity . The advent of supra-molecular chemistry has given

a new thrust to this field of porous solids. The mesoporous materials with

different compositions, new pore systems, and novel properties have

attracted considerable attention because of their remarkably large surface

areas and narrow pore size distributions, which make them ideal candidates

for catalysis[48].Nano particle is a challenge as the material properties

change drastically resulting from the particle size|49]. Nanocrystalline

mesostructured TiO; photocatalyst can be synthesized by using different
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surfactant templating methods with a narrow meso pore size distribution

and controlled pore structure [50—52]. Most of the earlier studies of

photocatalytic degradation of pollutants in air and water were carried out

with standard P25 Degussa TiO2. Some of the researchers had tried to

synthesize the TiO2 by various methods to enhance the photocatalytic

activity. Factors considered in photocatalysis are band gap and band

positions ,redox level of the substrate, solution pH etc.. It has also been

reported that the photocatalytic activity depends on the physical properties

such as surface area [53,54],crystal structure[55], crystallite size[56] and

surface hydroxyl groups[57].It is reported that anatase phase of TiO2 as

compared to rutile phase is more active for the photocatalytic degradation

of organic pollutants in wastewater and air[58-60].

1.4.0 Metal Doped Semiconductor

Several attempts has been made to lower the band-gap energy of

TiO;,but no appreciable change in the band-gap energy of TiO2 was

observed|61-63]. Though, TiO; is more photoactive among the studied

catalytic materials, it is less active in the visible region due to its high band

gap(3.2 e V).For the same reason ,the light absorption will take place at

< 390 nm (UV region).Since the solar spectrum consists of only 10 % UV

light , the efficiency of the process is very poor. Inorder to overcome this,

various attempts have been made to activate the TiO; in the visible region.

Normally lower activity is observed when semiconductor is used alone, this

is due to high recombination rate of electron—hole pair. When
semiconductor surface is doped with an appropriate metal, the rate of

recombination reduces to a greater extent and the photocatalytic activity is

correspondingly enhanced[64-68] as the rate of electron transfer from

semiconductor to metal is faster than self-recombination rate. According to

Frank—Condon principle the electron transfer reaction takes place faster
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than any other reaction and the rate depends on the density of the energy

states on both sides of the interface. The photocatalytic activity varies with

respect to parameters like nature of the metal (higher electron affinity

metal), method of metal loading, extent of metal loading and nature of the

semiconductor. Mainly there are two methods followed for metal loading

on semiconductor namely impregnation meth0d[69-71]and photocatalytic

deposition method [72].The amount of metal loading should be optimum

for better photocatalytic activity .The higher loading of the metal results in

the formation of a very narrow space charge region, so that the penetration

of light into the semiconductor is greately hindered in the space charge

layer ,thereby increasing the recombination rate[73].Usually the metal

should have high electron affinity and it should have suitable work function

to form ohmic contact with the semiconductor. This can be explained on

the basis of metal-semiconductor interface. Two types of contacts are

possible for metal—semiconductor interface like(l). Schottkey barrier

(2).Ohmic contact

1.4.1 Schottkey Barrier
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Fig. 1.16 Formation of Schottkybarrier on metal-semiconductor

interface
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If a metal and semiconductor are brought together the energy levels

of both metal and semiconductor are readjusted. If the work function of the

metal is greater than the semiconductor, the electrons will flow from the

semiconductor to the metal until fermi levels of both becomes equal.

Energy levels of the semiconductor and the metal before and after the

contact made are shown in fig 1.16 a and b. <Dm and <Ds are the work

functions of the metal and semiconductor respectively. (Ds = (De + (Di ((De

is the electron affinity measured from the bottom of the conduction band

and (Di is energy difference between Fermi level and conduction

band)[74].Excess positive charge is accumulated in the semiconductor due

to the electron transfer from semiconductor to metal, the distribution of this

positive charge results in creation of Schottkey banier. The barrier restricts

the flow of electrons from semiconductor to metal.

1.4.2 Ohmic Contact

In ohmic contact, when the work function of the metal is less than

that of the n-type semiconductor ((Dm <(Ds) the contact behaves in a
different manner. ln this case electron flow from metal to semiconductor

resulting in accumulation of negative charge in semiconductor and

downward bending of conduction band occurs as shown pictorically in fig

1.17 a and b. The electron can then move in either direction depending on

the applied potential (positive or negative).
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1.5.0 Factors Affecting Semiconductor Photocatalysis
1.5.1 Catalyst Concentration

ln semiconductor photocatalysis, the reactions are carried out either

in static or in slurry or dynamic flow photoreactor. The initial reaction rates

are directly proportional to the catalyst mass (m) indicating a true

heterogeneous catalytic regime. However, above a certain m limit value,

the reaction rate levels off and becomes independent of m. This limit

depends on the nature of the compound to be treated and on the geometry

and working conditions of the photoreactor corresponding to the maximum

TiO2 concentration in which all the particles (i.e. the entire surface

exposed) are totally illuminated. At higher catalyst concentration, a

screening effect of exceeding particles masks part of the photosensitive

surface. The optimal catalyst concentrations that ensure a total adsorption

of efficient photons for TiO2 range from 0.] to 5.0 g I" [75-78].

1.5.2 Initial Substrate Concentration

Generally, the degradation kinetics of compounds follows a

Langmuir-Hinshelwood mechanism with a reaction rate (r) varying
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proportionally to the fraction of surface covered by the substrate (6) as

follows:

r=k9= k(KC/l+KC)

where k is the reaction rate constant, K is the compound adsorption constant

and C the initial compound concentration. For diluted solutions, KC

becomes << 1 and the reaction is of apparent first order whereas for higher

concentrations, KC >>l and the reaction rate is maximum and of zero order

[79-81].

1.5.3 Temperature and pH

Most of the photocatalytic reactions are not sensitive to small

variations in temperature. Very few cases have shown Arrhenius

dependence during detoxification [19]. However the pH of the aqueous

solution significantly affects the particle size, the surface charge, and the

band edge positions of the TiO; due to its amphoteric character [82]. The

Zero Point Charge (pH pzc) or pH at which the surface of an oxide is inert,

for TiO2 is known to be close to 6.8. Above and below this value, the

catalyst is negatively or positively charged according to Equations 1.13 and

1.16 respectively. In consequence the photocatalytic degradation of organic

compounds is affected by the pI—l.

TlOH2+ <—> TiOl'l + H+ Raaciien 1-1'3
TiOH <_> T10‘ + Ht i2aa¢t.¢-n 1-la

1.5.4 Light intensity

lt has been reported that degradation rate is proportional to light

intensity which confirms the photo-induced nature of the catalytic process

activation with the participation of photoinduced electrical charges in the
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reaction mechanism [83]. However, at high light intensity, the degradation

rate becomes proportional to the square root of this parameter [84].

1.5.5 Oxygen

The rates and efficiencies of photo-assisted degradation of organic

substrates are reported as significantly improved in the presence of oxygen

or by the addition of several oxidizing species such as peroxydisulfate or

peroxides [11, 85]. The oxygen concentration dependence has been reported

due to the involvement of O; adsorption and depletion, both in the dark and

during illumination at the photocatalyst surface. Molecular oxygen acts as a

conduction band electron trap, suppressing totally or partially the surface

electron-hole recombination. The superoxide anion (Of) fomicd is an

effective oxidant agent.

1.5.6 Adsorption of Substrate Molecules on Semiconductor

One important consideration in the TiO; photocatalyzed reactions is

the adsorption of the organic compounds on the surface of the semiconductor

particles. The Langmuir type relationship between degradation rates and

initial organic compound concentrations indicates that adsorption plays a

role in the photocatalytic reaction. However, this role on the photocatalyzed

degradation rate is still uncertain.

1.5.7 Inorganic ions

Some anions commonly found in natural or polluted waters (e.g.,

chloride, bromide, sulphate, phosphate) have an inhibiting effect on the

photodegradation process if they are bound to TiO; or are close to its

surface [19,86]. Consequently, the pH and pH pzc should be the

determining properties for the ions effect, as well as the chemical affinities

of the ions for TiO2. Significant inhibition in the degradation rate of
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different compounds has been observed in presence of chloride at pH=3

[85]. According to Equation 1.15 at acidic pH, TiOH2+ and TiOH are the

main species on the catalyst surface and the chloride ions compete with

organic compounds for active sites lowering the degradation rates. At

higher pl-I, the negatively charged catalyst surface Equation 1.16 repulse

the approach of chloride ions and no inhibiting effect is observed. Nitrate

ions with charge similar to that of chloride, only slightly inhibit the reaction

at pH=3, indicating the role of individual ions.

1.6.0 Application of Semiconductor Photocatalysis

Semiconductor photocatalysis is unequivocally accepted as best

technology for the complete mineralization of organic pollutants and it is

adopted by many chemical industries for waste water treatment. The

highlighting aspect of semiconductor photocatalysis is that a wide spectrum

of pollutants can be mineralized by this method. Researchers had applied

this technique over a variety of commonly known organic pollutants.

Textile finishing mills discharge waste water containing a great variety of

organic contaminants in a wide range of concentration. The release of this

colored waste waters poses a major problem for the industry as well as

threat to the environment[87,88].The number of dyes presently used in dye

industry is about l0,000.Among these dyes, azo dyes constitute the largest

and the most important class of commercial dyes[89].For the treatment of

these dyes common treatment processes as well as biological process is

ineffective. Air pollutants are present in the atmosphere in concentrations

that disturb the dynamic equilibrium in the atmosphere and thereby affect

man and his environment. This may cause skin cancer and eye irritation,

affects central nervous system etc., [90].Thus industrial wastes or exhausts,

combustion of fuels, petro chemical complexes and storage and usage of
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organic solvents are the root cause of environmental pollution. TiO2is a

protective against environmental damages and used as air cleaners, self

cleaning ceramic tiles, side-view mirrors, car body coating [91]. One of the

earliest examples of the application of semiconductor photocatalysis as a

method of disinfection as effective in sensitizing the photokilling of

bacteria was the work of Matsunaga et al. [30]. However, under UV light

irradiation the super-hydrophilic property of TiO; where the contact angle

becomes smaller depending on the irradiation time surfaces never become

cloudy, even in the rain. This remarkable function can also be applied for

the production of new mirrors that can be used in bath areas and the side

mirrors of cars. Researchers in Japan and Hong Kong are testing

construction materials coated with titanium dioxide to see how well they

can fight pollution. In Hong Kong, concrete slabs coated with titanium

dioxide removed up to 90 percent of nitrogen oxides from older cars and

diesel trucks and a contributor to smog, acid rain and other environmental

headaches are some of the recent applications.

1.7.0 Literature Survey

Heterogeneous photocatalysis is an advanced oxidation process

(AOP), which can be successfully used to oxidize many organic pollutants

present in aqueous systems. During the past 30 years of research and

development in the area of semiconductor photocatalysis have been very

tremendous. Photocatalytic degradation involves the use of certain

semiconductors as catalysts for the production of the radicals mentioned in

the mechanism and has proven to be an effective method for mineralizing

commercial dyes without having any of the drawbacks. This research is

aimed on the degradation of dyes because they represent an increasing

market share and a large fraction of the applied reactive dye is wasted due
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to dye hydrolysis in the alkaline dye bath, and finally, conventional

wastewater treatment plants have low removal efficiency for reactive and

other anionic soluble dyes [92]. Experimental observations indicate almost

complete oxidation of most of the organic compounds to CO2, H20 and

inorganic anions via photocatalytic processes.[93,94]. A new class of

reactive adsorbents obtained by pyrolysis of individual and mixed industrial

sludges were used as media for the removal of cationic(Basic Fuchsin) and

anionic (Acid Red l) dyes [95]. Due to indestructibility of some of the

organics, a post treatment is necessary to remove the organics from the

contaminated environment [96].lzumi er al. (1980) have used platinised

(10% by weight) TiO2 to decompose benzoic acid and adipic acid. They

proposed a photo-Kolbe type reaction mechanism for the oxidation process

I97].

Photocatalysis of anatase thin film coated PAN fibers prepared at

low temperature is a very interesting piece of work[98|.Photocatalytic

oxidation of natural materials such as glucose, ethanol, cellulose, food

stuffs and wood have been studied by Kawai and Sakata [99|.Photocatalytic

degradation of eight azo dyes was conducted in basic medium, by Maria

S.T.Gonqalves er al. studying the influence of various amounts of TiO2 and

different light sources, a medium pressure (400 W) and a low pressure (16

W) Hg vapour lamps and lamps for household purposes. Decolourisation

extents ,observed ,are related to dye structure [I00]. A. Fujishima and X.

Zhang briefly discussed some fundamental studies on TiO2 photocatalysis,

summarize the present commercialization of TiO2-based products, and

highlight several points for the future development of TiO2 photocatalysis

in their paperl101]. It reports that a significant number of pesticides,[102,l03]

photocatalytic degradation of atrazine on nanoparticulate films, dye

compounds and surfactants can be completely oxidized (mineralized) and a
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variety of bacteria and viruses have been killed by irradiation with near

ultraviolet light in the presence of TiO2.

Several reviews have been published[19,104,105] discussing the

underlying reaction mechanisms and illustrating examples. A report of D.

M. Blake provides a comprehensive bibliography of work available in the

open literature for scientists and engineers interested in the use of

heterogeneous photocatalytic oxidation or reduction processes in

environmental remediation, This reports also includes properties and

application of photocatalytic chemistry in organic synthesis [I06]. Several

semiconductors such as CdS, CdSe, W03, ZnO, SnO2 and TiO; have been

used for environmental cleanup [12-13, 15-20, 107]. A kinetic study on

photocatalytic degradation of C.I. Acid Yellow 23 by ZnO photocatalyst

has been effective[l08].Metal-doped titania systems are effective in

enhancing the photocatalytic activity, Nano-Ag particles doped TiO; for

efficient photodegradation of Direct azo dyes is givcn[109].ln a recently

published work, Synthesis, characterization and of different Metal-doped

titania systems with improved photocatalytic activity is discussed [110-112]

.Enhancement of photo induced hydrogen production from irradiated

Pt/TiO2 suspensions with simultaneous degradation of azo-dyes is

informative.[113-115]. Different metal ions such as Fe, Cu, Co, Cr, Mo, Ce,

V, W, Mn, Ag, Nd, Pd and Ni were doped on the surface of TiO; [116~

l26|.A large number of articles are available on the photocatalytic activity

and decolorization and degradation of dye solutions and wastewaters in the

presence of TiO2 .

1.8.0 Aim and Scope of the Present work

irradiation of TiO2 can initiate the oxidation of most organic

molecules and the final product of such oxidation is normally CO2, l-I20,
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and inorganic ions. Commercial P25 TiO2(Degussa P-25) is most

commonly used for photocatalytic degradation of organic compound in

water. This catalyst has limitations like

l. Wide bandgap of 3.23 eV .

2. Smaller surface area (S0115 m2gm").

3. Difficult to separate from treated water.

4. Photo-oxidation of aromatic compounds is not so fast

The main objective of the present work is to develop a more active

catalyst to overcome some of the above mentioned limitations with special

thrust to

l. Development of highly photoactive (visible) photocatalyst by a

simpler method.

2. Development of catalyst with higher surface area.

3. Enhancement of prepared catalyst by impregnation of metal ions

exchange.

4. Study of the photocatalytic activity in pollution abatement

especially dyes.

ln photocatalytic degradation, the size of the catalyst is an important

factor affecting the catalytic activity of the catalyst[l27-129]. A crystal size

of about 10-ll nm is believed to be the optimum size for photocatalytic

application[l30].The structural and electronic properties of the

semiconductor photocatalyst can undergo significant changes as the

particles size decreases, whereby the properties of planar, edge and corner

sites changes as the size of catalyst become smaller, these structural

changes can directly affect catalyst activity. The TiO2 photocatalyst, being

a semiconductor, also exhibits discretion of its electronic band structure as
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the particle size shrinks [131,l32]. This is known as quantum size effect and

has been observed for nanometre-sized TiO2 particles [134].

Therefore most of the research has been focused on reduction of

TiO;_> particle size. Different preparation methods such as sol-gel,

Hydrothermal, self-assembly, lmpregnation, co-precipitation, Deposition­

precipitation, Chemical vapour deposition are reported by several

researchers [135-140] to synthesize nanoparticles of titania. Nowadays

researchers have developed techniques to prepare anatase TiO2 nanorods

and nanofibers [l41,l42]. Work had been reported in which the absorption

band of TiO2 is shifted to visible region by incorporating noble metals.

[143,l44]. Enhanced photocatalytic activity has been achieved by using Pt

and Pd metals for the degradation [I45]. This research work aimed at

developing catalyst through a best method whichcould satisfy all the above

requirements to produce efficient catalytic activity. Thus the present work

in photocatalysis includes

l. Selection of a route by loading metals like Ag, Ce, Cu .

2. Incorporation of noble metals in the selected route .

3. Degradation studies in different Dyes.

Three routes selected for the preparation of the catalysts were sol­

gel, hydrothermal and Evaporation Induced Self Assembly (EISA)and a

comparative study of the catalysts in these different routes were carried out

using the degradation of Methylene Blue dye after incorporating metals

like Ag, Ce and Cu. The best route which satisfy the above requirements of

the catalyst is selected and the noble metals like Pt, Pd and Au are

incorporated in to the titania matrix and the effect of degradation in the

dyes like methylene bluc(MB), malachite green(MG), Acid Orange7(AO7),

Acidblue 25(AB25)and Acid Red-l(ARl)were studied. The catalysts like
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TiO;-CeO; and TiO2-CuO were used in some reactions in chemical

catalysis .Thus liquid phase reactions like Epoxidation of Cyclobenzene

and Phenol Hydroxylation were conducted using the mentioned catalysts.

1.9.0 Methods of Preparation

The correct sampling, sample preparation, choice of the support and

appropriate method are important in heterogeneous catalysis and are one of

the major challenges in today’s research [146]. According to Ardson,

“catalyst preparation is the secret in achieving the desired activity,

selectivity and life time” [147]. In recent years, major advances have been

made on techniques for physically and chemically characterizing supported

catalyst and on the quantitative and qualitative aspects of catalyst

preparation, so that the design of supported catalysts has become a feasible

activity [148-151] .The preparation methods of catalysts have been reported

to affect the activity of the mixed oxide systems [152-154]. Some of the

methods are discussed below.

1.9.1 Sol-Gel Process

The Sol—Gel (SG) technique has emerged as a promising processing

route for the synthesis of nano-sized particles [155-166]. The process

involves first the formation of a sol followed by that of a gel. A sol, which

is a liquid suspension of solid particles ranging in size from lnm to l

micron, can be obtained by the hydrolysis and partial condensation of

molecular precursors, such as an inorganic salt or a metal alkoxide. The

hydroxylation is achieved either by varying the pH or by hydrolyzing

alkoxide precursors in an organic solvent. Further condensation of sol

particles into a three-dimensional network produces a gel, which is a

diphasic material with a solid encapsulating a solvent. The encapsulated

liquid can be removed from a gel by either evaporative drying with
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supercritical extraction and the resulting solid products are known as a

xerogel and an aerogel respectively. Increased chemical homogeneity in

multicomponent systems is the advantage of sol-gel method. The

disadvantages of this process are long processing time, large shrinkage, and

possibility of large agglomerate formation.

1.9.2 Hydrothermal Treatment (HT)

Low-Temperature routes have attracted a great deal of interest for a

number of years now [167-170].This method is also called the autoclave

method. Subcritical conditions are often used in hydrothermal synthesis,

typically temperatures less than 2500 C, and the use of a sealed autoclave

produces mild, autogeneous pressures (around 20 atm). This pressure is to

nucleate and regulate the growth of the particles. In this method the

reaction path is very sensitive to the experimental conditions such as

temperature, pH, duration of treatment [I71]. A surfactant is used as the

shape controller or template. Shape evolvement was elucidated by

quenching the reaction at different stages. Microemulsion hydrothermal

treatment route is advantageous over the other routes as the size of the

particles can be affected by the ratio of surfactant to water [172].

1.9.3 Evaporation Induced Self Assembly Method (EISA)

Thermally stable mesoporous titania can be synthesized following a

different synthesis route ie. Evaporation induced self assembly method.

Mesoporous materials have high surface areas and high pore volumes

because of the large dimensions of the pores. But one of the major

drawbacks in the synthesis of mesoporous titania is the high reactivity of

the the initial titanium compounds toward hydrolysis and condensation. If

this reactivity is not tempered, a poorly organized structure will be formed

.The high reactivity of the precursors can be efficiently be controlled by pH
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adjustment and complexation effects. Controlled amount of water is added

to a non-aqueous solvent, leading to a specific formation of the mesoporous

structure. Such a combination was first reported by P.Yang et al [I73].

1.9.4 Impregnation

One of the most frequently used methods to achieve deposition of

the active component precursor over high surface area support is

impregnation. This technique consists of introducing, into the pore space of

a support, a solution of an inert precursor, i.e. one that does not interact

with the solid surface. In principle, the precursor thus remains in the
dissolved state in the solution and does not become fixed on the surface at

this stage of preparation. Incipient wetness impregnation is used for

precious control of the amount of the deposition.

1.10.0 Chemical catalysis

1.10.1 Heterogeneous Catalytic Oxidation

Catalytic oxidation is widely employed in the manufacture of bulk

chemicals from aromatics and more recently, as an environmentally

attractive method for the production of fine chemicals. The oxidation of

organic substrates represents one of the most important industrial chemical

reactions, explaining the significant efforts invested in the research and

development of new heterogeneous catalysts with increased activities and

selectivities in these type reactions. Compared with other chemical

processes the oxidation process is complex and difficult to be controlled or

to be stopped at a certain stage. For these reasons the selective oxidation is

an attractive field of research. Organic compounds such as phenols and

phenolic derivatives are amongst the most common chemicals which form

a major threat to the ecological balance on account of their poor
biodegradability. A possible solution to this problem consists in using
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technology based on catalytic oxygen transfer from “clean” oxygen donors,

such as hydrogen peroxide (H202). Mixed oxides containing transition

metal oxides are becoming popular in heterogeneously catalyzed oxygen

transfer reactions in the liquid phase using hydroperoxides. The use of

hydrogen peroxides in the oxidation of organic molecules is a major goal,

both in academic and in industry, because of the environmental
acceptability of this oxidant, which depends mainly on the nature of its by­

product, water. Among commonly used oxidants such as dioxygen, H202

and alkyl hydroperoxide(TBHP), H202 is an attractive one since it is easy

to handle, have high content of active oxygen, non-toxicity, and non­

polluting property and produces only water as the co-product[174-179].

TBHP can oxidize organic compounds effectively and is a waste-avoiding

oxidant when it is used in a controlled manner without organic solvents and

other toxic compounds. ln fact, there is a trend to use H202 as an oxidant

for large volume processes such as caprolactam synthesis and propylene

oxidation. One of the major advantages of the H202 oxidation is the high

tenability of the reaction parameters[l80-182]. In this work, catalytic

oxidation reactions like epoxidation of cyclohexene and hydroxylation of

phenol were dealt with. The products of these reactions are important in

fine chemical industry, pharmaceuticals etc., Cyclohexene epoxide is of

great technical importance as it is applied in the modification of epoxy

resin properties and the synthesis of new polymers, copolymers and

solvents. Catechol and hydroquinone are two of the many phenolic

derivatives of high value. They are widely used as photography chemicals,

anti-oxidants and polymerization inhibitors and are also used in pesticides,

flavoring agents, and in medicine. Oxidation reactions were carried out in

liquid phase using hydrogen peroxide as well as alkyl hydrogen peroxide as

oxidants. Effect of change in catalyst composition, temperature and

duration on oxidation has been discussed thoroughly.
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Experimental Methodology

Abstract
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The development of ecologically friendly technologies is currently

one of the most important goals in industrial chemistry research. The

physical and photochemical characteristics of semiconductor catalysts

appear to be highly dependent on the exact experimental conditions used in

the preparation. Nanostmctured mesoporous TiO;; can be prepared by

several methods namely sol-gel method (SG), Hydrothermal method(HT),

Evaporation Induced Self Assembly Method(EISA) and by controlled

crystallization of an amorphous precursor. This chapter gives a detailed

description of the catalyst preparation and pretreatment conditions,

materials used, the techniques used to characterize the catalysts, the

experimental set up and measures used for the catalytic activity study.
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Chapter 2

2.1.0 Catalyst preparation

In particular, TiO2 presents interesting properties for the

photocatalytic reactions. Among the common crystalline forms of titania,

anatase is generally recognized to be the best support. However, the use of

TiO2 as a catalyst is limited by the fact that it possesses a relatively low

specific surface area. Therefore, many attempts have been performed in

order to synthesize mesoporous titania with a high surface area and high

stability using a variety of different templates |1-3] .The catalytic activity

strongly depends on the methods of preparation and pretreatment

conditions apart from the reaction parameters. Small variations in the

preparation conditions radically alter the performance of the catalyst.

Therefore intense care must be taken during the selection of materials and

preparation of the systems.

2.1.1 Sol-Gel Method

The sol—Gel (SG) technique has emerged as a promising processing

route for the synthesis of nano-sized particles because of the simplicity of

sol—gel processing in addition to its high purity resulting from the

availability of high purity chemicals as raw materials

A sol is a dispersion of solid particles in a liquid phase where the

particles are very small (l-1000nm) so that gravitational forces are short­

range forces like vanderwaals attraction and surface charges. Hence the

particles remain suspended indefinitely. Since the moment of inertia is so

small they undergo continuous Brownian movement. They are classified as

lyophobic if there is a relatively weak solvent-particle interaction, and

lyophilic if this interaction is relatively strong [4-6]. Sols are
thermodynamically unstable due to the large surface area volume ratios. So
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it has a tendency to agglomerate to reduce the surface area. This process is

called flocculation and if it is irreversible it is called coagulation. Sols can

be made kinetically stable by the imposition of the energy barrier on the

particle to overcome before getting agglomerated. The three origins of this

barrier are the development of surface charge, steric hindrance, and

solvation. A surface charge can develop either the preferential dissociation

of one of the lattice ion of the sol particle or the preferential adsorption of

the charged species from solution. An equal and oppositively charged

diffused layer is developed in solution adjacent to the charged surface. The

overlap of these diffused layers surrounding two approaching sol particles

produces repulsion I8-10]. Steric hindrance is by the adsorption of short

chain polymers on to the surface of the particles. As the particles approach

one another, adsorbed polymers lose their configurational entropy and it

causes a repulsive force. Energy of solvation is most effective in the case of

aqueous systems. lt is the energy requiredhiilisrupting the ordered layer of

water surrounding the sol particles and allowing it to come closer.

Gel is a three dimensional inter-connected solid network that

expands in a stable fashion through out the liquid medium. lf the solid net

work is made up of colloidal sol particles, gel is colloidal. If the solid net

work is made up of sub colloidal chemical units, the gel is polymeric Ill­

l3]. The continuous net work makes the gel soluble, in shape but with low

strength. Gelation is a process in which a sol or a solutioncfomiis to a gel.

Inorganic gels comprise of two phases in the thermodynamic sense, the

solid network and liquid phase. Polymeric gels are composed of only one

thermodynamic phase, the solution. An important criterion for gel

formation from a sol is that there should be a strong particle —solvent

interaction so that at least a portion of the solvent is bound by chemical
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bonding. Sol- gel process is a colloidal route and includes the following

steps

1. The preparation of homogeneous solution of easily purifiable

precursor in an organic solvent miscible with water or the reagent.

2. Converting the homogeneous solution to a sol by treatment with a

suitable reagent.

3. Allowing the sol to change into a gel by self polymerization and
condensation.

4. Shaping the gel to the desired form such as thin films, fibres,

spheres etc.

5. Heat treatment of the shaped gel.

2.1.2 Mechanism of Sol-gel Route

In Sol-gel synthesis of titania, the precursor usually used is the

metal alkoxides. Alkoxide is a combination of metal cation with alcohol

groups. In these alkoxides there exists metal oxygen bonds. Since there is a

large difference in electronegativity between titanium and oxygen, the Ti-O

bond is highly polar and extremely reactive, especially towards water. The

different routes adopted for obtaining nanocrystalline titania sol are

l. Polymeric route — Hydrolysis and condensation of stabilized

titanium alkoxide to give titania sol.

2. Colloidal route- Precipitation of titanium oxy hydroxide followed

by peptisation using electrolytes such as HCI/HNO3.

3. Polymeric route|l4]

The replacement of OR groups depends on factors such as

l. Nature of alkyl group.

2. Nature of solvent.
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3. Concentration of each species in the solvent.

4. Water to alkoxide molar ratio.

5. Temperature.

The mechanism can be represented as follows:­

H>0;+ M(OR)4 ---  g
lz

I

; :

QQ<Q_—¢1flQQr—_QInav-nlw

lkmwhggnmp
M(OH)(0R)3 + ROH

Condensation involves the removal of a molecule of water and forms a

metal-oxygen-metal bond.

QR OR _ OR OR| | condensation 1 1
no-1p—on + HO-l\ii—OR . t > R0-1\|»I-O-1?4—OR + H20OR OR OR OR

Colloidal route

This involves a precipitation —peptisation process. The hydrolysis

and condensation reactions proceed to form clusters and after a particular

stage the gel gets precipitated [15]. The precipitate is again dispersed in the

medium to get a stable sol. Precipitate is loosely bound agglomerate of

colloidal particles. The l-1+ ions from HNO3will get adsorbed on the surface

ofthese colloidal particles forming the adsorbed layer. The development of

surface charge will stabilize the particle resulting in a stable sol.

Eletrophilic proton will attack the oxygen atom and bridge between

titanium atoms and thus electron density is withdrawn from Ti atoms

making it more electrophilic. Under these conditions, Ti atom can attack
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the electron density from the oxygen atom in water more easily.

Consequently the oxolation bonds are broken and TiO2 particles are peptized to

light blue sols. These sols will remain stable for a long time.

I-1+\ / \ / + \ fb \ /0—n—o—n—0+11+t%° '—”*'“°'“\ ?“§0_/\/\ F7

m+O

4-—-——

ill

\ -’ no-\r£o—_._O_/Tli-OH + X 1\

2.1.3 Preparation of titania Catalysts by sol-gel route

In Sol-Gel route, the precursor is titaniumisopropoxide. TTIPI

HNO3: H20 in the molar ratio l:O.l:l2 is stirred for 3days in a pH of about

4. After ageing for 5 days it was dried at 60:0 to get the gel. The samples

after ovemight drying at l 10°C were powdered and calcined at 723 K for 5

h in a muffle furnace in air atmosphere. Calculated amount of metallic

nitrate solutions such as 6 wt % of Ag, Ce and Cu were added by wet

impregnation method. Thus obtained catalysts were further reduced in a

current of H; for 6 hrs at 723 K in a tubular furnace. The catalysts were

labeled as Tl for pure TiO_-Z, T2 silver metal loaded, T3 ceria metal and T4

copper metal loaded TiO3.

Two sets of catalysts were also prepared at calcination temperatures

of 673 K and 773 K, incorporating 6 wt% of metals and carried out the

physico-chemical characterization to obtain a qualitative idea regarding the

formation of anatase phase in the prepared catalysts and to optimize the

calcination temperature.
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I H2O+HNO3 U

Titania sol p

5 days ageing,Evap0rati0n,Dried at 60°C

L

titania gel.
Drying at 110°C,

Calcination at 450°CU
[ Catalyst ]
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System 1
Catalyst (Calcination

M 7 g  temp-673 K)

System 2
(Calcination
temp-723 K)

System 3
(Calcination
temp-773K)

Pure TiOg

Ag/TiO;

Ce/TiO2

Cu/TiOg

Tl 400

T2 400

T3 400

T4 400

Tl

T2

T3

T4

Tl 500

T2 500

T3 500

T4 500

2.1.4 Preparation of titania Catalysts by Hydrothermal route

ln general, hydrothermal synthesis is a prospective method to obtain

nanocrystalline titania particles, where polymorphism, particle size and

crystallinity could be controlled by the hydrothermal conditions [16,17].

Moreover, it is a low temperature technique for materials development,

widely applied in industrial processes for ceramic synthesis [18]. The

hydrothermal technique requires autoclave instrumentation and relies on

the extensive heating of the nanoparticles diluted over an aqueous solution

or slurry. Fine-tuning of the semiconducting nanoparticle size and specific

active area critically affects the desired properties of the photocatalysts by

varying the surface to volume ratio, by affecting the photo excited charge

transfer and by influencing the surface hydroxyl concentration. Recent

research activity in the field of materials chemistry reveals the crucial role

of water on the filial properties of titanium dioxide nanoparticles [19].

Water molecules express their nucleophile character, inducing the

semiconductor particles decrease under elevated temperature and pressure

conditions, similar to those achieved in an autoclave. In this way, the

energy hand structure becomes discrete and titania nanoparticles exhibit
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optical and photocatalytic properties superior to those of the source

material [20]. Furthermore, it is well established that amorphous titania

develops its photocatalytic properties after heating at temperature 450°C in

an ambient environment. Surprisingly, the crystallization temperature for

the anatase crystalline phase under hydrothermal conditions is only 200 "C

[21,22]. This observation proves that water molecules can induce structural

changes more efficiently, consuming less energy. Control of the factors like

increased roughness and complexity of the photocatalyst surfaces, and

amplified hydroxyl content per unit area can be combined with improved

interconnection of the nanopaiticles and adhesion to the substrate by fine

tuning of the autoclave parameters can lead to efficient immobilized titania

photocatalysts. The solution based hydrothermal treatment assures

flexibility of the synthetic procedure, as time consuming steps of paste

preparation are reduced by dissolving necessary reagents prior to heating.

