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PREFACE 

Among the oxide based nano particles, titanium dioxide (TiO?) is a 

highly valuable inaterial because of its optical and catalytic properties. Titania 

shows outstanding chemical stability, high refractive index, ultra-violet 

absorptivity and photo chemical activity which are expected to play a vital role 

in pigments, catalysts, ceramics etc: - 

There are several industrialIy important reactions carried out using 

metal oxide doped titania as catalysts. Amorphous titania on heating transforms ' 

from metastable anatase to thermodynamically more stable rutile phase. This 

transformation is very important in selection of titania as a catalyst and as 

catalyst support. There is need for the study of kinetics of anatase-rutile 

transformation in doped titania. With this objective the project is selected for 

the Ph.D work. The Objectives of the research work are 

*3 To prepare Ti02 doped with transition metal oxides such as Fe203, NiO, 

Cr203, MnOl and CuO in different weight percentages ( 5  &IS%) using 

two different methods namely co-pseci pitation using hydrazine hydrate 

and wet-impregnation. 

+I. To study the kinetics of anatase-rutile transformation in doped titania as 

a function of temperature and time using powder XRD studies in air and 

to compare the transformation in air with that in argon (inert) and 

hydrogen atmosphere (reducing) 

*3 To find the surface area and crystallite size variations in titania with 

rutilation. 

+3 To investigate the surface morphological changes of doped titania 

samples with rutilation. 



-3 To stiidy the photo catalytic oxirtation o l  toluene ( in  liquid phase) in 

presence of the prcpared doped titania. 

The lay out of the thesis is as follows. 

Chapter 1 presents an introduction aboutn the titania and metal oxide 

doped Ti02 catalysts and the detailed literature review on anatase-rutile 

trans formation. 

The experimental part of the work including the preparation of doped 

titania and its characterization is given in chapter IT. 

, Results and discussions are included in the Chapters XI1 - \-IT. 

Chapter VIII contains the results of toluene oxidation in photo catalytic 

path using the dopcd titania samples. 

Chaptcr IX gives the summary and conclusions of the investin,ations. L Tt 

is believed that the theoretical framework established in this work would 

contribute to the understandings of other i~nportant titania supported sys~sms. 
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CHAPTER 1 

INTRODUCTION 

E.lGenera1 Introduction 

The element "Titanium" belonging to the group IV b of the modern 

periodic table was discovered by the Reverend William Gregor in 1790 [ I ] .  In 

1791 Gregor comunicated to the journal de physique the description and 

chemical analysis of n black magnetic sand found in the parish of Menaccan, 

six miles south of Falmouth, in Corn Wall. The analysis showed almost 50 

percent of a white metallic oxide, up to that time unknown to chemists [2]. The 

sand was given the name 'Menaccanite" from the locality, and the new metallic 

oxide recovered from it was 'christened menaccine' by Kirwan 131. Berzelius 

141, in his letters, mentioned Gregor several times in connection with his 

discovery, analysis and properties of mineral, and referred to him as a 

'celebrated mineralogist'-In 1795, Klaproth [ 5 ]  noticed the close agreement 

between Gregor's account of menaccine and the findings of his own 

investigations of the oxide extracted from "redschorlW( rutile) from Hungary. 

The identity of the two substances was soon established and Klaproth, 

acknowledging Gregor's priority, applied the temporary name 'Titanium' to 

the new element [6] .  

The world titanium minerals-Reserves and Production are summarized in table 

1.1 



Table 1.1. Titanium minerals-Resewes and Production (1989) 171 

Titanium is the ninth most abundant element in the earth's crust and is 

the fourth most abundant structural element [6]. Being highly reactive, it is 

always found combined with oxygen and other metal oxides and is never found 

in the metallic form in nature. Titanium is a persistent constituent of practically 

all crystalline rocks and of sediments derived from them. Of 800 igneous rocks 

analyzed in the laboratories of the United States geological survey, 784 

contained the element. It is present in most minerals, and it makes up the 

principal metallic constituent in an important group, the most common of 

which are ilrnenite, rutile, arizonite, perovskite, leucoxhe and sphene or 



titmite. Titanium occurs as a minor constituent of most bauxities and all clays. 

Titanium has been found in a variety of sea creatures, animals, plants and 

human body. Plants contain a slightly higher proportion than animals. Titanium 

has been detected in hen's eggs, liver, brain, hair, nails and skin, nerve cells, 

kidney stones, silkworm tissues and embryos. [6] 

It shows the characteristic valency of four, in addition to this di, tri and 

penta vnlent states are also reported in some compounds. Titanium forms 

oxides with all of  the above mentioned valencies, or more specifically seven 

phases of its oxide exist with general formula TiOZn.l. The,value of 'n' ranges 

from 4 to E 0. A wide range of possible compounds and structwes exist in the 

Ti-0 system, the dioxide is the most stable under ordinary conditions. Ilrnenite 

is the most common mineral and its reserves are wide spread throughout the 

worrd including India. Indian ilrnenite deposits are reported to be rich in Ti@ 

content[6]. Titanium dioxide is a ceramic material, commonly known as 

titania. 

1.2Manufacturing processes of titania 

Titanium dioxide pigments are manufactured by two processes[8] The 

sulphate process (extraction with strlhric acid); and the ChIoride process 

(extraction with chlorine). 

In the Sulphate process ilrnenite is treated with sulphuric acid. This convests 

metaloxides in to soIuble sulphates, primarily of titanium and iron. 

FeTi03 + 2H2S04 -t TiOS04 +FeS04 + 2H20 

FezTiO5 + 4HzS04 + TiOS04 + Fe2(S0& + 4H10 

After the resultant liquor has been allowed to settle to remove un reacted 

gangue minerals, a portion of the iron in solution is removed by cooling 

(crystallization)/centrigufation leaving a relatively clean titanium solution for 



the hydrolysis stage. The product from this stage is a microcrystalline oxide of 

titanium (Pulp) which is converted in to the required crystalline state by 

calcinations. The process can be used for the production of both anatase and 

rutile grade pigments, although it is more suited tbr the production of anatase 

we. Intense research was undertaken in the sulphate process technology to 

improve particle size, particle size distribution and other parameters. The most 

important problem with the process has been disposal af the waste products 

which leads to pollution. Various solutions have been developed to overcome 

these problems. I 

The chloride process seems relatively straight forward, ie. Extraction of 

titanium by chlorine from a titaniferrous ore, or rutile followed by oxidation of 

the titanium tetrachloride so produced to titaniwndioxide and chlorine. 

Ti02 + 2Cl2 C- 7'iC14 + COz 

TiC14 + O2 Ti@+ 2C12 

The process i s  used mainly for rutile grade although some companies 

claim that the process could also be used to make anatase grade.The process 

was developed by Du-Pont, USA and the first commercial plant was installed 

in 1959. In the recent years particularly after 1960, all the new plants installed 

in USA have adopted chIoride technology. 

1.3 Industrial appllicaltions of TiOt 

Titania is one of the top 20 inorganic chemicals of industrial 

importance. Although it is used in some non-pigmentary applications, the 

chemical and industrial interests on Ti02 are almost solely derived from its 

pigmentary properties. It has been used as a pigment from the very beginning 

of 20" century.[8] 



The important properties of a pigment are i) opacity - the ability to 

opacify the medium to which it is applied or the surface on which it i s  

dispersed, ii) hiding power - the power to obscure a background of contrast in: 

colours either by absorption or by scattering, iii) tinting strength - the ability 

to lighten a colourant, iv) gloss - surf'ace finish, v)  chalking resistance - the 

resistance to the disintegration of organic binders, which results in the 

formation of powdery chalk or free pigment particles on the surface, etc. Most 

of the above mentioned properties are in some way or other, related to 

refractive index, particle size, surface area, etc. Better pigmentary properties 

are observed in the oxides having higher refractive index and surface area. 

Since anatase is highly photoactive compared to rutile, the disintegration of 

organic binder occurs in anatase based pigments in presence o f  u.v radiations 

or radiations having wavelength less than 400 nm. The coated surface 

becomes powdery and moves away by wind or rain there by exposing the 

underlying section for hrther attack, which leads to the hding of colour. For 

the same reason, anatase is reported to be 'poor' in some of the pigmentary 

properties. [8] Hence, anatase is usual1 y preferred in interior paints, while riitiie 

is preferred in exterior ones including enamels and emulsions. Since, both 

anatase and rutile have diff'erent physical properties, they cannot be substituted 

by each other. but in some applications both can be used. In addirtion to the 

pigmentary uses of titania, about 1OOOOO t i l a r e  sold for non-pigment 

applications. 

In the manufacture of quality papers, anatase is preferentially used as a 

filler - to fill the crevices between the paper fiber and as opacifier and 

brightner, to improve smoothness and printability. Since it is a wide band gap 

semiconductor, it can absorb u-v light and emit radiations of higher 



wavelength, which is the main requirement for optical brightners-[3] Its lower 

density compared to that of rutile reduces the problems in handling of the 

paper at wet stage. It is less abrasive due to its lower hardness (compared to 

rutiIe), which results in lower consumption of cutting blades used in paper 

industry. [8 1 
The high refractive index and chemical inertness make TiO? an 

ideal pigment for plastics. Even though some plastics are used in their natural 

colours, most of them are blended with pigment to obtain attractive colours. as 

well to opacify them, Addition of rwtile confers resistance to u.v degradation. 