Thus the catalysts can be easily produced and subsequently they are

expected to present uniformity, adherence and sufficient photocatalytic

activity [23].

Ethanol and water are stirred well and to it titanium isopropoxide is

added in drops stirred for another 2 hrs at room temp and the suspension

was transferred into an autoclave, heated at 353K for 20 hrs. The pH was

6.6 slightly higher than the iso electric point of titania (IEP) which is 5.8.

Warm seed suspension was mixed into a neutral aqueous soln of Pluronie

Pl23(EO20PO7QEO2o) under vigorous stirring at 313K for 1 hr and

transferred into an autoclave and kept for 20hrs at 353K. It is then filtered

,dried and calcined at 723 K for 5 h in a muffle fumace in air atmosphere.

TTIPI EtOH: Pl23:HgO is in the molar ratio l:10.55:0.034:430 |24|.

Calculated amount of metallic nitrate solns such as 6 wt % of Ag, Ce and

Cu were added and stirred by wet impregnation method. Thus obtained
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catalysts were fimher reduced in a current of H2 for 6 hrs at 723 K in a

tubular furnace.

EtOH

I
ll
E

Autoclave

F***23=-'1 |::>

Autoclave @

Anatase
powder

Argeirlg ,caleinatio1r
at 450°C.

l Catalyst l
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Catalyst Systems

Pure TiO2

Ag/TiO;;

Ce/TiO;

Cu/TiO2

THTI

THT2

THT3

THT4

2.1.5 Preparation of titania Catalysts by EISA route

Mesoporous materials have high surface areas and high pore

volumes because of the large dimensions of the pores. But one of the major

drawbacks in the synthesis of mesoporous titania is the high reactivity of

the initial titanium compounds toward hydrolysis and condensation. lf this

reactivity is not tempered, a poorly organized structure will be formed .The

high reactivity of the precursors can be efficiently be controlled by pH

adjustment and complcxation effects. Controlled amount of water is added

to a non-aqueous solvent, leading to a specific formation of the mesoporous

structure. Such a combination was first reported Stucky er al [25]. ie.

thermally stable mesoporous titania can be synthesized following a

different synthesis route ie. Evaporation induced self assembly method

(EISA) I26]. Mesoporous titania was prepared using
cetyltrimethylammoniumbromide (CTABr) [27] as a surfactant and

titanium tetraisopropoxide (Ti (OPr)4) as the titanium source. Ti(OPr)4 was

added to an ethanolic HCI, resulting in a titanium precursor solution, which

was added to an ethanolic CTABr solution. pH was observed to be 6.1

slightly higher than the iso electric point of titania (lEP).After vigorous

stirring, the resulting solution was transferred in an open Petri dish for 7

days at 333K to evaporate the solvent. The molar ratios were
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Ti:CTABr:I-ICl:I-l2O:EtOH as l:0,l6:1,4:l7:20 I28]. Catalysts were further

reduced in a current of H2 for 6 hrs at 723 K after incorporating the metals.

E
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Vioorous stirrino:>
Vigorous stirniu g,

Evaporation at
60°C for 7 days ,­

Titania Powder

Dryingat60°C,
Calcination450°C. +- Catalyst

A synthetic approach to mesoporous metal oxides is introduced by

the so-called evaporation-induced self-assembly process (EISA). By slow
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alcohol evaporation, a controlled building of an inorganic network with

nanoerystalline domains around the voids of the liquid-crystalline

interphase results in a hexagonally ordered TiO2 mesophase. A controlled

thermal treatment in order to remove the template is crucial as it often

results in a collapse of the mesoporous structure. Recently, Cassiers er al.

[29]developed the new synthesis step that controls the transformation into

the anatase phase without loss of porosity, by treating the titania hybrid

with an aqueous NH4OH solution. This treatment results in a thermally

stable mesoporous titania structure with anatase nanoparticles in the walls.

The obtained mesoporous titania samples exhibit a high surface area, which

could reach 600 m2 g", and pore volumes up to 0.30 cm3 g". Moreover, the

mesoscale order of NH3- treated titania was stable after thermal treatment

up to 500 °C. Although in the literature, an extensive research has been

done on vanadia—silica materials systems, mesoporous transition-metal

oxides have been rarely studied as a support. ln this work, mesoporous

titania was prepared following the post NH; treatment, based on its porosity

characteristics. a large potential as a catalytic support. And the support

material gets converted into the metal oxide form after calcination [30­

33].So1ne metal oxides were deposited on the mesoporous titania by wet

impregnation method. This method allows the metal oxide to be spread out

on the titania support material. After deposition, a careful and controlled

calcination is performed in order to remove the organic ligands, without

collapsing the mesostructure ofthc support|34].

lt is known that the catalytic activity of catalysts not only depends

on the loading but also on the structure and dispersion of the species. These

factors are highly influenced by the nature of the oxide support. Therefore,

it is important to investigate the properties of the transition metal oxide

supports.
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The stabilizing effect of NH;-treatment on mesoporous titania is

also reported. All samples are NH; treated for 48 hrs in a reflux system.

One gram of solid was treated with 50 ml of basic water by the addition of

30% NH; keeping the pH between l0-l l and all the samples were calcined

at about 723K for 5hrs [35].

System 2
(Ammonia treated)Catalyst System 1

Pure TiOg TEA] TEA] NH;
Ag/ TiO;; TEA2 TEA2 NH;
Ce/TiOg TEA3 TEA3 NH;
Cu/TiOg TEA4 TEA4 NH;

2.1.6 Wet impregnation method

Metals like Ag, Ce, Cu were incorporated into titania catalyst by

adding about 6 wt.% of the metallic salt solutions to TiO; powder to get a

0.05 molar soln. of the metal. The resulting slurry was heated slowly at

70°C under continuous stirring and maintained at that temperature until

nearly all the water gets evaporated. The solid residue was dried at l l0 OC

for 24 h [36-38] .Finally, ground, sieved and labeled. The incorporation of

metals like Pt ,Pd and Au were also carried out by adding about 0.2-1%

metallic salt solutions to TiO; powder. Thus obtained catalysts were further

reduced in a current of H; for 6 hrs at 723 K in a tubular furnace.

2.2.0 Materials

The materials used for the preparation of catalysts are given below.

Analar grade from Merck were used as such, without further purification.
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Materials

Titanium(iv)is0pr0poxide

Pluronic P 123

CTABr

Hexa chloro platinate

Tetra Chloro aurate

Palladium nitrate

methylene blue(MB)

malachite green(MG)

Acid Orange”/(AO7)

Acid blue- 25(AB25)

Acid Red-l(ARl)

Conc. Nitric Acid

Silver nitrate

Ceria nitrate

Copper nitrate

Suppliers

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Merck

Merck

Merck

Merck

2.2.1 Preparation of different composition of Catalysts

The catalyst systems developed for the present investigation were

denoted as given below. Three different routes were selected for the

preparation of the catalysts and three different metals were incorporated in

the first part of the work. About 3,6 and 9% composition of metals

incorporated catalysts were also prepared. Selecting HT route as the best

route, about 0.2,0.6 and 1% of noble metals were incorporated in the
selected route.
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Notation Systems
Tl, Pure titania catalysts where T is sol-gel, THT is
THT1,TEA1 HydroThermal and TEA is EISA Route.

T2,THT2,TEA2 Titania containing metals such as Ag

and weight % of 3, 6 and 9 is denoted as such.

T3,THT3,TEA3 Titania containing metals such as Ce

and weight % of 3, 6 and 9 is denoted as such

T4,THT4,TEA4 Titania containing metals such as Cu

and weight % of 3, 6 and 9 is denoted as such

TiO;/M-y Titania containing metals (M) like Pd, Pt, and Au

having weight % (y) of 0.2, 0. 6 and 1.0 .

2.3.0 Catalyst characterization

All the prepared catalysts were characterized by different physico­

chemical techniques|39| such as X-ray diffraction (XRD), Fourier

Transform Infrared spectroscopy (FTIR) , surface area &pore diameter

measurements (BET&BJH), thermogravimetric analysis (TG/DTA),energy

dispersive X-ray analysis (EDX), scanning electron microscopy

(SEM),Transmission electron microscopy(TEl\/ll), X-ray photoelectron

spectroscopy (XPS),Diffuse Reflectance UV-Vis Spectroscopy(UV-DRS) ,

acidity-basicity determination by the method temperature programmed

desorption of ammonia(TPD), Diffuse Reflectance UV-Vis Spectroscopy

(UV-Vis DRS)and chemical catalytic studies such as liquid-phase reactions
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analyzed by gas chromatography (Chemitto 1000 GC, FID detector). A

brief discussion of the various methods followed is presented below.

2.3.1 X-Ray Diffraction analysis (XRD)

X-Ray Diffraction analysis (XRD) is the one of the widely used and

versatile techniques for the qualitative and quantitative analysis of the solid

phases|40]. Diffraction from microcrystalline and amorphous powder can

be studied by this technique. Compared to the three dimensional location of

each reflection in a single crystal diffraction experiment, the powder

diffraction pattem can give only one dimensional data due to the rotational

projection of the randomly oriented reciprocal lattices. Powder XRD is a

long-range order technique sensitive to the basic periodic structure of a

solid sample. The purity of the substance, transition to different phases,

allotropic transformation, lattice constants and presence of foreign atoms in

the crystal lattice can also be recognized by this technique. The XRD

method involves the interaction between the monochromatic X-rays (like

Cu K0 or Mo K,-1) with family of planes (identified by a system of Miller

lndices, hkl) in the polycrystalline material. A fixed wavelength is chosen

for the incident radiation and the Bragg’s peaks are identified as a function

of scattering angle 29. The interplanar distances (d spacing) are calculated

from the Bragg’s equation,

nit = 2d sinfi,

Where it is the X-ray wavelength and n is an integer called order of
reflection.

The mean crystallite size of a material can also be detennined from

the broadening of an X-ray diffraction peak, which is inversely proportional

to crystallite size and this can be achieved by following the Scherrer

method using the formula,
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which is derived from Bragg’s equation. ‘d’ is the thickness of the crystal

and B = FWHM (full width at half maximum intensity).

One can calculate the crystallinity with respect to a standard

material by determining the integrated area under the peaks between a set

29 limits in the sample (A5) and compared with the area obtained for a

standard or reference material (AR) in the same 28 limits [% crystallinity =

(A5 x 100)/AR]. Research workers have set their own ways of measuring

crystallinity for relative COII1p3I‘1SOl1, for example, doing integration of the

peaks by gravitation methods or integrating the area of several strong peaks

in the region 29| - 28;; and dividing it by the total area in the same 291-292

region or routinely taking the intensity of the strongest peak as a faster

route to know the crystallinity of the sample. Quantifying the number of

phases and their concentration is invariably done using the comprehensive

libraries (ASTM and JCPDS or PDF indices) of available characteristic d

spacing and intensities of previously studied solids.

One cannot detect an impurity phase of less than 2-3 % when a

XRD profile is scanned for routine analysis. lf there is an impurity phase

detected on fast scanning, one has to do a slow step scanning for

sufficiently long time to maximize the detection of minority or impurity

phases by accumulation of intensity counts and refine the profile if

necessary for phase quantification. The quantitative analysis can also be

done by Rietveld refinement method, which requires the knowledge of the

crystal structure of all the phases present in the mixture.

The XRD pattems of the catalyst samples were taken using Philips

diffractometer (PW 1710). Ni filtered Cu KC, radiation (L = 1.5404 A) and a

movable detector, which measures the intensity of diffracted radiation as a
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function of 26 are the main parts of the instrument. The X-Ray diffraction

patterns of the catalysts were recorded using a Rigaku D—max C X-ray

diffractometer using Ni filtered Cu K01 radiation source (K =l.54056A0).

The anatase peaks of the systems were confirmed by comparing with

JCPDS data files.

2.3.2 Infrared Fourier Transform spectroscopy (F TIR)

Infrared spectroscopy (IR) is widely used in the field of
characterization of heterogeneous catalysts. Identification of the structural

features of the catalysts such as adsorbed and dispersed species and their

structure, metal-metal interaction, reaction intermediates on the catalyst

surface etc. are some of the important information obtained from infrared

spectral studies.

Information can be well assigned by the appearance of two IR

bands|41,42|. Usually these two IR bands are hidden in ordinary FTIR

spectroscopy. The infrared spectra of the prepared samples were recorded

by a DR-IR (Shimadzu, model 8300) in the range 400-I400 cm". FT-IR

spectra (Infra red spectra) were obtained by the KBr technique over the

wave number range 400-4000em" by using ABB BOMEM (MB Series)

FT-IR spectrophotometer[43].

2.3.3 N; adsorptionf desorption analysis

Surface area determination method (BET)

The Brunauer, Emmett and Teller method (BET) [44] has been

adopted as a standard procedure for surface area determination and is

ideally suited for the determination of surface areas of finely divided solids

[45]. By the introduction of a number of simplifying assumptions, this

theory extends Langmuir model to multilayer adsorption. In BET theory, it
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is assumed that the solid surface possesses uniform, localized sites and the

adsorption at one site does not affect adsorption at neighbouring sites. lt is

further assumed that the adsorption is multiplayer and the heat of

adsorption of the second and the subsequent layers are identical and is

equal to the liquefaction of the adsorbate. The BET equation can be

represented as,

P = 1 + (C-l)P
V(P0'P) C vm C vm P0

Here, C = a constant for a given system at a given temperature and

is related to the heat of adsorption, v = volume adsorbed at equilibrium

pressure p, vm = volume of the adsorbate necessary to form a monolayer on

the surface and p0 = saturation vapour pressure of the adsorbate.

The BET equation demands a linear relation between p/[V (pi;-p)]

and pip‘-,, where slope = (C-1)/C Vm and y intercept = l/C Vm. From the

slope and y-intercept, V,“ can be calculated. The specific surface area of the

sample is then calculated using the relation,

Surface area (m2g") = vm N0 am
22414 x weight ofthe catalyst

Where am = average area occupied by the nitrogen molecule (1.62 A2) and

N0 = Avagadro number.

Although in principle any gas or vapour may be chosen as the

adsorbate, the usual choice is nitrogen as it is inexpensive, easily obtained,

inert towards most of the solids and is able to penetrate even the finest

pores. Most solids are inherently porous, and many techniques have been

developed to characterize the porous structure of solids. Among them the
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nitrogen adsorption technique is the most popular one that can obtain the

data on total pore volume, the BET surface area and the pore size
distribution.

BJH Method

Before we intrude into the characterization of the pore structure, it’s

noteworthy to discuss the types of isotherms and hysteresis loops.

According to the Intemational Union of Pure and Applied Chemistry

(IUPAC), the majority of adsorption-desorption isotherms may be grouped

into six types|46] as shown in Figure 2.1 below.

___~~~ ;  _ _~ _. ~ I-F1 .
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Figure 2.1 Different Types of Adsorption-Desorption isotherms

The reversible Type I isotherms are given by microporous solids

having relatively small extemal surfaces. The reversible Type I1 isotherms

is the nomial form of isotherm obtained with a non-porous or macroporous

adsorbent. it represents unrestricted monolayer-multilayer adsorption. The

reversible Type HI isotherms are not common, but there are a number of

systems (e. g. nitrogen on polyethylene) which give isotherms with gradual

curvature and an indistinct Point B. Characteristic features of the Type I V

isotherm are its hysteresis loop, which is associated with capillary

condensation taking place in mesopores. The Type V isotherm is

uncommon, it is related to the Type Ill isotherm in that the adsorbent­
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adsorbent interaction is weak, but is obtained with certain porous

adsorbents. The Type VI isothenn, in which the sharpness of the steps

depends on the system and the temperature, represents stepwise multiplayer

adsorption on a uniform non-porous surface.

Normally, in the adsorption-desorption isotherms, the desorption

isotherms do not retrace the adsorption ones but rather lie above them over

a range of relative pressure, which form a hysteresis loop before eventually

rejoining the adsorption isothenns. Hysteresis appearing in the multiplayer

range of physisorption isotherms is usually associated with capillary

condensation in mesopore structures. IUPAC has classified the various

hysteresis loops that are observed experimentally as types H1, H2, H3 and

H4 as shown in Figure 2-4.
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Figure 2.1 Different Types of Hysteresis Loops

Point B ,the beginning of the almost linear middle section of the

isotherm ,is often taken to indicate the stage at which monolayer coverage
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is complete and multiplayer adsorption about to begin|47].The observed

hysteresis may be the result of two basic mechanisms, namely, “single pore

mechanism” and “network mechanism”[48].

In “single pore mechanism”, a metastable phase may persist beyond

the vapor liquid coexistence pressure during the adsorption and desorption

processes where a vapor phase may be present at pressure above the

condensation pressure, and a liquid phase below the condensation

pressure|49]. The second mechanism is related to the topology of the pore

network. During the adsorption process, the vapors needed to fill the pore

can be transported either through the liquid or through the vapor phases.

However, during the desorption process, the desorbed vapors must be

transported to outside only through the vapor phase. Vaporization therefore

occurs only in pores connected to the bulk vapor phase, not in pores

surrounded by other liquid filled pores. Once vaporization has occurred in

some of the pores near the extemal surface, the adjacent pores now have

contact with the vapor phases, and will vaporize when it is
thennodynamically favorable. As a result, clusters of vapor-filled pores

grow from the surface until enough pores are opened. N2 Adsorption­

Desorption measurements at 77K were made using a Mz'cr0merirz'cs T risrar

3000 surface area and Porosity analyzer. The samples were outgassed at

350°C for 4h under N; flow.

2.3.4 Thermogravimetric Analysis (TG).

Thermogravimetric analysis (TG) is used in catalyst characterization

procedure as an important tool to provide valuable information regarding

drying ranges, hydration, decomposition temperature, stability limits, etc. In

thermogravimetry, the weight of a sample is recorded over a period of time

while its temperature is being raised linearly. A thermogram is obtained by
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plotting weight of a sample (on ordinate) against temperature (on abscissa).

The horizontal region of the thermogram indicates the thermal stability of

the sample, while weight loss is indicated by the curved portions. DTG is

the first derivative plot of the TG curve from which a better understanding

of the weight loss can be obtained from the dip in the curve.
Thermogravimetric analysis of the samples were carried out using Perkin

Elmer Pyris Diamond thermogravimetric /differential thermal analyzer by

heating the samples at a rate of 20°C/min from room temperature to
ll()0°C in nitrogen atmosphere with samples mounted on an alumina

sample holder.

2.3.5 Energy dispersive X-ray analysis (EDX).

The chemical compositions of catalysts were determined using

energy dispersive X-ray analyzer. This technique (EDX) is used in

conjunction with SEM. An electron beam strikes the surface of a

conducting sample. The energy of the beam is typically in the range

l0-20 K eV. This causes X-rays to be emitted from the point of the

material. The energy of the X-rays emitted depends on the material under

examination. The X-rays are generated in a region about 2 microns in

depth. By moving the electron beam across the material an image of each

element in the sample can be acquired. The detector used in EDX is the

Lithium drifted Silicon detector. This detector must be operated at liquid

nitrogen temperature. When an X-ray strikes the detector, it will generate a

photoelectron within the body of the Si, as this photoelectron travels

through the Si, it generates electron-hole pairs. The electrons and holes are

attracted to the opposite ends of the detector with the aid of a strong electric

field. The size of the current pulse generated depends on the number of

electron-hole pairs created, which in turn depends on the energy of the
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incoming X-ray. Thus, an X-ray spectrum can be acquired giving

information on the elemental composition of the material under

examination. The Si- Li detector is often protected by a Beryllium window.

The absorption of the soft X-ray by Be precludes the detection of elements

below an atomic number of ll (Na). In windowless systems, element with

atomic number as 4 (Be) have been detected, but the problems involved get

progressively worse as the atomic number is reducedl50]. The chemical

compositions of catalysts were obtained from Stereoscan 440 Cambridge,

UK energy dispersive X-ray analyzer used in conjunction with SEM.

Powdered sample is put on a double-sided carbon tape on a metal strip

before analysis. EDX spectra of the samples were recorded in an EDX­

JEM- instrument (JEOL Co. link system AN-1000-Si-Li detector). The

atom/wt % of the metals loaded were obtained.

2.3.6 Scanning electron microscopy (SEM).

Scanning electron microscopy (SEM) is based on the strong

interaction of electrons with matter and appreciable scattering by quite

small atomic clusters. Electrons can be conveniently deflected and focused

by electric or magnetic fields so that magnified real-space images can be

formed in addition to simple diffraction patterns. This property of electron

beam is used in SEM analysis. In SEM, the electron optics act before the

specimen is reached to convert the beam into a fine probe, which can be as

small as I00 A in diameter at the specimen surface|5l]. The technique is of

high interest in catalysis because of its high resolution. However, a serious

drawback is that the results need not be really representative of the whole

sample. This can be overcome by making many analyses at different

locations of the sample particles and for many catalyst particles.

74



Ch=1Pt@r2.- _. a  -_ l
SEM analysis of the sample was done using Stereoscan 440

Cambridge, U.K scanning electron microscope. Characteristic SEM images

of two samples at 10pm magnification are presented. The images give a

clear picture of the surface morphology of the catalysts.

2.3.7 Transmission Electron Microscopy(TEM)

Transmission electron microscopy (TEM) was used to study the

particle morphologies and the pore ordering in the samples. This operates

on the same basic principles as the light microscope but uses electrons

instead of light whereby a beam of electrons is transmitted through an ultra

thin specimen, interacting with the specimen as it passes through. An image

is fomied from the interaction of the electrons transmitted through the

specimen; the image is magnified and focused onto an imaging device,

such as a fluorescent screen, on a layer of photographic film, or to be

detected by a sensor such as a CCD camera. TEMS are capable of imaging

at a significantly higher resolution than light microscopes, owing to the

small de Broglie wavelength of electrons. This enables the instrument to be

able to examine fine detail-even as small as a single column of atoms,

which is tens of thousands times smaller than the smallest resolvable object

in a light microscope. TEM forms a major analysis method in a range of

scientific fields, in both physical and biological sciences. At smaller

magnifications TEM image contrast is due to absorption of electrons in the

material, due to the thickness and composition of the material[52|. At

higher magnifications complex wave interactions modulate the intensity of

the image, requiring expert analysis of observed images. Altemate modes

of use allow for the TEM to observe modulations in chemical identity,

crystal orientation, electronic structure and sample induced electron phase

shift as well as the regular absorption based imaging. A high-resolution
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transmission electron microscopy (HRTEM) investigation of the

microstnlcture of TiO2 is also carried out The experimental observations

reveal the structural features of the interface between the film and the

substrate and three main types of crystal defects in the anatase TiO; film is

revealed. Observation of the interface showed that the anatase was

epitaxially grown on the substrates although defects, such as dislocations

and distorted regions can be observed near the interface[53]. These methods

were supported by X-ray diffraction and thermal analysis. The chemical

and structural properties, as well as the size of grains, depend on the

temperature of TiO;; preparation. This technique, often called electron

microscopy is to confirm the mesoporous nature of the materials prepared

and is examined under the instrument transmission electron microscope

TEM ( JEOL,JEM-2010).

2.3.8 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the most widely

used technique for surface analysis. ln the technique, which has been

applied by industry for more than 30 years, atom core electrons are excited

by soft X-rays and the kinetic energy of the emitted electrons is measured.

Peaks occur corresponding to the binding energy of the core electrons and

their position gives therefore direct identification of atoms. Since the

inelastic mean free path for electrons in the energy range studied (typically

~ 0.] to 1.5 keV) is 0.5 — 3 nm, the peak intensity originates from electrons

excited from atoms that are within a 2-5 nm thin surface layer[54]. The core

electron binding energy varies slightly depending on the chemical

environment of the atom, and this is used to gct information on the

chemical bonds. Scanning XPS has been increasingly more used in the past

decade driven by substantial improvements in lateral resolution. The
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interpretation of XPS has largely been based on simple peak intensity

measurements and this strongly limits the quantitative accuracy of it. The

depth resolution of XPS has usually been done by ion-etching the surface.

ln the past decade, significant advancements has however been done in the

development of improved algorithms for quantitative XPS and non­

destructive atom depth distribution analysis in the 0-10 nm depth range

[55]. Formation of mixed oxide phase is an evidence of the well-known

strong metal-support interaction (SMSI) effect occurring with the support

[56]. The highest energy value is indicative of the highest oxidation state,

whereas the lower binding energy is the evidence for an increased electron

density of the supported metal. Such charge transfer is caused by the SMSI

between metal and the support. This effect is more evident for small metal

loadings corresponding to a better metal dispersion on the support [57]. At

variance with previous study, the presence of strong shake up satellites are

typical of the metal and could be consistent with the presence of surface

dispersion [58].For example about Co particles there was clear evidence of

the oxide in the reports of A.M. Venezia et al[59,60]. The Cr(VI) species is

likely to arise from the oxidation of the chromium precursors during the

high temperature calcinations. Unlikely, the series of the other transition

metals, the Fe 2p3/2 binding energy increased with increasing iron loading

going from 709.9 eV of Fe/TiO2/0.3 to 711.0 eV of Fe/TiO3_.5 is observed.

The samples loaded with molybdenum were characterized by well-resolved

Mo 3d5,q and Mo 3d3,q doublets. The binding energy of the l\/lo 3d5,g at

233.3 eV is indicative of Mo(Vl) [61]. The vanadium doped samples were

characterised by the binding energy V 2P3/2 <-Jqual to 517.3 eV typical of

V(V) [62]. For the low loaded catalysts the exact position of the V 2p}/2

peak was difficult to ascertain due to the partial overlap with the strong

Ols satellite. The W 4-f7/3 binding energy of the powders containing
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tungsten was found at 36.0 eV, typical of W(VI) [63]. For the fitting of the

W 4f doublet, subtraction of the overlapping Ti 3p peak, according to the

position and the relative intensity with respect to the Ti 2pm peak as

obtained from pure TiO2, was perfonned. XPS spectra were recorded in an

indigenously developed electron spectrometer equipped with Thermo VG

Clamp-2 Analyser and a Mg Ku X-ray source (l253.6 eV, 30mA >< 8 kV).

A thin sample wafer of 12 mm in diameter was used in these studies. As an

internal reference for the absolute binding energy of C ls peak at 284.08

eV was used. The analyser operated in the constant analyser energy (CAE)

mode. For the individual peak energy regions the pass energy of 20 eV set

across the hemispheres was used. Survey spectra were measured at 50 eV

pass energy. The sample powders were pelletised and then mounted on a

double-sided adhesive tape. The pressure in the analysis chamber was in

the range of 10-6 Nm_2 during data collection. The constant charging ofthe

samples was removed by referencing all the energies to the C ls peak

previously calibrated at 284.08 eV, arising from the adventitious carbon.

The peaks were fitted by non-linear least-squares fitting program using

properly weighted sum of Lorentzian and Gaussian component curves after

background subtraction according to Shirley and Sherwood [64,65]. The

binding energy (BE) values are quoted with a precision of i().l5 eV.

Atomic concentration ratios were obtained from peak area ratios and

element sensitivity factors using the VG instrument software.

2.3.9 Diffuse Reflectance UV-Vis Spectroscopy (UV-Vis DRS)

The diffuse reflectance UV-Vis spectroscopy (UV-Vis DRS) is

known to be a very sensitive probe for the identification and characterization

of metal ion coordination. It is a non-invasive technique that uses the

interaction of light, absorption and scattering, to produce a characteristic
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reflectance spectrum, providing information about the structure and

composition of the medium. It gives information regarding electronic

transition between orbitals or bands in the case of atoms, ions and

molecules in gaseous, liquid or solid state. Electronic transition of

transition elements are of two types, namely, metal centered transitions [d-d

or (n-1) d-ns] and charge transfer (CT) transitions. d-d transitions gives

information about the oxidation state and the coordination environment of

transition metal ion. (n-l) d-ns transitions are often too high in energy to be

observed in the spectrum. The CT transitions are intense since they are

Laporte allowed and are sensitive to the nature of donor and acceptor

atoms[66,67]. The band gap can be calculated using KM
equation[68].Diffuse reflectance UV-Vis spectra of the samples were

recorded at room temperature between 200 and 800nm using Barium

Sulphate as standard in Labomed instrument with a CCD detector.

Absorbance measurements as well as onset absorption were taken in

Spectrophotometer UV-Vis Double Beam UVD-3500, Labomed, lnc.

Absorbance measurements of the UV irradiated methylene blue dye was

taken at regular intervals. DRS studies of the prepared catalysts were
carried out.

2.3.10 Temperature programmed desorption of ammonia (TPD)

Acid-base properties of the solid catalysts play decisive role in

determining the catalytic activity and selectivity. Independent methods

adopted for the thorough understanding of the acid-base properties of

prepared catalysts by temperature programmed desorption of ammonia

(TPD). The NH3-TPD method is widely employed in characterizing the

acidity of solid catalysts. This is an easy method used to find out the total

acidity as well as acid strength distribution.
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The pellets were prepared from the sample (about 0.5 g) using a

pelletiser and activated at 500°C for 2 h. The accurately weighed pellets

were placed in a home built stainless steel reactor of internal diameter 1 cm

and length 15 cm kept in a cylindrical furnace. The temperature of the

reactor is maintained using a temperature controller and the temperature

was measured by an AI-Cr thermocouple kept inside the fumace. The

sample was degassed at 300 °C using a flow of nitrogen for half an hour. It

was then allowed to cool to room temperature and a definite amount of

ammonia is injected into the reactor and allowed to adsorb uniformly over

the catalyst surface. The physisorbed ammonia was flushed out using a

flow of nitrogen gas. Under a controlled temperature programme, the

amount of chemisorbed ammonia leached out -up to a temperature of

600 °C-- was trapped into H2804 solution (0.025 N) and ammonia desorbed

was determined by back titration with NaOH solution (0.025 N).

, AV x N x 5
Amount of ammonia desorbed = ~ ~ N"'°H»

' Weight of the sample

Where AV is the difference in titre values of NaOH between blank

H2804 and the ammonia trapped H2804 at each temperature. Ammonia

TPD measurements were carried out in the range 100-600°C in a

conventional flow type apparatus using a stainless steel reactor of 30 cm

length and lcm diameter kept in a cylindrical furnace. The catalyst is

pelletized and put in the reactor under nitrogen flow at 300°C.The method

is based on desorbing ammonia adsorbed on the solids by heating it at a

programmed rate.
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2.4.0 Catalytic activity studies

2.4.1 Photocatalytic activity

The photocatalytic activity of the prepared systems towards the

degradation of dyes is intensively studied. The reactions were carried out in

a l-Ieber photoreactor (multilamp type, model HML-MP88) containing

concentrically arranged eight numbers of 8W mercury lamps set in parallel

and emitting 365nm wavelength. It has a reaction chamber with specially

designed reflectors made of highly polished aluminium and built in cooling

fan at the bottom. Open borosilicate glass tube of 50 ml capacity, 40 cm

height and 20mm diameter with the total light exposure length of 330 nm

was used as a reaction vessel. The solution with a photocatalyst and dye

was taken in the borosilicate glass tube. The suspension was magnetically

stirred for 30 min in dark for the attainment of adsorption equilibrium and

then irradiated. After reaction, centrifuged to separate the catalyst and

diluted if necessary and absorbance measurements of the dyes were taken at

intervals.

Absorbance measurements as well as onset absorption were taken in

a Spectrophotometer UV-Vis Double Beam UVD-3500, Labomed, Inc. The

dyes under study were methylene blue, malachite green, Acid blue-25,

Acid Red-l and Acid Orange7of 7%,,‘ values - Methylene blue-660nm (MB),

Malachite Green-6l4nm (MG), Acid Blue25-600nm (AB25) , Acid Redi­

532nm (ARI) and Acid Orange’?-483nm (AO7). DRS studies of the

prepared catalysts were also carried out.
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2.4.2 Chemical activity studies

The reaction studied for the present work were the liquid-phase

reactions[69] such as epoxidation of cyclcohexene and hydroxylation of

phenol.

Materials

The materials used for the catalytic activity measurement is as
follows.

Materials Suppliers
l Benzyl Alcohol Merck
2 Cyclohexane Merck
3 TBHP Merck
4 Phenol Merck
5 Hydrogen peroxide SD Fine—Chem Ltd
6. Acetonitrile SD Fine-Chem Ltd
7. Ethanol SD Fine-Chem Ltd

Methods

A brief description of the experimental procedure for the different

types of reactions studied is given below. The catalytic activity was

expressed as the percentage conversion and the selectivity for a product is

expressed as the amount of the particular product divided by the total

amount ofproducts multiplied by 100.

2.4.2.1 Liquid Phase Reactions

Epoxidation of cyclohexene and hydroxylation of phenol were

carried out in liquid phase. For the liquid-phase reactions, the reagents in

the required molar ratio were taken in a 50 ml double-necked round bottom
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flask fitted with water condenser and guard tube. The reactions were

carried out in an oil bath using 0.1 g of the catalyst (activated at 300 °C for

2 h) and the temperature of the reaction was controlled using a dimmerstat.