Anatase grade is used in textile industry for de-lustering of synthetic fibres./8] 

Addition of Ti02 into ceramic materials improves their acid resistance and 

lowers the sintering temperature [9]. It also finds application in rubber, 

cosmetics, soap, pharmaceuticals, printing ink, roofing granules, floor 

coverings, etc. [8&9] 

Ti@ has found versatile applications in Iow as well as high 

temperature fields. Mesoporous TiQ electrodes are used in photovoltaic 

applications.[l 01 'The microstructure of TiO? influences she photovoltaic 

response of the solar cell and thereby increases the overall efficiency of the 

system [lo].  I t  is hence regarded as an important electrode material for 

extensive applications in low cost solar cells[l 1-13] and in electro chromics 

1141. Photo excited Ti02 has a strong ability in killing of cancer cells in vitro 

and vivo, which suggests that the cell killing effect could be adopted as one of 

the possible anti-cancer modaIities.[I 5]ln recent years, much effort has been 

focused towards the development of renewable energy conversion and storage 

devices. For economically and environmentally viable devices, the right 

choice of material is of crucial importance. An important material in this 



respect is ?fiO2, whose combination of semi conducting as well as c hemic:11 

stability makes it a suitable candidate for use in rechargeable lithium batteries 

[16-201. Titania cl-ystai lattice has the ability to accommodate charge in the 

form of small foreign ions, such as H' and L i .  ' [3 1 j These ions can be inserted 

and extracted from Ti02 electrodes using an electric field as driving force 

through a process referred to as intercalation. The insertion of positively 

charged ions has to be balanced with an uptake of electrons to preserve overall 

charge neurrnliry [I 1 1. For practical devices, the extent. rcversi bility and speed 

of inrercalation are of prime ilpportance. A colnlnon way to Inert these 

demands is by using nano-structured electrodes. The large effective surface 

area provides a concotnitant large number of adsorption sites lor the 

intercalating ions [2.1]. 

Titania coatings have heen studied for a wide varier\- of uses. 

such as antifouling, antibacterial, de-odourising and in wet type solar cel is 

[ l  11. Because of high refsacrive index. dielecrric constant. good oil absorption 

ability. tinring strength and ahe~nical stability. even under 511-onilly acidic or - 
basic conditions. T i02  is used in optical coatings, beam splirtsrs and in 

antiretlection coatings [32-251. The fabrication and characterization of titania 

thin films have srrrac ted the attention of many ressarchsl*~ 126&37]. 

In view of its chemical stubiliry, high reiiactik-e index and high 

dielectric constant. it has also got applications in opto-slucrsonic devices,[2S] 

optical wave-guides,[79] filters [29] and NO: gas sensors. [30) Because of its 

wide chemical stability and non-stoichiome~ric phase i.sgion, i t shows different 

electrical characteristics with oxygen partial pressure, which makes it suitable 

for use in high temperature oxygen and humidity sensors in pure form or 

mixed with other inetal oxides. [3 1 -333 with enhanced mechanical properties 



1341. Titania based oxygen sensors can be ~ i s r d  to  monitor aurolnobiie engins 

performance and the feed back fi-om the detector can control the air fuel ratio 

to give optilnuln low pollution performance [9]. 

Titania nano particles are ~bidely  used for the prsparalion of 

micro porous meinbranes,[j 51 which are used for the separation. ii,irlr 01- 

without chemical reaction.[36&37] Layered hydrated titania (Hl-fiLiOq.nHIOi 

and some titanares can readily inter change with some alkali o r  alkaline cart11 

metals,[3 8-40] hscsuss of ivhich the! find application in inn-<xi. h ~ n g t  

materials. The possibility of using hydrated ti tania 35 an ion-suchangc agent 

for treatment of liquid radioactive wastes from nuclear reactor insla1 I at ions 

and for the separarions of uranium from seawater has also been 

reported.14 l&43] 

Synthetic gems have been produced from rutile. sincz irs 

refractive index is sipnificantly highcr than that of diamond. i+)hich mahss i t  3 

very spectacular gern.[iJ] Strontiuin titanate gems under various tmde n31nes. 

viz. Fabul i ttl and Well ington. arc available in the world inn-ksr. [9] Cie~nsronc. 

urade SrTiO; xvas tirst developed at the National Lead Company in mid 3 

1950s.[44] 

In recent years. significant developments took place in titania. 

These include ultrafine titanium dioxide for LJV blocks in cosmetics and 

plastics. and novel optical effects. and high purity titanium dioxide for electro 

ceramics and catalysis.the traditional uses of titanium dioxide in ceramics are 

in vitreous ena~nttls and in thread guides for the tibre industry. These 

applications have traditionally used pipmenrary type titanium dioxide. Electi-o 

ceramic applications have i~nposed increasing1 y demanding speci ficarions on 

titanium dioxide. These applications are based mainly on alkaline earth 



titanates. Barium titanate ceramics can have exceptionally high dielectric 

constants and are used as high performance capacitors capable of withstanding 

high voltage surges. Suitably doped titanate ceramics have large positive 

temperature coefficients of resistance and are widely used in positive 

temperature coefficient (PTC) thermistors which are incorporated in to 

heaters, power controls and to control currents. Typical products are made by 

the hydrolysis of high purity titanium tetrachloride. 

Titanates, like barium titanate, Iead titanate, lead zirconate tltanate 

(PZT), lead lanthanum zirconate titanate (PUT), barium strontium titanate 

(BST), strontium bismuth titanate (SBT), etc have found applications in 

ultrasonic transducers, radio and communication filters, medical diagnostic 

transducers, stereo tweeters, buzzers, gas igniters, positive temperature 

coeficient sensors, ultra sonic motors, electro-optic light valves, thin tiIm 

capacitors and ferroelectric thin film rnemories.[45] The wide applications sf 

BaTi03 include rnulti layer capacitor, thermistor, piezo electric actuator. non- 

linear resistor, thermal switch, passive memory storage device,[46] chemical 

sensor (due to its surface sensitivity to gas adsorption),l4TJ etc. 

Titania has gained much attention in catalyst industry due to its 

applications as a catalyst or catalyst support for metal or metal oxide catalysts 

used in heterogeneous catalysis including photo catalysis of industrially and 

environmentally important reactions. Anatase is generally catalytically and 

photo catalytically more active than rutile, and for most of these applications 

anatase is used. The starting material may be derived horn pigment production 

but carefil control of sulphate and phosphate levels and dedicated calcination 

facilities are usually necessary. The growing demands for more efficient 

catalysts justify the consequent costs. 



1.4 Properties of Titania. 

The first successful attempt to produce relatively pure Ti02 was 

made by Rossi in U.S.A in 1908. In 1912 Barton and Rossi undertook a 

systematic research programme to investigate titaniuh compounds tbr making 

pigments. They produced a composite BaSOl and CaSO.! pigment containing 

about 25% Ti02. Their efforts were immediately a coininercial success [7]. 

As the stable dioxide, Ti02 exists in three polymorphs, corresponding to 

the naturally occui-ring mineral anatase, rutile and broakite respectivel>-. The 

word rutile comes from the latin rutilus, which means reddish. The name is 

fitting because rutile is commonly a brilliantly red or black mineral. Out of 

these, rutile is the thermodynamically most stable form. Anatase and broakite 

are meta stable. which readily get transformed to rutile on calcinations at 

higher temperature [8], All three forms exist as minerals, though brookitc is 

rare. Because of their high refractive index, lack of absorption of visible Iight. 

ability to be produced in the correct size range. chemical stability and non- 

toxicity, both anatasc and m i l e  are produced commercially and have become 

the world's predominant white pigments. Brookite can be synthesized hydro 

thermally but has no technological importance as it has no advantages to 

compensate for the more difficult synthesis. 

The crystal form of rutile and anatase has arrangement in which titanium 

atoms are surrounded by six oxygen atoms in approximately regular but 

slightly different octahedral arrangement and each oxygen atom is surrounded 

by three adjacent titanium arolns and have the formula TiO?. In the rutile 

structure, octahedra are turned through 90 degrees and a twist of 45 degrees 

from one layer to the next, where as in anatase structure they retain their 

orientation in all layers. Because of their tetragonal symmetry, both anatase 



and rutile are anisotropic. The important properties of anatase and rutile in 

crystal form are summarized in Table 1.2 

Table I.2.The important properties of anatase and rutile [6,8&4&1 

Refractive index 

Dielectric constant 

Chalking Resistance 

The predominant commercial phase of titanium dioxide is anatase, 

although it is rarely found in ore form. Anatase has a tetragonal crystal 

sbvcture in which the Ti-0 octahedra share four corners, as shown in 

figurel.lA. Rutile has a crystal structure similar to that of anatase, with the 

exception that the octahedra share four edges instead of four comers. This 

leads to the formation of chains which are subsequently arranged in a four fold 

symmetry, as shown in figure 1.1 B 



A co~npal~ison o I' ti1.o cl-xiiol stl-uci~il-c.; zIlo\\-.; ill31 I-liti It is 11101-c dell qi'] 

packed than nnnlnse. As :1 p o i n ~  o i  i.sl+cl-cncc. thi. dcilsitics 0 1 '  t i le nlral:ic ;li?d 

rutile phases arc knoll 11 t o  bc 3 . S 9 4 ~  clni rind -l.25OZ,cll1 '. ~+i.spc~iii c l i m  /I1>] 
L 

Figure. I .  I H.  C'p stal struct i1r.c. o f  ruti lc 



Brookite has an ortho rhombic crystal and spontaneously transfor~ns to 

mdle around 7 5 0 ~ ~ .  Its mechanical properties are very sirnilor to those of 

mtile. 