Using a magnetic stirrer, the uniform stirring of the reaction mixture was

attained. The reaction mixture was analyzed by gas chromatography

(Chemito 1000 GC, FID detector, N2 carrier gas, SE30capillary column,

OVI7 column for phenol) and product identification was done by

comparing the retention times with standards.

Microgravimetric measurements were carried out with a Sartorius

AG,mod. TE6l00 electro balance operating in controlled atmosphere.
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This chapter deals with the characterization techniques. The physico

chemical characterization of metal incorporated titania systems by the three

routes namely Sol-gel, Hydrothermal and EISA route were done. A detailed

investigation was performed by different techniques such as X-Ray

diffraction analysis (XRD), Infra-Red spectroscopy (FTIR), Surface area

and Pore volume measurements (BJH).Thermogravimetric analysis

(TG/DTA), Energy dispersive X-Ray analysis(EDX), Scanning electron

microscopy(SEM), Transmission electron microscopy(TEM),X-ray

photoelectron spectroscopy (XPS) and UV-Vis diffuse reflectance

spectroscopy (UV-vis.DRS). The evaluation of acid sites were done by the

technique known as temperature programmed desorption of amm0nia(TPD)

and chemical catalytic activity studies such as liquid-phase reactions

analyzed by gas chromatography (Chemitto l000 GC, FlD detector). Prior

to the study of these techniques, the optimization of calcination temperature

was done using X-Ray diffraction analysis(XRD), Surface area

measurements (BET) and themiogravimetric analysis (TG)in sol-gel route.
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Chapter 3

3.1.0 Optimization of the calcination temperature

Catalyst characterization is a lively and relevant discipline in

catalysis. In heterogeneous catalysis, the reaction occurs at the surface.

Catalyst and catalytic surfaces need to be characterized with reference to

their physical properties and by their actual performance as a catalyst |1|.A

thorough characterization of the prepared systems was undertaken using

various spectroscopic as well as quantitative methods. The selection of

calcination temperature is of critical importance in catalysis. The crystalline

phase formation also depends on the calcination temperature. It has been

reported that the transition of amorphous titania to crystalline titania takes

place at 350°C for pure titania [2-4].An earlier study on the kinetics of the

anatase to rutile transformation has shown that the transformation involves

an overall contraction or shrinking of the oxygen structure and a co­

operative movement of ions. The transformation needs to overcome both

the strain energy for the oxygen ions to reach their new configuration and

the energy necessary to break the Ti-O bonds as the titanium ions

redistribute. A high activation energy is required for this purpose (over

420 Kl/mol) and so the phase transition takes place at a temperature around

500°C I5]. Also the phase transformation is generally accompanied with the

crystal growth. ln the present case, the titania samples calcined at 450°C

contain the prominent characteristic peaks of anatase [6] than calcined at

other temperatures in sol-gel route. Also the surface area seems to decrease

as the calcination temperature is increased. A crystal size of about

l0-l l nm is believed to be the optimum size for photocatalytic applications

|7|.Signif1cant difference in crystallite size was observed for the crystallite

size of the samples calcined at temperatures other than 450°C. TG graph

also confirms the calcination temperature to be 450°C (723K). Comparing

Fig. 3.1 and Table 3.2, the crystallinity of nanocrystals increased
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(XRD became sharper, and FWHM decreased) as the calcination

temperature is increased. At higher calcination temperatures, the crystallite

sizes formed are larger in size (Table 3.2), which can be attributed to the

thennally promoted crystallite growth. These results were in agreement

with the previous results reported by Yu et al. [8]. S0 the calcination

temperature was optimized to be 450°C.t. 1' 1' {IQ 45 ! T4 400 it pt ,F l Ii " ‘a - N "P *= f"1 1 Vrh)m““o-fl’ ” W“*-w$"“wh;v~m~ **~¢ ‘“»¢»J”“\-FW i
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Fig 3.3 XRD of Titania Catalysts by Sol-Gel route at 450"C
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1 Catalyst 4001c 4501c 1 50010T1 56 34  211

T2  70 36 22
T3 96 95 y 83_. 1_...­‘ T4 71 43  27 .

Table 3.1 Surface area (m2/g) oflfi Titania Catalysts byS0l-Gel raute

Catalyst 4001c 1 450'-c 50010
1 “T1 8.9 12.3 A 16.5
7 T2 6.3 9.1 14.8T3 7.9 11.7 14.8

T4 7.2 1 10.6 15.]
Table 3.2 Crystallite size (nm) of Titania Catalysts by Sol-Gel route
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Fig 3.4 TG/DTA graph of Titania Catalyst by Sol-Gel route at 450"C
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3.2.0 Characterization Techniques

A brief discussion of the characterization methods adopted was

described below. The prepared systems were characterized by the following

methods such as

l. Small and wide angle XRD

2. FT-IR

3. N2 adsorption/ desorption analysis(BJH)

4. TG/DTA.
5. EDX

6. SEM

7. TEM

8. XPS

9. TPD

10. UV-Vis.DRS

10. Liquid-phase reactions were analyzed by GC.

3.2.1 X-Ray Diffraction Analysis (XRD)

3.2.1.1 Wide Angle XRD

X-ray diffraction (XRD) by crystals is the most widely employed

method for determining the three dimensional structure of solid substances.

Recording X-ray diffraction pattern of powdered polycrystalline samples

by powder diffractometer method has many applications like qualitative

phase analysis, quantitative phase analysis, detennination of unit cell

parameters, study of orientation and determination of particle size. The

X-ray diffraction patterns of the catalysts were recorded using a Rigaku

D-max C X-ray diffractometer using Ni filtered CuKot radiation source

(x=1 .5406A°)in the range of 10-80° at a scan rate of 0. 1 °sec"using Bragg­

Brantan configuration. The anatase peaks of the systems were confirmed by

comparing with JCPDS data files. The percentage of phase formed was
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determined from integrated peak at 26 = 25.3 (101) for anatase and peak at

29 = 27.4(l10) for rutile.

'  I445l)\ \ h Ilflwz
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Fig 3.5 XRD of Titania catalysts Fig 3.6 XRD of Titania catalysts
Sol-Gel route EISA route
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Fig 3.7 XRD of Titania catalysts by Hydrothermal route

The wide-angle XRD pattems showed increasing intensity of

the(l0l) anatase peak alone with slight narrowing of the__peak__width in

Lifiwpumltf cu Tit/';._ [>M{>-WI-u.i iifiitl ll-u».  *1F:~[l')l“i J13-b'~3£~'Hydrothermal route .A Inst ad of controlling ‘the poi formation,‘ the

presence of the block copolymer seems to retard an excessive anatasc

crystal growth. The XRD patterns of titania and metals incorporated titania

(Ag, Ce and Cu) were given in Fig 3.8- 3.10. Anatase type structure is kept

in all, indicating that the metals are merely placed on the surface of the

crystals without being covalently anchored into the crystal. Pure titania
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shows characteristics peaks at 29 values 25.5, 37.4, 47.9 and 53.0

corresponding to the crystal planes (101), (004), (200)¢-K 105) and (2-111)

according to JCPDS data. The small characteristic peaks of Ag were seen at

38.2,44.4.and 64.6 for the planes (1 1l),(200), and (220) indicating that Ag

metal exists on the TiO2 surface as very fine metal particles and is

supported by TEM images. JCPDS peaks for Ce is 29.8(020), 32.9(11O),

34.4(02l), 37.3(lll) and for Cu 43.3(ll1), 50.4(200). Less intense

diffraction peaks of metal particles of Ag at 34.2 and 44.4, Ce at 29.8and

32.9, Cu at 43.2and 50.4 suggesting that these are well dispersed on the

TiO2 surface. It may also be noted that the background of the X-ray pattern

is flat indicating that T102 is crystalline. Apparent full width at half

maximum intensity (FWHM) was determined on (l0l)and (O04) X-ray

diffraction lines of anatase phase, as a measure of crystallinity. The

crystallite size of the metals incorporated samples in different routes were

estimated from line broadening of anatase (101) diffraction peak using

Sche1Ter’s equation is recorded in Table 3.3|9].

Sol-Gel ‘Route 1 l'ljFlIlI’DVl1l1E'1’II1E1llTF'.0L1lB if 1 1 EISA Route

Catalyst l Crystallite Catalyst Crystallite Catalyst 1 Crystallite

i y ‘Size(nn1) Size(nm) 1 Size(nm)

l

1

1T1 12.3 ‘
T2

T3 1
T4

9.1

11.?

10.6

Tl-IT1

TI-1T2

TI-1T3

T1-{T4

9.0

11.6

13.2

12.1

.1 . - I

TEAI

TEA2

TEA3

TEA4

10.3

10.5

10.8

18.4

Table 3.3 Crystallite size (nm) of Titania Catalysts
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All the prominent peaks at 29 values 25.5 are assigned to anatase

crystal phase. A weak broad peak at 39.8 for d value 2.26 A is that of Pt

metal in Fig 3.8. The presence of Pt observed at 0.6% loading concentration

at diffraction angle of 39.8°indexed to (lll) plane, however the peak

intensity is relatively weak, presumably due to the combination of its low

content and small particle size. The crystallite size of the noble metals

incorporated samples estimated from line broadening of anatase (101)

diffraction peak using Shener equation is shown in Table 3.4. The

Palladium shows a weak reflection at 40.13 having a d value of 2.25A.An

intense peak at 38.18 of (lll) plane is that of gold metal deposit over

titania surface. The relatively wide width of the peaks indicates small

crystallite size, which was estimated to be approximately between ll-13

nm using Scherrer’s equation from the XRD peak broadening analysis at

(101) [10]. It is worth to note that the crystallite size was in the range of

ll-l3 nm, which is known to be optimum for photocatalytic activity. This

is because a very small crystallite size causes a blue shift in the light

absorption spectrum and favors surface recombination of the photo-exited

holes and electrons while a larger crystallite size exhibits lower surface area

and thus a smaller number of catalytic active sites per unit mass of catalyst
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[11,12]. It should also be noted that films made of nano size TiOg particles

coated on substrates may exhibit resistance to abrasion and good

mechanical stability [13]. So an optimum particle size as mentioned by

Y.Q.Wang er al is required[7]. The UV—vis absorption band edge which is

a strong function of the reactivity of the catalysts,reveals that the crystallite

size of noble metals (0.2-1.0%) incorporated catalysts prepared by the

hydrothermal method is about 1 I-13 nm while that of pure TiO2 is 10 nm.

Catalyst! 0.2% 0.6% F iI0%
. TiO;/Pt 1 10.8 12.2 13.0A .

TiO2/Pd 10.6 9 1 1.4 10.0
l TiO;/Au 12.1 13.0  13.2

Table 3.4 Crystallite size (nm) of noble metaIs/ TiOg Catalysts

3.2.1.2 Small Angle XRD

Figures below show the small-angle (SA) XRD pattems of the

resultant titania after the assembly and subsequent calcination at 45O°C.The

patterns imply that the calcined powder has a long-range mesophase order

.lt should be noted that we could not determine the mesophase structure

from this single peak. However, the N; adsorption-desoiption analysis

supports the conclusion that we have mesoporous order, as shown in

Fig3.l8-3.21 [14]. Mesoporous structure TiOg should be an even more

effective catalyst because of its large surface area and porous frameworks

[15-19]. Recently, Zhang et al. found that TiO2 microspheres with porous

structures have higher photocatalytic activity and are easy to be recovered

and used repeatedly [20]. The breakthrough will open a novel pathway for

the elevation of the photocatalysis of TiO2 materials. The mesoporous

materials have high surface area and high pore volume because of the large
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dimensions of the pores and titania in a mesoporous state has high surface

area in a continuous structure which makes the electron transfer easier,

resulting in increased photocatalytic activity. However, the metal/TiO2

catalysts show the same type of peak, characteristic of mesoporous

materials which indicates that the deposition of metal oxides and the

subsequent reduction in H2 did not induce a collapse of the meso structure.
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Fig3.l3 SAXRD of Titania in Hydrothermal route

Except for the titania catalyst from sol-gel route, all patterns are

similar and exhibit a single diffraction peak corresponding to cl-spacings of
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_i"- 1
5.54, 5.48 and 5.25nm respectively. Small angle XRD gives peaks at 20

values 1.5, 1.8 corresponding to the crystal plane (200) characterizing long­

range meso 0rder[21]. This single strong diffraction peak in the small-angle

region indicates the presence of meso structure in samples. Meso-structures

with more or less regular in diameter and packed at random(well ordered

arrangement) often display a single peak in low-angle XRD. Although

others have already demonstrated that similar single-reflection products

still have short-range hexagonal symmetry [22, 23] those single strong

diffraction peaks of the calcined samples may just indicate the presence of

mesostructure. No obvious peak is observed on small~angle XRD patterns

for the sample calcined at"/00°C [24] and 400°C for films by Stucky et al

[25] suggesting the complete collapse of the mesoporous framework .

3.2.2 Fourier Transform Infra Red Spectroscopy (F TIR)

Infrared absorption spectroscopy is a rapid, economical and non­

destructive physical method universally applicable for structural analysis.

The technique is so versatile that it can be used both as a source of

physical parameters of crystal lattice determinations and for eliciting purely

qualitative relationship between samples. The number, position, bandwidth

and intensity of adsorption bands may be correlated with the electronic and

molecular structure. It also provides important information about the inter

molecular forces acting between the atoms in a molecule, intermolecular

forces in condensed phase and nature of chemical bond.

Infrared spectroscopy is a direct method for monitoring transitions

between quantized vibrational levels induced by absorption of light in

infrared region. A vibration that interacts with the electromagnetic field

absorbs the radiation into the molecule, the interaction being provided by

an oscillating dipole moment. The spectrum is generally recorded by

passing a beam of polychromatic infrared light through a sample and

monitoring the radiant p0W tted light at each frequency of99 .._­
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source. The technique can be applied to solids as crystals or powder, liquids

as solutions or melt, gases, films and adsorbed species.IR analysis can be

used to almost any type of samples as long as the material is composed of

compounds. Areas of application include catalysis, polymer chemistry, fast

reaction dynamics, charge transfer complexes etc. Its utilization is
spreading to other areas like layer thickness measurements, reflectivities

and refractive index. The use of IR spectroscopy for samples is controlled

by the constraints of overall symmetry of unit cell and local site symmetry
of each atom within the unit cell.

FT-IR spectra was measured by the KBr technique over the wave

number range 400-4000cm'l by using ABB BOMEM (MB Series) FT-lR

spectrophotometer. Figures 3.14-3.16 show FTIR spectra of mesoporous

titania catalyst as well as metal incorporated titania catalysts thermally

treated at 450°C in air flow. FTIR spectra shows broad bands around 3500

cm" are due to —OH strectching vibrations of free and hydrogen bonded

surface hydroxyl groups in titania|26-28]. The adsorption bands at 1630

cm” are arising from the bending vibrations of physisorbed water
molecules in the catalysts|29]. After deposition of metals, a clear increase

of the OH bands is observed. This surface hydroxylation is very
advantageous for the photocatalytic activity of anatase because it provides

higher capacity for oxygen ads0rption|30,3l]. Intensive and broad bands

appearing at 565 cm'l-660 cmil is that of fundamental vibrations of

'l"iO;nano crystals ie.. stretching vibrations of Ti-O bonds|32]. It is obvious

that -—OH gps are more on the hydrothermally prepared catalysts which

clearly indicates the adsorption capacity of the prepared catalysts and the

result is enhanced photocatalytic activity. Figure 3.17 is FT-IR spectra of

noble metals incorporated titania catalysts with the fundamental vibrations

and peaks at 2362 cm"is due to asymmetric stretching of CO2 adsorbed

from the atmosphere.
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3.2.3 N 1 Adsorption-Desorption analysis (BJH)
3.2.3.1 Surface area

The Brunauer, Emmett and Teller (BET) method has been adopted

as standard procedure for surface area determination of powdered catalysts.

Adsorption of nitrogen gas at its boiling point is generally used for surface

area measurements using BET method. The BET theory of adsorption is an

extension of Langmuir model to multi layer adsorption. The basic
assumptions of BET model are

1. Heat of adsorption for adsorbate—adsorbant system does not

change with surface coverage which means that all the adsorption

sites on a given surface are energetically homogeneous.

2. Adsorption is multilayer and the heat of adsorption of second and

subsequent layers are the same as heat of condensation of
adsorbate

3. Dynamic equilibrium occurs within each layer

The BET equation is conveniently expressed in the form,

Pl [V(P0-P) I = [l/VmC |+[(C-1)/VmC I (P/P0)

where P-adsorption equilibrium pressure, Postandard vapour pressure of

adsorbate ,V-volume occupied molecules adsorbed at equilibrium pressure,

Vm-volume of adsorbate required for monolayer coverage and C-a constant

related to heat of adsorption.

A plot of P/ \/(P0-P) against P/P0 is a straight line with slope

(C-ll)/VmC and intercept l/VmC. From the slope and intercept, Vm can be

calculated and the specific surface area can be calculated using the relation,

A = VmN0Am/ W x 22414

WhereN0—the Avagadro number, Am —the molecular cross sectional

area of adsorbate (for N2 being 0.l62nm2) and W-the weight of the

sample.
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The linearity of BET plot is severely restiicted within the P/P0 range

of 0.005-0.30. Avery high or low C value will create considerable error in

calculating the effective adsorbate surface area. High C values are likely to

be associated with localized monolayer adsorption or with micropore

filling. N; Adsorption-Desorption measurements at 77K were made using a

Micromeritics Tristar 3000 surface area & Porosity analyzer. This helps to

determine structural characteristics of TiO; materials including Brunauer,

Emmett, and Teller (BET) surface area, porosity, pore size and pore

distribution in the mesoporous range, using nitrogen adsorption and

desorption isotherms. The catalysts were purged with nitrogen gas for 4 h at

3500 C using Flow reactor 060 (Micromeritics).

1. ..

1 1
Cl-ysta| 1 Surface 1 Pore

Method Catalyst lite size ma A volume
(""9 g (mz/a) (¢m“/2)

‘H

Pore
diameter

(Hm)

1 Sol-gel Route

l

Tl
1

12.3 0.074 6.4

T2 9.1 0.088 6.2

T3 11.7
1

0.133 6.0

T4 10.6
Ti ""

t _ _
0.097 6.3

Y

Hydrothermal
Route(HT)

THTl at 0.369 9.9

THT2 11.6 0.343 11.4
1

THT3 13.2
1

0.453 9.4

THT4 12.1

1

1 0.389 8.8

. Evaporation
Induced

Self Assembly
‘ Route(E1SA)

TEA1 10.3 0.287 13.0
1

TEA2
_.J

105 0.253 13.7

TEA3 10.8 1 0.329 12.6

TEA4
1

18.4 0.165 24.6
_ 1
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In the publications of Song er al, the synthesis and characterization

of TiO2 nanoparticles with anatase mesostructure have been reported. His

findings describe that this kind of materials which is a combination of the

properties of nano scale powders and mesoporous materials contribute

much to the photocatalytic and photoelectron chemical performances

[33,34].

Crystallite size, calculated using scherrer equation from the (101)

reflection of anatase is given in the Table3.5. Total Pore Volume is

determined using adsorption branch at the single point of P/P0 =0.989.Pore

diameter, estimated using BJ H model of the desorption branch [35]. The

physicochemical characterization data of the systems were given in the

table 3.5-3.7. The specific surface area values of different systems observed

to follow the general trend that, as the surface area increases the pore

diameter decreases for all the catalysts prepared by different routes. The

surface area, pore diameter and pore volume values suggests the

mesoporous nature of the catalysts. The pores are formed by interstitial

spaces between anatase particles. A crystal size of about 10-ll nm is

reported to be the optimum size for photocatalytic application [36].

Reported surface area in HT route for pure TiO2 calcined at 4006C is 98

m2/g, pore volume 0.24 cm3/g and pore diameter 8.0] nm |37]. In this

work, HT route prepared TiOg catalyst calcined at 450”C gives a specific

surface area of l l0m2/g, pore volume 0.369cm3/g and pore diameter 9.9 nm

higher than the reported value. Antonelli and Ying have used different

surfactants such as alkyl phosphate anionic surfactants in EISA method and

obtained 200m2/g, 3.2nm, calcinedat 400'C) [38]. Reported surface area in

EISA route for ammonia modified TiO3 catalyst is 340 m2/g, pore volume

is 0.28 cm‘?/g and pore diameter is 3.4nm as given in table 3.6 [39]. But the

surface area obtained in this Work for non-treated EISA route catalysts
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were 63 m2/g, pore volume is 0.28 cm3/g and very large pore diameter is

obtained which is about 13.0 nm[40-42]. As already stated above, the

difference observed in surface area is due to the remarkably larger pore size

of the catalyst. In the case of TiO2 /Cu catalyst a pore size of about 24.6 nm

is obtained. Kesong Liu er al reported that large pore size depends on the

molar ratio of the precursor to the surfactant which is the structure-directing

agent and the synthesis process [43]. In the investigated range of metal

loading content, the surface area obtained from the different routes

decreased in the following order: HT > EISA >SG. The surface areas and

pore sizes of the obtained samples allow for comparison with the following

results: [a] Stone and Davis (300m2/g,2.4 nm, calcined at 400°C), [b]

Blanchard et al.(350m2/g,2.l nm, calcined at350cC). Surface area decreases

with increase in calcination temperature and in this work all the systems

were calcined at a temperature of 450°C. The mean pore diameter of the SG

and HT photocatalysts remained almost identical to that of the TiO2

support, while the total pore volume decreased in similar trend to the

surface area which is optimum for the photocatalytic reactions. The pore

diameter of the EISA photocatalysts remained almost different with low

degradation in the reactions. Since ammonia modified TiO; metals

catalysts given in table 3.6 showed less efficiency in the application

reactions, these catalysts were not considered for further studies, may be

due to the lower crystallite size and larger pore diameter. Also at

temperatures of about 450°C, the conversion decreased due to oxidation of

NH; by oxygen. [38,43,44].
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Table3.6 Surface Properties of Ammonia modifiedTiO2 metals catalysts

Evaporation
Induced Self —

Assembly
(EISA) Route

Ll  ._

TEA2 N 1'13

TEIK1'NHa

. _i..
Method 1 Catalyst ;Crystn]1ite. sllrfiwe Pore 1 Pore A.

sizefnml ! “I299 volume diameter‘_ . . We rem’/g>-<nm>

TEAS NI-I3

TEA4 N H,‘

8.74

9 .85

9.83

7.49

133.31

. 89.40

131.41

1‘ 64.16
. l

0.448

0.457

0.4%

0.365

10.64

17.69

9.87

20.69 5
l

Method Catalyst ' Crysta Surface Pore Pore
llite
a'ze

(Hm)

l 2 .
arm (m IQ 1 volugme 7 d

(cm /Q

iameter
(nm)

TiO; 10.0 97 0.257

. l

9.80

T10)­
0.29/opt

T103­
116 °/opt

T102­
1.[1 9/opt

10.8

12.2

13.0

102

101

99

0.269

0.230

0.257

10.5

9.1

12.8

Hydrothermal M
Route(I-I T) 1 TiO1­

0.2 °/0P (1

TiO1—
0.6 °/0P 1'1

T103­
1.0°/oPd

10.6

1 1.4

10.0

104

103

100

0.265

0.257

0.261

10.2

11.0

9.9

TiO1—
0.2 °/oA11

TiO1—
U.6 ‘Vofixtl

Tio-3­
1.0°/oA11

12.1

13.0

13.2

94

91

,. as

0.210

0.245

0.215

1 .

11-0

11.2

10.1

route and calcined at 450°C possess optimum crystallite size and pore

Table3.7 Surface Properties of noble metals/TiO;catalysts

In the case of noble metals/ T102 catalysts prepared by hydrothermal
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diameter as in table 3.7, were efficient catalysts for the photocatalytic

degradation reactions. Pd catalysts show the highest surface area[45-49]. In

the investigated range of metal loading content, the surface area obtained

from the HT method decreased in the following order: 0.2% > 0.6% >

1.0%. Pore volume shows the general trend.

3.2.3.2 lsotherm plots

Figure 3.18-3.19 shows the N2 adsorption-desorption isotherms of

pure mesoporous titania and metal incorporated mesoporous titania

outgassed at 350°C for 4h under N2 flow in the three routes. Except sol-gel

route ,the isotherms of the calcined mesoporous titania and metal

incorporated mesoporous titania by HT and EISA routes are type~IV

according to IUPAC classification and exhibit a H2 hysteresis loop that is

associated with plate like particles, which is typical for mesoporous

materials[50]. In the N; adsorption-desorption isotherms these samples

showed type-lV character with a characteristic inflexion around P/P0 in the

range 0.6-0.7 for each isotherm indicating capillary condensation in the

mesopores. The high steepness of the hysteresis indicates, the high order of

mesoporosity. The isotherm of the modified samples slightly decreases due

to the metal present on the support (Figure 3.19) whereas the porosity of

modified samples slightly increase compared to the blank support.

However, the TiO2/metals samples show the same type of hysteresis, which

indicates that the deposition of metal oxides and the subsequent reduction

in H; atmosphere did not induce a collapse of the mesostructure. Catalysts

in HT route show narrow pore size distribution with a maximum pore

diameter of 1 l.4nm and in the deposition of noble metalsl2.8nm. For large

pore mesoporous materials by EISA type IV isothenn with a clear H;

hystersis loop is reported [51,52]. lt is reported that the non-treated catalysts

prepared by EISA route, shows less photocatalytic activity although anatase
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is present in the structure due to the loss of mesoporosity [53]. The

stabilizing effect of NH;-treatment on mesoporous titania by EISA method

is also repo1ted[54]and is discussed above. However, it is surprisingly

found in this work that the non-treated catalysts in EISA route were

mesoporous in nature even after calcination and reduction. The

photocatalytic activity was correlated to the formed mesoporous structures

(results follows) and found to be less than the catalysts by HT method. So

HT route is selected to be the best route for the incorporation of noble

metals in TiO2 catalysts.

In each isotherm three well-defined stages may be identified. First,

a slow increase in N2 uptake at low relative pressure corresponding to

monolayer—multiplayer adsorption. Then, a sharp step at intermediate

relative pressures indicative of capillary condensation within the

mesopores. And a plateau with a slight inclination at high relative pressures

associated with multilayer adsorption on the extemal surface. While, the

end point of the hysteresis loop at around a relative pressure (P/Po) of0.6 is

indicative of the presence of a large pore mesostructure, which to our

knowledge has not been reported for titania synthesised using this type of

template [55—57].
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In the case of noble metals catalysts, the iS0'[h€I‘lTlS exhibit typical

type IV pattem with hysteresis loop, characteristic of mesoporous materials

according to the classification of IUPAC |58]discussed above. A steep

hysteretic loop is observed, which is typical for mesoporous materials that

exhibit capillary condensation and evaporation [59]. Higher loading blocks

the pores, is evident from the curves as1% loading reduces the steepness

from the other[60].Therefore an optimum loading of 0.6% metal,which

gives the isotherm characteristic of mesoporous materials was taken for

further studies.

It can be assumed that in this neutral hydrothennal route, the block­

copolymer P123 works as a nanocrystallite segregating agent rather than a

pore structure template as in the usual mesoporous materials synthesis. In

this case, the titania particles were surrounded by block copolymers

creating steric stabilisation which is attributed to the di-block hydrophilic

characteristic of the Pluronic P123 |6l|. The aggregation mechanism is

driven by the surface charge potential. The subsequent removal of the block

copolymer leads to interstitial pores structural arrangements resulting in the

formation of uniform mesopores due to surface charge balanced interaction

between coated composite particles. Therefore, the pore formation from

interstitial spaces between particles is well controlled, and generates

uniform mesopores. It is also observed that the length of the hydrothermal

treatment has no significant effect, neither on the surface area nor the pore

volume and pore size. But increasing the hydrothcnnal temperature

generates a bigger pore size, thus decreasing the surface area as well as the

pore volume I62]. This phenomenon can be related to dcnsitication due to

the anatase crystal growth. The change in the hysteresis attributes to the

presence of the incorporated metal particles on the surface of TiO; . The

crystallite size ranges from l0-13 nm, which fairly covers the requirement
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for the photocatalytic activity. The pore diameter is observed to be higher,

in such cases the surface area seems to show a decrease and can be related

to the densification due to the anatase crystal growth[63]. This affinns the

mesoporous nature of the catalysts and in certain cases only, the pore

volume is enhanced while the general pore size characteflstiounaintained.
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3.2.3.3 Pore volume measurements
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Tuning the hydrothermal temperature in the self-assembly process

controls the pore size. The maximum pore volume is contributed by 100 A

size pores. Mesopores are in the range of 20 to 200 A size. This stemmed

from the stabilization of capillary condensation, indicating the good

homogeneity of the sample and fairly small pore size since the P/P0

position of the inflection point is related to the pore size. The pore size

distribution obtained with BJ H method is noticeably narrow, confirming

good quality of the sample. The textural properties of the photocatalysts

prepared by the hydrothermal method is observed to be the best. The higher

the loaded metal content, the larger the decrease in the BET surface area of

all the samples [64,65]. The mean pore diameter of the photocatalysts

remained almost identical to that of the TiO2 support, while the total pore

volume decreased in similar trend to the surface area. lt may be concluded

that such the small amount of loaded metal disturbed the mesopore volume

by depositing at the outer and near the outer surface of the TiO2 aggregates,

while maintaining the general pore size characteristic.

3.2.4 ThermogravimctricAnalysis/ Differential Thermal Analysis

(TG/DTA)

Thermogravimetric analysis is a well established technique in

catalysis for evaluating the thermal stability of the catalyst. It finds widest

applications in the determination of different parameters on preparation of

catalyst, nature and composition of active phase, effect of added promoters

or presence of impurities on the catalyst, dispersion of active phase and

active phase support interactions, nature and heterogeneity of active sites

on catalyst surface, mechanistic aspects of the reaction under investigation,

transient chemical changes that occur on the surface, catalyst deactivation

and regeneration. This can also be used for quality control and catalyst
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characterization through finger print spectra of different batches of the

same catalyst. The technique involves the pursuit of weight of sample over

a period of time while its temperature is raised linearly. Recording

analytical data and the temperature curve with provision for controlled

heating of sample is carried out. In a thermo gravimetric curve(TG),

horizontal portions point out regions where there is no weight change,

where as weight loss is indicated by curved portions. In derivative thermo

gravimetric curve (DTG) plateaus correspond to zero weight change. Any

decomposition of the sample is indicated by a dip in the curve and hence

provide an idea about species lost during heating step. Differential thermal

analysis curve (DTA) exhibits endothermal peak and exothermal peaks

indicating changes in the catalyst.

TG/DTA were done on a Perkin Elmer Pyris Diamond
thermogravimetric/differential thermal analyzer instrument under nitrogen

atmosphere at heating rate of 20°C/ min from room temperature to 800°C

with samples mounted on an alumina sample holder. TG- DTA profiles of

some representative samples are given. Weight loss below 100°C, which is

visible in the case of all the samples, is due to evaporation of hydrated

water. An exotherm exhibited by TiO2 can be proposed as being due to a

phase transition from an amorphous into a crystalline fomi. It is clear from

all the thermograms that there is no apparent weight loss after 400°C.

which confirms the thermal stability. So the catalysts can be prepared at a

lower temperature.
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Fig.3.23 TG/DTA of TiO; catalysts by different routes

Furthermore, DTA profiles exhibit an endothermal peak centered at

around l l50C and an exothermal peak in the range 400-425 0 C. The former

is due to the loss of water adsorbed at the surface particle [66], whereas the

latter can be attributed to amorphous to anatase transformation I67]. ln

some cases a small exothermal peak at 290 “C is observed which is usually
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assigned to the loss of organic residue [67,68]. In any ease, crystallization

seems to have been completed at 450 OC which prompted to choose such a

value as calcination temperature. TG/DTA of a representative sample in

noble metal catalysts is given below.
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Fig.3.24 TC/DTA of 0.6"/nPt/TiO;catalyst

3.2.5 Energy Dispersive X-ray Analysis(EDX)

The stoichiometry of the compositions of the prepared catalysts

were checked by EDX analysis and the results obtained are given in Table

3.8 and 3.9. As the first part of the research is to select a suitable route for

the preparation, only 6.0 wt% of metals like Ag, Ce and Cu are

incorporated to the TiOg matrix on a theoretical basis. It has been found that

there is expected agreement between the experimentally obtained weight

percentage of the elements and the theoretically calculated weight

percentage. The EDX analysis performed on the catalysts clearly reveals

the occurrence of various elements incorporated. Intensity of the spectra

correlates to the amount of element (wt %) present in the catalysts. Data

shows that effective promotion of Ag has been occurred on TiO-Z surface.
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Composition (wt%) of noble metals incorporated in Ti02 surface increases 

up to 0.6% in metal loading and then decreases . 