A Variety of solids exhibit transformation from one c ~ y ~ t a l  structure tb 

another as the temperature or pressure is varied. This phenomenon is known as 

polymorphism, Tt was reported that nano crystalline solids which occur as 

polyrnorphs of low density can be expected to transform to a dense 

polymorphic form at high pressure and temperature. [50] As mentioned 

earlier, titania also exhibits p,olymorphism, i.e. it exists in three cl-ystal 

modifications, viz. anatase, brookits and rutile. 15 11 The szructural difft'ienccs 

between anatase and rutile make the trans formati on irreversible. 

Anatase to rutile transformation in titania is very important in deciding 

its applicability as a catalyst support. AIso the properties of thc titania are 

determined by the phase composition and the particle size of each phase. The 

phase composition and the particle size evolve as functions of time during heat 

treatment. Quantitative analysis of the transformation kinetics of amorphous 

titania to anatase has only been attempted in liquid media under hydrothermal 

conditions.[52] The rate for the transformation of amorphous titania particles 

in air is different from that in liquid rnedia./53 3 
The anatase to rutile transformation involves an over all 

contraction of the oxygen structure and a movement of ions, so that a co- 

operative rearrangement of ~ i ' "  and 0'- ions occurs. To say more specifically, 

two of the six Ti - 0 bonds of anatase break and re-unite in a slightly 

distorted manncr, to form rutile structure. It has been proposed that [54-561 the 

removaI of oxygen ions, which generates lattice vacancies, accelerates the 

transformation and hence, the cations, having the valency less than four, which 



correspondingly increase the oxygen vacancy, would enhance the 

transformation. [54] Because of its irreversible nature, there is no phase 

equilibria involved in this transformation and hencc, does not have any 

specific transition ternperature.[5 1 J 

Depending upon the characteristics of anatase, its preparation 

method, impurity contents,[57-631 deviation ti-om stoichiometry,[j9] 

atmosphere of calcination,[54-56&62] etc, a wide variation in rutilation 

temperature i s  rcparted. The high temperature diffusion technique used to 

form homogencousl y doped TiOl easily causes the completc structural 

transformation of anatase to rutilc. [64] Investigations on tlw effect of dopants 

on this transformation revealed that, normally, anions like sulfate and nitrate 

would inhibit nltilation, while phosphate and chloride enhance the same.[6] 

The alkaline ji42k57] and some transition metal cations like ~ e ' - ,  [ 5  1. 57. 6 1, 

62,65&66]cu2-,[54,57&67] ~ n "  /57,65&67] GO", [65  IN^", [65] ~ n ? - [ 6 8 ] e t c  

are reportedl!. cnhancins the transformation. Addition of AlCI; cnhalzccd 

mtilation by increasing the primary particle size and rate of sintering.[63] 

Dopants Iikc SnCi4 enhanced rutilation, since both tin and titanium are in 

octahedra1 coardination with oxygen and also due to the formation of Sn02  

with rutile st~ucture during calcination, which in turn acts as rutile nucIei.[63] 

According to Piing er ul,(66] SnOz enhances rutilation by reducing either the 

onsct tempernturc or the transformntion temperature range. Most of thc authors 

unanimously agreed [54,56,57,6 1 &62] that the enhancement or inhibiting 

effect of additives is dependent on their ability to enter TiOz lattice, there by 

creating oxygen vacancies or interstitial ?'i3' ions respectively. The colour 

change observed in pure anatase during rutilation is an indication of oxygen 

loss to form lattice defects.[6] These lattice defects act as colour cenrers.[56] 



Riyas et a1 [69] reported that both NiO and Fe20; enhance rutilation in the 

order NiO> Fe203.The activation energies for the transformation were found 

lowered very much while doping NiO and F*;. 

Several researchers have investigated the effects of different 

atmospheres on the anatase-rutile transformation, with somewhat conflicting 

results. Studies have shown that in vacuum conditions, the trat~sformatiorz was 

inhibited due to the presence of interstitial ~ i "  ions.[54&56] Lida et al [65] 

have reported that the transformation rare was increased in hydrogen 

atmosphere due to the formation of oxygen vacancies. MacKenzie found that 

reducing atmospheres such as steam, a H2JN2 mixture (5%-95% respectively), 

and vacuum (10-'pa) yield the formation of large aggregates of rutile.[70l 

MacKenzie's results are contradicted by those of Czandel-na era!, who found 

that the rate of the anatase-rutile transformation was unaffected by the 

presence of a vacuum, Furthemore, Shannon and Pask reported that the 

ana~ase-rutile transformation was retarded in vacuum. 1711 They proposed that 

titanium interstitials were created rather than oxygen vacancies, thus inhibiting 

the transformation instead of facilitating it. 

Gamboa and Pasquevich reported on the effect of airlargon and 

CIz/argon atmosphere on the anatase-rutile transformation. [72] The samples 

were calcined in different atmospheres for a range of time intervals. At 9 5 0 ' ~  

the anatase-rutiIe transformation was found to be 300 times slower in the 

aidargon atmosphere than in the C12/argon atmosphere. Gamboa and 

Pasquevich reported that after four hours in either air or argon, only up to 5% 

of the anatase transformed to rutile, and even after 48 hours the transformation 

was not complete. This is contradicted in part by the studies of MacKenzie 

that show 10 - 15% transformation to rutile within 30 minutes in an air-argon 



atmosphere, at 1000".~arn boa and Pasquevich proposed that chlorine assists 

both vapor mass transport. which is a possible mechanism for nucleation on 

the solid surface, and oxygen vacanc? formation, .rvh ich assists nucleation and 

growth in the bulk material. They proposed that when the chlorine partial 

pressure is sufficiently high, it might assist dissolution of ailatase and 

recrystallization of rutile by the following mechanism: 

Ti02(anatasc) 3Cll(g) -+ TiCI-lIg) 7 02(g) 

TiCl,,(g) -+ O2 * 'TiU2(rutile) + 2C12(g) 

The idea of oxygen vacancy formation catalyzing the analasc-rutile 

transformation was discussed earlier, and this again was the mechanism 

proposed by Gamboa and Pasquevich to explain the observed effects 01' 

adsorbed chlorine on the system. 

Similar observations were put forward by many authors.[54-561 

Gennari et al [61&63] claimed an enhanced rutilation in presence of Fe:03 in 

air, and chloridc atmospheres. In general chemically reducins a~~nosphere 

enhances the transition by formation of oxygen vacancies in the anatase 

lattice, which in turn favours the rupture of Ti-+ bonds necessary for 

crystallographic rearrangement. [54,56&67] Significant grain growth has been 

reported in Ti02 during this transformation by different authors.[75- 

77,56&57,65-68,73&74] Mackenzie et a( 1741 have shown that those reaction 

atmospheres. which favour the formation of rutile also favour the particle 

growth. Yoganasasirnhan and Rao[59] claimed a rnarkcd increase in crystallite 

size and particle size in the region of transformation due to the expansion of 

unit cell of anatase prior to the transfortnation. According to them smaller 

particle size and larger surface area would favour the tsansformation, Rao[78] 

classified this transformation under nucleation and growth mechanism. 



Gamboa er ni [56] also ngt-etd with this mechanism. Rcldri?. ~ l r  (ii [70] 

demonstrated that rhr formation of gaseous TiCI; i s  responsible for LOl  grain 

growth occurring at a faster raw in chlal-idi. :ltrnospl~er-s than in ail-. hobilc. jt. 

[73] concluded by his studies on iron doped TiOl that rhc TiOZ grain p r o ~ r h  

and rutilation are simultaneous processes and are inter-related. He argued n:\-ith 

the support of a mechanism that, the ~ i ' -  ions formed on the su~face  o f  TiO; 

were responsible for enhancement of ruti larinn. &!an> uut!1ors.(24.59.6 1 k67)  

aIso investigated the kinet ius of anatase to tmuriIe trans Iormation. 

Srudy of the effects of preparation lncrhod and titanium precursor on* 

the resulting tirnnin cr..sr31 structure l~ns  not been comprehcnsivc. r11c ci icc~s 

of sulfate and chloride sointio!~s were studied and reportcd b! LVi lska in I 451 

180). He found that although the initiall?. dried producrs w-ere alnays 

amorphous. the first crystalline fur111s present varied wirh preparation method 

a d  precursor solution. Samples originating from sulfate sol tltions aln:\!.s gave 

the anatase structurc. whilc samples produced timorn the boilint? - o f  chlol-idt 

solutions always gave the rut ile structtlrc. Other rnethuds of s y l ~ t l ~ e s i ~  ~ L I C ~  as 

hydrolysis of phospharr solutions or hydro1 ysis ilr room tcrnpcmruro L na1.e 

either the anatuc  structurc 01. a rnisturc. nt' both the ~Inntnst. and the ruiiIe 

structure. Wilska found that an amorphous phase al\ba).s euistcd prior to the 

crystaIlint: phase. even in the oases of direcr rutilc fol-mation. No ~nechanism 

was proposed ~o explain the ctifferent effccr of sulfats and chloride precursors 

on the phase transformation. 