TiO,/Ag TiOz/Ce TiOz/Cu 
Route 

TiO Ag TiO Ce TiO Cu 

Sol ge l 97.76 3.24 97.69 2.31 96.51 3.49 

Hydrothermal 96.92 3.08 97.60 2.40 97.03 2.97 

EISA 96.40 3.60 96.41 3.59 96.87 3. 13 

Table3.8 [DX values (Wt %) 

wt%of 
TiO,/Pt TiO,IPd Ti01/Au 

noble metals 
TiO Pt TiO Pd TiO Au 

Incorporated 

0.2 99.90 0.10 99.89 0.11 99.85 0.15 

0.6 99.58 0.42 99.55 0.45 99.48 0.52 

1.0 99.30 0.70 99.35 0.65 99.21 0.79 

Table3.9 EDX values (wt %) 

3.2.6 Scanning electron microscope analysis(SEM) 

In addition to crysta l structure (crystal phase and degree of 

crystallinity) of Ti02, which is among the parameters determining its 

intrinsic catal ytic properties, its structural properties are also important. 

This is because catalyst morphology can affect the transport of reactants 

and products to or from the catalytic acti ve sites as well as the light 

absorbance for the photo-excitation of the catalyst and the generation of 

electron- holes pairs. The surface morphology of the catalysts were 

observed from the SEM images. It is to be noted that after the metal 
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incorporation, the surface morphology changes. This is attributed to the 

observed phenomenon to the poly layer behavior of Ti02 particles with a 

wide size (and shape) distribution. Here the thickness of the cake vary in 

the range of 100-300 )..lm. It can be observed that the surface is uneven and 

the structure is very compact. The compactness of the Ti02 cake could 

confinn the explanations by Xi and Geissen concerning the mechanism of 

cake build-up at low cata lyst concentrations 1691. The morphologies are 

noticeably dependent on the preparation procedure and the composition. 

The Ti02/noble metals showed a highly porous and paniculate surface. 

Soil-Gel Route 

Hydrothermal Route 
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EISA Rout. 

Fig3.25 SEM images of TiOz and Ag rnOlcatalysts by different routes 

-
I." 'l- ,,' 

• • .. 
~ '--

" • , ,-01, . 
'.-,'- , "., ... • " 

" . 
'" , 

~, 

-~ 

• 

120 



('hapl(r J 

Fig3.26 SEM images of Pt, Pd, Au loadedTi02 catalysts by 

Hydrothermal Route at different magnifications 

3.2.7 Transmission Electron Microscopy (TEM) 

3.2.7.1 TEM and HRTEM micrographs 

Transmission electron microscopy (TEM) images shown below 

reveals the mesoporous nature of the titania catalyst in different routes. The 

images clearly indicate cubic ordered structure for titania catalysts prepared 

by Hydrothennal route, and regions of ordered structure prepared by EISA 

route. consistent with XRD data which showed broad, low intensity 

diffraction peaks for the mesoporous phase. The cubic structured 

mesoporous titania had higher stability than the hexagonal structure170land 

could be fonned wi th a high content of nanocrystalline anatase with 

conservation of the meso- order. The high crysta llite content was monitored 

by both X-ray diffraction together with dark field Transmission Electron 

Microscopy. From the images. it is clear that the incorporated metal was 

fonned within the mesopores oft itania. The XRD and TEM data are similar 

to those found by other researchers for porosity materialsI71-7S). TEM 

images show the mesoporous nature of the titania catalyst as well as it 

indicates cubic crystalline structure for metal loaded titania cata lyst. 

consistent with XRD data . The dark spots are metal particles wi thin titania .. 
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The observed particl e size of Ti0 2 and Ag, Ce, and Cu incorporated Ti02 

catalysts were 10-1 3 nm is in good accordance with the crystalli te size 

esti mated from XRD. Results were given in tables 3.5 and 3.6. This crystal 

size is believed to be the optimum size fo r photocatalytic application 1761. 

(a) Hydrothermal Route 

(b) EISA Route 

Fig3.27 TEM images of Ti02 and A&'Ti02 catalysts prepared by 

different routes 
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(a) Hydrothermal Route 

(b) EISA Route 

fig3.28 HRTEM images ofTi02 and AgfTi02 catalysts prepared by 

different routes 
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Fig3.29 SA Electron Diffraction Pattern of AglTiO l 

Figu res 3.27 and 3.2X show TEM and HRTEM images or the Ti0 2 

powders prepared at a pH 6.6 s li ghtly higher than the isoelectric point or 

titania (IEP) which is 5.X. respectively. It could be observed from Fig. 

3.27(b) that the nano erystal lite showed an agglomerated status, and 

mesoporous structures wit hout a long- range order in EISA route catalysts. 

Fig.3.2g (b) shows the corresponding HRTEM image or the sample. It is 

clea r that EISA route prepared catalysts indicate only regions of ordered 

cubic crysta lli ne structure. But the Fig. 3.27(a) Fig.3 .28 (a) show TEM and 

HRTEM images or the Ti0 2 powders prepared at a pH 6.6 s li ghtl y higher 

than the iso electric point oftitania (I EP) by Hydrothermal route . It eould 

be observed that mesoporous structures wi th long-range order is there and it 

shows dear lattice rringes. which allowed ror the identification of 

crystallographie spac in.::; . The fringes o f 0.35 nm is that of the ( 10 I) 

crystallograph ic plane of Ti0 2 anatase. HRTEM micrographs show the 

ordered crys talline structure or titania as we ll as the mesoporous nat ure. 

Compared wil h the other TiO~ preparations. these TiO~ nanopartic1cs 

prepared from Hydrothermal route ha ve several adva ntages. such as bei ng 

in fully pure analase crystalline rOml , having line particle size with 1110re 

unifoml di st ribution and high-dispersion abi lity either in polar or non-po lar 
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solvents, stronger interfacial adsorption and easy coating on different 

supporting material. The dark spots are the metal particles within titania. 

The white spots in Fig3.29 SA Electron Diffraction pattern are si lver 

particles embedded within titania matrix. 

TiO,/Pt 

TiO,/Pd 

Fig3.30 TEM imagesTi02 and Pt, Pd, Aurri02 catalysts 

The bright-field TEM images obtained in the case of noble metals 

on the same area of the TiO! sample shows the unifonn, rounded 

rectangular shape of the anatase particles is clearly given in the histogram 

Fig3.29. Majority of Ti01/Pt particles occupy a crystallite size of about 

12. 1nm, TiO!/Pd of 11 .6om, Ti021Au of 13.0 om whereas that of TiO! is 
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10.0 nm. ie .. size of the noble metal s incorporated Ti02 catalysts estimated 

from the TEM images was about I O-13nm, which was in good agreement 

with the values ca lculated from XRD pattern using the Scherrer 

equation(Refer Table 3.6). The image clearly shows that the pores are 

fonned by interstitial spaces between anatase particles. The small crystallite 

anatase seed had experienced crystal growth during the second 

hydrothennal treatment and cal~ination processes, as demonstrated by the 

fonnation of larger crystal size C.:::: 10- 1Inm} in the dark-field image. This 

crystal size is believed to be the optimum size for photocatalytic appli cat ion 

1761· 

Particlt Size(nm) 

_ Ti02IPt 
_ Ti02JAu 
_ Ti02 

Ti02JPd 

Fig3.3) A histogram of particle size of TiOz and noble metalsrriOz 
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FigJ.J2 HRTEM micrographs ofTi02 and Pt.Pd.A u/Ti01 

Selec ted TEM images showing r~rall c l (above) and r crrcndiclllar 

(below) views or the chan nel s ;n locat ion o r the mct~1 na no clush:rs. 

HRTEM micrographs show thc ordered crystall inc structure of t;tania as 

\\'c ll as the mcsoporous naltln: . The dark spots arc the meta l rarti cles within 

tit ania. 
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3.2.8 X-ray photoelectron spectroscopy (XPS)

As far as XPS results are concemed, the binding energies of the

most intense peaks of the various samples are listed in Table 4.0. The origin

of the binding energy is the Fermi level. Only the values relative to the

powders containing a definite amount of metal are given since, for most of

the samples, the amount of different metal loadings did not affect the

binding energies.

Sample Ti, 2P3/2, 2|)"; O9 ls 1Scan Details 1 Metal~ Name eV ev .\ 5' (shoulder)-5  _ 5 _ . . 5 .5 1 5 5 5 ._l
1 Survey Scan 464.93 3 534.5l(sh) 878.59 4. 5 5 5, _ 5 I _ 5 5.- F 2 ‘"2 2 if  if 2 ifCu/T102 _ _ 460.10 (T14 )I-Iigh resolution 53 l .58 931 .79,.95l.78y 465.89,1 55 .58 5. .5 5 .5 5 55 1; 5 5 Q1 1
5 Survey Scan 466.26 8 528.3l(sli) i 66.27 3lPI/1101 _ , 45<).75('r1“") * 73.3s,7e.38,1 11 »h 1 531 14lg reso ution .(\ A 465.54 J 81.8l,83.70 .1  1 V 7 7 ' ‘1 Survey Scan 461.54 1 533.96(sh) 338.23I i_ 1
Pd/“O2  . . 459.94 ('1‘1“e') 531-25

A High resolution 4666] , 337.60,342.89l5 1  5 1 5 _5
, SurveyScan 459.87 533.52(sh)i 86.53l _ 5I , 5  5 A T 5 5 5 5 ‘5Au/T192 _ _ 45<>.05(r1‘*) 83.96, 87.48‘ lligh resolution 532.40 A\ L i 464.94 3 y‘

Table 4.0 Binding energy values from the XPS scan spectra

At some places, C ls peak with binding energy value of 286.08 eV
was referred to as the standard value for the surface adventitious carbon.
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Thus if we include this correction the binding energy values observed in

present study will be shifted to higher side by 0.02 eV. During the linear

increase of the surface M/Ti ratio, a monolayer coverage of the surface by

the dopant oxides is formed. Thereafter, the XPS signal increases very

slowly because, due to the electron mean free path limitations, the

probability of detecting electrons from a level below the monolayer

decreases noticeably. The trend shown in, indicates similar dispersion

among the different metal doped samples. In all cases, the monolayer

coverage is reached in correspondence of the specific metal loading (6wt%

in Cu and 0.6 wt% in noble metals). Above this loading, bigger oxide

particles or thicker oxide layers are likely fonned. Generally, the larger

information depth, determined by the higher kinetic energy of 3d and 4f

photoelectrons of the metal, may account for the different behaviour

observed in the samples.

30000- .
Tl Zpm

25000- Q
Z{]000'l' \ Ti 2

) El.U

~?, p I/1
1:
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Binding Energy(eV)

[IBIS

Fig.3.33 XPS spectra of Ti in Cu/TiO;.

The Ti 2p XPS spectra showed two prominent peaks, one at 460.1
eV and other at 465.89 eV in the case Cu loaded titania. These were

assigned to the Ti 2p3_.-3 and Ti 2p],-2 states. These doublet peaks were due to
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the spin-orbit splitting of Ti 2p [77]. The above values corresponded to the

4+ oxidation state of Ti. Thus in the prepared samples titanium had

4+ oxidation state with stable Ti-O bond. Binding energies or Ti 2p;/2 peak

clearly correspond to Ti4+ in TiO2 structure. The peak was characterized by

a narrow width and it is indicative of Ti(lV) [78]. Subtraction of the

normalized Ti 2p spectra did not allow to detect any reduced Ti?” ions in

the samples. The binding energy shifts were smaller for the doped samples.

These shifts of Ti core level signal, which were attributed to Ti 2p peaks of

Cu-Ti-Cu or O-Ti-Cu suggested the successful incorporation of the metal

into the titania matrix. For the pure titania these peaks were observed at

458.9 and 464.7 eV respectively (not shown), which were contributions

from O-Ti-O in TiO;; [79-81]. For the other samples such as Pt, Pd, Au the

Ti 2p3/2 binding energy was found at 459.75 eV, 459.94 eV, 459.05 eV and

Ti 2p;,-=2 states as 465.54 eV, 466.61 eV, 464.94 eV respectively. The XPS

results indicated that the types of special peaks for Ti 2p in the metal-TiO;

systems did not change much.

80000­4 O ls
6000i]
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Fig 3.34 XPS spectra of O in Cu/TiO;.

For oxygen, the ls XPS spectra was de- convoluted using Gaussian

multi- peak fitting programm gives a peak at a binding energy 531.58 eV

for Cu loaded titania samples. Neither the amount nor the type oftransition

metal modifies the oxygen peaks typical of bare TiO;>. The valence band of
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TiO2 consisted mainly of the O 2p state, which is hybridised with the Ti 3d

state [82,83]. Fitting of the oxygen region produced the O ls peak at 531.58

eV for Cu/TiO2 samples and the other at 531.04 eV, 531.25 eV, 532.40 eV.

The shoulder at higher binding energy in the survey scan spectrum was

associated with hydroxyl groups or adsorbed on the TiO2 surface
corresponding to O2_and to OH_ respectively. Although the first O ls peak

(TiO) did not change in most of the samples, the shoulder observed in the

survey scan of Cu/TiO2 for O, being the second peak (TiOH) changed in

various ways. Reports give that the larger the second peak, the greater the

hydrophilic properties. Then it is clear from the spectra that, the
hydrophilicity was greatest for Pd-TiO2 [84]. Therefore, from the O/Ti ratio

values, it is expected the existence of a certain number of oxygen
vacancies. The presence of this oxygen deficient structure was already

reported in TiOg samples impregnated with different inorganic acids [85­

89].
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Fig. 3.35 XPS Survey Scan spectra of Cu/TiO;.

XPS spectra corresponding to Cu loaded TiOg calcined at a

temperature of 450°C shown in figure 3.35. The determination of the nature

and oxidation state of Cu species (Cun. Cu3O, CuO and Cu(OH)2) is

normally accomplished using XPS technique and in particular by means of
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the Cu 2p;/2 peak study. The appearance of spin-orbit split Cu 2pm and Cu

2pm with their shake-up satellites which indicates that Cu2+ species are

formed on titania matrix. The Cu surface content and binding energy of Cu

2p3/2 peaks indicate the good dispersion of metal into TiO2 matrix. The

XPS peak intensity ratio of ICu;p/ Imp is only 0.085 which is less than that

of the threshold indicating highly dispersed CuO on T i0; surface [90]_The

modification of the electron properties of TiO2 induced by the presence of

Cu2+ species appears to be not particularly beneficial for the photooxidation

of organic substrates but could justify the photoefficiency of Cu-doped

TiO; samples for CO2 photoreduction [91].
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Fig.3.36 High resolution XPS spectra of Cu in Cu/TiO;.

The main Cu 2p3_.-3 peak for CuO is shifted by l.3iO.2 eV above that

for the metal and Cu;O, and by a further l.2i0.l5 e\/ for Cu(OH)2,

allowing chemical differentiation [92,93].The samples containing copper

were characterized by a Cu 2p3/3 binding energy of 93l.78eV. This value
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and the presence of the satellite peak on the high binding energy side

between 20 eV from the primary photoelectron are indicative of Cu(II) [94].

The presence of Cu(lI) determines a broadening of all the features and an

increase of the intensity of the low energy states. This perturbation may

arise from a larger involvement of the copper d electrons in the molecular

orbital, due to the large d occupancy of the Cu (I1) species [95].
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Fig. 3.37 High resolution XPS spectra of Cu in Cu/TiO;.
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The binding energy of the Cu 2pm peak at around 931.78 eV

together with the characteristic shake-up feature ulatoa binding energy of

951.78 eV are indicative of Cu2+ species [96] while slightly lower binding

energy (932 eV) and the absence of shake-up peaks is characteristic of Cu“

[97].The shake-up peaks indicate a clear surface oxidation process for Cu

during calcination. Large shake-up lines up to 20 eV apart from the main

Cu 2p3_.--2 peak were observed, this phenomenon is quite similar to the results

of Schon [98] and Novakov [99] who observed the satellite peaks and

explained as a result of multiple excitation, but is different from that of

Frost et al. [100] who observed that all cuprous compounds did not have

any satellite peaks. Furthermore, a major difference between Cu” and Cu2+

species is the prominent satellite structure on the high binding energy side

of the copper core lines for Cu2+ species, with two strong shake-up peaks

above the principal Cu 2p line. These satellites have been attributed to

shake-up transitions by ligand-to-metal 3d charge transfer. This charge

transfer cannot occur in Cu” compounds and metallic Cu because of their

completely filled 3d shells. The results point out that the copper species is

present as Cup in Cu/TiOg though the existence of a small fraction of Cu“

cannot be discarded. ln this case, the absence of shake-up peak appears in

very low extent pointing out the presence of small amounts of Cu“ together

with Cu2+ species. Thus, a considerable stabilization of Cu2O species upon

calcination is taking place for this system. Colon et al. in the reports observed

a similar trend for Cu/TiO2 showing an important effect of sulphuric acid in

the initial precursor solution [10]].

134



Chapter 3

400000 —
O

A Survey Scan -Pt/TiO2

300000-. T‘ ‘

1|)3.

L
I2

ntens ty
N

00000 -5

100000 ­

y Pt C
0"" | "—i— r- *0 I0 200 400 600 800

Binding Energy(eV)

Fig.3.38 XPS Survey Scan spectra of Pt/TiO;.

The XPS analysis on the Pt 4f5/2 and 4f7/2 regions deposited on TiO2

is shown in Fig3.38. No noticeable difference was observed in the region

of Ti 2p and O ls between Pt/TiO; and other samples. The surface Pt

concentration profile is closely correlated with that of photocatalytic

activity in which the Pt loading rapidly increases the activity in initial

deposition stage, and then starts to be saturated.
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,Fig. 3.39 High resolution XPS spectra of Pt in Pt/TiO;
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The de-convolution of the Pt spectra reveals that there exists the

main Pt species as Pto. The Pt 41%,; and 4f7,q binding energies for each

species were assigned to 73.38 and 76.38eV for Pt‘) respectively. The

normalized concentration profiles of Pto species are almost identical.

Whereas, a previous study [102-104] suggested that the photocatalytic

activity increases with lowering Pt oxidation state. This is in contrast with

the fact that most photocatalytic reactivities of Pt/TiO2 are optimized at a

few percent, here 0.6wt% of Pt concentration [l05,l06].

ooooooi O Survey Scan-Pd/TiO2

0000o- Ti

(a.u)
4:­

O?

sty

ji

lnte

200000 -p

C Pd

{)_J | -e - | | I 10 200 400 600 800
Binding Em-rgy(eV)

Fig. 3.40 XPS Survey Scan spectra of Pd/TiO2.

This implies that the active oxidation state of the incorporated Pd as

shown in Figure 3.40.
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Fig. 3.41 High resolution XPS spectra of Pd in Pd/TiO;» .

Two Pd states can be distinguished in these spectra: (1') Pd 3ci5,,-2 of

metallic Pd, which corresponds to the peak at 337.6eV (ii) the peak at

342.89 eV corresponds to the Pd 3d3,g of metallic Pd. The XPS of Pd 3d

spectrum with the binding energies of Pd 30%,; and Pd 3613...; lying at about

337.6 and 342.89 eV, respectively, suggest the presence of the Pd“ species.

This means that metallic state of Pd nanoparticles are stable in the catalyst

and the presence of Pd nanoparticles enhances the photocatalytic activity,

the reduction of it is worthy of remark in applying Pd nanoparticles to, as

reported by Shouji et al. [107].

137



Physico — Chemical Characterization

1-\ 1

ty(a.u

01

Intens

600000 ­

4S0000 —

U-I

00000 1'

1s00007l

0..
J

Survey Scan-Au/TiO2 0

Ti

1  1 or-0 | ‘ t I 0‘0 100 200 300 400 500 600
Binding Energy(eV)

Fig. 3.42 XPS Survey Scan spectra of Au/TiO;.

The Au 4-f emission from the figure reveals that the two sharp

peaks 83.96 eV and 87.48 eV are consistent with the Auo state[l08-110}.
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Fig.3.43 High resolution XPS spectra of Au in Au/TiO;.
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3.2.9 Ultraviolet Diffuse Reflectance Spectr0scopy(UV-Vis DRS)

The measurement of radiation in the ultraviolet region reflected

from a material surface constitutes the area of spectroscopy known as

ultraviolet diffuse reflectance spectroscopy(UV-DRS).The technique is

widely used for the study of solid or powdered solid samples although it

can be used for the study of liquids or paste like materials also. Since only

the surface of the sample is responsible for reflection and adsorption of

incident radiation, it is used in the chemistry and physics of surfaces. The

most appropriate theory treating diffuse reflections and transmission of

light scattering layers is the general theory developed by Kubelka and

Munk [l1l,ll2]. For an infinitely thick, opaque layer the Kubelka- Munk

equation can be written as

F( Ra)=( 1 -Ra)2/2 R(1=l</S

where Rot- the diffuse reflectance of the layer relative to a non absorbing

standard such as MgO, k is molar absorption coefficient of sample and s is

the scattering coefficient.

In catalysis the infomiation given by DRS mainly includes the

active phase~support interactions, chemical changes during modification

procedure leading to active phase and nature of active surface species.

Metal centered (d-d) transitions and charge transfer (CT) transitions can be

clearly differentiated by UV-DRS and assignment of these gives a picture

about the oxidation state and coordination environment of the transition

metals.

Absorbance measurements as well as band gap are taken in a

Spectro UV-VIS Double Beam UVD-3500,Labomed, lnc. DRS studies of

the catalysts prepared is carried out to calculate the band-gap . Absorbance

measurements of the UV irradiated dye solution with the catalyst is also
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taken in UV-vis Spectrophotometer. The UV—vis absorption band edge is a

strong function of the ciystallite size of nanosize TiO; catalyst. The band

gap of semiconductor nano materials will increase with the decrease of

particle size and this leads to the shift ofthe absorption edge to a higher

energy; this is the so-called quantum size effect. Enough reports are there to

support that the band gap between the valance band and the conduction

band of semiconductor increases with decreasing particle size I113]. The

band gap is a strong function of titania particle size for diameters less than

l0nm because of the well known quantum size effect1ll4|. The interface

interaction (matrix support effect) and changes in the coordination and

ligand environment and the inter atomic distances of titania micro domains

also results in the changes in the band gap absorption edgell 15-I22].

TheUV~-vis absorption spectrum of the catalysts prepared by

different routes is shown in Fig 3.-33. The onset of absorption of

wavelength (l) and the corresponding band gap energy (Eg) of TiO;

material is well known to be l = 388 nm and Eg = 3.2 eV for anatase phase,

respectively I123]. Charge-transfer from the valence band (mainly formed

by 2p orbitals of the oxide anions) to the conduction band (mainly formed

by 3d t2g orbitals of the Ti4i cations) occurs (O2'—>Ti4'i )[l24|. ln the present

work, characteristic band for the tetrahedrally co-ordinated titanium appear

at about 39Onm in all the routes. Extrapolating the spectral curve. the band

gap energy of the Tit); catalyst prepared by Hydrothermal route was

measured to be Eg = 3.l eV corresponding to l = 390 nm which is in

agreement with other research results |l25,l26|. The difference in Eg = ().l

eV is the blue shift compared to bulk anatase TiO; particles indicated a size

of TiO3 ciystallites smaller than I0 nm(Refer Table 3.5) due to so called

quantum size effect I127]. However, the XRD and TEM data are similar to

those found by U\/—vis spectroscopy for pure Ti(); prepared by

140



Hydrothennal roule. Similar results were reported by other researchers also 

1128-1301· 

, .. 
.............. 

.., 

_Tl .~ 

- n 4" 
-TJ<fSf 
-n.~ 

_TUI 
--TEAl 
- TU> 
- T£A4 

•.•. 4:--:!,.:::::::;:::=:;:=:=:;:=; 
lOO 400 sot 60e 700 800 

, .. +--~--~-----~ 
300 400 ~ 6000 1tIO 81)0 

W."f Imglhtnm) 

Sol-Gel Route 

,., 

, .. 
, 
• I 0.6 

~ .s 0.4 
< 

WlYe length(nm) 

EISA Route 

- T HTI 
- T HT2 
- T HTJ 
- T HT4 

,.2L~= ,., 
)00 .&00 500 600 700 800 

Wan Il'nglh(nm) 

Hydrothermal Route 

Fig 3.44 UV-vis DRS spectra of Titaoia Catalysts prepared by different 

routes 

141 



Physico — Chemical Characterization

3.2.9.1 Determination of Band gap of semiconductor

Modification of titania with other metal ions has a significant

impact on the electronic properties of titania. And a direct relationship with

the percentage of metal loaded and the band gap energy of titania is

obtained in the present study.

Band gap of semiconductor can be estimated by

1. UV-vis.DRS spectra

2. Photocurrent measurement and

3. Cyclic voltammeter measurements

From UV-Vis.DRS, E = h x v , = h x c/X

B.G ( e V) = 1240/ Absorption onset (nm)

The measurements show that upon metal incorporation, the

wavelength of catalysts were shifted to higher wavelength region.ie. a

progressive shift in the wave length onset to the visible region is observed

in the case of all the metal loaded catalysts in different routes. In

Hydrothermal route, band-gap energy of TiO2 is 3.leV, TiO2/Cu is 3.06

eV, TiO2/ Ce is 2.3 eV and 'TiO2/ Ag is 2.1 eV according to KM equation

corresponding to the wave lengths 390 nm,405 nm,539 nm and 590 nm. In

Fig 3.§§,obsen/ed that ceria and copper metal incorporated TiOg catalysts

shifts entirely to the visible region with a band —gap around 2.3 e\/and 3.06

eV respectively and TiO2/Cu catalyst shows an abnormal absorbance in the

visible region like TiO2/Au in figure 3.§S. But the presence of ceria not

only increased the surface area ofmesoporous TiOg [13l|nanoparticles, but

also inhibited the mesopores collapse and the anatase-to-rutile phase

transfonnation. This may be attributed to the presence of cerium oxide

distributed on the TiO; matrix, which is in turn beneficial for effectively

enhancing surface area of TiOg as reported in table 3.5[132]. The addition
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of copper and gold ions and subsequent UV irradiation cause significant

changes to the absorption spectrum of TiO2 resulting in high absorbance

from 400 nm to entire visible region which is characteristic of surface

plasmon absorption(SPR)[133,134]. An absorption corresponding to the

surface plasmon band of gold is observed. A band at 550 nm is

characteristic of surface plasmon absorption of Au [135]. It is accounted

with the presence of loosely bound conduction electron present or this

absorption is ascribed to a collective oscillation of the free conduction band

electrons of the gold and copper particles in response to optical excitation

[136,137]. The band is strongly dependent on the shape and size of the gold

clusters [l38,l39].Such an absorption edge red shift for the gold modified

titania materials depends directly on the Au load. This phenomenon is

because, the surface electromagnetic waves that propagate in a direction

parallel to the metal/dielectric (or metal/vacuum) interface(SPR). The

actual SPR signal can be explained by the electromagnetic ‘coupling’ of the

incident light with the surface plasmon of the copper or gold layer. This is

the basis of many standard tools for measuring adsorption of material onto

planar metal (typically gold and silver) surfaces or onto the surface of metal

nanoparticles. About CuO, Larsson and Andersson also reported that the

surface area ofthe TiO2 support could also be stabilized by addition of CuO

to the TiO3 system[l40]. Silver catalyst shows an absorbance oflower value

and a high shift to the visible region. In noble metal incorporation,

metallisation extends the light absorbtion to longer wave lengths. lt shows

that the lower energy transitions are possible. This is because the metal

clusters give rise to localized energy levels in the band gap of TiO; into

which valence band electrons of TiO; are excited at wavelengths longer

than 390nm.lt is clear from f1g.3.§€ and 3.5‘! that onset absorbance

measurements that the wave length of all the catalysts shift entirely to the
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3.2.10 Study of Acid-base property 

3.2.10.1 Temperature programmed desorption of ammonia(TPD) 

Temperature programmed desorption (TPD) has become a powerful 

tool for the characterization of catalysts. Ammonia is used frequently as a 

probe molecule because of its small molecular size, stability and strong 

basic strengthl1411. Ammonia can be adsorbed on an oxide surface through 

hydrogen bonds or through dipolar interaction yielding the total acidity 

(Bronsted and Lewis type) of the system 11421. The total acidity 

measurements of catalysts have been carried out by step-wise temperature 

programmed desorption of NHJ. The acid strength distribution is classified 

depending on the desorption temperature; region 373-473 K is for weak, 

474-673 K is due to medium, and 674-873 K is due to strong acid 

sitesl1431. It is attempted to correlate the conversion with total acidity 

obtained from ammoma TPD measurements and got a very good 

correlation between activity of reactions such as Epoxidation of 
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cyclohexene and Hydroxylation of phenol carried out in liquid phase

conditions over acidic sites supporting the suggested mechanism as in

Figure3.'-50.
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Fig 3.51 Temperature programmed desorption (TPD) of ammonia

Strong acidity is observed in the case of TiO2-Ce catalyst than pure

TiO2 and TiO3-Cu catalysts. Weak acidic sites are richer in TiOg——Cu.The

redox properties of Ceria and Copper enhance the oxidation reactions. In

the case of T102-Cu catalyst, the difference might be related to the

stabilization of C1120 species and the higher surface area with respect to

pure TiO2[144] .The results of the FTIR spectroscopic measurements of

samples pretreated with ammonia presented by Busca et al.[l45,146]

showed that pure TiO2-anatase exhibited only Lewis acidity. Since the

Bronsted acid sites are absent on the surface of pure TiO2 I147-149], it can

be concluded that they originate from the incorporation ofoxides ofCe and

Cu. Ammonia molecules chemisorbed on Lewis acid centers are thermally

more stable than ammonium ions[l50]. The broad temperature range, in

which ammonia desorbs from the surface of the pure mesoporous titania

suggests the presence of Lewis centers that are characterized by various
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acidic strength. The redox properties of Ceria and Copper enhances the

oxidation reactions. This stabilization of Cu2O species in doped TiOg could

be related to the presence of oxygen vacancies generated in the preparation

procedure. However, incorporation of Cu significantly increases the surface

area with respect to the former ones. This higher surface area values might

be attributed to the effect of surfactant that thermally decompose during

calcinations at a temperature lower than 450°C, increasing the porosity of

surface and that the preparation route also improves the Cu loading effect

of TiO;. Reports on lewis acidity were given by Busch et al. and Davis et al.

[151,152]. The reaction parameters that influence both conversion and

selectivity can be optimized in such a way to get maximum catalytic

efficiency. Present systems show good conversion and selectivity when

compared to the reported catalysts systems. All the experimental observations

suggest that structural properties of the photocatalysts such as distribution

of ions in the TiO2 matrix and/or on the surface, aggregation/deaggregation

and metal-assisted network formation as well as the dispersity of metal are

important factors for the photocatalytic activity of these materials[l53]. The

point of zero charge represents the pH value at which the coverage of H+

equals the coverage of OH". The pzc is closely related to the surface acidity

ofa solid and its knowledge allows toevaluate the propensity ofa surface to

become either positively or negatively charged as a function of the pH. The

pzc values of the powders containing Cr, Mo, V and W decrease

significantly with increasing the metal content [154] indicating a surface

enrichment of species with an acid behaviour as CrO3, M003, V205 and

W03. For the samples containing Co, Cu and Fe the pzc moves to a value

more basic than that of the support[l55]. A change in the surface acidity of

oxides mixed with other oxides was already reported in the literature. In

particular, Connell and Dumesic |l56,157] studied the case of mixed oxides
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in which an incorporation of the “guest” cation takes place onto the surface

of the oxide support. The authors hypothesized that the formal charge on

the supported cation is, in some case, not balanced by surface coordination

of lattice oxide anions. In this way the coordinatively unsaturated cations

are able to behave as surface Lewis acid centres, which strength depends on

the electronegativity of the guest metal cation. The absence of Bremsted

acidity in the powders containing chromium is at variance with the results

of a previous study carried out following the adsorption of ammonia on Cr­

loaded TiO2 I158]. The difference can be due to the higher basicity and

lower size of ammonia that allow to distinguish among different surface

acid sites.
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Photocatalysis of Ag,Ce and
Cu loaded titania

Abstract
:i!.:Eu€&3g6$$§§2é§fi:é$$5$:6$:i§$ .............................................................................................................. ..

Semiconductor photocatalysis has become an increasing, promising

technology in environmental remediation. Of various types of
photocatalysts, titanium dioxide and the modified TiO2 catalysts were the

suitable candidates in this field. ln the previous chapters, the three different

routes by which the catalysts were synthesized modified by incorporating

metals like Ag, Ce, and Cu inTiO2 matrix, and physio-chemical

characterization were discussed. This chapter deals with the selection of a

best route by which TiO2 catalysts were prepared, based on the application

of the catalyst on the degradation of Methylene Blue (MB), a common

organic dye, by varying all possible parameters. A brief account of the

advantages of modification of TiO2, dyes in advanced oxidation process

(AOP) and photocatalytic degradation were also discussed.



Chapter 4

4.1.0 Introduction

Research interests based on TiO;; material is ever increasing and it

will be a material of central attraction in photocatalysis for varied

challenging applications as semiconductor photocatalysis is an emerging

technique relevant to water and air purification. Semiconductors have

played the most promising role in several areas, addressing problems of

both fundamental and applied nature. One of the major applications of this

technology is the degradation of organic pollutants in water and air streams

which is considered as one of the so-called advance oxidation processes

(AOP). The most studied compounds are oxidation of dyes, organic waste,

phenol derivatives, etc., T102 has been identified as the most effective and

useful photocatalyst because of its outstanding beneficial physical and

chemical properties and wide range of applications in antimicrobial,

deodorization, air purification and wastewater treatment [1-3}. However, it

has been also known that this type of photo oxidation has two typical

defects: firstly,TiO2 is active only under ultraviolet (UV) light with

wavelength shorter than 388 nm because of it wider band gap (Eg = 3.2

eV), only about l0%of the solar spectrum falls in this UV range. This

practically rules out the use of sunlight as an energy source for the

photoreaction in TiO;. Secondly, a low rate of electron transfer to oxygen

and a high recombination of photogenerated electron—hole pairs results low

photo quantum efficiency 14-6].

To improve the response of TiO2 to visible light and enhance the

separation of electron—hole pairs, numerous methods including transition

metal |7—10] or nonmetal |ll—-15] modified TiO2 and dye or metal complex

sensitized TlOg [16-18] have been developed. Co-doped [19] TiOg is also

effective for enhancing the photocatalytic activity by Li et al I20]. Metal
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ions can also serve as charge trapping sites and thus reduce electron—hole

recombination rate [21,22].The effect of incorporation of metals (doping or

loading) on the activity of TiO;;, depends on many factors, e. g. the method

of doping , the type and the concentration of dopant etc. [23]. Both

detrimental and beneficial effects of transition metal ion doping have been

reported. The comparison between the reported results is difficult since in

addition to different preparation methods of the doped samples, the

experimental conditions for the determination of photo reactivity were also

different [24].

In this study, the TiO2 samples were synthesized by three different

methods namely Sol-Gel, Hydrothermal and EISA method at a calcination

temperature of 450°C. The TiO; catalysts in the three routes were modified

by loading with metals like Ag, Ce ,Cu and the catalysts were reduced in a

current of H2, the metal atoms form individual phases attached to TiO2

though the concentration is very less. Investigations were carried out to

demonstrate the effect of metal incorporation in preventing the

recombination rate of electron—hole pair in the semiconductor and the

band-gap decrease of TiO2.Also to explain the photocatalytic activity of

mesoporous nanocrystalline TiO2 for degradation of dyes in aqueous

medium under ultraviolet light irradiation .The mechanism in terms of work

function is reported by Tayade ct al |25].Similarly, modification of TiOg by

doping of transition metal ions on the titania can also significantly enhance

the quantum efficiency, either by expanding the light absorption range or

by improving the redox potential of the photogenerated radicals|26-30].The

mechanism as well as the reports|3l] clearly stress that efficient

photocatalysis is due to the presence of the metal in catalysts. Characteristic

band for the tetrahedrally co-ordinated titanium appear at about 388nm.The

l6l
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light absorbtion capacity is an important parameter which influences the

efficiency of any photocatalytic reaction. The absorption is associated with

the O2" to Ti4+ charge transfer corresponding to electronic excitation from

the valence band to the conduction band. The key mechanism of

photocatalysis [32] is as follows:

O2 + 3-CB —’ O2"
O2" + H+ —> H03’
2 HO3' —> H202 + O2
H202 —> 2HO'
HO' + hm, e» HO’

The valence electrons of TiO2 catalyst are excited to the conduction band

by UV light and after various other events, electrons on the TiOg particle

surface are scavenged by the molecular oxygen to produce reactive oxygen

radicals, whereas the valence hole become trapped as the surface-bound

OH’ radicals on oxidation of either the surface OH group and/or the surface

H20 molecules. These hydroxyl radicals (HO') have very high oxidation

potential of 2.80V according to Legrini er al, hence named advanced

oxidation process(AOP) oxidizes the pollutants[33].Actually metal

nanoparticles deposited on TiO2 act as electron traps, enhancing the

electron—~hole separation and the subsequent transfer of the trapped

electron to the adsorbed O2 acting as an electron acceptor. The superoxide

anion (Of) thus formed is the active species which enhances the

photocatalytic reactions |34—37|. Therefore, the charge separation on TiO;

is a crucial factor in affecting the efficiency of the photodegradation under

UV irradiation. The intermediate I-I02‘ are hydroperoxy radicals.
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4.2.0 Photocatalysis on metal/TiO2 interface

Photocatalysis on Ag/TiO;; interface is schematically given by

T.Sakata,et al [38]. Electrons are transferred to metal surface, reduction of

H+ ions takes place at the metal surface, the holes move into the other side

of semiconductor while oxidation takes place at the semiconductor surface.
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Fig.4.] Photocatalysis on Ag/TiO; interface

CeO; is frequently incorporated to catalysts due to its considerable

performance for the catalytic combustion of hydrocarbons [39]. It has been

reported that CeO2 has the property of stabilizing the active phase and

inhibiting the thermal loss of the catalyst surface area and the catalytic

activity [40,41]. However, there are only a few reports on the photocatalytic

activity of cerium-doped materials [42-44]. Herein, cerium-doped TiO2

nanoparticles with anatase mesostructures were fabricated via hydrothermal

process by using P'l23 (EO2()PO2[]EO2(}) which acts as a pore -directing and

foming agent. The effect of cerium doping on the phase transformation
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and photocatalytic activity of TiO;; was reported [45]. Liu er al studied the

effect of an n-type impurity band, interpreted as the existence due to the

substitution of Ti4+ for Ce3+/4+ at the interface between the two oxides, in

the gap of TiO2[46].Cu-doped TiO; systems with improved photocatalytic

activity is discussed by G. Colon et al [47].This improvement might be

related to the stabilization of Cu2O species in doped TiO2 prepared in the

presence of acid and it could be related to the presence of oxygen

vacancies generated in the preparation procedure. Copper doped TiO2 has

been traditionally used for the CO; photocatalytic reduction processes [48­

50[. On the other hand, the use of copper doped TiO2 for photo-oxidation

process is scarce [51,52]. The reported photocatalytic behaviour is poor by

A. Di Paola et al and in any case, no information about the oxidation state

of Cu is reported [53,54]. Huaming Yang et al in their paper discussed

about Electrochemical synthesis and photocatalytic property of cuprous

oxide nanopaiticles under UVin"adiation and observed that Cu;O

nanopaiticles were kept its cubic crystal phase, but fractionally oxidized to

be CuO after the photocatalysis[55].

4.3.0 Dyes in advanced oxidation process (AOP)

Dye molecules consist of a chromagen and there are about I2

classes of chromagenic groups, the most common of which is the azo type

that makes up to 60-70% of all textile dye stuffs produced. Another

classification of dyes is based on their mode of application to textiles and

distinguishes acidic, reactive, metal complex, disperse, direct, vat, mordant,

basic and sulfur dyes. Research is focused on reactive dyes because they

represent an increasing market share, a large fraction of the applied reactive

dye is wasted due to dye hydrolysis in the alkaline dye bath, and finally,

conventional wastewater treatment plants have low removal efficiency for
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reactive and other anionic soluble dyes [56,57]. The release of azo dyes into

the environment is of great concern due to the coloration of natural waters,

the toxicity, the mutagenicity, and carcinogenicity [58-60]. The consequence

of this release in the eco-system is a dramatic source of aesthetic pollution,

eutrophication and perturbation in aquatic systems [61,62]. Up to the

present, dye removal methods include chemical, oxidative or most

commonly active sludge biochemical processes. Adsorption and chemical

coagulation do not result in dye degradation and create an ongoing waste

disposal problem. The chemical oxidation treatments are usually effective

towards the destruction of chromophoric structures of dyes. In this way the

water coloration is removed, but often a complete mineralization is not

achieved. Chlorination and ozonisation cause decolorization by means of

chemical reactions. The by-products of chlorination are chlorinated

organics that may be more toxic than the dye itself [63-65]. Problems with

using ozone include its instability and its hazardous nature due to strong

and non-selective oxidizing power. Therefore, a post treatment destruction

unit must be used to prevent unreacted ozone from escaping into the

atmosphere.

Heterogeneous photocatalysis is an advanced oxidation process

(AOP), which can be successfully used to oxidize many organic pollutants

present in aqueous systems. AOP’s are all characterized by the same

chemical feature: production of radicals (OH') through a multistep process

given above, although different reaction systems, different source of

illuminations were used. According to other researchers, UV-mechanism is

prevalent and its contribution to the dye degradation is much more

important than the visible light initiated mechanism [66,67]. These radicals

show little selectivity of attack and are able to oxidize various organic
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pollutants due to their high oxidative capacity (reduction potential of HO'

E0 = 2.8 V) [68]. Experimental observations indicate almost complete

oxidation of most of the organic compounds to CO2, H20 and inorganic

anions, can be achieved through photocatalytic processes. The use of

titanium dioxide (TiO2) as a catalyst for the photo-oxidation of organic

compounds has received much interest because TiO;; is plentiful,

inexpensive, powerful and environmentally friendly. The photocatalytic

activity of titania towards the degradation of various anionic dyes such as

Alizarin S, Azo methyl red, Congo red, Orange G and cationic dyes like

methylene blue and malachite green was reported in literature[69-72].

Nitrogen doped TiO;; in the photocatalytic degradation of three azodyes like

Acid orange 7, Procion red MX-5B and Reactive Black were some among

them [60]. Illuminated titania is also capable of degrading dyes like Acid

blue 9, X-GL, active Brilliant red Dye X-3B [73-75]. The photocatalytic

oxidation of dyes is generally monitored by measuring the decolorization

rate, the organic content reduction and the by-products obtained at the

different photocatalytic stages. However, the qualitative and quantitative

analysis of all individual by-products is very often incomplete, due to

technical or financial limitations. Additionally, the generation of by­

products that may be more toxic than the parent compounds and

phenomena, such as bioavailability, synergistic or antagonistic effects,

make toxicity testing of the photocatalytic process essential |76,77]. The

Microtox test is amongst the most widely used bioassays for an integrated

evaluation of the effectiveness of the photocatalytic process in terms of

pollutant decomposition [78,79]. Doped titania also shows an excellent

photoactivity as evaluated by the extent of decomposition of methylene

blue when exposed to UV light[80].ln the present work, the photocatalytic

degradation of a commercial textile dye in aqueous solutions using TiO2
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catalysts prepared by three different routes has been examined. The main

objectives of the study were (i) to estimate the kinetics of the dye

disappearance (ii) to examine the influence of various parameters, such as

the type and mass of the catalyst, the initial concentration of the dye, initial

pH etc., (iii) to evaluate the degree of mineralization of the products etc..

4.4.0 Photoeatalytic reactions on the dye methylene blue

N

+/UH3CiN S _I <1 ICH 3 C H3
F ig.4.2.0 Methylene Blue (MB—660nm)

Methylene Blue (MB) is a cationic dye that is used extensively in a

variety of industrial applications as well as in photoeatalysis. It is chosen to

be a model pollutant as the absorbance of MB is at a wavelength 660nm.

Dyes are commonly used as model pollutants, partly because their

concentration can be easily monitored using a spectrometer. The

photocatalytic degradation intermediates of MB solution was determined

by House et al., Torres er al and M.Gattrell er al [81-83]. The photocatalytic

reactions were carried out in a Heber photoreaetor (multilamp type, model

HML-MP88) containing concentrically arranged eight numbers of 8W

mercury lamps set in parallel and emitting 365nm wavelength. It has a

reaction chamber with cooling fan at the bottom. Open borosilicate glass

tube of 50 ml capacity was used as a reaction vessel. The solution with the

dye and the photoeatalyst were taken in the borosilicate glass tube. The
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suspension was magnetically stirred for 30 min in dark for the attaimnent of

adsorption equilibrium and then irradiated. The practice of taking out the

solution at regular time intervals was not followed in this work. Instead,

after optimization,20 ml of the dye and 0.1 gm of the catalyst were used for

irradiation in each lot and centrifuged twice to remove TiO2 particles or the

catalyst and diluted. Absorbance measurements of the dyes were taken.

Experiments were conducted by varying the concentration of the dye

(l0"3, 104 and 105 M), the pH of the dye in aqueous medium(4-10), the

amount of the catalyst(0.05,0.l and 0.15 g) and varying the lamp intensity.

A general mechanism of degradation of dye is given in figure 4.2.1fig0, 0;‘
H 022

I Conduction Z’:
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Fig.4.2.1 A General mechanism of Dye Degradation 184]
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4.4.1 Mechanism of degradation on methylene blue
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F ig.4.2.2 Mechanism of methylene blue Degradation
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4.4.2 Reaction studies on methylene blue

4.4.2.1 Activity of the catalysts in different routes

A 10'4 molar concentration of the dye, methylene blue of pH= 9.8,

is used for the purpose. About 20 ml of the dye is taken and 0.lgm of the

catalyst is added. Prior to irradiation, the system was magnetically stirred

during 30 min to establish an adsorption—desoiption equilibrium, between

the catalytic surface and the dye. Then the system is subjected to UV

irradiation in the photoreactor. Absorbance measurements were taken at

half an hour interval time up to 3 hours (%, l, 1'/1, 2, 2% and 3). All the

systems except a few got decolourised completely after three hours.

Reaction Conditions

Dye Cone. - 20 ml 104M
Catalyst amount - 0.1g
Lamp power - 48 watts
Irradiation time - 60 min

%Degradati011 in 6] min

Catalyst "$01-04 Route Hydrothgermal i EISAmRoutey 4 RouteI . . . AT10, 4s.1 , 90.0 15.0
Ag/no, 67.1 100.0 ms_ _ _. _ 3' _i cemo, 5  37.4 60.0 l 41.7
cu/Tio, 40.0 i 75.0  i 69.8 Z ’

Table4.1 % Degradation w.r.t Time in different routes
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Fig.4.2.3 Scan Spectrum of Degradation of Methylene blue at pH =9.8

The photocatalytic bleaching of Methylene blue(MB) in presence of

TiO2 at different time intervals was observed at X max 660 nm indicating

that the dye is degraded on irradiation .The absorbance at 290nm indicate

the degradation of aromatic part of the dye. Catalysts prepared by

Hydrothermal route (HT) were observed to show higher activity over

catalysts in other routes in terms of degradation of MB. It can be inferred

that the surface hydroxyl groups were higher for the catalysts prepared by

this route and were in a highly ordered mesoporous state which is

favourable for photocatalytic activity. lt is observed that mesoporous

materials of larger surface can present more active sites to adsorb water,

hydroxyl groups and dye molecules leading to high photocatalytic reaction

rate [85-87]. The distribution and reactivity of these —OH groups strongly

depend on the preparation procedure and is responsible for the adsorption

of the dyes that leads to degradation. The catalysts prepared by this route

possess the optimum crystallite size for photocatalytic applications. The

interfacial charge transfer process depends mainly on the surface
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characteristics of TiO2 particles, on the charge carrier mobilities and life­

times[88| .

4.4.2.2 Activity of catalysts w.r.t. time in HT route

Reaction conditions

Dye eon. —- 20ml 10 '4M
Catalyst amount — 0.1 g

Lamp power — 48 watts
"-I--'l‘iO2
"-9—Ag/TiO2
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Fig.4.3 % Degradation w.r.t Time in HT route

The results show that silver loaded titania catalysts exihibit

appreciable activity among all the other systems. The greater activity of the

Ag-loaded TiO2 presented in the Table 4.1 could be explained by assuming

that the loaded metal decreases the semiconductor band gap of TiO;,

favouring electron transfer from the valence band to the conduction band.

This may therefore lead to an increase in the rate of formation of oxidative

species such as hydroxyl radicals under the same eonditions[89]. It is also

known that loading of semiconductors with transition metal ions leads to
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drastic retardation of the electron-hole recombination rate [90]. Kondo and

J ardim [89] revealed that the X-ray data of neat and Ag loaded TiO2 did not

show any change in the crystalline structure of the anatase form and occurs

as typical surface process. The experimental results also indicated the

lower photocatalytic activities of cerium-doped samples than undoped one.

The detrimental effect of ceria loaded catalyst is because the catalyst cannot

be reduced as the reduction potential of Ce“ to Ceo is highly negative.

Therefore a higher temperature than 450°C is required for the reduction of

the catalyst to the metal. And therefore loading of cerium partially blocks

the surface sites of TiO;, available for the photodegradation or to be

photoactive. This can be explained as follows. lt is known that the

photogenerated OH radicals drive degradation reactions, which can

eventually lead to the decomposition of organic pollutants. The Ti4'+—OH'

entities are formed by a surface hydroxyl trapping a hole. However,

Coronade et al. [91] have found that some of the photoproduced holes are

stabilized as Ti4+—O_ radicals in the CeO2/TiO2 catalyst. The CeO2/TiO3

catalyst displays a reduced concentration of Ti4i'—O- radicals, which is

apparently less prone to trap photogenerated holes than the undoped TiO2.

In addition, the coverage of the TiO2 surface by ceria entities removes OH‘

groups, which will lead to decrease not only the active OH radicals but

also the adsorption sites for organic pollutants [92] Therefore, that the lower

photocatalytic rate of Ce”/TiO3 is very likely due to the partial blockage by

ceria on the semiconductor surface sites, which may further lead to

decrease the trapping efficiency of the holes and the adsorption of the

organic. Lin et al [93,94] reported that the mixtures of titania with YQO3 or

La;O3 were shown to have higher photocatalytic activities than pure TiO2,
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while the mixture of TiO2 with CeO;; have lower photoactivity than pure

TiO;. They ascribed the lower photocatalytic activities of the mixture of

TiO;; and CeO2 to the change in the amount of surface hydroxyl groups

resulting from the interaction between the rare-earth oxides and TiO2. The

number of surface hydroxyl groups was less due to the blockage of cerium

on the titania, but the amount of adsorption of the dye on cerium-doped

TiO; surface was higher because doped titania has higher surface area |95].

But the presence of ceria not only increased the surface area of mesoporous

TiO2 nanoparticles, but also inhibited the mesopores collapse and the

anatase-to-rutile phase transformation. This may be attributed to the

presence of cerium oxide distributed on the TiO2 matrix, which is in tum

beneficial for effectively enhancing surface area of TiO2 as reported I96].

Ce“ did not enter into the crystal lattices of TiOg and was uniformly

dispersed into TiO2 as the fonn of CeO2 with small size, which possibly

made Ce dopant have a great inhibition on TiOg phase change. Cu does not

adsorb hydrogen at room temperature to a significant extent|97].

Deactivation might be due to the possible segregation/formation of CuO

species at the surface, as it may not be completely reduced to metallic

copper. Owing to the trapping of conduction band electrons by the

Cu2+ions, the reduction of O2 becomes difficult and blocks the formation of

reactive O2"species[98|. Cu species at the surface could be identified as

Cu2+ from XPS results. These Cu2+ species would easily uptake one

photogenerated electrons from the TiO3 conduction band leading to

Cu'+and avoiding the diffusion of electrons to the surface and the formation

of OI-Tradical from this route. A rapid Cu2+ reduction toward Cu” ( Cu2+/

Cu” redox potential 0.154 V versus N1-IE) is probably taking place once

TiO2 is photoexcited. Since no stabilization of cu“ ion might be

considered, a subsequence reoxidation would occur by a hole trapping and
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Cu2+ would be formed. Therefore, the existence of Cu2+ sites would be

considered as recombination cent1'e[99].It is also known that Cu2+ions

adsorbed on the surface were difficult to reduce to Cu metal [100,101].
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4.4.2.3 Activity of catalysts \v.r.t. dye concentration in HT route

Reaction conditions

Catalyst amount — 0. lg _
Dye conc. —2Oml l 0'3,l0'4,l0‘>M
Lamp power — 48 watts
irradiation time — 60 min
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Fig.4.5 No. of moles degraded w.r.t. dye concentration

Significant changes in the degradation with respect to different

concentrations of methylene blue were observed in the figure 4.5. The initial

concentrations of methylene blue like l0'3, l0'4and l0'5 M were prepared to

evaluate the influence of the concentration of the dye on the efficiency of

the reaction with otherwise identical reaction conditions. lt can be seen that

the concentration has a remarkable effect on the degradation rates. The rate

of photocatalytic dye molecules even available for excitation and energy

transfer is greater and hence an increase in the rate was observed. But in

this work, it is observed that as the concentration of methylene blue

increases, there is a decrease in the number of moles degraded. The

decrease with increase in concentration of the dye is because the dye will

start as a filter for the incident light and will not permit the desired light

intensity to reach the semiconductor particles. This behaviour is expected
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since the ratio of methylene blue molecules/active sites of TiO2 is lower

leading to a retardation of the overall disappearance of the compound.

4.4.2.4 Activity of catalysts w.r.t. initial pH in HT route

The influence of the initial pH of the dye solution was studied as pH

could be considered as one of the most important parameters that can affect

the photo-oxidation process. Increase in one unit of pH shifts the valence

and conduction band potential towards the cathodic direction by 59mV as

shown EVE, = 3.15 ~ 0.059 pH, ECB = -0.05 — 0.059 pH [102] ; So pH

control is very important.
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Reaction conditions

Dye conc. — 20ml l0 '4l\/1
Catalyst amount — 0.1g

Lamp power — 48 watts
Irradiation time — 60min
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The activity of TiO;and Ag /TiO2 catalysts changes w.r.t pH of MB

dye, in three different pH values (acidic, neutral and alkaline) is presented.

For altering pH in the acidic and in alkaline area, HCl 2M and NaOH 2M

solutions respectively, have been used. The effect of the solution pH on the

degradation rate can be explained mainly by the availability of OH’ ions in

solution. Since MB is a cationic dye it is conceivable that at high pH’s, its

adsorption is favored on a negatively charged surface. Increase is due to

more availability of OH’ ions at higher pH values. Decrease may be due to

the fact that the dye does not remain in its structural form due to greater

con. of OH' ions. Also can be explained by the modification of the electrical

double layer of the solid—electrolyte interface, which consequently affects the

soiption-desorption processes and the separation of the photogenerated

electron—hole pairs in the surface of the semiconductor particles. ln basic

suspensions, the adsorption of the dye on the TiO2 particles was

significantly increased comparing to the extent of adsorption in neutral or

acidic suspensions. This is attributed to the fact that TiO2 shows an

amphoteric character so that either a positive or a negative charge can be
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cleveloped on its surface. The point of zero charge represents the pH value

at which the coverage of H+ equals the coverage of OH'.The point of zero

charge known for TiO2 is 6.8 (Dcgussa p-25), so below this value the

surface of the particles is positively charged and above it is negatively

charged. Because adsorption is favored in high pH (the extent of adsorption

gives 200/oll'lCI'8£lS€ for the dye compared to the one at neutral pH value), it

can be assumed that molecules of dye were positively charged so an

electrostatic attraction is developed [103].

pH > pzc I Ti-OH + OH_ —> TiO_ + H20

pH < pzc ; Ti-OH + H+ -> Tiong‘

4.4.2.5 Activity of catalysts w.r.t. catalyst amount in HT route
Reaction conditions

Dye conc. — 20ml l0 '4M soln
Irradiation time ~ 60 min

Lamp power — 48 watts
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Fig.4.8 % Degradation w.r.t catalyst amount in HT route
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The influence of the catalyst amount on the decolorization kinetics

of the dye solution has been investigated using different concentrations of

TiO2 varying from 0.05 to 0.15 g/L and the results are presented in Fig.4.8.

By increasing the amount of the catalyst the degradation becomes faster.

Silver doped titania catalysts show immediate decolourisation in all the

cases. Initially, the exposed surface area increases and reaches a saturation

point. It is obvious that the rate increases with an increase of the

concentration of catalyst up to a limit above which no improvement is

obtained and the curves formed are reminiscent of a Langmuir type

adsorption isotherm. A similar observation has been made by other authors,

as well[104-108]. Further addition increases only the thickness of the layer

at the bottom of the vessel. The increased degradation rate that follows the

increase in the catalyst loading can be attributed to the fact that a larger

amount of photons are, thus, adsorbed accelerating the process. The

plateau, which is recorded after a certain amount of catalyst is added, may

be a consequence of the fact that the reaction takes place on dye molecules

adsorbed at the TiO2surface. When all the dye molecules are adsorbed on

TiO2 ,no improvement is achieved by adding more catalyst. The decrease in

efficiency may be due to an increasing opacity of the suspension and to an

enhancement of the light reflectance, because of the excess of TiOg particles

I109, 110]. Moreover, particlewparticle interaction becomes significant as the

amount of particles in solution increases, thus, reducing the site density for

surface holes and electrons, because the rate of deactivation of activated

molecules by collision with ground state titanium dioxide increases

|62,111].
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4.4.2.6 Activity of catalysts w.r.t. light intensity in HT route
Reaction conditions

Dye cone. — 20ml 10 '4M
Catalyst amount —- O. lg
Irradiation time — 60 min
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Fig.4.‘) Variation in rate w.r.t. power supplied

The intensity of radiation falling on the catalyst surface plays an

important role in any photocatalytic process. Here, the degradation of

methylene blue, having a concentration of 20ml l0'4M is monitored using

0.1g of titania for 60 minutes with varying intensities of radiation. The

reaction was carried out with two, four, six and eight lamps on, the angles

sustained by the adjacent lamps at the samples are 45,9Oand 180°

respectively. Figure4.9 clearly illustrates the dependence of light intensity

in the rate ofthe reaction of the dye. The degradation ofthe dyes follows a

pseudo-first-order kinetics according to the Langmuir—Hinshelwood model.

Generally, the logarithmic plot of concentration data gives a straight line,
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which its slope helps to predict the rate constant of reaction. That is

ln(C0/C) = kt [112-114], where C is the dye concentration (mg/1) at instant t

(sec), C0 the dye concentration (mg/l) at t = 0 (sec), and k is the reaction

rate constant (sec_l).The reaction doesn’t occur actually in the dark.

Investigation of the photocatalysis using 16 watts power and 48 watts

power in the microreactor under identical conditions revealed that high

energy radiation is more effective in bringing out the photocatalysis[115].

As the intensity of light was increased, the bleaching action was accelerated

because the no. of photons /unit area increase[ll6,ll7]. However, a

decrease may be due to some side reactions or thermal effects. The catalyst

does not loose its activity on illumination. Reuse of the catalyst indicate the

photocatalytic efficiency I118]. Also the percentage degradation of methylene

blue rises steeply with intensity upto 48 Watts and hereafter it declines. So

an optimum of 48W is chosen for the comparison of all the catalyst

systems.

4.4.2.7 Reusability of the catalysts

Photocatalytic nano—TiO2 surfaces were repetitively used to degrade

the MB solution under UV-light. Used catalysts were employed to degrade

a fresh MB solution under the same conditions. The process was repeated

several times under UV light. Before using repeatedly, the catalysts were

stored in the dark at room temperature [I19].

Reaction conditions

Dye conc. — 20ml 10 AM
Catalyst amount — 0.1 g
Irradiation time — 60 min

Lamp power — 48watts
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TiO2 photocatalysis has attracted considerable scientific and

practical interest during the last three decades. One major current direction

in this research area is the design and preparation of novel TiO3-based

photocatalysts possessing high photocatalytic activity to satisfy the

requirements for practical applications. For the development of successful

strategies to achieve this goal it is, however, of utmost importance to

improve the mechanistic understanding of the basic principles of

photocatalysis that was dealt in the previous chapters of this thesis. Even a

review is given on the photocatalytic properties of metal-loaded TiO; in the

introduction. This chapter discusses about AOP’s, an outline ofpreparation

procedure, modification of titania with noble metals ,and the catalysts

application on different dyes.
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Chapter 5

5.1.0 Introduction

Semiconductor photoeatalysis has found growing interest due to its

widespread applications in many fields, especially in solar energy
conversion and environmental remediation. Research interests based on

TiO3 material is ever increasing and it will be a material of central

attraction in photoeatalysis for varied challenging applications. ln recent

years, a new class of techniques devoted to pollutant remediation, broadly

referred to as advanced oxidation processes (AOPs) [1,2] has emerged. One

of the major applications of this technology is degradation of organic

pollutants in water and air streams. The most studied compounds are

oxidation of dyes, organic waste, phenol derivatives, etc. AOP methods are

characterized by a common chemical action, which basically relies on the

primary reactivity of OH‘ radicals in driving oxidation processes, ultimately

resulting in the mineralization of a variety of pollutants. Within AOPs,

photocatalyst—based degradation methods represent a very interesting branch

of research in continuous development. Since then, basic principles of

semiconductor photoeatalysis have been well documented in the literature

|l-4].Band-gap photo-excitation of semiconductors generates [5-7| electron­

hole pairs capable to attack the organic matter either directly or indirectly

by means of highly reactive species deriving from their reaction with the

solvent and/or additives. In the case of TiO2, generally recognized as one of

the most efficient, non-toxic, and inexpensive photocatalyst, most extensive

studies have been carried out by using the oxide powder suspended in

aqueous solution containing the target molecules [8,9]. More recently, TiO2

based catalysts deposited on to suitable substrates have become an

attractive altemative to circumvent the technological difficulty as well as

the high costs related to the catalyst recovery. Unfortunately, the potential

l9l
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of this approach has been limited by the inevitable reduction of the overall

surface active area associated to catalyst immobilization, leading to significant

loss of performances. In the present work, the photocatalytic degradation of

several commercial textile dyes in aqueous solutions using Pt,Pd, Au/TiO2

catalysts prepared by hydrothermal route had been examined. The main

objectives of the study were

l. to estimate the percentage of the dye disappearance

2. to examine the influence of various parameters, such as the mass of

the catalyst, the initial concentration of the dye, pH etc.,

3. to evaluate the degree of mineralization ofthe products.

5.2.0 Hydrothermal synthesis

The chemical and physical properties of titania photocatalysts

depend also on the procedures and conditions of preparation. A few

methods, such as hydrolysis (chemical precipitation) [I0], reverse micelles

(microemulsion) [ll,l2|, sol—gel |l3,l4], and liquid phase deposition 115],

have been used to prepare TiO2 nanocrystalline photocatalyst. However,

various mesoporous materials have been synthesized via conventional

approaches using surfactants as templates based on a liquid crystal template

mechanism |l6-18]. These methods often require a long time and multiple­

step procedures. Comparing with these methods, the hydrothermal method

has been studied to be the most effective route, discussed in the previous

chapters, with many advantages 113,14]:

l. Crystallization temperature for anatase phase is below200° C.

2. By tuning hydrothermal conditions (such as temperature, time,

reactant concentration, additives, etc.), various crystalline products

with different composition, structure and morphology could be
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obtained.

3. Low energy consumption and environmentally friendly process.

4. The equipment and processing required are simpler, and the control

of reaction conditions is easier, etc.

Inc-r_ganicprecurs01"water Ethanol\/
Hydrothermal treatment
Autoclave 80'C 20 hrs

neu.aq. Surfactmt
pH=as

Autoclave I5O'C 20 hrs

calcinatiun 450'C

Mesoporous Solid

Fig.5.l Preparation of Meso-porous Solids.

Hence this hydrothermal synthesis is an effective method for the

preparation of semiconductor photocatalyst. In this work, highly photoactive

mesoporous nanocrystalline TiO; powder photocatalyst was prepared by a

two-step hydrothermal method in an autoclave at stages of 80°C and 150°C

for 2011 each at pH 6.6 slightly higher than the iso electric point of titania

(lEP).The effects of initial pH values on the microstructures and

photocatalytic activity of mesoporous titania powders were important. A
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key characteristic of a catalyst is its high surface area, which allows the

rate of reaction to increase, as the efficiency of a photocatalyst is

proportional to its surface area. Despite the positive attributes of TiO2 as an

ideal photoeatalyst, there are some drawbacks associated with its use;

l. charge carrier recombination occurs within nanoseconds, and

2. the band edge absorption’s threshold ofTiOg is < 400nm[l9].

5.3.0 Photocatalysis on TiO2 Surfaces

To circumvent these two limitations, a number of strategies have

been proposed to improve the light absorption features and lengthen the

carrier lifetime characteristics of TiO2.To improve the photoefficiency of

TiO2 photocatalysis, the e“-hi recombination rate must be reduced. In

addition, TiO; is a solid-state material, thus its photocatalytic activity is

unavoidably influenced by many factors such as particle size and

distribution, surface area, crystal and surface structure etc. Hence, the

strategy to design and prepare TiO2-based photocatalysts with high

photoefficiency has become a major topic leading to intensive research in

this field.

5.3.1 Noble metals modified TiO;

In photocatalysis, the addition of noble metals to a semiconductor

can change the photocatalytic process by changing the semiconductor

surface properties. lt has been shown that the photocatalytic electron

transfer processes at the semiconductor interface can be greatly enhanced

by depositing a noble metal on the semiconductor particle|20-24]. Also it

can enhance the yield of a particular product or the rate of the

photocatalytic reaction. The enhancement in reactivity was first observed

for the photoconversion of H2O to Hg and O3 using the Pt/TiO;; system
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[25].The addition of a metal to a semiconductor surface can also change the

reaction products. The deposition of a noble metal on semiconductor

nanoparticles is an essential factor for maximizing the efficiency of

photoeatalytie reactions|26,27]. Fundamental understanding of the

photoinduced interactions between a semiconductor and metal as well as

the interfacial charge-transfer process in nanoparticles is important to

elucidate the role of noble metals in semiconductor assisted photocatalysis.