A kinetic effect of particlc size on the anatase-rutile phase 

lmnsfomation has been proposcd by Gribb and Ban field [S 1].The critical size 

effect applicable to t i tani i~~n dioxide is summnrized by Kumar [82], who ilsed 

it to explain the initiation of the anatnse-ruriic transformation. Kutnar found 



that both the - grain sizes of rutile and the rutile content increased with 

increasing time and temperature of calcination. They found significant 

particle-size effect on the anatasc-ruti le 11-ansformarion rate in nanocspmstaIline 

titmia whereby an  increase in reaction rate cvds associated with a decrease in 

particle size. Three rate-limiting factors were offered as explanation, each 

da t ing  particle size to a change in reaction rate: 

1) Potential biucleation Sites: Due to purely geornetrioal effects, the 

overall number of potential surface nucleation sites per unit volume increases 

with a decrease in particle size. As the number of potential sites per unit 

volume increases, it would logically follow that the n~lrnber of surface nuclei 

increases, increasing the rate of phase transformation. 

7) Driving Force: 'The driving hrce for a phase transtbrtlxition is the 

difference in free energies between the reactant and product phases. Gribb and 

Banfield cited experimental evidence suggestins that anatass has a lower 

surface energy than rutile and therefore would imply that as crystallite size 

decreases, so does the driving force, which would result in a reduced reaction 

rate. This i s  inconsistent with the experiment31 data provided by Gribb and 

Banfield md was therefore discounted as a reasnnabls explanation. 

3) Strain Energy: Since the molar volurne of rutile i s  8-1 O?/O less than 

that of anatase, there is likely to be strain energy associated with the phase 

tsansformation. Because of differences in srlrface tension and hydrostatic-like 

pressure on smaller- crystallites, this strain energy may be affected by particle 

size. As particle size decreases, the surface tension and hydrostatic-like 

pressures would potentially reduce the strain energy, reducing one of the 

barriers to transformation. Upon consideration of experimental data that 

included the examination of both nanocrystalIine and macrocrystalline 



titanium dioxide, Gribb and Banfield concluded that the number of nucleation 

sites was the most probable cause of the increase in reaction rate with 

decreasing particle size. 

Synthesis methods for the production of nanostnrctured materials vary 

widely between laboratories and researchers. One common approach, 

however, is to combine a metal salt solution with a precipitating agent. The 

result is a precipitant slurry containing a mixture of solid particles suspended 

in a liquid. In the conventional case, the particles are an oxide pl-ccursor, such 

as a hydroxide, which can then be converted to the oxide by calcining at 
I 

elevated temperatures [83&84]. One method that can potent i d l y  produce 

nanometer-sized grains in the solid oxide involves exposing those particles to 

a tremendous amount of shear stress and in situ calcination. The effect of shear 

is to produce a nanometer-sized, fine, crystalline sol id. In situ calcination 

causes the decomposition of any residual salts such as sulfates, nitrates, and 

chlorides [84]. The result is a metal oxide slurry which can be dried to a 

powder. Most of the research conducted in order to accomplish this strategy 

has focused on the use of cavitation to provide both zhs shear force and the in 

situ calcination. 

Suslick and co-workers 1851 perfomled much of the early work 

exploring the effects o f  acoustic cavitation on materials synthesis. Using 

ultrasound, Susl ick generated acoustic waves to produce the desired 

cavitational effects. His studies provide insight into the microscopic effects of 

cavitation on solid particles. Sustick asserts that the effects of ultrasenic- 

induced cavitation on metal powders are radical changes in particle 

morphology, significant agglomeration of particles, and a seduction in 

passivating surface oxide coatings. Cavitation in liquids generates implosive 



bubble collapse and associated shock waves. If the bubbles collapse ncar an 

extended solid surface, localized high-spced jets of liquid in~pinge on the 

surface of the solid. If  small solid particles exist in c? slurry these smaller 

particles do not interrupt the cavitation process. Essentially the solid is 

suspended on the surface of the bubble before the bubble implodes. Korrnal 

cavitational collapse occurs. As this occurs, solid particles suspended on the 

surface of the bubble collide. The collisions that occur as results of cavitation 

afford a tse~nendous amount of in situ thermal treatment and an txccptional 

degree of shear leading to good mixing. 

Suslick reports temperatures as high at 5000°C when using 3 high 

powered ultrasonic probe to induce cavitational effects [ S 5 ] .  Cavitation has 

also been shown by -Maser to produce smaller grain sizes in a variety of oxide 

systems, but only in the case of mechanically induced cavitarion, not acoustic 

[83]. The effect of acoustic cavitation on the grain size of nanostructured 111etal 

oxides was studied in depth by E~nel-son et a1 [54] using a synrhesis technique 

similar to the one used by Moser-. E~nerson found that while acoustic 

cavitation generally has a minor effect on the grain size and phase purity of 

most meral oxide catalysts, it has a more dramatic, yet stiIl minor, effect on the 

grain size of titania. The observed effect was a 1 - 2 nm reduction in grain size 

upon exposure to the ultrasound. Since this contradicts other results in the 

literature. Emerson ofired a few explanations for his observations. Firstly, the 

rate of precipitation in the studied systems is very high. Since one of the major 

benefits of acoustic cavitation is an increased precipitation rate, acoustic 

cavitation wouid be less effective on a system with an already high 

precipitation rate. Secondly, acoustic waves from the tip of the ultrasonic 

probc have a tendency to propel objects away from the tip, so it is not 



inconceivable that precipitates are pushed from the probe and avoid the effects 

of cavitation 1843, 

Hence, it is currently an important and active topic of research among 

material scientists, even though there exists a vast number of literature dealing 

with the basic aspects of this transformation. The anatase - rutile 

transformation has been shown in the literature to be affccted by a large 

number of processing variables, including dopants and irnpul-it i es, atmospherc, 

precursor, particle size, and synthesis method, However, this review of the 

literature showed that results from previous studies ,are often con tradicto y . 

Furthermore, the relative influence sf each of these variables appears to have 

been not studied. Therefore, the focus of this work was the exploration of 

these variables and their individual as well as group effects on the phase 

transformation. 

In spite of large number of literature available on this trans fornation, 

there is no systematic data available dealing with anatasc to rutilc 

transformation in presence of different percentages of dopants prepared under 

different methods. Also most of the studies were carried out by impregnating 

the metal ions on ta crystalline Ti02 and in some cases, [[51,59,61&67] a 

smaller percentage of rutile was already present in Ti02 even before loading 

metal oxides. A11 these would undoubtedly affect the investigation. 

1.5 Some catalytic Reactions of metal oxides supported on titania. 

Catalyzed reactions form the basis of many industrial chemical 

processes. Catalyst manufacture is itself a rapidly growing industrial process. 

1.5.1. Hydro dc sulfurisation (HDS) 

The reinoval of sulfur horn sulfur containing feedstock, as HIS is 

known as hydro dc-sulfurisation, which is an important process used in 



petroleum industry and is onc of thc most widely studied branches of catalysis. 

The most common catalysts employed are molybdena-alumina catalyst.[86] 

Molybdena supported on Ti02 is reported by a few researchers[87-891 for this 

reaction. It has been shown that at low molybdena loading, titania supported 

catalysts are more active than alumina supported ones. Takeuchi ei ai [90&9 I ]  

reported FDS of thiophene in naphtha on Ni-Mo-Ti02 catalyst and is reported 

to be more active than alumina supported ones. Matsuda et ail921 used 

MoOliriOz catalyst for MZS adsorption and removal from waste gas streams or 

from natural gas. The important advantage, they claimed was tllat., r l~c  

adsorbent can be regenerated easily by passing oxygen through the adsorbent 

bed. One of the important advantages o f  Ti@ based ca~alyst in commercial 

HDS processes is that, usually, a commercial I D S  catalyst is sulfided prior to 

use, but TiO? based catalyst showed a high activity without pre-sul fidation. 

1.5.2. Partial oxidation (Selective oxidation) 

Partial oxidation is an interesting and promising approach for producing 

synthesis gas from methane and oxygen or air to give hydrogen and CO with a 

ratio suitable for Fischer-'Tropsch synthesis and methanol synthesis. Ir/Ti02 is 

reported to be a better catalyst for this reaction.[93] 

The effect of KOz supported catalysts in selective catalytic oxidation of 

hydrocarbons is currently a topic of  investigation. There have been numerous 

investigations on VZOj/Ti02 catalysts. This catalyst was reported for selective 

oxidation of furan to maleic acid. 1941 The selectivity was determined by the 

number of V,OI layers on the suppon. A high selectivity was reported with 

five layers of VIOi over 'Tio2.[93] V201/Ti02 possesses high activity and 

selectivity in processes of industrial importance, such as, oxidation of o- 

xylene[95-991 and naphthalein [I001 to phthalic anhydride. Conversion of buta 



diene[95] and bcn~ene[I  0 1 & 1021 to maleic anhydride, and crxidativz? 

ammonolysis of various hydrocar.bons[ 103- 1051 are also repor-ted over this 

catalyst. Reddy t.1 ~ r l  [106] reported that, this catalyst is quitc superior to other 

alternatives duc to their high activity and. resistance to SO? poisoning. It is 

generally accepted  hat the active phase is the vanadia part of the catalyst and 

the most appropriate support is anatase. [96-991 Many scientists, put st'verzlt 

hypotheses forward to explain the unique activity of this catalyst. 'Thus, Vcjux 

and Cout-tine [ I  071 have noted that there is crystallographic fitting between the 

(010) face of V105 and the prevailing anatasc planes (OOI ) ,  ( 1  00) and (0 10). 