The incorporation of metals like silver, platinum, palladium, gold etc., to

the photocatalysts, result in a decrease of recombination rate and increase

ofthe degradation efficiencies most probably because ofthe stabilization of

the photogenerated charge carriers [28]. Similarly, doping of transition

metal ions in titania can also significantly enhance the quantum efficiency,

either by expanding the light absorption range or by improving the redox

potential ofthe photogenerated radicals |4,92,29-31]. The textural properties

ofthe photocatalysts prepared by this method observed that, the higher the

metal content loaded, the larger the decrease in the BET surface area ofthe

samples. Wold summarized the early work which used TiOg powders and

thin films of treated metals such as silver and platinum I32]. A critical

amount of metal was required for maximum photoeatalysis and he

concluded that the metal increased the rate of transfer of photoelectrons to

the surface adsorbed oxygen. That is, there is an optimum loading of metal

in TiO2 for efficient photocatalysis.
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Fig. 5.2 Metal-modified Semiconductor Photocatalyst Particle [89].

In this context, this work has been focused on the improvement of

TiO;; photocatalyst nanoparticles by loading noble metals like Pt, Pd and Au

respectively, which are typical approaches employed to inhibit the fast

recombination of photoexcited electrons and holes. It is generally accepted

that metal centers form shallow charge trapping sites within the TiO3

matrix as well as on the particle surface through the replacement of Ti(lV)

by metal [33]. Based on their favorable energy levels, metal centers may act

either as electron or as hole traps leading to a temporarily more efficient

separation of the photogenerated charge carriers. In particular, noble metal­

modified semiconductor nanopaiticles become of current importance for

maximising the efficiency of photocatalytic reactions. Most studies of

noble metal-modified TiOg photocatalysts have focused that during

photocatalytic process, the illumination of a semiconductor photocatalyst

with ultraviolet radiation activates the catalyst, establishing a redox

environment in the aqueous solution|34}. The noble metal which acts as a

sink for photoinduced charge carriers, promotes interfacial charge-transfer

processes. A direct correlation between the work function of the metal and

the photocatalytic activity is well known. When metals are deposited onto
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the surface of TiO;, a Schottky junction at the metal»-TiO; interface

develops resulting in the movement of electrons from the conduction band

of TiO2 to the metal, consequently trapping electrons at the metal surface

[35]. Trapping these electrons inhibits electron/hole recombination,

providing more efficient charge separation [36].

by ®
O
UJ

E i¢¢¢4p;¢4
4

"A

Noble Metals

, "no, ! (Pt,Pd ,Au,)
Q-jva

o

0+

Fig.5.3 Promotion effect by noble metals on TiO; photocatalysis[37|.

The Pt/TiO; system is the metal-semiconductor system most

commonly studied. The interest in platinum-loaded titania (Pt/TiO2), has

rapidly increased due to their high activity in a multitude of important

reactions I38-41]. Among them, photocatalytic H3 generation from water

splitting has recently been attracting rapidly growing interest due to clean,

storable, and renewable energy development, aiming to replace exhausting

fossil fuels by use of solar energy ever since Fujishima and Honda’s report

on the photoeleetrochemical water splitting by TiO;> clectrode[42]. The

pliotocatalytic activity and especially the stability of platinum strongly

depends on both the state and structure of the support and the specific
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interaction between platinum and support. The type of the support is of

crucial importance to obtain highly dispersed platinum particles with good

perfonnances [43]. It has been suggested a good possibility to apply the

mesoporous TiO; for the first time as a support for platinum towards the

photocatalytic reaction of H; evolution. Pt,Pd and Au were of particular

interest as it displays a high work potential, allowing it to trap a large

number of electrons [44]. Reports reveal that metals belonging to VIII

group, as for instance Pd and Pt,have been deposited onto the surface of the

semiconductors to improve the separation of photo produced electron—hole

pairs [45-50]. The presence of platinum as an electron sink has long been

known to enhance the separation of photogenerated electron-hole pairs [51]

and hence to improve the photocatalytic efficiency in general [52-54]. The

noble metals such as Pt [55,56] and Au [57,58] deposited or doped on TiO3

have the high Schottky barriers among the metals and thus act as electron

traps, facilitating electron—hole separation and promotes the interfacial

electron transfer process [59-62]. Pt deposited on TiO2 [63-76] has been

reported to improve |63,64, 67-74],be detrimental [65,77] or have negligible

effects [66] on photoeatalysis. Vorontsov and Dubovitskaya [72] reported

up to a two times increase in the rate of ethanol photo oxidation at various

Pt loadings and He et al. [74] reported a 4.2 times rate increase when

photocatalytically degrading formic acid using photodeposited Pt

(0.64 at.% loading) on a sol—gel coated TiO2 thin film. Chen et al.observed

a 2.5 times decrease in the chloroform degradation rate and a l2 times

decrease in the degradation of trichloroethylene for l at% Pt on Degussa

P25 TiO3]76|. Coleman et al. found 2 at.% platinised Degussa P25

exhibited no effects when degrading selected endocrine disrupting

chemicals although the low concentrations of organics required to mimic

environmental levels meant the conditions were in the mass transfer limited
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domain [66]. Lee and Choi found the effects of TiO2 platinisation depend on

the oxidation state of Pt and type of substrate being degraded [75]. They

reported Pto as the most active oxidation state of the Pt deposits for the

organic substrates they considered where the oxidation states of the noble

metals are clearly described in the XPS results. Metijevic and co-workers

have shown that a variety of surface coatings can be produced on cores of

very different compositions of Au/TiO;;Particles [77-79].They have shown

that the formation of coatings on particles dispersed in liquids need not

depend on specific interfacial reactions. Averitt et al have deposited a gold

nanoshell onto silica nanoparticles by mixing amine-functionalized silica

particles with a solution of gold nanoparticles for directly attaching it to the

silica surface [80].

Metal/semiconductor nanocomposites have been synthesized by the

reduction of [AuCl4] on the surface of preformed TiO; nanopafiicles. The

concentration of the TiO; core directly influences the particle size and the

stability ofthese composite nanoparticles|8l]. Arana et al. studied gasphase

photocatalytic oxidation of ethanol on Pd system and indicated that Pd(0) is

more active|82|.

The activity of palladium was studied by C.G.Wu et al and

concluded that Pd-doped systems are efficient catalysts which are currently

in progress[83]. When doped with the noble metal Pd, the surface

morphology of the catalyst was observed to have a uniform distribution of

particles of about l 1.6 nm than with Pt and Au loadings which satisfies the

requirement in photocatalysis. In this work, a considerably high

photocatalytic performance of palladium supported on mesoporous TiOg

via hydrothermal route was observed.
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Fig 5.4 Mechanism of Pd metal 0nTiO;;

5.4.0 Dyes used for photocatalytic degradation studies

Heterogeneous photocatalysis appears as an emerging and

interesting technology for the degradation of organic pollutants such as

dyes as it can utilize sunlight as a source of energy, which is free and

inexhaustible |84-91]. Dying processes represent an intense activity in

textile industries, could treat efficiently and at low cost, wastewater

contaminated by dyes since sunlight is very abundant. However, in the

present work, it was attempted to determine the feasibility of the total

degradation by a UV/TiO2 treatment of some dyes in aqueous solution
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despite the low percentage of UV light absorbable by TiO2, it is possible to

perform solar detoxification of wastewater contaminated by dyes as metal

incorporation reduced the band-gap of TiO2 to a considerable extent so as to

perform enhanced activity in the visible region. Nevertheless, an increase in

visible absorption, in principle, does not guarantee visible-light induced

activity; since photocatalytic reactions proceed through redox reactions by

photogenerated positive holes and photoexcited electrons. No activity may

be observed if, for example, all ofthese species recombine. Various activity

evaluation systems with different probe materials or indicators have been

reported [92]. However, as dyes also absorb light, especially in the visible

range, the influence of this photoabsorption by dyes should be excluded for

evaluation ofthe real photocatalytic activity ofphotocatalysts. In this work

UV illumination of 365nm was used.

The dyes used were having different chemical structures, such as

hetero-polyaromatic Methylene Blue (MB-660nm), Malachite Green (MG­

6l4nm),anthraquinonic dye Acid Blue 25(AB25),azo dyes like Acid

Redl (ARI-532nm) and Acid Orange 7 (AO7-483nm) were investigated.

N

+/fl I1H,c—N s _ N——CH3I C1 IC H3 CH3
Methylene Blue (M B-660nm)
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N(CH3)2
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Malachite Green (MG-6l4nm)

OiO

\
OH HN/ CH3

N N
SO3Na 803%‘

Acid Redl(ARl-532nm)
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WIT:

3 .  C 5[i'_-JHQ

D rm I

Acid Blue25(AB25-600nm)

N _—iN SO3Na

OH

Acid Orange 7 (AO7-483nm)

Fig 5.5 Name and Structure of the dyes ( I. max)

5.5.0 Degradation Reactions of the Catalysts with the dyes

To optimize the kinetics of the degradation process, several

parameters such as dye concentrations, catalyst amount, pH were studied.

Prior to irradiation all the systems were stirred for half an hour in the dark

to maintain an adsorption-desorption equilibrium between the catalyst and

the dye.
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5.5.1 Activity of Pt Catalysts w.r.t. time OD Different dyes 

Optimized Reaction Conditions 

Dye conc. -20ml IO-4M 

Catalyst amount 

Lamp power 

- O.lg 

- 48 Watts 

Dye pH 
Time(min) for IOOO/.Degradation 

TiOz O.2%Pt O.6%Pt I.O%Pt 

MB 9.8 105 60 45 50 

MG 9.4 150 90 75 80 

ARI 6.2 90 45 30 30 

AB25 6.4 60 30 15 25 

A07 6.0 45 15 10 10 

Table 5.1 %Degradation of catalysts on different dyes 

100 

80 

20 

O+-~--~~--~~--r-~ 
o 20 40 60 80 100 120 140 

Tlmt(min) 

Fig.S.6 . %Degradation of TiOz catalyst on different dyes 

204 



205 

'OIl 

80 

'" • 

o+--+~~~--~~--~~-
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Fig.5.7 %Degradation ofO.2%PtlTiOz catalyst on different dyes 
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Fig.5.S % Degradation of O.6%PtffiOz catalyst on different dyes 
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r
O 40 60 80 100 120 140 

Tlme(min) 

Fig.S.9 %Degradation of 1.0% PtrriOl catalyst on different dyes 

Different loadings of Pt metal on Ti02 (0.2,0 .6, 1.0)reveals that at 

higher metal !oarlings ,space charge region narrows (SCR),the cluster size 

will increase and the efficiency of charge seperation is reduced which 

results in the higher absorption and lower activities of the catalyst. Pleskov 

1931 reported that there is an optimal concentration of dopaRt ions to make 

the thickness of space charge layer substantially equal to the light 

penetration depth, because the space charge region becomes very narrow 

when the concentration of doping ions is too high, and the penetration 

depth of light into Ti02 greatly exceeds the space charge layer, which will 

result in the recombination of the photogenerated carriers becoming easier. 

Finally. the enhancement of the photon harvesting efficiency derived from 

the red shift of the electronic absorption of noble metal-doped Ti02 is not 

significant under these conditions, because the energy of most of the 

photons emitted by the UV source (maximum emission at 365 nm) is larger 

than the band gap interval of the studied materials. Funher studies are 

necessary to clarify the effects of the surface area, doping, microstructure, 
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and crystalline composition of Ti02 on the photocatalytic activity and the 

dye adsorbed on TiOz 1941 .Above the optimum metal content the efficiency 

of the photocatalytic process actually decreases. Care must be taken when 

studies are conducted on a metal-modified semiconductor to work with the 

quantity of metal which gives the optimum photocatalytic efficiencYl951.To 

sum up. there is an optimal doping concentration of metal in Ti02 for the 

most efficient separation of photogenerated carriers and thus photocatalytic 

activity. 

5.5.2 Activity of 0.6%Pt, Pd, Au Catalysts w.r.to time on Different dyes 

Dye pH 
Time(min) for IOO%Degradation 

Ti02 0.6%Pt O.6%Pd 0.6%Au 

MB 9.8 105 45 30 60 
MG 9.4 ISO 75 60 90 
ARI 6.2 90 30 20 45 
AB25 6.4 60 IS IS 35 

A07 6.0 45 10 10 30 

Table 5.2 %Degradation of TiOz and 0.6%Pt, Pd, Au! Ti02catalysts 

100 

BO 

2. 

- O.6·/. rd 
_ O.6-/.rt 
_ O.6·/.Au 
_TiO, 

·±.--~2T..~-~c.-~~c.-~8~.--~'00~-C,~~ 
Time(min) 

Fig.S.IO %Degradation ofO.6%Pt, Pd, Au rTi02 catalysts on MD dye 
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'00 
'--O.6~ePd 

_ O.6e/ePt 
_ O.6%Au 
-nol 

" • 

80 

20 

O+O--~2rO--~~----80~--~8rO---'~00~~'20 
Time(min) 

Fig.5.11 %Degradation of 0.6%Pt, Pd, Au lTi01 catalysts on A07dye 

The features in the figures 5. 10 and 5. 11 clearly explains that, the 

addition of Pd, Pt and Au, improved the catalytic performance of bare­

Ti02.A linle more enhancement is observed in the case of O.6%of 

PdlTi02.The reactions on a noble metal surface can be related to the 

electron affinity, redox potential and work function of the metal atom 

(96.97(. Hydrogen evolution increases linearly with increase in the redox 

potential of the noble metal. The more positive the redox potential of a 

metal, it facilitates faster reduction of H' ion. The work function of the metal 

is another factor that influences the electron release, if it is high, the 
wm-k. h.-'t14arJ 

reduction rate increases. ~~ affiR.iti85 and reduction potentials of 

metal ions/metal redox couples of noble metals like Pt ,Pd and Au are given 

below: 

Pt:!' + 2e- ----~Pt EO (v) = 1.118, work function of the metal Pt = 5.65eV 

Pd" + 2e -----')Pd EO (v) = 0.951, work function of the metal Pd =5.12eV 

Au' + e' ----7Au EO (v) =1.760, work function of the metal Au =5.42eV 
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As the electron affinity of the metal Pt and Au are greater, 

dispersion of metals on TiO:!, results in the formation of a Schottky barrier 

at the metal/semiconductor interface, movement of electrons from the 

conduction band of TiO:! to the metal occurs, consequently trapping 

electrons at the metal surface which leads to decrease in electron-hole 

recombination rate, as well as to a more efficient charge separation 

198-1001. But Sakata et al suggests that if a barrier is formed, the more 

suppressed is the electron transfer of photoinduced electrons from the 

semiconductor to the metal and limits the react ion 11011. Also reports 

suggest that, recombination of photogenerated H:! and O2 to the production 

of H:!O is efficiently catalysed by Pt, accounts for the loss of its activity. 

The cluster fonnation in the case of the AufTi02 resulted in SPR diminishes 

the activity of the catalyst. Thus the increased activity 'Of Pd accounts for 

the optimum redox potential, work function and electron affinity of the 

metal atom. 

5.5.3 Activity ofTi02and 0.6 wt.% PdITi02 catalyst w.r.to time OD 

different dyes 
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Fig.S.t2 %Degradation ofTiOl catalyst on different dyes 
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Fig.5.13 %Oegradation of O.6O/OPdfTiOz catalyst on different dyes 

The photocatalytic experiments demonstrate that Pd doping can 

effectively enhance the photocatalytic activities of the catalyst in 

decomposition of aqueous dyes under UV light irradiation. The experiment 

exhibit that 0.6 wt% Pd content is optimum to achieve the highest 

efficiency, shows marked increase in photocatalytic decoloration of 

different dyes within short period. The anionic dye A07,which gives an 

absorbance at 483nm shows 100% degradation within 10 minutes while the 

cationic dye methylene blue of absorbance at 660 nm degrades within a 

period of 30 minutes. Malachite green is a cationic dye for which the 

interaction with both the metal ions and the surface of the photocatalyst is 

considerably weaker(102). The existence of the dye in the dimeric state may 

be the reason for it to take about an hour to degrade completely. 
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5.5.A Elred of dye COD ... tntioa OD 0.6 wt."I. Pdfr.o, CataIyR 

20 ml of different concentrations of the dye like IO·JM• IO"'"'M and 

IO·sM solutions with 0.1 gm of the catalyst were sUbjected to the study. It is 

observed that the dyes of IO-4M degrades faster than the other. It is because 

the rate of photocatalytic dye molecules even avajlable for excitation and 

energy transfer is greater and hence an increase in the rate was observed. 

The decrease with increase in con. of the dye is because the dye will 

function as a filter for the incident light and will not permit the desired 

light intensity to reach the semiconductor particles. 

Reaction Conditions 

Dye conc. 

catalyst amount 

Lamp power 

Irradiation time 

160 

1<0 

20 

·O. lg 

-48 Watts 

-10 min 

-T10
J 

- TtOfPd 

20 40 60 80 100 120 
Molar ConcJIO'~ 

Fig.S.14 No. of moles degraded w.r.t. concentration of the dye, MD. 
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7 -TiO! 
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-TiOjPd 
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~ 4 • .. 
• • 3 .. 
E 
~ • 2 0 • 
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20 40 60 80 100 120 
Molar ConeJ ) 0-' 

Fig. 5.15 No. of moles degraded w.r.t. concentration of the dye, MG. 
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Fig. 5.16 No. of moles degraded w.r.t. concentration of the dye, ARt . 
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Fig.5.17 No. of moles degraded w.r.t. concentrationof the dye, AB2S. 
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Fig. 5.18 No. of moles degraded w.r .t. concentrationof the dye, A07. 

2 13 



S5.§ Effect of Differe.t Amou.ts of 0.6 wt. ·1. PdfTi02 Catalyst on dyes 

ReactioD CODditioDS 

Dye conc. 

Lamp power 

Irradiation time 

Catalyst 
amount(gms) MD 

0.05 65 

0.1 100 

0.15 90 

0.2 88 

-20mllO~M 

-48 Watts 

-30 min 

·1. Degradation 

MG ARI A825 A07 

30 70 75 80 

50 100 100 100 

55 93 95 98 

52 90 91 95 

Table 5.3 %Degradation of tbe dyes w.r.t amount of catalyst 

100 - A07 
- ARI 

90 - A825 
-MD 

80 - MG 

40 

30 

0.05 0.10 0.15 0.20 
Amount of c:.talyst(gms) 

FigS.19 %Degradation of the dyes w.r.t amountofO.6"/oPdfTi02cstalyst 
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Percentagc degradation mcrea~es proponionally to the 

concentration of the ca tal yst and levels otT for values close to 5gr ' . Above 

thi s va lue, the degradation becomes independent of the concentration. Such 

a val ue which depends on the nalUre of the compounds and on the 

photoreactorgeometry is in full agreement with the other ones reported in 

literature f{)r TiO~ Degussa-P25, which range from 0.1 to 5.0 gl"1 1103-1071. 

This phenomenon may be explained both by a sc reening effect of excess 

panicles which masks part of the photosensi ti ve surface and by the 

sca1tering of the light which reduces the amount of photons which have 

fa llen on the cat<l lyst. 

Malachite green is it cation ic dye for which the interaction with both 

the metal ions and the surface of the photocata ly:-.! is considerably weaker. 

Further research in adsorption of the substmtc to semiconductor and 

electronic propen ies of metal and semiconductor will give the explanation 

for the anomalous behaviour of the dye, malachite green . 

5.5.6 [ffed of pH on %dcgradation of Different dycs 
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Reaction Conditions 

Dyc conc. 

TiO~/Pd Catalyst 

Lamp power 

Irrad iat ion time 

-20 ml IO"M 

- O.lg 

-48 Watts 

-30 min 
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pH variation w.r.t the cationic dye, methylene blue was discussed in

chapter 4 in detail. It is shown that when the pH increases, a decrease of the

amount of dye adsorbed on TiO; occurs w.r.t the anionic dye, A07. Such a

result can be better understood taking into account both the surface state of

titania and the ionization state ofthe dye. The point of zero charge (pHpzc)

of TiO2 is known to be close to pH 6.8 for Degussa P-25 TiO2|l08|, pH

chosen is near to pHpze, which means that for pH’s higher than 6.8, the

surface becomes negatively charged according to the electrochemical

equilibrium:

TiOl-I + DH‘ 2 I~l;D + Tit)’ (1)
And at pH < pHpzc, the surface oftitania is positively charged according to

TiOH + Ht 2 Ti-0141* (2)
On the other hand, AO7 is an anionic dye bearing an anionic sulfonate

function. In this context, it is conceivable that at high pH values, an

electrostatic repulsion between TiO3 and the dye occurs which leads to a

decrease in the amount ofdye adsorbed on TiOgand hence a pH close to 6.0

was used. Whatever be the pH chosen, a decrease of the amount of dye

adsorbed is observed when temperature increases. Moreover, for pH lesser

than the pHp2c, similar values are obtained whereas, for pH higher than

pHpzc, values become more important since molecules have to overcome

electrostatic repulsion between TiO3 and the dye to be adsorbed. These

findings are in agreement with those concerning the photocatalytie

degradation of anionic dyes, where the persistence of various aromatic

compounds was reported after long-term irradiation |l09,ll0|. The result

confirms the favorable degradation of AO7 at acidic pH’s as already

observed for AB25, another anionic dye [Ill] and is mainly concerned by
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the attack of the dye molecule by OH‘ radicals formed by the following

reactions:

"l" hV -> e” + if (1)
(H2O—> H++OH')+h+ -> Hi + on (2)

OH +Dye—> H2O+i;.  (3)
where 1|. is the first radical intermediate.

5.5.7 Reusability of the Catalysts.

One of the main advantages of heterogeneous catalysts over

homogeneous one’s lies in its reusability I112-114]. As mentioned in the

previous chapter, the catalysts can be used several times in photocatalysis.

Reaction Conditions

Ii

‘/0 Degradatio

Dye conc. - AO7 20ml lO'4M
catalyst amount -O. lg
Lamp power -48 Watts
Irradiation time -10 min120-V I-'-Tioz ‘|—I—TiO2/Pd

100 -D--‘ ' O_~ O- ”~ 1

X3

-1­

60­

40 -T ;  I *= I II "W I _ iI 2 1 4\

no. of cycles

Fig.5.22 Effect of deactivation of the catalysts
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6
Summary and Conclusions

6.1.0 Summary

Semiconductor photocatalysis is the reaction assisted by photons in

the presence of a catalyst.The catalyst absorbs light and transfers energy

and the result is the simultaneous oxidation and reduction reactions of the

electr0n—hole pair. The mechanism of this photocatalysis is the electron

migration from the semi-conductor valence band to the conduction band

leaving a hole behind and the redox reactions due to electrons and holes.

One of the major applications of this technology is the degradation of

organic pollutants in water and air streams which is considered as one of

the so-called advance oxidation processes(AOP). AOP methods are

characterized by a common chemical action, which basically relies on the

primary reactivity ofOH' radicals in driving oxidation processes, ultimately

resulting in the mineralization of a variety of pollutants. This research work

is on the degradation of dyes because they representan increasing market

share and a large fraction of the applied reactive dye is wasted due to dye

hydrolysis in the alkaline dye bath, and finally, conventional wastewater

treatment plants have low removal efficiency for reactive and other anionic

soluble dyes[l].
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Factors considered in photocatalysis are band gap and band

positions, redox level of the substrate, surface area, solution pH etc. Titania

is a suitable semiconductor as its band gap is 3.2 eV,ine1t to most chemicals

and is resistant to photocorrosion.Titania exists as three different crystalline

structures namely anatase, rutile and brookite. But it is well known that the

anatase phase exhibits better photocatalytic activity than rutile and of a

wider band gap(3.2 eV) than rutile(3.02eV)[2]. Despite the positive

attributes of TiOg as an ideal photocatalyst, there are some drawbacks

associated with its use;

l. Charge carrier recombination occurs within nanoseconds, and

2. The band edge absorption’s threshold of TiO2 is < 400nm [3].

To circumvent these two limitations, a number of strategies have

been proposed to improve the light absorption features and lengthen the

carrier lifetime characteristics of TiO2. The addition of a metal to a

semiconductor surface can alter the condition. The deposition of a noble

metal on semiconductor nanoparticles is an essential factor for maximizing

efficiency ofthe photocatalytic reactions[4,5|.

This research work describes the photocatalysis of titania supported

noble metals catalysts prepared by a selected route, in the degradation of

dyes .The different steps involved in the work of photocatalysis were

A. Selection ofa route by loading metals like Ag, Ce, Cu.

B. Incorporation of noble metals in the selected route.

C. Degradation studies of different dyes.

ln this work, mesoporous titania is synthesized with anatase in its

structure by sol-gel route, hydrothermal route and evaporation induced self

assembly (EISA) method. A mesopore-directing surfactant template and
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the precursor titanium tetra isopropoxide were used in the preparation of

the catalysts. Catalysts of surface area 132 m2/ g and a pore size of ll nm is

achieved by hydrothermal route higher than the reported value [6]. About

6wt%of metals like Ag, Ce and Cu were loaded into this mesoporous

network by wet impregnation method [7] to enhance the photocatalytic

activity. When a metal is loaded into the semiconductor, the improvement

is that the loaded metal acts as a sink for electrons and suppresses the

electron-hole recombination of the se1niconductor[8] and the catalyst

absorbance shifts to the visible region. The catalysts were characterized by

low and wide angle XRD,FT-lR,BJH(N2-8dS01"p'tiOn/d6SOI‘pti0n isotherms) ,

TG/DTA, SEM, TEMXST PD, UV-Vis.DRS.

Photocatalytic studies were carried out by the degradation of the

dye, methylene blue. A route is selected by comparing catalysts prepared

in the three different routes mentioned, for the incorporation of noble

metals like platinum _,palladium and gold contents (0.2 - l.O wt%). lt is

supported on the synthesized mesoporous TiO2 prepared from hydrotherrnal

method .These noble metals catalysts were also characterized by low and

wide angle XRD, FT-lR,BJH( N2-adsorption/desorption isotherms),

TG/DTA,SEl\/1l¢E,TEM,UV-Vis .DRS. The degradation of the textile dyes

like Acid Orange7(AO7), Acid redl (ARI ), Acid blue25(AB25), methylene

blue and malachite green were carried out by the prepared noble metal

incorporated titania catalysts. Reactions were carried out by changing the

parameters like amount of the catalyst, concentration of the dye, pH of the

solution, power of the lamp etc..lmmediate decolourisation of the dyes also

proposes a great prospect to the development of highly active

photocatalysts. The utilization of these noble metals doped TiOg

photocatalyst investigated towards the photocatalytic degradation of dyes
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gives an eco-friendly technique as well as the broadest photocatalytic

activity window.

6.2.0 Conclusions

Chapterl

As the introduction of this thesis, chapterl deals with a brief

account of the history of catalysis, photocatalysis, semiconductor

photocatalysis, TiO2, its applications and the literature survey. Also deals

with the various structural aspects of titania on metal incorporation as well

as different methods of preparation and mechanisms of photocatalysis. An

outline of the research work that is followed can be understood from this

chapter.

C hapter2

This chapter gives a detailed description of the catalyst preparation

and pretreatment conditions, materials used, the techniques used to

characterize the catalysts, the experimental set up and measures used for

the catalytic activity study. It also discusses methods adopted for the

present investigation in detail with flow-charts. From the methodology

discussed, one is able to understand the instrumental techniques and

chemistry behind each analysis that is carried out in the present research.

Chaptcr3

Surface characterization was done by BET surface area and analysis

of pore characteristics by BJ H, crystal phase nature by X-ray diffraction

and chemical composition from energy dispersive X-ray analysis. Thermal

stability was confirmed by TGA/DTA analysis. The oxidation state of the

metal incorporated was confirmed by the XPS analysis. Surface

morphology was collected on scanning electron microscope and also TEM

228



Summary and Conclusions

to know about the ordered mesoporous nature. Information regarding the

band-gap of the catalysts was obtained from UV-vis DRS. Surface acidic

properties of the catalysts were done by TPD of ammonia .The physico

chemical characterization of metal incorporated titania systems by the three

routes namely Sol-Gel(SG), Hydrothermal(HT) and EISA route were

described. The two-step HT process produces a material with a fully

anatase crystalline domain at a low temperature and further COI'lfiI‘lTlS that

the catalysts prepared via HT route gives higher amount of surface

hydroxyl groups than in other synthesized TiO2 catalysts and expect this

particular synthesis route described here could be widely adopted.

Evidently, modification by metals not only increased the surface properties,

but also induced a tremendous change in the band-gap of the catalysts than

reported.The crystallite size of the mesoporous anatase catalysts ranges

from lO~l l nm, which fairly covers the requirement for the photocatalytic

activity [9] was found to exhibit a good correlation between the XRD

values and that calculated from TEM. ln conclusion, by tuning the

hydrothermal temperature we can successfully prepare mesoporous titania

and suggests that the material may be useful for the development of

improved performances of photocatalytic applications.

Chapter4

Focuses on the selection of the best route by which TiO2 catalysts

were prepared, based on the application of the catalyst on the degradation

of Methylene Blue (MB), a common organic dye, by varying all possible

parameters. lt is inferred that the photochemical degradation of methylene

blue occurred effectively over the prepared catalysts. The percentage

degradation of the dye for various systems could be correlated with the

large surface area, crystallite size, mesoporous nature and the band gap
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energy. Titania in a mesoporous state has high surface area in a continuous

structure which makes the electron transfer easier, resulting in high

activity. From the data it is clear that the catalysts prepared by

hydrothermal route are more efficient and the silver catalysts showed

enhanced photocatalytic activity. A detrimental effect of ceria catalysts due

to its existence in the ionic state as the reduction of Ce“ to Ceo requires a

much higher temperature than450 OC [10]. Cu does not adsorb hydrogen at

room temperature to a significant extent [11]. Deactivation might be due to

the possible segregation/formation of CuO species at the surface, as it may

not completely reduced to metallic copper which was easily confirmed by

the XPS analysis. The present piece of research is also aimed at exploring

the effect of the presence of different metals on the structure and

photocatalytic activity of titania-based catalysts.

Chapter5

This chapter discusses about AOP’s, an outline of preparation

procedure, modification of titania with noble metals, and the catalysts

application on different dyes. Among the noble metals incorporated, Pd

catalysts showed higher photocatalytic activity than Pt and Au. Dye solns

were successfully decolorized using the noble metal catalysts within avery

short period of time than reported and the AO7 dye is easily degraded by

the TiO;-Pd catalysts. Thus the application of the TiOg photocatalytic

method is proved to be efficient in mineralization and sterilization of waste

water. An interpretation of reactivity order in noble metal incorporation is

difficult, since it is probably the result of many factors: surface area,

crystallinity, crystal size, band-gap energy. Moreover, the addition ot

metals could be either beneficial or detrimental depending on whether such

metals decrease the electron/hole recombination rate or on the contrary
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behave as electron/hole recombination centers [12]. Furthermore,

photoactivity is dependent on the nature of the organic photoozidised [13].

The conjunction of all those features made that the addition of Pd, Pt and

Au improved the catalytic performance of bare-TiO; (a positive effect

which is generally accepted in the literature [14,15]), The specific surface

areas of TiO;; and Pt/TiO2 were determined as 96(i1) m2/g and l0l(il)

m2/g, respectively, indicating platinisation provided significant change in

surface area [16]. Among the noble metal catalysts ,Pd incorporated catalyst

shows high activity due to its optimum electron affinity and redox potential

to give an ohmic contact than the schottkey barrier of TiO2 -Pt and

TiO; -Au catalysts[17]. Immediate decolourisation of AO7 dye of 7» max

483 nm than all other dyes is of great interest and reveals that the shift of

band gap to the visible region by the incorporation of suitable metals is an

innovative path in dye industry for pollution abatement.

6.3.0 Future Outlook

Photocatalysis is a mature field with extensive practical applications

in the society. There is a large body of literature, including a number of

reviews, describing TiO2 catalysed photochemistry [18-20]. Noteworthy are

the 1995 contribution of Hoffmann et al. which includes 441 references I21]

and the excellent review paper by Hashimoto et al. [22] This study confirms

that photocatalysis is suitable not only for decolorizing colored aqueous

effluents but also fortunately degrading the dyes and its degradation

intermediates to innocuous mineral products (CO3, H30, SO42'etc). With

good photocatalytic activity under UV irradiation and the ability to be

readily separated from the reaction system, this novel kind of catalyst

exhibited the potential to be effective in the treatment of organic pollutants

in aqueous systems.
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Recently, many opportunities have been evolved. Deposition

techniques have been considerably perfected and hence can be exploited in

various other applications like thin film technology especially for various

devices and sensory applications. The knowledge of the defect chemistry

has been considerably improved and developed. Optical collectors, mirrors

and all optical analysis capability have increased which can be exploited in

many other future optical devices. The understanding of the electronic

structure of materials has been advanced and this has helped to our

background in materials chemistry. Many electrodes have been developed,

which can be a useful for all other kinds of electrochemical devices.

Further aim in this field is to make improvements in the efficiency

by identifying and designing new semiconductor materials with

considerable conversion efficiency and stability. Constructing multilayer

systems or using sensitizing dyes that can increase absorption of solar

radiation, formulating multi-junction systems or coupled systems so that

one can optimize and utilize the possible regions of solar radiation,

developing nanosize systems that can efficiently dissociate water. Deeper

understanding the roles of the different components in synthesis process is

important for a rational design and reproducible construction of mesoporous

materials. Also suggest that a better understanding of adsorption can lead to

better models and more successful systems.
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Oxidation is a fundamental transformation in organic synthesis, and

numerous chemical reactions are reported in the literature. lt is a core

technology for converting petroleum based materials to useful chemicals of

a higher oxidation state. Catalytic oxidation offers the advantage that

volatile organic compounds can be removed from aerial effluents to very

low levels. In industrial chemistry, heterogeneous catalyst systems are

preferred over homogeneous system due to easy recyclability and

separability of the catalyst. Due to the increasing environmental concems,

oxidation using environmental friendly catalysts as well as oxidants such as

molecular oxygen and hydrogen peroxide are more desirable these days.

This chapter discusses about the catalytic oxidation techniques,

mechanisms, volatile organic compounds (VOC), TiOg based catalysts etc.

-"ii
F6
‘Q I
$3
ft?

\

.8‘I'£»?5?6‘35E-if5i’§f3?3?3?5?3?5??$?3i$"§E3‘?$‘33?$?EE‘$3



Chapter 7

7.1.0 Introduction

Catalytic oxidation is the largest class of organic reactions in the

petrochemical industry. Since hydrocarbon derivatives containing oxygen

and other heteroatom are intermediate to practically all important plastics,

synthetic rubber, chemical fibers, products of household industry etc.[1].

Heterogeneous catalytic oxidation, both in the liquid and vapour phase, is

an important technological area in the field of processes for the production

of bulk organic chemicals, the production of fine chemicals and for

pollution abatement [2]. These oxidation processes can be divided into two

groups, namely selective oxidation and total oxidation reaction. In the

selective oxidation reactions like ammoxidation and oxychlorination, the

desired reaction product is not the most thermodynamically stable one and

in the other type, the desired reaction products are thermodynamically the

most stable. In general, the former type of reaction is for the production of

bulk organic chemicals whereas the latter is for energy conservation and

pollution abatement|3].Thcre is a growing interest in the oxidation of

saturated hydrocarbons especially under mild conditions due to the wide

ranging utility of the ensuing functionalized compounds as raw materials

and intermediates in industrial and pharmaceutical industry[4-6]. The

oxidation products of cyclohexane, viz., cyclohexanol and cyclohexanone,

are key intermediates in the production of caprolactam (a monomer in the

manufacture of nylon-6) and adipic acid (a building block of polyamides

viz. nylon-66 and polyurethane resins) [7-9]. While the oxidation of olefin

into ot,B-unsaturated ketone has been utilized in the synthesis and

transformations of several natural products. The oxidation products of

cyclohexene and ethylbenzene are widely cmploycd as intermediates in

organic, steroid, and resin synthesis. For example cyclohexene epoxide

could replace cyclohexenone as an intermediate in the synthesis of adipic
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acid, the precursor for Nylon 66. Cyclohexene epoxidation could be used as

an important step of a greener synthesis of adipic acid [10]. The direct

epoxidation of alkenes has been the main process for preparing the

epoxides. Industrial olefin epoxidation has been carried out in the presence

of alkaline earth metal chlorides promoted by chlorine containing

substances. This method has several disadvantages, one of which is the use

of chlorine containing reagents. Chiker et al. synthesized new mesoporous

catalysts by grafting titanium on mesoporous silica (SBAl5) by means of

titanium tetrachloride in gas phase and tested for green epoxidation of

cyclohexene Ill]. The organic effluents containing phenolic compounds

from pharmaceutical, fine chemical and petrochemical industries, on

account of their poor biodegradability, fonn a major threat to the ecological

balance. Mineral acids|l2-14], simple metal ions [15,16] and metal

complexes[l7] are the traditional catalysts for this reaction, but these

homogeneous catalysts are difficult to be separated and recovered from the

reaction mixture, which prevents their practical utilization in phenol

hydroxylation. Therefore, heterogeneous catalysis over various metal

oxides and complexes, such as metal oxides or supported ones [18-20],

metal complex oxides [21,22|, zeolite encapsulated metal complexes[23]

and hydrotalcite like compounds [24,25] have been of great interest to many

researchers for a long time. The performance of the catalytic systems points

to its potential in the degradation of phenolic wastes. The selective

oxidation of phenol to industrially useful diphenols forms a convenient

route to the efficient disposal of phenolic compounds. Hence, the

development of catalytic methods involving clean oxidants for the selective

oxidation of hydrocarbons is of great practical interest [26].

Nowadays, large scale industrial chemical processes, which

generally involve several steps afflicted with the generation of by products
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and waste are subject to continuously increasing environmental concems

and suffer from severe regulations. Commonly used oxidants are molecular

oxygen, hydrogen peroxide and alkyl hydro peroxide. Molecular oxygen is

obviously an ideal oxidant, but aerobic oxidation is often difficult to control

and sometimes results in combustion and the reaction is performed with a

low conversion to avoid over-oxidation. In the last decade, N20 has also

attracted growing attention as a selective oxygen donor for oxidation

reactions [27-30]. In addition, for environmental constraints, classical

stoichiometric oxidants, such as dichromate or permanganate, should be

replaced by new environment friendly catalytic processes using clean

oxidants like molecular oxygen or hydrogen peroxide[31,32]. Metal­

containing aluminophosphate molecular sieves and rare earth exchanged

zeolite Y offers tremendous potential as catalysts in the oxidation reactions

to transform hydrocarbons into valuable products I33, 34]. Coma et al.

reported that properly coupling catalyst design and reaction conditions

could give very high turnover numbers for Baeyer~Villiger oxidation using

Sn-Beta/H202 and Al-Beta/H20; as catalysts in acetonitiile solvent [35].

Titanium containing catalysts and their modification is of great importance

in the liquid phase oxidations of heterogeneous catalysis.TiO; containing

xerogels are active catalysts for a variety of oxidation reactions with H302,

including epoxidation of alkenes, oxidation of secondary alcohol and

hydroxylation of phenol [36-39]. According to Guin et al. who have studied

styrene oxidation, the oxygen vacancies present in the catalysts will

facilitate the adsorption of hydrogen peroxide to fonn molecular oxygen for

the oxidation reaction [40]. Benzyl alcohol oxidation has been studied using

hydrogen peroxide as oxidizing agent. According to V.R. Choudhary et

al.on hydrotalcite like materials, the formation of benzladehyde and

benzoic acid occurs through the involvement of molecular oxygen I41].
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Wada et al. have studied the Benzyl alcohol oxidation reaction over

palladium oxide nanoparticles and reported the involvement of molecular

oxygen for the oxidation process [42]. The molecular oxygen liberated by

the adsorption of hydrogen peroxide over the catalyst surface may be

utilized for the oxidation of benzyl alcohol to benzaldehyde [34].In short,

eco-friendly method of conducting organic reactions with environmentally

benign catalysts and oxidants were discussed in this chapter.

7.2.0 Mechanism

)Adsorption Jvvuvvv\.r~—->- Molecular oxygen
IIHIIIIH llllilllll

Catalyst surface

Scheme 7.1 Action of H20; on Catalyst Surface

Heterogeneous oxidations are commonly described by certain

kinetic rate laws like Mars-van Krevelen mechanism, Eley-Rideal

mechanism and the Langmuir-Hinshelwood mechanism[43,44].An

important part of the Mars and van Krevelen mechanism is that the lattice

oxygen is replenished by gas phase oxygen in a reoxidation process. This

mechanism has come to be the most widely applied in heterogeneous

oxidation catalysis. It is stated that contact oxidation is performed by a

redox cycle of metal oxide catalysts and, as a result, the oxidation activity

is dependent on the redox action, that is, a pair of reducibility and

reoxidizability. The rate-determining step in this mechanism is the

diffusion of oxygen in the catalyst bulk. The mechanism proposed was that

the hydrocarbon extracts lattice oxygen from the surface layer of the

catalyst, thereby generating a reduced catalyst.

238



Chapter 7

Hydrocarbon O2_

MM M Win 4/

Oxygenflw l K 29- J­
Scheme 7.2 Mechanism of heterogeneous oxidation catalysis

ln general, the Mars-van Krevelen mechanism is assumed to be

operative for selective oxidation reactions. First, the reactant to be oxidized

is adsorbed on the surface of the catalyst resulting in the formation of an

adsorbed complex. Subsequently a reaction takes place between the

adsorbate and oxygen from the lattice of the catalyst, resulting in the

formation of a partially oxidized product, which after desorption leaves an

oxygen vacancy at the surface. Re-oxidation of this vacancy takes place via

gas phase oxygen, as represented in scheme 7.2. The lattice oxygen is

inserted in the hydrocarbon molecule while the reduced solid is reoxidized

by gaseous oxygen. The insertion of lattice oxygen in the hydrocarbon and

the incorporation of gaseous oxygen as lattice oxygen commonly take place

at different cation sites. Then, the catalyst should allow electrons, lattice

oxygen 02' and anion vacancies to move between those sites[45]. The
mechanism can best be defined as a mechanism in which one of the

products leaves the surface, containing one of the constituents of the lattice.

With this mechanism oxidation, reduction, de-oxygenation and oxidative

dehydrogenation can be described. lf diffusion of lattice oxygen is

sufficiently fast, the 02' surface species will migrate into the lattice. This

process can continuously take place as long as reactants are present to

reduce the catalyst and oxygen to re-oxidize the surface. The presence of

metal ions of which the lower oxidation state is relatively stable is a
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prerequisite for the development of this mechanism. The surface of a metal

oxide catalyst is likely to contain an amount of metal ions of a lower

oxidation state. Up to a certain concentration, these metal sites can be

considered as defects in the metal oxide matrix. However, when the oxygen

vacancy concentration becomes too high, a new solid phase can form.

Formation of a new solid phase generally calls for a nucleation step, which

usually proceeds too slowly to give rise to a marked catalytic activity. If the

redox mechanism is to be operative, it is undesirable that the catalyst

becomes crystalline. Catalysts exhibiting the Mars-van Krevelen
mechanism therefore should be able to contain a certain amount of lattice

defects without recrystallizing into a metal suboxide[46].

7.3.0 Volatile Organic Compounds (VOC)

A great deal of the early work into semiconductor photocatalysis

focused on the removal of organic pollutants from water. However, of

probably greater interest in recent years, has been its use in the removal of

organic pollutants in the gas phase. Since volatile organic compounds,

(VOCs) are often responsible for malodorous air, it is common for the use

of semiconductor photocatalysis in the removal of VOC to be also referred

to as photodeodorisation I47-51].

The volatile organic compounds are the polluting agents. Any

compound based on carbon and hydrogen with the vapour pressure greater

than2mm Hg at 25°C is called a volatile organic compound. lt may contain

oxygen, nitrogen and other elements. Examples are l-lexane, Benzene,

Toulene, Dichloro ethane, Methanol, Ethyl Acetate etc. Exceptions are CO,

CO2, HZCO3, CH4, metal carbides and metal carbonates. Thus industrial

wastes or exhausts, combustion of fuels, petro chemical complexes and

storage and usage of organic solvents release voluminous polluting agents.
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Textile finishing mills discharge waste water containing a great variety of

organic contaminants in a wide range of concentration. The release of this

colored waste waters poses a major problem for the industry as well as

threat to the environment.]52-53]. Also common treatment processes, e.g.

adsorption on activated carbon, floccculation and electr0coagulation[54] are

not efficient methods because they appear in solid wastes ,thus creating

another environmental problem requiring further treatments. Health effects

caused due to this are skin cancer and eye irritation, central nervous system

gets affected, loss of memory, immunological disorders, respiratory

problems, and the damage of lung tissues. lt can be eliminated by thermal

oxidation with flame (natural gas or propane) or flameless heat exchanging

bed, membrane separation by liquefying VOC, regenerative thermal

oxidation (RTO) using adsorbent materials, catalytic oxidation etc.. The

application of a suitable catalyst in reactions so as to minimize the pollution

is an eco-friendly method.

7.4.0 Selective oxidation of hydrocarbons

The objective of the selective oxidation is to oxidize the organic

molecule while keeping its skeleton. The catalysts used are solids, most

often mixed oxides with elements with different oxidation states, which

present redox properties. They can be continuously reduced by

hydrocarbons and oxidized by the oxygen present in the reaction mixture.

Processes involving the oxidation of hydrocarbons in the liquid phase,

using air or oxygen, are of great importance to industrialized economics

because of its role in converting petroleum hydrocarbon feedstocks such as

alkanes, olefins, and aromatics into industrial organic chemicals, important

in the polymer and petro-chemical industries. Because oxidation of

hydrocarbons ultimately gives carbon dioxide and water, it is clear that, the
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partial oxidations are of greatest interest to the industry, and the success of

an industrial oxidation process depends on proper control of the reaction to

yield the desired intermediates with reasonable selectivities [55]. The

complex chemistry of hydrocarbon oxidations leads to a multiplicity of

products even at fairly early stages in the conversion. In modern

heterogeneous catalysis, in-situ characterization and catalytic design have

not only added to our understanding of catalytic phenomena, but also have

led to new solid catalysts capable of remarkably selective oxidation of

hydrocarbons [56]. The selective catalytic oxidation of organic molecules

continues to be a very important method for the preparation of primary and

specialty chemicals in the chemical industry world wide [57].

An increasing attention is being given recently to phase transfer

oxidation catalysts in the presence of tungsten and molybdenum

compounds, which are efficient catalysts for oxidation with hydrogen

peroxide solutions of various organic substrates, viz., olefins, alcohols and

aromatic hydrocarbons [58]. Titania and metal modified titanium catalysts

are highly promising catalysts in the liquid phase oxidations in organic

chemistry. Titania-silica mixed oxides are active and selective epoxidation

catalysts, offering an efficient alternative to conventional titania on silica

and titanium substituted zeolites[59-70]. The unmodified as well as the

methyl- and phenyl- groups modified titania-silica aerogels were active and

selective in the epoxidation of cyclohexene with teit- butyl hydroperoxide [71].

Novel mesoporous TS-1 catalyst is shown to be active in epoxidation of

oct-l-one and significantly more active in epoxidation of cyclohexene than

conventional TS-l[72]. The epoxidation of alkcnes using titanium silicate

(TS-1) as a solid catalyst and aqueous hydrogen peroxide as oxidant has

been studied extensively.
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The redox property of small metal particles differs from their bulk

value and depends on the size and structure of the modified particle. The

redox properties of ceria and copper and the high lability of its lattice

oxygen are among the most important factors that contribute to the catalytic

reactivity of CeO2and CuO in oxidation reactions [73,74] .Generally, the

oxidation rate is limited by the oxygen transfer from the liquid phase to the

metal active sites, while CeO2, able to enhance this oxygen transfer to

efficiently catalyze oxidations|75]. The promotional oxidation activity of

ceria-containing catalysts clearly assigned to role of ceria in creating

Ce”/Ce“ redox couple[76-78] like Cu”/Cu2+. The Ce“/Ce“ and Cu”/Cu2+

redox couples present in catalysts is known to be responsible for the

intrinsic property because it acts as an oxygen buffer by storing and

releasing oxygen under controlled conditionsl79~8l]. Variable valency of

the ions Ce3+'iii4+ and Cu'+"2+ usually lead to nonstoichiometric M02-» This

aspect and the defect structure on the catalysts were due to oxygen

vacancies and metal interstitial to maintain electrical neutrality. Variable­

valence cerium ions can favour the formation of oxygen active sites O'(5u,~),

which are stabilized near cation vacancies through the reaction shown in

scheme 7.3 and this additional dioxygen activation pathway lead to an

increase in the activity ofthe catalyst [82-84].

2- 4+
-mi 2 O'(SuI_) + 2C€4+

Scheme 7.3 Equation of the redox couple

The main objective of this research is to promote titania based

catalysts like CeO2_..»TiO2 and CuO/TiOgin liquid phase reactions. The

structural evidence is that the stabilization of anatase phase oftitania at this
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temperature is effected by this redox couple. The experimental results

show that cerium-doped titania samples stabilizes the anatase phase until

800°C, whereas copper-doped samples calcined at the same temp. upto

600°C. So, CeO2 is a better stabilizer for anatase phase than CuO. But in

this work all the reactions were carried out at a low temperature. According

to De Farias et al, CeO2 and CuO are better stabilizers for anatase phase

than SnO;[85]. A study about the stabilization of anatase phase at high

temperature carried out in liquid phase reactions offers the introduction of

more and more fresh reagents into the catalyst system without any work up.

A catalyst’s efficiency is found to be high when deactivation on continuous

run is low. There is a decrease in conversion due to blocking of active sites

where selectivity remains constant. The results indicate the efficiency and

CeO2/TiO2 as the more efficient one in catalysis. The increased activity and

decreased deactivation are clearly understood from the reusability pattern.

The use of noble metal containing catalyst like platinum over alumina

generates lesser build up. However. due to its weaker reactivity, longer

reaction times and higher oxidation temperatures are required [86]. Liquid

phase oxidation of Pt,Pd,Au were reported by D.l. Enache er ai with less

selectivity [87] .Hamoudi et al also investigated the catalytic oxidation of

phenol in aqueous solution in presence of Pt and Ag promoted
MnO;/CeO2[88]. Hocewar er al, investigating on the catalytic wet peroxide

oxidation of copper containing catalysts observed that Ce1-xCu,<O3_5 system

was insoluble in hot acidic solutions|89l. The same system when prepared

in the fonn of highly dispersed copper oxide phases on CeO; support by sol

gel route was catalytically active under mild conditions. Jun Wang ct al

reported Cu2+ exchanged zeolites as effioient catalysts for phenol

hydroxylation with hydrogen peroxide as the oxidant [90].
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7.5.0 Catalytic activity measurements

Titania, being a well known photocatalyst, the influence of it and

the metal modified systems were applied for chemical activity studies also,

in detail. Liquid phase reactions like epoxidation of cylcohexene and

hydroxylation of phenol were carried out using CeO2/TiO2 and CuO/TiO2

catalysts denoted in this work as TiO2—Ce as TiO2-Cu respectively . Also

different wt% of metal incorporated titania catalysts like 3, 6, 9 wt%

CeO2/TiO2 and CuO/TiO2were subjected to the present study. Therefore, In

order to test the catalytic activity of the prepared systems, the experimental

conditions were optimized using 6wt. % loaded CeO2/TiO2 catalyst,

denoted as TiO;-Ce 6. Oxidation of aromatics to give various industrially

important products can be successfully carried out in liquid phase over the

prepared catalytic systems. The role of a catalyst in bringing about a

chemical reaction is a stimulating one.

ln the present case. epoxidation of cyclohexene and hydroxylation

of phenol were carried out in the liquid phase. Both the reactions were

carried out in liquid phase following a standard procedure. The reactants in

the required molar ratio with the oxidant and a definite amount of the

catalyst were taken in a 50ml round bottom flask fitted with a water

condenser. The whole set up is placed in an oil bath, placed on the top of a

magnetic stirrer. The temperature of the oil bath can be adjusted according

to the requirement for a particular reaction and kept constant with the help

of a dimmerstat. The product analysis was done using gas chromatograph

(Chemiro) equipped with Flame ionization detector (FID) and a capillary

column SE-30 for the epoxidation reaction and an OV-17 column used for

the phenol hydroxylation reaction. The catalytic activity was expressed as

the percentage conversion and the selectivity for a product is expressed as

the amount of the particular product divided by the total amount of

products multiplied by I00.
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Epoxidation of Cylcohexene

Abstract
.,-‘E? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .

Epoxides are important intermediates in organic synthesis of fine

chemicals and pharmaceuticals. Therefore the synthesis of an epoxide by an

easier method and a low cost route is of great interest to researchers

working in this field. Titanium containing catalysts showed an increased

activity and epoxide selectivity. The Ce“./Ce“ and Cu'+/Cu2+redox couple

present in TiO2-containing catalysts is known to be responsible for the

intrinsic property because it acts as an oxygen buffer by storing and

releasing oxygen under controlled conditions. The present chapter

illustrates an exhaustive investigation on the liquid phase epoxidation of

cyclohexenc over the prepared catalytic systems. The influence of various

reaction parameters like time, temperature, mole ratio of the
reactantoxidant, amount of the catalyst and nature of the solvent were

investigated thoroughly.



Chapter 8

8.1.0 Introduction

In recent years, several heterogeneous and homogeneous catalysts

have been shown to be effective in the selective oxidation of olef1ns[l-5].

Heterogenization of alkene epoxidation catalysts was done recently to

produce an appropriate material, which would allow the obtention of

epoxides with high selectivity under industrial conditions[6]. Framework

Ti- substituted and Ti- grafted MCM-41 mesoporous materials have been

tested as catalysts for cyclohcxene oxidation[7]. The mesoporous structure

of the catalyst plays an important role in the oxidation of cyclohexene,

especially when bulky TBHP was used as the oxidant. The mesoporous

materials with different compositions, new pore systems, and novel

properties have attracted considerable attention because of their remarkably

large surface areas and narrow pore size distributions, which make them

ideal candidates for catalysis [8]. Recently, much attention has been

directed to the synthesis of nanostructured mesoporous oxides using

surfactant templating method. lt has been developed for the synthesis of

materials with a narrow mesopore size distribution and controlled pore

structure [9-11]. It is generally anticipated that the use of a high surface

area mesoporous oxide support, rather than a commercial, low surface area

support, for noble metals or transition metals has some beneficial effects on

the catalytic performance [12]. The mesoporous support would give rise to

well dispersed and stable metal particles on the surface upon thermal

treatments and as a consequence would also show an improved catalytic

efficiency.

Cyclohexune epoxide is of great technical importance as it is

applied in the modification of epoxy resin properties and the synthesis of

new polymers, copolymers and solvents. Another very interesting
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application is the preparation of cyclohexanol and pyrocatechins [13].

Special attention was paid to cyclohexene because cyclohexene epoxide

could replace cyclohexenone as an intermediate in the synthesis of adipic

acid, the precursor for Ny1on- 66[14]. The current production of adipic acid

amounts to 2 million tones/year worldwide. It involves eyclohexenone

oxidation by nitric acid and those reduction products include N20. Nitrous

oxide is a strong green house gas, 200 times more potent than CO2, and is

partly involved in ozone layer damage. Also the epoxide materials are

largely used for the synthesis of several perfume materials, epoxy resins,

plasticizers, drugs, sweeteners, etc.

Titanium containing carbon-silica composite catalysts showed an

increased activity and epoxide selectivity [15]. This may be attributed to the

hydrophobic nature of the carbon surface and the local environment of

active titanium centers on the silica support. Peng Wu er al studied the

liquid phase alkene cpoxidation activity over a novel titanosilicate with the

MWW topologyl16]. Interaction of titanosilicates (TS-1, TiMCM-4l and

Pd (H,-TS-l) with H202, urea- H202, and (H2 + O2) generates reactive

Ti(lV)-superoxo and hydroperoxo/peroxo speeies[l7]. The selectivity for

epoxidation over these catalysts can be enhanced by controlling the type of

Ti-oxo species. The organic modification of titania - silica catalysts by

mono and bidendate functional groups enhanced the rate of epoxidation of

cyclohexene remarkably[18]. A high and stable activity for ceria/tiania

catalyts has been established for the water-gas shift reaction. The

relationship between metal loading and catalytic activity was studied over a

wide temperature range for the epoxidation. It was shown that tiania plays

the role of an active support capable of producing oxygen. The high and
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stable activity of ceria / titania catalysts could arise from the high and stable

dispersion ceria present during the catalytic operation[19, 20]. .

Many efforts have been made to develop new catalysts to oxidize

cyclohexene under mild conditions with high selectivity for the target

products using different oxidizing agents. A noteworthy development in

this regard was the results by K.U.lngold et al[2l}.The concepts and

informations given by Sheldon et al were of much importance in the field

of catalytic oxidations[22-24]. The activity of these catalysts in liquid phase

oxidation was generally been correlated with the redox properties of the

catalysts. ln this work, titania based catalysts like CeO2_.-»TiO2 and

CuO/TiO2were used. Variable valency of the ions Ce3+t'l'4+ and Cu'+"'l'2+

usually lead to the efficient catalytic activity of the reaction. There are a

variety of experimental systems capable of carrying out an oxygen transfer

to an alkene double bond to produce an epoxide. The oxygen vacancies

present in the catalysts will facilitate the adsorption of hydrogen peroxide

to form molecular oxygen for the oxidation reaction |25].ln a number of

them, the oxygen added to the olefin comes from a peroxo group, either in

the form of an organic peroxide or coordinated to a transition metal. The

use of cleaner oxidants than usual hazardous and costly organic peroxides

for epoxidation allows the development of greener reaction. Hydrogen

peroxide (H202) and tert-butyl hydroperoxide (TBHP) are more suitable

from environmental point of view of green chemistry because their

reduction products, water or alcohol can be easily recycled I26]. The

profitability of epoxidation with hydroperoxides depends on the possible

utilization of co-products, namely tert-butyl alcohol in the case of TBHP

[27].
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The general reaction pathway is represented in scheme 8.1. The

nature of the products demonstrates that cyclohexene can suffer either

epoxidation yielding epoxy cyclohexane (cyclohexene epoxide) and glycol

(cyclohexane diol) or an allylic attack forming cyclohex-2-ene-l-ol

(cyclohexenol) and cyclohex-2-ene-l-one (cyclohexenone). All the

catalytic systems showed considerable activity towards the reaction with

high selectivity towards cyclohexene epoxide.

OH

o —-—>

Cyclohexane epoxide OH
Cyclohexane diol

Cyclohexene ii...’

OH O
Cyclohexenol Cyclohexenone

Scheme 8.1 Reaction Pathway of cyclohexene cpoxidation
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8.2.0 Mechanism of the Reaction

OH

| II-B 110i 0
'r'\+ t-B11001-I Z. i‘ 11/ + 11,0/ I / |\Tcrt-Butyl Peroxo

Titanium Complex

t Buo-— t'B“°_ ‘ O
ii» /+ -------—l* I + (Ti Ti

/ | \ Cyclohexene / I \ gychihexmcpoxzde

I-BIJO t_Bu0i O
IL + ¢-BuooH~-—- i‘ 11/ + t-BuOH/ I \ / |\

Scheme 8.2 Proposed pathway for the epoxidation of cyclohexene

In the epoxidation of cyclohexene, the oxidant (TBHP) interacts

with titanium centers and transfers oxygen to cyclohexene. The

cyclohexene epoxidation proceeds via free alkoxyl radical chemistry (ie, O­

O bond homolysis oi°TBHP). Upon the exposure of TiO;>_ surface with this

TBHP, tert- butyl peroxo titanium complex is formed. The peroxo titanium

complex formed by the direct reaction between the prepared catalysts of

titania and TBHP should have been considered as another candidate for an

active species. This suggests that the Ti—OO-I-BU is a plausible active
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species .The cyclohexene epoxidation is then proceeded by oxygen transfer

from the tert- butyl peroxo titanium complex to the cyclohexene double

bond. The consumed complex is finally regenerated by terz- butyl hydro

peroxide. The enhanced cyclohexene conversion in the case of metal

modified titania systems may be attributed to the assistance of the added

metal oxide to form the corresponding tetra.— butyl peroxo titanium

complex. The additional possibility of the added metal to fonn the

corresponding retra.- butyl peroxo complex due to the ability of the metal

to form a variety of high valent oxocomplex cannot be ignored. A

schematic representation of the reaction mechanism is also given :­

I13‘: “~ /'"“
Hac > o\cj J F 1  1- 01 3Hac H“ OH *­

\O 0/
"~c\_,./ _ __ ‘J,/ We

\ /
Ti1" \O O/ \

Scheme 8.3 Schematic representation of the reaction mechanism

8.3.0 Procedure of the Reaction

The epoxidation of cyclohexene with tert-butyl hydroperoxide was

carried out in a 50 ml round bottomed flask having a side tube equipped

with a reflux condenser and a thermometer. The reactor and oil bath were

continuously stirred to ensure that the system was well mixed and

isothermal. In a standard procedure 0.1g of the catalyst,TiO;-Ce 6 and
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reactant cyclohexene and oxidant TBHP, in the mole ratio 1:2 were added

into 10ml of the solvent, acetonitrile. The mixture was heated to 313K

under stirring. All the reagents were used as such without further

purification. The samples were withdrawn at different reaction time and the

products were separated by filtration .Then the products were analyzed by

gas chromatography using a capillary column (Chemitto GC 1000, FID, SE

30 column-12m length, O.25mm Dia,N2 carrier gas). Product identification

was done by comparing the retention times with standards. Two other

systems were also performed keeping the temperature at 323K and 333K

respectively.

When the reaction is conducted in the absence of a catalyst (blank

run) and in the presence of the catalyst (0.lg TiO2-Ce6),it is observed that

in the blank mn, even after 3h, the percentage conversion is only 2wt %

and the number of detectable side products remained very low. When

conducted in presence of 0.1 g of CeOg/TiO2 catalyst under the same

reaction conditions, the yield is 89 wt % with prominent selectivity for all

the products formed. From this it can be concluded that in presence of the

catalyst, the reaction proceeded through a different path with lower

activation energy. Hence the percentage conversion is higher in the

catalyzed reaction.

8.4.0 Influence of reaction conditions

The reaction is conducted by varying the reaction parameters like

the time of the reaction, temperature, mole ratio of reactant and oxidant,

amount of the catalyst, different solvents and compared the activity of these

systems under the same reaction condition to get an favourable optimized

state. This is discussed below.
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8.4.1 Effect of Time

The epoxidation of cyclohexene, was carried out continuously for

6h at 323K using TBHP as the oxidant in presence of acetonitrile as solvent

over the prepared catalyst systems in order to study the effect of time on the

reaction. Figures 8.l,8.2 and 8.3 show the time courses for the epoxidation

of cyclohexene over TiOg‘ TiO2-Ce6, and TiO2-CLl6 respectively. It is

observed that a common trend is followed in the activity as well as in the

epoxide selectivity. During the initial stages of the reaction the percentage

conversion increased and approached an almost steady value within 3h.

But the selectivity towards the corresponding epoxide increased till to 3h of

the reaction and thereafter it drops suddenly. This may be due to the

possible side reactions. These reactions afford mostly allylic oxidation

products and oligomers, and thus limit the epoxidation selectivity.

Reaction Conditions

Catalyst chosen -0.1g TiO2, TiOg_CC(), TiO3-Cu6

Cyclohexene I TBHP -I12

Solvent -10ml Acetonitrile

Temperature -323K
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Fig8.2 Effect of time on the reaction by TiO;-Cc6
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F ig8.3 Effect of time on the reaction by TiO;-Cu6

8.4.2 Effect of Temperature

The epoxidation of cyclohexene depends greatly on the reaction

temperature. The reaction was carried out with the oxidant TBHP at

different reaction temperatures as 313,323 and 333K respectively and the

results were given in figure 8.4. Interstingly, the product distribution varied

depending on reaction temperature. The percentage conversion was 60%

when conducted at a temperature of 333K. The cyclohexene conversion

reached about 89% when the temperature reaches 323K with a epoxide

selectivity of 76%. But as the temperature is increased, the amount of

allylic oxidation products increases leading to a lower selectivity of

epoxide. The percentage cyclohexene conversion decreases with

temperature beyond 323K. From the results it can be concluded that the

epoxidation of cyclohexene proceeds with high activity and selectivity

under gentle reaction temperature. The high conversion is not accompanied
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by the highest selectivity of transformation to epoxide with regard to TBHP

med. This is due to the decomposition of TBHP to alcohol and

oxygen at higher temperature. (H3C) 3C-OOH —> (H3C) 3C-OH + 0.5 O2

COIISU

Reaction Conditions

Catalyst chosen - 0.1 gTiO2-Ce6

Cyclohexene I TBHP -l :2

Solvent -lOml Acetonitrile

Duration -3hrs

—I— Conversion100 -0- Selectivity
90

centage
%¢J_

0fl\.

Wt.Per
3J

60­

501 er" " 1 ‘a ear I ** I
335I Q QQ310 315 120 125 110

Temperature(K)

Fig8.4 Effect of temperature on the reaction by TiO;-Ce6

8.4.3 Effect of Mole Ratio of Reactant:Oxidant

The epoxidation reaction was carried out using oxidants like

hydrogen peroxide and tert-butyl hydroperoxide. A blank run was made by

conducting the reaction without the addition of an oxidant and that yields

negligible conversion with a poor selectivity of cyclohexene epoxidc. At
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333K,the corresponding epoxides are obtained with 50% selectivity though

the percentage cyclohexene conversion is only 40 wt.%. 1-Iere the colour of

the catalyst changed to brown. This can be due to the possible formation of

hydroperoxy complexes with titanium. When the epoxidation is carried out

with TBHP as oxidant, the conversion was very much higher with a

percentage epoxide selectivity of 76 %. Despite its outstanding interest in

green chemistry, hydrogen peroxide gives poorer results and so TBHP is

preferred in the epoxidation of cyclohexene. Here only the TBHP graph is

shown. To investigate the effect of concentration of TBHP on the rate of

cyclohexene epoxidation, a series of reactions were performed with varying

concentration of the reactantzthe oxidant TB1-1P fromlzlto 1:3. From the

figure 8.5, it is evident that an optimum mole ratio of cyclohexene : TBHP

is needed for maximum activity as well as selectivity of the products. As

the concentration increases, the rate of epoxidation of cyclohexene

increases with a good selectivity of cyclohexene epoxide. The rate reaches

a maximum value for 1:2 mole ratio and thereafter goes on decreasing.