Thus there is a possibility of epitaxial growth of V 2 0 j  during its deposition 

with predominant csposure of the (010) vanadia f'ace, characterized by the 

presence of V .= O groups[lO5J and thcse groups art. resporlsiblc tbr the 

enhancement of selective oxidation.[ 1081 Bond et al 11 093 proposed that i.it 

low vanadia cot-itcnt. isolated tetrahedral hydruxo vanady l groups arc formed. 

The peculiar catr~lqtic properties of this catalyst are due to the joint effect of an  

easily reducible V - 0 bond and an acid hydroxyl group from the same active 

centers.[98 J Sprc~roscopic studies of sub monolayer coverages of vanadia on 

titania have shown that the dispersed vanadia is present as a combination of 

monomeric vanady 1 and polymeric vanadate species,[llO- 1 141 with 

distribution of both these structures varying with vanadia loading[ 1 I43 and 

when the v a ~ ~ a d i a  loading was raised above the dispersive capacity of the 

titania support, cl-ystallites of V2O5 were formed.[1 1 1-1 13&1 151 

V 2 0 j  supported on TiQ-Zr02[1 161, or Ti02-Si02 11061 mixed oxides 

was also proposccl tbr the improved selective catalytic oxidation reactions. 

Murakami et nl [ I  O I ]  and Inomata et a1 [ I  021 reported the benzene oxidation 

over titania and alun~ina supported ones with the fallowing order V205/Ti02 > 



VzOs 2. V205/A1203 and the activation energy for this reaction on V1O5/TiU2 

was reported to be much smaller (ca. 80 KJlmol) than that on unsupported 

V2U5 (ca. 92 KJlmol) or on V2Os/AI2U3 (ca. I20 KJ/ mol). These data indicate 

the promoting effect of TiOz support. In spite of the cataiYst containing V 2 0 j  

on titania has been the subject of considerable interest duc to its successful 

qplication in selective catalytic oxidation reactions; the naturc of active 

species taking part in the reaction is still controversia1. 

1.5.3, Carbon monoxide hydrogenation 

Catalytic hydrogenation of CO is a profoundly imponant reaction 

widely exploited by many chemical industries for the production of gasoline. 

alcohol, methane and other higher hydrocarbons. This reaction for the 

synthesis of long chain hydrocarbon is referred to as Fischer-l'ropsch 

synthesis. Group VIII metals supported on silica, alumina or titania are 

generally used.[1171 But depending on the metal used, the product would be 

different. The selectivity of this reaction varied with support material.[ 1181 

Carbon monloxide hydrogenation using FelTiO? catalyst led to the 

formation of rnethane.[ll9-12 11 while Rh/TiO? gave methanol and other 

hydrocarbons.Methane was reported to be formed over Ni catalyst.[ll8] 

Sebatier won Nobel prize in 1912 for the successful production of methane 

over unsuppa~ted Ni cataIyst.[ll8] Sen et al 11 221 and Vannice ct a1 61 231 

reported NilTiO? catalyst with better activity for methanation than 

unsupported one and Ni/Si02. Smith et a1 11241 also strongly supported the 

above observation. 

The CO and hydrogen chemisorption behaviour of Ni/Ti02 was 

investigated by many researchers [124-1271. The chemisorption was reported 

to be decreasing in the catalyst reduced at high temperature (ca.> 500'~). The 



peculiar bel-raviour of this catalyst was due to SMSE as discussed earlier, which 

was induced during high temperature reduction. [124] The titania moieties 

migrated to the Ni surface during reduction would reduce the sticking 

coefficient of CO adsorption.[l34& 1261 So, it is very clear that the rate of CO 

adsorption is strongly dependent on the support material [I241 and change of 

suppotmt would change the rate of CQ hydrogcnatian.[124]. Rabo et a1 [I284 

investigated the methanation using Ni over a range of supports and made a 

conciusion that the speci fit activity for hydrogcnation would be in the order 

NilTiO:! >: NilA llOr > NiJS i Q~rA1203 > Nils iOl. 

Many researchers have reported high activity in CU hydrogenation to 

synthesize gasobine, over alloy catalysts, like 43Ni29Fe29Co and SOCoSONi 

supported on Ti02.[1 79- 1-32] 

1.5.4. Selective ca tnlytic reduction of NO, (SCR) 

The emission of NO, ti-om power plants, nitric acid plant and fmm other 

industries caused serious environinental problelt~, So, the removal of NO, is 

particularly important from a standpoint of pollution control. 

Selective catalytic reduction using NT13 is the most commonly used 

method to abate NO, emission and was co~nrnercialized in recent years. By the 

end of 1982, about hundred plants have been constructed and are operating in 

3apan,[133] In early stages of development of the NOs reduction process, 

several base metal oxide catalysts, such as oxides of Fe, Fe-Cr and Fe/Al, were 

reportedE133J with high activity. These catalysts, however, last their activity 

in a few hundred hours, due to SO, poisoning, which was present along with 

NOx. Hence, thc commercialization of SCR of NO, was not realized until the 

advent uf TiOl based catalysts, which are resistant to sulfur poisoning and 

were reported to be maintaining their activity for more than five ycars.[l;3] 



So, now, Ti02 has become a catalyst support of choice for this reaction. A 

number of Japanese[134&135] and US[136] patents available on Ti@ based 

NO, reduction catalysi disclose this fact more clearly. 

The SCR catalysts are mainly composed of Ti@ and the second 

component selected from VD5,  MoQ~, FeZ0> COO, NiO, h O z ,  Cr2Oj, CUO, 

etc. On the whole, a catalyst composed of Ti@ and one of the n-type 

semiconductor (V20i ,  Moo3, Fe2O3? etc) showed high acrivity for NO - NH; 

reaction, while a catalyst composed of Ti02 and one of the p-type 

semiconductor (COO, NiO, etc) showed high acivity for NO? - NF13 

reaction.[l33] But, NO, - NHt reaction was also reported on V1O5/TiQ3 

catalyst.[l37] A large number of Iitcrature are available on the invesrigation of 

the surface structure of V2Q5/Ti07 catalyst and its NO, reduction 

capacity.[ 137-1 521 The high activity of this catalyst is attributed to the nature 

of the adsorption sites on the catalyst surface. 

Inomatha and co-workers[l3 8- 14 1 ] found that the sites responsible tbr 

the catalytic activity of bulk as well as supported vanadia towards the NO - 

NH3 reaction in presence of oxygen are the v'-= 0 groups, whose 

concentration is directly related with activity, On the basis of isotopic transient 

studies Jannsen et a1 [142& I431 proposed dual site mechanism f'or this 

reaction with the participation of two neighbouring v"= 0 species as active 

sites. On the other hand, Gasier et a/ [I441 concIuded that not the V = 0 

species, but the acid hydroxyl group, i.e. V- OH group, present on vanadia 

surface could be the active site. But, Topsoe et al 11451 noted that the V = 0 

species are aIso involved in this reaction along with V - OH group. Some 

others believe, on the contrary, that amorphous disordered rnultipIe layer of 

V203 are present on the whole surface.[14 1,1468~ 1471 Isolated monovanadate 



structures have been detected at low vanadia coverage on SOz ,  A1203, TiUz, 

ZrOz and Hf02 supported valiadia catalysts by some authors.[l 1 l ,  Z48& 1491 

According to them, VO, species condense into chain or 2D domains and 

ultimately into huik V 2 0 5  c17stal I ites as VO, loading was increased. Ecker-t et 

a1 [ I l l ]  and Cousterner et u1,[150] by spectroscopic studies revealed that v'- 
centers evolve ti-om tetrahedral coordination at low coveragc to octahedral 

coordination at higher cover-we - on 'I 'iOl and AI2C>?. [n spite ol' thcsc' 

investigations or1 this catalyst, thcre is still no agreeinent on the nalure of the 

active sites and tlze mechanism of the NOx reduction process,[ 1501 but. ir is 

generally acceptcd that the vanadia part of the catalyst is essential for this 

reaction. 

1.5.5. Coal liquefaction 

Concern about the supply of clean burning f ~ ~ e l s  has stimulated interest 

in coal liquefaction process. The convcssion of coal to liquid fuel involves 

increasing the hydrogen content of the inaterial. In the licluefaclion pl-octss i t  

is not sufficient to break down the coal structure into the basic condensed ring 

units, but i t  must be broken to yield a product that is liquid at room 

temperature. [75] 

Taoabe et ul [76] reported direct hydrogenation of coal using various 

metal oxide catalysts, including TiOz based ones, suclz as, bIoO3/TiO2 and 

Fe2O31TiO2. FIydrogenation of coal w a s  carried out under a pressure of 100 

~gicrn' and a temperature of 4 0 0 ' ~ .  The ratio o f  benzene soluble fraction 

from hydrogenated coal reached 68% for MoO3iTiO1 coinpared to 51% for 

Mo031Si02. These results suggest that TiOz is not only acting as a support, but 

also promoting tho hydro cracking activity . 



15.6. Ammonia synthesis 

The gas phase equilibrium reaction between hydmgen and nitrogen to 

formMI; is well lcnown to chemists as the basis of thc famous Haber* - Bosch 

process, which represents the typicai example for a heterogeneously catalyzed 

reaction. Practical catalysts are multifunctional catalysts, which consist mainly 

o f  the reduced form of Fe?O., doped with small percentage of A1203, K20, 

CaO, SiOz and MgO. [ I  1 81 

Aika et al,[77] who studied the amll~onia synthesis over Ku supvorted 

on several suppoi-ts, found the activity to depend strongly on the type of 

support used. These authors attributed this to variations in the clcc~ronic 

interaction of the metal with the support. Sueiras et u l  [I531 also support this 

c~nclusien. 

Santos et a / , [ ]  541 who studied ammonia synthesis over FelTiO? catalyst 

found that a small degree of surface poisoning by titania caused a drastic 

decrease of activity. NobiEe jr[15 5j  investigated the kinetics of N1i3 synthesis 

over FelTiO?, hydrazine pre treated FelTiO: and K or Cs promoted FelTiO.. 

The pre-treatment of Fel'l'iO? catalyst with hydrazine increased the ammonia 

synthesis turn over frequency by more' than an order of magnitude than 

untreated one, because of inhibition of onset of Fe-'I'iO? interaction by 

hydrazine. Alkali prolnotion also increased the activity. 

1.5.7. lsomeriza tion 

Mattori et ul [ I  56& 1571 and Itoh et al [ I  581 reported the isomerization 

of butene over TiOz and Ti02/Si02 catalyst. Maximum activity was obtained 

for a catalyst with 9: 1 Ti02: SiO? composition. The acidic properties are 

reported tn be responsible for. the activity. [ 1 56- 1 621 Some authors [ 1 5 8- 1 601 

also reported the iso~ncrization of 1 -butene and P-pinene over pure Ti02. 



Sohn et a/ [ 16 1 ] investigated the isornerization of 1 -butene to cis and 

trans 2-butene over NiOi'TiO1 catalysts lnodificd by anions like  SO^." PO.,,'' 

s~o:' and B O ? ~ -  and showed the order of activity Ni0-Ti02/ ~01'- >> KO-  

Ti021  PO^" > h:iO-Ti02/ BO,'- > NiO-TiOd s ~ o ~ "  > NiO-Ti%. According to 

them the highcr activity of SO: modified one is due to the improved acidic 

propeaies of this catalyst. Similar was the order of activity Cur ethylene 

dimerimtian carried out using these catalysts.[ E 6 1 & 1631 

1.5.8, Carbon monoxide exidation 

a Carbon mot-loxide oxidation to CQ2 is an extremely important 

reaction from environmental point of view, since this reaction is applicable in 

automotive exl~aust dccontarnination. This reaction is readily catalyzed by 

transition metals. particularly Pt gt-oup metals. The CO osidatiorl can he 

performed on Pt catalyst supported on eithcl- i41103 or TiO1.[l 331 TS thc 

reaction gas contains even trace amount of SO,, Pt/A1203 catalyst is 

deactivated in a short time. R drastic decreast in specific surface area and pore 

volume takes place, resulting from the formation of aluminium sulfate.[l3_3] 

An advantage of using TiO? based catal?st, is that it is rcsistcznt to SO, 

poisoning. Matsuda ct ul 11331 made this conc1usion hy investigating CO 

oxidation in presence and absence of SO2 over ?t/TiO7, Pd/Ti02 and Ru/TiOZ. 

An inhibition of the reaction due to the presence of SO2 was observed with all 

the catalysts. The e f fec t ,  however. was srnallcst in the case of PtiTiO?, which 

had maintained i t s  initial activity even in presence of 500 ppm SO2 for a 

longer period. 

Tanaka and Whize[163- 1651 studied, in detail, the CO adsorption 

and CO2 dissociation on Pt/Ti02 catalyst. Akubuiro et ai [I661 carried out the 

kinetic study of this reaction over PtJTiO-. Lane and Wolf [I671 investigated 



the effect of 'l'iO2 crystal phases on this I-eact ion over Ptl'TiO? catalysi. They 

convincingly a1-gued that, sl~c crystalline form of support plays a dominant role 

in determining thc nctivi ty. tvhere as the rtldilct ion termperatilre plays only a 

minor role. Aftcr low ( 2 0 0 " ~ )  or high ( 5 0 0 ~ ~ )  temperature reduction, the rutile 

supported Pt exhibited grcater activity than SiO? or anatase supported ones. 

Though the reason for this better activity of rutile suppol-ted one was not clear, 

a speculative oxygen transfer ~ ~ ~ e c h a n i s l n  from the support is presented (here 

the rutile support acts as an oxygen source and provides a []leans lor oxygen 

transfer to the adsorbed PO). These authors argued that ths rulile support 

tends to give up i t s  oxlVgen, Inore li-eely. since i t  has 1 9 Kca10111o te I o \ ~ . c I -  

energy for oxveer1 - - dcsol-pkiun co~npared to anatasc. [ I 671 

1.5.9, Miscella ncous 

tMetals or- metal osides supported on 'l'iOl are reported [ I  681 lo he 

used in catalytic co~lvcrsion of chloi-o fluoro carbon (C1:C'). H?; consicitring the 

hazardous nature of CFC, this reaction is of vital impor t a~~cc .  Pd/-l'iCI., 

CeO2KiO7_, La20;/Ti02, Pt/'TiOl. NiOl'TiO? and CoO/Ti02 were the catalysts 

used.[lGX] 

Enan tio sclccli z.t: I ~ y d ~ - o ~ e n a t i o ~ ~  - of prochirat C = C- bonds usi119 

heterogeneous chiral catalyst is a challenging subject in organic: synrhcsi s. (El-  

u -penyl cinnamic acid was hydrugc~zated to yield (S)-(-.)-2,3-dipheny1 

propionic acid or1 cinchonidine modified PtlTiO? catalyst, with ~ n ~ i c h  higher 

optical yield than pal ladi urn supported on activated ca1.bon.C 169- I731 

Irl'l'iOl i s  reported for hydrogenation of n-butane and 7,2, 

dimethyl propane. [ 1731 The same catal ysr was reported for partial oxidation of 

CH4 to synthesis gas (CO and H2).[93] 



Catalytic oxidation process plays an important role in the 

industrial production of fine chemicals and several other commodities. 

Propylene oxidation to ncroleine is reported [ 1 741 over Fe-Sb-Ti mixed oxide 

catalyst with higher activity. Liquid phase epoxidation of olefins is known to 

proceed in the presence of hydro peroxides as oxidant over catalytic system 

that contain titanium.[ 1 75 J 

Micro porous crystalline titano silicates are another class of 

titanium containing catalysts, which are reported to be catalyzing the oxidation 

of unsaturated hydrocarbons with aquequs H 1 0 2 ,  oxidation of alcohols ro 

ketone, hydroxy lation of aromatic hydrocarbon and amines to oxirne. [ 1 751 

Another titano silicate,[ 1 761 called titanium+, is a suitable catalyst for 

oxidation of branched and cyclic alkenes in presence of organic 

hydroperoxides with high selectivity. The deveiopment of titano silicates,[ 1 751 

which arc ZSM type molecular sieves. are interesting duc to iheir hydrophobic 

nature, which favours the diffusion of non-polar substrates to the active sites. 

The hydrophobic micro pores of this catal~lst are assumed to exclude water 

from its voids and thlrs protect the catalyst from deactivation. 

1.6. Photo catalysis 

Photo catalysis is a process in which there is a combination of 

photochcmistry and catalysis and implies that light and a catalyst are 

neeessal-y to bring - aboui a chcmical reaction. The photocatalytic experiments 

were generally carried out by exposing aqueous TiO? suspensions (1.25rng 

P25 DegussaTiOl Per ml solution) to the light of a 450 W XBO Xe lamp. 

During the early 1930's Ollis and co-workers 1177- 1821 showed that in the 

presence of near UV i l lu~ninatcd TiO? suspensions. common chlorinated 

aliphatic hydrocarbon contamillants in water were not only dechlorinated but 



totally mineralized and it is clear that near UV illuminated TiOl suspensions 

provide a powerful wet oxidr~tion method of general applicability. 'There arc 

different types of TiO? used as photo catalyst: Degussa P25 (30nm diameter 

particle, 80% anatase 8L 20% rutilc), Aldrich anatase (500 nm diameter 

panicle) and Platinized Aldrich anatase(Pt-TiO?). 