From the observation of XPS values it can be noticed that hydroxylation

degree of systems prepared in the presence of TBHP appears slightly

higher. This could indicate that the presence of metal could enhance the

acidic properties of the surface and hence the strength of hydroxyl groups

at the surface [28].

Reaction Conditions

Catalyst chosen -O.lg TiO;-Ce6
Solvent -10ml Acetonitrile
Temperature -32314
Duration -3hrs
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Fig8.5 Effect of mole ratio on the reaction by TiO2-Ce6

8.4.4 Effect of catalyst amount

In heterogeneous catalysis, the amount of the catalyst plays an

important role in determining the rate of the reaction. To study this, the

catalyst weight is varied by taking different amounts of CeO2/TiO3 catalyst

under othenvise identical reaction conditions. Figure 8.6 shows the

influence of amount of catalyst weight on the catalytic activity and

selectivity. In the absence of a catalyst, the conversion is negligible.

Addition of 0.05 g catalyst changes the percentage conversion from 65 to 78

in the epoxidation of cyclohexene. An initial sharp rise in the percentage

conversion is observed when the catalyst amount is increased to 0.1 g. After

that the percentage conversion remains almost the same even though the

catalyst amount is changed to 0.l5g. But the percentage conversion

decreases with further increase in catalyst weight. The effect of catalyst

weight is more substantial when considering the epoxidation activity, but
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no clear correlation of catalyst weight with the percentage conversion can

be established. A gradual change in the epoxide selectivity is also noticed

with the change in catalyst weight. An optimum catalyst weight of 0.1 g is

chosen for the present reaction, considering the percentage conversion as

well as epoxide selectivity.

Reaction Conditions

Catalyst chosen -TiO2-Ce 6

Cyclohexene : TBHP -1 :2

Solvent -10ml Acetonitrile
Duration -3hrs
Temperature -323K

I00— —l-Conversion
-—0—Selcctivity

90-0f'\

centage
O0Q

. K

Wt.Per

%'

60 -1-!

501 ~ I I | -1 |0.00 0.05 0.10 0.15 0.20
catalyst am0unt(gms)

Fig8.6 Effect of catalyst amount on the reaction by TiO;—Ce6
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8.4.5 Effect of Solvent

Catalytic activity depends largely on the nature of solvent used. So

it is necessary to find out an ideal solvent for the epoxidation of

cyclohexene using TBHP as the oxidant. K.U.Ingold et al reported in his

work that the solvent suitable for olefin epoxidation is one, which is not a

hydrogen bond donor (HBD) and is also only a relatively poor hydrogen

bond acceptor (I-IBA)[29]. If the solvent is a strong HBA, it would be

expected to deactivate the catalyst (via any surface hydroxyl groups) and

also deactivate the hydroperoxide (via ROOH. ...HBA hydrogen bonding).

When water is used as a solvent for epoxidation, the catalyst

systems showed the least activity as well as selectivity of the epoxide.

Another change noticed was the formation of a product like cyclohexene-3­

(t-butyl) peroxide in appreciable amount other than this epoxide,

cyclohexane diol, cyclohexenol and cyclohexenone. lt has been reported

that when water was added to the reaction mixture, significant amounts of

cyc1ohexene-3- (t-butyl) peroxide was produced I30]. A nice balance

between these various solvent requirements is achieved for TiCe6 catalyst

by using acetonitrile, which may well be the optimum solvent for these

epoxidation reactions.

Reaction Conditions

Catalyst chosen -0.1gTiO2-Ce 6

Cyclohexene : TBHP -l :2

Solvent volume -10ml
Duration —3hrs
Temperature —323K
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F 7+

Solvent
Conversion

(wt %)

Selectivity (%)

Epoxide Diol t 1-ene + 1—ol
I

1 Water
I0 10 48 42

5 Acetonitrile
89

I76 18 6l _ 6- 77
l Isopropanol 15 20 52 6 28

Table8.l Effect of solvent on the reaction by TiO;-Ce6

8.5.0 Catalytic activity of different systems in the reaction

Optimized Reaction Conditions

Catalyst amount -0.1 g
Cyclohexenez TBHP -1 :2

Solvent -1OmlAcetonitrile
Temperature -3 23 K
Duration -3hrs

C ‘ t 6 6
y Catalyst A (K1v‘;°£/3°" y Selectiv1ty(%)_... V .

Epoxide Diol enol + eDORE

65 81 17 2
y  -CC 3 82 ‘ 65 7 35 —
A  -C66 89 76 18  6
%*n02 -c<.-9 85 6 80 lllzl s
TiO2 -Cu 3 79 62 y 48 j  ­

TiO2 -Cu 6

TiO;'iZM-Cu 9

82

78

74

75

l 16 l
6 l 6

10

713 12
‘

Table 8.2 Effect of the catalysts in the reaction
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A comparative account of the catalytic activity of various metal

modified titania systems in the epoxidation of cyclohexene is given in the

Table 8.2. All the prepared systems were tested for activity over a reaction

time of 6h under the optimized reaction conditions, temperature of 323K

using 10 ml acetonitrile solvent and the reactant: oxidant mole ratio as

cyclohexene : TBHP is 1:2. The results of epoxidation of cyclohexene over

metal modified titania systems were presented in the table 8.2. Titania

catalyts like 3,6 and 9 wt % metal incorporated systems were subjected to

the study of this particular reaction.The different catalytic systems were

represented- for 3wt%of the metal loaded catalyst of ceria and copper as

TiO2-Ce 3,TiO3-Cu 3 , for 6wt%of the metal loaded catalyst of ceria and

copper asTiOg -Ce6 ,TiO2 -Cu 6 and TiO2 -Ce 9 TiO2 -Cu 9 for 9 wt %of

the metal loaded catalyst of ceria and copper. Pure titania exhibited poor

activity towards the epoxidation of cyclohexene. The interesting point to be

noted is that in spite of its poor activity, pure titania shows a very good

selectivity towards cyclohexenc epoxide. Whatever be the nature of the

metal incorporated, all the catalytic systems give cyclohexene epoxide as

the major product. Higher conversion of cyclohexene is observed in the

case of TiO2 -Ce 6 and TiO2 -Cu 6 catalysts. Remarkable conversion was

shown by TiO2-Ce 6 catalyst among all the other systems. But the

selectivity to cyclohexene epoxide is higher in the case of 9wt%

incorporated metals of Ceria and Copper modified titania catalytic systems.

An attempt to investigate the influence of the metal loading on catalytic

activity is quite reasonable. As expected, variation in metal loading had a

significant impact on the catalytic cativity. As the percentage of metal

loading is increased from 3 to 6wt.%, the conversion is also increased and

thereafter it decreases but the selectivity increased gradually. Reports
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provide access to highly dispersed Lewis acidic sites, which can effectively

activate the alkyl hydroperoxide oxidant[3l-32].It is concluded that Lewis

acidic sites are electron acceptors and Ce“ state accepts electron and gets

changed to Ce3+state.The good epoxidation activity and selectivity of

modified titania systems is attributed to the presence of highly dispersed

Lewis acidic titanium sites which is evident from the NH;-TPD graph.

8.6.0 Reusability of the catalysts

Regeneration and stability studies of the catalysts were tested for

various cycles by introducing the same catalyst in the reaction mixture and

observed that the recovered catalysts are less effective as expected in

comparison to fresh ones. Though pure titania exhibited poor activity

towards the epoxidation of cyclohexene it can be recycled. But owing to

leaching of cerium ions under the same reaction conditions the activity of

the TiO2~Ce 6 catalyst systems seems to diminish. This is generally

observed with all liquid-phase reactions more predominantly with peroxide

catalyzed reaction in acetonitrile solvent [33]. Generally, use of 30%

peroxide and acetonitrile as solvent results considerable leaching|34]. But it

has been found that even after four regeneration cycles the activity, i.e. both

conversion as well as selectivity of TiOg-Cu6 catalyst remains same as in

the initial cycle, showing the efficiency ofthe catalysts.
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Hydroxylation of Phenol

ésigzeiag. ............................................................................................................. . .

Hydroxylation of phenol is an industrially important reaction as the

products, namely catechol and hydroquinone finds diverse applications.

The catalytic efficiency of the prepared titania systems in the hydroxylation

of phenol was carried out in liquid phase. In the present study, the catalytic

activity of pure titania as well as metal modified titania systems towards

phenol hydroxylation is analysed in detail. Phenol Hydroxylation reaction

seems to proceed along a complex pathway involving a series of
consecutive reactions. The influence of reaction variables such as reaction

time, temperature of the reaction, phenol to hydrogen peroxide ratio,

catalyst weight and the effect of solvent were studied so as to optimize the

reaction conditions.
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Chapter 9

9.1.0 Introduction

A variety of heterogeneous catalyst has been investigated for the

hydroxylation of phenol. Wei Zhao er al reported the synthesis of highly

ordered Fe-MCM-48 by a mixed templation method|l]. Its catalytic activity

and selectivity was studied for phenol hydroxylation using hydrogen

peroxide. The substituting element Fe“ is partially incorporated into the

framework position forming a new type of active site, which raises the

phenol conversion and the diphenol selectivity. Jun Wang er al reported

Cu2+ exchanged zeolites as efficient catalysts for phenol hydroxylation with

hydrogen peroxide[2]. Both zeolite type and copper content in the zeolite

catalyst were revealed to exert critical impact upon the catalytic activity in

phenol hydroxylation reaction. A.Dubey er al. carried out the hydroxylation

of phenol over CuM(ll)M(llI) ternary hydrotalcites, where M(lI) is Ni or

Co and M('[Il) is Al,Cr,or Fe and they studied the influence of various

reaction parameters on the percentage phenol conversion and the selectivity

of catechol and hydroquinone formed as the major products[3].

Hydroxylation of phenol was carried out over a series of CoNiAl ternary

hydrotalcites having a (Co+Ni)/Al atomic ratio close to 2.6 and a Co:Ni

atomic ratios ranging from 1:0 to 0:1 using H20; as oxidant and water as

solvent[4|' Both end members of this series, namely CoAl-HT and NiAl­

HT, showed negligible conversion of phenol while cooperative catalytic

behaviour was noted when both the elements are present together. The

catalytic activities towards phenol hydroxylation is carried out over

intrazeolitic Fe3+ prepared by chemical vapor deposition of [(C5H5)

Fe(CO)3]; inside NaY and FSM-I6 zeolites. The higher activity of the

Fe/NaY sample was attributed to the high dispersity of Fe ions that are

located in framework positions and to the high crystallinity|5|. Mannar

R. Mayura cl al suggested that the coordination polymers have potential
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catalytic activity for the liquid phase hydroxylation of pheno1[6]. The ot­

Fe2O3/SiO2 catalyst exhibited very good catalytic performance in phenol

hydroxylation by H202 to dihydroxybenzene [7]. Fe supported catalysts

containing 10 wt% of iron as oxide, on titania and alumina have been

prepared and its catalytic activity was measured in a batch reactor using

ozone as the oxidizing agent. The catalytic activity indicates that phenol is

degraded with a low mineralisation to CO2 I8].

Santos et al reported the aqueous phase oxidation of phenol using a

series of commercial copper containing catalysts at elevated temperatures

and oxygen pressures[9,10]. Catalytic wet peroxide oxidation of phenol

over unpromoted MnO2/CeO2 revealed that even after complete removal of

organic carbon from the solution was achieved, an important fraction of the

initial carbon was transformed into a polymeric material strongly adsorbed

on the surface of the catalystlll-13]. This deposit was shown to be

responsible tor the catalyst deactivation via physical blockage of the active

sites[l2|. Waste water containing phenol is much toxic and on oxidation,

the intermediates such as Catechol, hydroquinone, o-quinone and

p-quinone were identified in the first stages of phenol oxidation. They are

as toxic as phenol. With increasing reaction time, the colour of the solution

gradually changes to dark brown due to the formation of benzoquinones

(quinones). Catechol and hydroquinone are two of the many phenolic

derivatives of high value. They are widely used as photography chemicals,

anti-oxidants and polymerization inhibitors and are also used in pesticides,

flavoring agents, and in medicine.
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Scheme 9.1 Reaction Pathway of phenol hydroxylation

9.2.0 Mechanism of the Reaction

The appearance of an induction period and the exponential increase

in the percentage conversion with time in the present study support the

involvement of a free radical mechanism. Meyer et al. proposed a reaction

mechanism suitable to the heterogeneous catalysis for the liquid phase

oxidation [14,15]. An induction period was quite noticeable with all the

systems, the time being dependent on the system chosen. This again

suggests a free radical mechanism to be operating irrespective of the

catalytic system selected. The high susceptibility of the aromatic ring of

phenols towards oxidation can be attributed to the possible generation of

the delocalised aryloxy radical via. the removal of a hydrogen atom. The

generation of phenoxy radicals may occur on the catalyst surface. At the

same instant, catalyst surface can also trigger the homolytic cleavage ofthe

275



Hydroxylation of Phenol

hydrogen peroxide. A general mechanism of the reaction is sketched in

scheme 9.2. The formation of catechol and hydroquinone is believed to

occur via. the attack of OH. on the benzene ring. The fomiation of phenoxy

radicals occurs at the catalyst surface after which the propagation of the

reaction can occur either in the liquid phase or on the catalyst surface. A

further investigation into the course of the reaction is essential for a clear­

cut prediction of the actual mechanism. The appearance of an induction

period and the exponential increase in the percentage conversion with time

in the present study support the involvement of a free radical mechanism.

The generation of phenoxy radicals may occur on the catalyst surface. The

catalysts surface can also trigger the homolytic cleavage of H20; All the

experimental observations suggest that structural properties of the catalysts

such as distribution of ions in the TiO2 matrix and/or on the surface,

aggregation/deaggregation and metal-assisted network formation as well as

the dispersity of metal are important factors for the activity of these

materials. The scheme below gives the complete mechanism of phenol

hydroxylation with the products catechol and hydroquinone which further

oxidizes to quinone.
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9.3.0 Procedure of the Reaction

Catalytic experiments were carried out in a round bottom flask

equipped with a reflux condenser, a magnetic stirrer and a temperature

controllable oil bath. The catalyst to be studied was added to start the

reaction. For a typical run, 0.1 gm of the catalyst was added to 1:5 ratio of

reactant : oxidant such as phenol: hydrogen peroxide and 10ml solvent

water mixture and were stirred vigorously at 333K for 2h. The reaction

mixture was then stirred at controlled temperature. The reaction products

were analyzed at stipulated time using a Chemito 86l0 gas chromatograph
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using a FID detector and an OV-17 column by taking small aliquot out.

Product identification was done by comparing the retention times with

standards. lt is well known that the solvent, reaction temperature, reaction

time, catalyst size, catalyst amount, molar ratio of phenol to hydrogen

peroxide are the main factors that influence the phenol hydroxylation and

these factors are systematically investigated in the following sections.

The reaction is done using phenol and hydrogen peroxide in water

solvent in the absence of a catalyst (blank run) and in the presence of the

catalyst (O.lgm Ti02-Ce and Tl02-CU) at 333K. Catechol (o-diphenol),

hydroquinone (p-diphenol) and benzoquinons were the major products of

this reaction despite the different conditions and catalysts used. We

observed a percentage conversion of 2 and 52 after 60 minutes in the

absence and presence of catalyst respectively.

9.4.0 Influence of reaction conditions

The reaction is conducted by varying the reaction parameters like

the time of the reaction, temperature, mole ratio of reactant and oxidant,

amount of the catalyst, different solvents and compared the activity of these

systems under the same reaction conditions to get a favourable optimized

state. Only hydroquinone selectivity is plotted in the graphs.

9.4.1 Effect of Time

Notably a relatively short reaction time resulted in incomplete

conversion of phenol as well as undesirable product selectivity and the

conversion increased with reaction time. There was an induction period of

about 30 minutes where the systems gave marginal phenol conversion.

After 30 minutes, a sharp rise was observed in the yield of diphenols.

Suitably, a long reaction time was beneficial for the conversion of phenol,
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but its deep oxidation of hydroquinone into benzoquinone and of

benzoquinone into tar resulted in the completion of the reaction within 90

minutes. And observed that the reaction time of 60 minutes was suitable for

the maximum conversion of phenol hydroxylation over the prepared

systems. Only about 52wt% conversion is observed in the case of pure TiO2

while TiO;-Ce6 and TiO2-Cu6 catalysts display 86 and 8l wt% conversion.

This clearly indicates that the incorporated metals in titania matrix had a

significant effect in the hydroxylation reaction.

Reaction Conditions

Catalyst chosen -0. lg TiO;, TiO2-Ce6, TiO;-Cu6

Phenol: H302 -l: 5
Temperature -333K
Solvent - 10ml Water

F i--I—C0nversi0n90_  fitf-‘Selectivity li
Wt.PercentageQ) JR O\ \IQ U’! Q LIIl- .}

0“ | I“  | i  |30 45 _ 60_ 75 90
T|me(m1nutes)

Fig 9.1 Effect of time on the reaction by TiO;
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Fig 9.2 Effect of time on the reaction by TiO;_Ce 6
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Fig 9.3 Effect of time on the reaction by TiO;-Ce 6
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9.4.2 Effect of Temperature

The activities and product selectivities in the temperature range of

323—343K for phenol hydroxylation with H202 over TiCe6 catalyst are

presented in the figure 9.4. Obviously phenol conversion increased when

the reaction temperature increases from 323 to 333K and when the

temperature was above 333K, there is a remarkable reduction in phenol

conversion. At 323K,phenol conversion was only 22% with a hydroquinone

selectivity of 52%. When the temperature increased to 333K, phenol

conversion increased to 86% with hydroquinone selectivity of 81%.

Considering both conversion and selectivity, the reaction temperature

chosen for hydroxylation reaction was 333K.

The decrease in phenol conversion with increase in reaction

temperature is consistent with the exothermic nature of the reaction. The

accelerated decomposition of H302 at elevated temperatures may also

contribute to the drop off in the conversion. It has been reported that the

activation energy for the decomposition of H20; is lower than that for the

hydroxylation of phenolllol. Above 343K, the amount of residual phenol in

the reaction mixture was rather negligible. However, no peaks could be

detected in the GC analysis corresponding to the products. This may be due

to the overoxidation resulting in tarry products.

Reaction Conditions

Catalyst chosen -0.1g TiO2-Ce6

Phenol: H302 -1: 5
Duration —60minutes
Solvent - 10ml Water

28]



Hydroxylation of Phenol

1 _, Z ,.
100- ' -l—Convcrsion_~

i—O—SeIectivity 2

80­

Wt.Percentage*5 2
I

20­

01  |  “Tl ' I320 330 340 350
Temperature(K)

Fig9.4 Effect of temperature on the reaction by TiO;-Ce6

9.4.3 Effect of Mole Ratio of Reactant:Oxidant

The influence of molar ratio of phenol to hydrogen peroxide in

phenol hydroxylation over TiCe6 catalyst is summarized in figure . A

larger molar ratio of hydrogen peroxide to phenol in the catalysis led to

higher efficiency of utilization for H302. The phenol conversion first
increases with the increase in the ratio to a certain extent and thereafter an

increase in the phenol to H20; ratio causes a drastic reduction in the

percentage conversion. The drastic reduction may be related to the

overoxidation of phenol to tarry products at high peroxide concentration.

The product selectivity is also influenced by the phenol to H202 molar

ratio. At an optimum molar ratio of 1:5 the percentage selectivity is highest

with a good product distribution.
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Reaction Conditions

Catalystchosen -0.1 gTiO;-Ce6

Temperature -333K
Solvent - 10ml Water
Duration -60 minutes

109 ..  —I— Conversion
—O— Selectivity i

80­

60­

40­

20­

0 is  . , as :11:4 1:5 1:6
Phenol:H2O2(mole ratio)

Wt.Percentage

Fig9.5 Effect of mole ratio on the reaction by TiO2-Ce6

9.4.4 Effect of catalyst amount

The effect of different amounts of the catalyst TiCe6 in phenol

hydroxylation reaction is discussed here. Hydroxylation occurs very slowly

in the absence of a catalyst. Phenol conversion increased with a catalyst

amount up to 0.1 g and then a further increase in catalyst amount decreases

the phenol conversion. Addition of large amount of the catalyst to the

reaction mixture had a negative effect in the prepared systems. This is

because a larger amount of the catalyst hastened the decomposition of
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hydrogen peroxide. Therefore a suitable amount of the catalyst in the

catalysis was found to be 0.1 gm.

Reaction Conditions

Phenol: H202 -1: 5
Solvent - 10ml Water
Temperature -333K
Duration -60 minutes

-—I-Conversion
I00 —

I —-O-Selectivity90 T l\s Ne

Wt.PercentageU1 Oi \I O0Q Q Q Q
l_

XI

40-‘J

301 1 "  | "— | i |0.00 0.05 0.10 0.15 0.20
Catalyst amount(gms)

Fig9.6 Effect of catalyst amount on the reaction by TiO2-Ce6

9.4.5 Effect of Solvent

lt has been reported that the solvents in this reaction has a profound

influence on the phenol conversion and the product selectivity. Table

presents a summary of solvent influence in phenol hydroxylation over

TiCe6 catalyst. When acetone is used as a solvent, the hydroxylation occurs

at a slower rate even at temperatures up to 343K. interestingly a change

from organic solvents to water led to a significant increase in phenol

conversion, indicating that water is the best solvent for this reaction over
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the prepared systems. ln the present study, water is used as a solvent. Water

is safe, cheap and environmentally friendly solvent. However the amount of

water strongly affected the phenol conversion and the product selectivity.

At 333K, the catalytic activity was in the order water > acetonitrile >
acetone.

Reaction Conditions

Catalyst chosen -0. 1 g TiO;-Ce6

Phenol: H202 -l: 5
Solvent volume -10ml

Temperature -333K
Duration -60 minutes

; Conversion Selectivity (%); Solvent 0 ‘ e he  _ ~p  ! (wt /0) Catecholp HydroqumonepAcetone 1 12 16 84 1
i Water A 86 app 1 19 y  M 81
_pAcetonitrile A 22 1 18 i 82

Table9.l Effect of solvent on the reaction by TiO;-Ce6

9.5.0 Catalytic activity of different systems in the reaction

Optimized Reaction Conditions

Catalyst amount -0. 1 g

Phenol: H202 -1: 5
Temperature -333K
Solvent - 10ml Water
Duration -60 minutes
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catalyst Conversion Selectivity (0/°) A
A (wto/0) if Catechol Hydroquinone\l TiO2 52 26 l 74
l TiO2 -Ce3  72  24   761 ~ |._
rTiO2-Ce6  _ s6 g 20 y  so g
TiO2 -c6 9 » 78 r 22 78J 6 22 2 In _ 2 [  ,6 77r TiO2-Cu3 A 70  28 _ g 72  j

H frioz-cu6  s1  g 30 g 1  70TiO2-Cu9 2 76 32 6s 7
Table 9.2 Effect of the catalysts in the reaction

The table 9.2 presents the results of phenol hydroxylation over pure

and metal loaded titania catalytic systems respectively. After optimization

studies, catalytic activity of all the prepared systems were evaluated. Pure

titania gave low conversion under the specified conditions and the metal

loaded systems are highly effective in hydroxylating phenol.It is believed

that the proximity of the hydroxylating agent and of the substrate molecule

on or near the active catalyst site is essential for driving the reaction. In

water, both phenol and hydrogen peroxide dissolve simultaneously and

approach the active center, thereby generating hydroxy radicals, proposed

to be the active species involved in the hydroxylation reaction. Moreover

such an electrophile is easier produced and stabilized in water than in

organic solvents. Possibly, the lack of hydroxylated nature for the other

organic solvents may be responsible for the non-occurrence of this reaction.

Furthermore when this reaction is carried out using different oxidants other

than hydrogen peroxide, namely oxygen, air and tert-butyl hydroperoxide,

none of them hydroxylate phenol to a significant extent under similar
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reaction conditions, possibly due to the lack of generation of the active

oxidant species and the solubility problems associated with the reactant and

the oxidant. But no strict correlation is obtained between the catalytic

activity and the catalyst properties. Among the metal incorporated systems,

the individual effects created by the addition of the respective species may

be playing a dominating role in deciding the catalytic activity. In all the

systems, the percentage phenol conversion increases with the metal

loading. This supports the active involvement of the incorporated metal in

the reaction. Another interesting observation was that metal loaded systems

gave good selectivity to hydroquinone(para product). To conclude, this

study infer that a combined influence of various factors like the surface

area, crystallite size and the electron accepting properties (redox properties)

may be the driving force for the reaction. Ceria loaded titania systems

showed higher phenol conversion and a good diphenol selectivity.

9.6.0 Reusability of the catalysts

The activity of the metal loaded systems were highly effective in

hydroxylating phenol but the catalysts due to the high amount of tarry

products fonned and further the structural instability results in the deactivation

of all the systems completely after the first cycle itself.
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Summary and conclusions

10.1.0 Summary

Scientists throughout the world are in search of a better
methodology to reduce the use of environmentally hazardous chemicals

common in industries .A significant contribution in this field is given by

different redox catalysts in oxidation reactions. The oxidation of organic

substrates represents one of the most important industrial chemical

reactions, explaining the significant efforts invested in the research and

development of new heterogeneous catalysts with increased activities and

selectivities in these type reactions[l-4|. Hence liquid phase reactions like

epoxidation of cylcohexene and hydroxylation of phenol were carried out

with a new outlook in the challenge using CeO2/TiO;; and CuO/TiO2

catalysts denoted as TiO2-Ce as TiO2-Cu respectively in this work. Also

different wt% of metals incorporated titania catalysts like 3, 6, 9 wt%

CeO2/TiO; and CuO/TiO;were subjected to the present study. But, in order

to test the catalytic activity of the prepared systems, the experimental

conditions were optimized using a particular catalyst, here, 6wt.% loaded

CeO;/TiO2 catalyst denoted in the work as TiO2-Ce6.This work also

envisages the redox behaviour of ceria and copper due to its lattice defect

structure, the importance of redox catalysis played by these catalysts,

results of various characterization methods applied and the behaviour of the
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strong acidic sites during heterogeneous catalysis which is still less

reported, the surface as well as bulk characterization of supports and

supported titania catalysts, in detail [5]. The interaction between metal

oxides and the oxide supports have attracted much attention because of the

wide applications of supported metal oxide systems. It is well known that

supported metals oxides of titania were widely used as catalysts for various

heterogeneous oxidation reactions. The oxidation products of these

reactions are important in fine chemical industry, pharmaceuticals etc. In

liquid phase reactions like epoxidation of cylcohexene and hydroxylation of

phenol, many industrially important products are formed like cyclohexene

epoxide could replace cyclohexenone as an intermediate in the synthesis of

adipic acid, the precursor for Nylon 66 whereas Catechol and hydroquinone

are two of the many phenolic derivatives of high value. Higher activity and

selectivity of 6 wt% metals incorporated titania catalysts were observed,

than the reported va]ues|6|. The use ofhydrogen peroxides in the oxidation

of organic molecules is a major goal, both in academic and in industry,

because of the environmental acceptability of this oxidant, which depends

mainly on the nature of its by-product, water. Alkylated hydrogen

peroxides like TBHP is a better oxidizing agent in certain type of

oxidations. The catalytic behaviour is strongly influenced by the oxidants.

The interaction between metal oxides and the oxide supports have

attracted much attention because of the wide applications of supported

metal oxide systems[7,8]. It is well known that supported oxides of

transition metals are widely used as catalysts for various reactions. Titania

as well its metal modified catalysts systems afford high activity and

selectivity in the liquid phase epoxidation of cyclohexene[9]. Cyclohexene

epoxide is obtained as the major product during the reaction with small

amounts of allylic substitution products. The catalytic behaviour is strongly
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influenced by the reaction temperature, catalyst concentration, nature and

amount of solvent as well as oxidant[10].The excellent activity and

selectivity in the epoxidation of cyclohexene is due to highly dispersed

Lewis acidic titanium sites. The activity of the prepared catalysts and their

stability with time in the epoxidation of cyclohexene by tert-butyl

hydroperoxide hints that it might be possible to create cleaner nylon

chemistry. The metallisation of TiO2 photocatalyst induced Bronsted acidic

sites and increased Lewis acidic sites on the TiO2 surface which can be

clearly understood by the ammonia TPD graphs. The strong acidities

imparted a high reactivity on TiO2 surface toward adsorbing reactant and

oxygen molecules. Evidently, modification not only increased the number

of strong Lewis acidic sites, but also induced an amount of Bronsted acidic

sites on the surface of TiO2_ lt suggests that the surface acidities of pure

TiOg were too weak to react [ll]. TiO2-Ce6 catalyst exhibits strong Lewis

acidic sites as well as Bronsted acidic sites and behaves as a strong redox

catalyst, thus accepting electron, in the liquid phase oxidation reactions like

epoxidation of cylcohexene and hydroxylation of phenol. Present systems

show good conversion and selectivity when compared to the reported

catalysts systems. It was recently demonstrated that a progressive increase

of particle size will lead to a significant decrease in terms of activity,

whereas in terms of selectivity, an increase in the selectivity I 12]. This may

be the reason for the detrimental effect of Cu2+ loaded catalysts of titania in

liquid phase oxidation reactions clear from the surface area determination.

Apart from other catalysts, Cu metal loaded catalysts are very selective

towards catechol. The reaction parameters that influence both conversion

and selectivity can be optimized in such a way to get maximum catalytic

efficiency.
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Another interesting observation was that metal loaded systems of

titania gave good selectivity to hydroquinone (para product) .This may be a

consequence of some sort of association between the phenoxy radicals and

the catalyst surface. Another possibility is that the diffusion of the radicals

from the catalyst surface may be a slow process when compared with the

attack of the hydroxy radicals. Thus, before the radical gets sufficient time

to drift apart the attack by the OH‘ occurs preferentially at the ortho

position in case of metal loaded systems. From the above discussion, one

can arrive at the conclusion that in liquid phase oxidation reactions,

CeO2/TiO2 and CuO/TiO2 catalysts were very active.

10.2.0 Conclusions

Chapter 7

This chapter gives an idea about the liquid phase oxidation reactions

like epoxidation of cylcohexene and hydroxylation of phenol in which

many industrially important products are formed. Here discusses about the

redox properties of the ceria and copper incorporated titania catalysts .

Chapter 8

The epoxidation of cyclohcxene is carried out efficiently over the

prepared systems with the selective formation of cyclohexane epoxide. This

reaction hints that it might be possible to create cleaner nylon chemistry.

The total acidity of the prepared systems plays an important role in

determining the catalytic activity in the dehydrogenation of cyclohexane

and cyclohexene. The total acidity of the prepared systems plays an

important role in determining the catalytic activity in the dehydrogenation

of cyclohexane and cyclohexene.
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Chapter 9

A combined influence of various factors like redox properties,

surface area, crystallite size, and the electron accepting properties may be

the driving force for the reaction. The perfomaance of the catalytic systems

in the hydroxylation of phenol point to its potential in the degradation of

phenolic wastes. Selection of an optimum reaction time also demands

prime importance in order to achieve maximum activity and selectivity of

the products. Metal modified titania catalysts seem to be a promising

catalyst for the disposal of phenolic wastes. Pure titania gave low

conversion under the specified conditions and the metal loaded systems are

highly effective in hydroxylating phenol. In all the modified systems, the

percentage phenol conversion increases up to 6%metal loading. This

supports the active involvement of the incorporated metal in the reaction.

Metal modified titania catalysts seem to be a promising catalyst for the

disposal of phenolic wastes. {Pure titania gave low conversion under the

specified conditions and the metal loaded systems are highly effective in

hydroxylating phenol. ln all the modified systems, the percentage phenol

conversion increases up to 6°/ometal loading. This supports the active

involvement of the incorporated metal in the reaction. Metal modified

titania catalysts seem to be a promising catalyst for the disposal of phenolic

wastes) The appearance of an induction period and the exponential increase

in the percentage conversion with time in the present study support the

involvement of a free radical mechanism. The generation of phenoxy

radicals may occur on the catalyst surface. The catalysts surface can also

trigger the homolytic cleavage of H203,
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10.3.0 Future Outlook

From the viewpoint of green chemistry, the use of heterogeneous

catalysts like modified titania is desirable. The present investigation on the

catalytic activity of modified titania catalysts reveal their high efficiency

for various types of reaction like epoxidation of cyclohexene as well as

hydroxylation of phenol. The work can be extended in the epoxidation of

other cyclo olefins and the products of which are of independent

significance and/or are valuable chemicals for synthesis of biologically

active species. With its versatility and excellent control over products

characteristics, hydrothermal processing has played an important role in

catalyst preparation and no doubt will continue as a future oriented area.

The application of the prepared catalysts makes the wet air oxidation

process more attractive by achieving high conversion at considerably lower

temperature and pressure. The higher activity and selectivity in the

alkylation of aromatics carried out over the prepared systems is another

important observation we got. Since the prepared catalysts are highly

acidic, studies can be extended for various industrially important acid

catalyzed alkylation and rearrangements of other aromatic molecules.
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