The metal oxide seiniconductors SrTiO; and 'TiOl have been frequently 

studied for applications in photo electrolysis cells and for toxic waste water 

treatment. Metal oxide photo catalysts have possible appiications in n.arer 

electrolysis, toxic waste remediation and in organic synthesis./ lS3- 1 851 One 

of the most interesting aspects in TEO? bascd photo caralysis is the 

mineralization process by which halogenated organic co~npounds can be 

converted in to the inorsanic substr.atcs CO2 and 21alidc ions. This has been 

documented in quite ~iurnbes of elegant and informative studies pioneered i n  

particular by Ollis and Matthews.[l78,186- 1851 

Pl~oto catalysis has been ex~ensively studied over the past two decades. 

The literature reports a varicty of photo catalytic rciictions involving ?'iO1, 

ZnO, Fe201. WO;, CdS as commonly used photo catalysts €or a varicry of 

organic contaminants, 'I'hese rnatcrials ha~vc the advantage of an absorption 

spectrum reachir~g rhrough the UV and extending near the visible spectral 

domain. Ilowevcr when factors conce~l~ing photo stability, toxicity, cost, 

availability and redox efficiencies are all considcrcd, TiOl becomes the photo 

catalyst of choice. It has been recognized that l'i02 is the most efficient photo 

catalyst for tnany industrially and environmentally important reactions.[] 891 

Photo oxidation of salicylic acid is reported by Dagan et al [I901 on pure 

TiO?. Photo decomposition of [ri chloro acetic acid and CWC13 over TiO, were 

reparted by W a n ~ i  L- er [ / I . [  19 1 1 Reductive dehalogenation of 3,1.2- tri chloro 



flouro ethane (CFC 1 13) took place upon ill~unination of air free suspension of 

Ti& containing fbrmate ions.[193,] Photo reduction of CC14 and CkBr3 

occurred in suspensions of l'iO,.[193& 1941 Kutty er al[195] studied the photo 

degradation of phenol over nano sized TiOl (anatase) powder. 

Kominami er a1 [196& 1971 put forward a couple of conditions to obtain 

better photo activity, viz. titania should necessarily possess large surface area 

to adsorb substrates and high crystallinity to diminish electron - hole 

recombination. They investigated the photo ~nineralizntion of acetic acid in 

presence of air. '['hey claimed better activity for their catalysts prepared by 

hydrothermal crystallization in presence of organic solvents, compared to 

commercially available Degussa p-2 5 and Is hi hara ST-0 1. 

The photo degradation o f  metal - EDTA complexes, especially 

that of Cu, Fe and Zn over TiO? were studied by Kagaya et al [I981 with 

complete rernevaE of metal ions. This reaction is profound in the treatment of 

industrial effluent containing metal ions. Photo oxidation of mono chloro 

were acetic acid and pyridine in presence of oxygen and ozone over TiO- 

reported with activity and much lower specific energy consumption in 

presence of ozone. [I991 

1,ee et a1 [300] carried out the photo degradation of I,4 - dichloro 

benzene. The irradiation of aqueous solutions of 1,2,4- trichloro benzene in the 

presence of titanium dioxide leads to the t'omtation of several products. RutiIe 

was reported by Sopyan et a! 12011 for the photo oxidative decomposition of 

gaseous acetaldel~yde. It is reported that reduction of O2 and oxidation of 

CHCb take place at rutile TiOz Surface[203]. Muneer et a/ [203] studied the 

photo degradation of acid blue 40, a textile dye, in aqueous suspension of 



TiO?. Addition oi' some anions. likc SO.,'- and ~01' cnhancsti tile photo 

degradation of pawquant, ;I very tosic herhic ide . [204&3~ 

lroil doped Ti02 is reported for photo reduction of molccular K2,  

which has ecological significance and is a- part of natural UI -cycle. [?Oh] 

Fe2O1ITi0, mircd oxide cat;ilyst was found to be ~lsed in photo dc~ositicaiion 

of water containing dicl11ol.o acetic acid.[207] '1-itania s~~ppor ted  on SiO. o r  

A1203 is reporrcd for photo decompositinn of salicylic acid and phcnol 13081 

with improved activity t l~an  pure TiO: Titania species anchored ivithin the 

micro pores of Y-zeolite and lneso porous zeolites sshibitcd a high 311d unique 

photo acti\,it> fo r  ihs reduction of C 0 2  with water at 55"~ , [209&2 101 which is 

known as reductive tivation of CO?. I 'he tilano silicnlits i s  used FOI* the phoro 

decompositio~~ of NO into U2, OZ and N1O ni 2 2 " ~ .  131 1 ] Photo dcgl-adation 

of accto phcnonc in aqlieorls lnedi~iln is reported by Xu el al  12121 o n  l i O l  

supported on 111icr0 porous /.eolitc S and Y and on mrso pot-ot~s molccular 

sieves. Ti exchanged clays are rcponed for piloto deil~~odat L. ion o f  clichloi-ii 

methane with improvcci acrivi rq. than purc Ti01.[2. 171 

Crystal stl-~ictnrt o f  'I7iO2 i s  important factor clelr~.o~inini! - its photo 

catalytic efticienc~.. I t  has been known that anatase is inow cllicien~ catalyst 

than rutile. 171-11 How sver  there is 3 - ereat varier! in rhe plioro catalytic 

efficiency even aillong the snmc crystal form. Increas i iig ths photo catalyst 

surface area appears to be the most obvious means of imp[-oving thc clficicncy 

of photo catalytic oxidation reactioi~s. [<.'ranaka ct a/ repoltcd j? 1 j&2 161 that 

the addition of M 1 0 2  accelel-ated the degratlation satc of many pollutants 

considerably. l'his effec~ of H 1 0 2  is also i~ltluenced by crystal structure of 

Ti02. 



1.7. Scope and (1 hjuctive of the present i~lvestigation 

I t  is evident fr.0111 the liter-atur-c that the PI-eparntion of fine ineta1 oxides. 

especially 'TiO?, has been thc subject of many scientific studies during the last 

two decades, considering thcir particular demand for use in'catalysis. I tencc, 

now, the preparation of fine TiO? powdcr is a subject of profound importance. 

in basic as as applied research. 4 s  we know, the catalytic activity of 

titania is highly dependent on the phase a~~iitase/rutile and its preparation is of 

fundamental importance to obtain desired properties. necessarily required to 

catalyze a particular reaction. 

Only limited r~~e thods  are available in literature for the preparation of 

metal oxide doped TiO:. Thc ~ncthods utilizing titanium tetra alkoxides or 

tetra chlorides art: described in lilerature. But, it is very difficult to handle 

these compounds of titanium. as they \~igosously hydrolyze even in prcsence 

of a~mosphc~.i c moisture arid phase pure TiOl anatase cannot be prepared in 

presence of chloride ions. Non-availability of coinmerciai catalytic grade 

titania is the majo~.  concern of inany of the catalyst industries, as the Ti02 

rnanufacru~-ers 3ri' aiming only 3t the pipincii~ary propelties rat her than any 

other physical properties. 

Tlie present investioatio~i L is there fore carried out with the following 

objectives. 

i '1'0 prepare titania doped with different percentages of some 

transition metal oxides. 

To characterize the transition rnc~ais doped titania prepared by co- 

precipitation using h ydr~izine hydrate and by wet-impregnation 

mcthoci and to evaluate their propc~ties. 



> To examine thoroughly the onset and c o ~ p l c t i o n  temperatures o f  

anatase to rutile phase transfonnatio~~ in presence of different 

percentages uf  Fe203,  hiO, Cr30;, hl110: and CuO during the 

heating. 

> To study the phase transfor-matinn ir-i titanin under air.ine1-t and 

reducing atmosphet-es. 

9 1'0 carryout dctailed investigation on the photo uatalyiic acticily of 

all thcst: samplcs. 

With these objectives, Z;e2OjiTiO1, Ni01Ti0;. C:r203/'I'i02. 

Mn021Ti02and CuO/Ti07 systems with different pet-centages or' transition 

metal oxides were preparcd through two different methods and c haracterizcd. 

Photo catalytic oxidation of toluenc to benzoic acid was also ca-riecl o~11 usi11g 

all the five systems with different phase content of titania. 

The pi-esent investigations were done using the uncalcined hydrated 

titanium hydroxide (titania pulp-arnol-phous mattrial) cuntaining 81% KO: 

produced by the Travancore Titani urn P rod~~c t s  .Ltci., -1.1-i \,andrum, 

KeralaJndia. 'The various transition metal oxides arc dupcd with the titarlia 

using co-precipitation and wet-impregnation methods. The details and results 

of these investigations arc given in the fclllo~ring chapters. 





CHAPTER 2 

MATERIALS AND EXPEWMENTAL METHODS 

In this chapter, a brief description of the reagents used and the 

procedural details of the preparation of metal oxides doped TiOl namely 

FqQ3/Ti02, NiOiTiOz, Cr2O3/TiOz, CuO/Ti02 and MnU21Ti02 systems are 

given. The details of instruments used and the analytical methods adopted for 

the physico-chemical characterization of the above samples as well as the 

fransfomation and catalytic properties are also outlined. 

2.1. Materials used 

Chemicals tlsed 

All the chemicals used were of analytical grade. The following 

chemicals were used: 

Aluminium foil (s.d. fine - chem Ltd) 

Ammonia (s.d. fine - chem t t d )  

Ammonium Sulfate (s.d. fine - chem Ltd) 

Ammoni~lrn thiocyanate (s.d. fine - chem Ltd) 

Barium chloride (RANBAXY) 

Chromium trioxide (s.d. fine - chem. Ltd) 

Cupric nitrate (s.d. fine - chem. Ltd) 

Dimethyl glyoxime (MERCK) 

Diphenyl mine sulfonate (s.d. fine - chem Ltd) 

Ethanol (MNBAXY) 

Ferric nitrate (s.d. fine - chem Ltd) 

Hydrazinc hydrate (99% - s.d. fine - chem Ltd) 



Hydrochloric acid (s.d. fine - chem Ltd) 

Hydrofluosic acid (RAN13AXY) 

Hydrogen peroxide (30% - s-d. fine - chen~ Ltd) 

Manganous sulfate (s-d. fine - chem Ltd) 

Manganese dioxide (s.d. fine - c l ~ e m  Lid) 

Mercuric chloride (s.d. tine - chern Ltd) 

Nickel nitrate (MEKCK) 

Phosphoric acid (s.d, fine - chem Ltd) 

Phenolphthalein indicator ( s.d. fine - chem. Ltd) 

Potassium bisulfate (s.d. fine - chem Ltd) 

Potassium dichron~ate (s.d. fine - chert1 Ltd) 

Sodium bicarbonate(s,d. fine - chem Ltd) 

Sodium hydroxide (sad. fine - chcm Ltd) 

Stannous chloride (sad. fine - chern Ltd) 

Sulfuric acid (sad. fine - chern Ltd) 

Sulfi~rous acid (CDt I )  

Titanium dioxide (un calci~led hydrated titania pulp containing 82% TiOz 

obtained from I'ravancore Titani urn products. Ltd, Trivanclr-urn, Kesala, India. 

Toluene (99% - MNBAXY).  

Gascs used 

Argon (IOL, Mumbai) 

I-fydrogen (Sterling Gases, Koc hi) 

Helium (IOL. Murnbai) 

Nitrogen (West Coast Industries Gascs, Kochi) 





stirred well and evaporated to dryness on a hot plate with intermittent stirring, 

The residue was then oven dried at 1 1 0 ' ~  for 8hrs and calcined at diftereqt 

temperatures, viz. 800'~, 8 5 0 ' ~  and 9 0 0 ' ~  for different time. This sample was 

labeled as 5%Fe2O3miQ(w.i) By adopting the same procedure, the sample ' 
15%Fe203iTi02(w.i) was also prepared using 3 1. lg  hydrated titania and 22.88 

of ferric nitrate . 

2.2.2. Preparation of NiO/TiOz 

Two different samples o f N i 0  doped titania were prepared by the 

following methods. I 

L2.2.1. Co-precipi tation 

The sampIes of 5% NiO iTiO2,and 1 5% NiOiTiO? (c,p) were prepared 

by adopting the procedure described in section 2.2. I .  1. using 8.2 and 27.3g 

nickel nitrate (dissolved in 20ml distilled water) respectively. The samples 

were oven dried at 1 1 0 ' ~  for 8brs and finally calcined at 70u0c, 7 5 0 ' ~ ,  

800'~and 8 5 0 ' ~  for different time. 

22.2.2, Wet-impregnation 

The wet-impregnation was carried out by the same procedure given in 

section 2.2.1.2. The samples prepared by using 8.2 and 27.3g nickel nitrate 

(dissolved in 20mI distilled water) were labeled as 5 and 15% NiO/TiOz(w.i) 

respectively. These samples were calcined at 850°c, 8 7 5 ' ~  and 9 0 0 ' ~  for 

different time intervals. 

223. Preparation of  C ~ 0 5 J T i 0 ~  

Two different samples of CrzQ3 Ioaded Ti02 were prepared using the 

following procedure. 



2,2.3.1, Co-precipitation 

The co-precipitation was carried out as described in section 2.2.1.1 Here 

the samples 5 and 1 5% Cr2Q3/Ti02(c.p) wcre prepared using 1.38 and 4.6 1 g of 

chromium trioxide (dissolved in 20ml distilled water) respectively. The 

calcination was done at 600'~, 700°c, 800"~ ,  8 5 0 ' ~  and 9 0 0 ' ~  for different 

time. 

2.2.3.2. Wet-impregnation 

The procedure adopted was simiIar to that described in the section 

2.2.1.2. The samples were prepared using 1-38 and 4.6 ig of chromium. 

trioxide (dissolved in 20ml distilled water) and labeled as 5 and 15% 

CrZO,/TiOz(w.i). These samples were calcined at ~OO'C, 9 2 5 ' ~  and 9 5 0 " ~  for 

different time. 

2.2.4. Prepamtion of Mn02/Ti0? 

The samples of Mn02 loaded titania were prepared as follows. 

2.2.4.1, Co-precipitation 

Co-precipitation was carried our as explained in section 2.1.1.1 using 

4.31 and 13.6g of manganese sulphate (dissolved in 20 rnl distilled water). The 

samples were marked as 5 and 15% MnU2/TiO1 (c.p) respectively. They were 

calcined at 6 5 0 ' ~ ~  6 7 5 ' ~ ,  7 0 0 " ~  and 7 5 0 ' ~  for different time. 

2.2.4.2. Wet-impregnation 

5 and 15% Mn02/Ti02 (w.i) Samples wcre prepared under this method as 

described earlier using 2.1 and 7.0 g manganese Dioxide respectively. These 

samples were calcined at ~ Q O ' C ,  7 5 0 " ~ ,  8 0 0 ' ~  and 8 5 0 ' ~  for different time. 

2.2.5. Preparation of CuOlTi02 

The samples of CuO doped titania were prepared as follows. 



2.2.5.1. Co-precipitn tion 

Co-precipiiation \\?as carried out as explained in sectioil 1.2. P . I 

using 7.9 and 2 1.35g of'cupric nitrate (dissolved in 20 rnl distilled water ). The 

. samples wcre rnarkecl as 5 and 15% Cu01'I'i02 (c.p) respectively. They were 

calcined at 700 "~ .  750"~ 8 0 0 ' ) ~  and 8 5 0 " ~  for different tirnc. 

2.2.5.2. tVet-ir11prcgnatio11 

5 and 15% Cu0/'TiO2 (w.i) Samples were prepared under this 

method as described carlicr using 7.9 and 2 1.25g cupric nitrate respectively, 

These sarnplcs were calcined at 7 5 0 " ~ .  8 0 0 " ~  and 8 5 0 " ~  for ,different time. 

2.3. Photo Catalytic osidation of Toluene to benzoic acid (liquid phase) 

'l'hc toluene oxidation activity studies were ca!~ied out using 

Fe203/l'iC)3. NiOYTi07. Cr203/Ti07 -. Mn021'Ti02. and Cu01Ti02 samples 

calcined at different temperatures as per the pi-ocedure described below. 

0.350 g of above metal oxide doped TiOl salnplcs with different phase 

content was taken in a photo reactor and 338 ml distilled water and 10 1111 

hydrogcn peroxide also were added. It was then kept on a magnetic stirrer and 

oxygen \\as bubbled continuousl~. 2.7 rnl of toluene was then added to the 

mixture and irradiation was done using 125 Watt ~nediurn pressure Hg-arc 

lamp fitted with annular Lvatcr cooling jackets fabricated from glass not 

transmitting light of wave length < 300 nm, For difkrelzt durations, After each 

one hour, sa~zzple rvsrs taken artd ancllysecl far benzoic acid formation. The 

benzoic acid fbmed was estimated by titrating against standard 0.1W KaOH 

solution using phenolphthalein as indicator as per the procedure cited in 

reference.[? 171 +l-klc proposcd reaction is: 

C71Ia -r 31'2 o1 + C7HbQ2+ HZO .' 



2.4. Crystallite size calculation 

The crystallite size (not the particle size) of anatase was 

calculated using a computer program based on Scherrer relation. For this 

purpose, the width at half height of the peak corresponding to [I011 plane of 

anatase was measured. The Scherrer- relation states that the XRD peak 

broadening is inversely proportional to crystallite size [218] and the crystallite 

size can be calculated from the equation D = 0.9h / PCos 8. Where, D = 

crystallite size, h = wavelength used, P = corrected half width of the peak and 

8 = angle of diffraction. 

2.5. Rutile percentage calculation 

The rutile percentage in each sample was calculated using the 

equation (1+ 0.794 I J I~) - '  multiplied by 100. Where, IA and IR are the peak 

intensities of [I011 and [ I  101 planes oi'anatase and rutile respectively. [219] 

2 6  Chemical analysis 

A brief description of chemical analysis methods adopted for the 

estimation of Ti02,[220] Fe20j,[22 I ]  NiO.[322] Cr20;[233], Mn02[224] and 

CuO [225]  is given below. 

2.6.1. Estimation of Ti@ 

Aluminiuln reduction method 

The estimation was carried out using the procedure 

described in literature.[221] The sample (0.2g) was fused with excess amount 

of potassium bisulfate (I5g). The mass was cooled and dissolved in 20% 

FIzS04 (150ml) and the solution was made up to 250ml in a standard flask. A 

known volume of the made up solution was pipetted into a 5OOrnl Erlenmeyer 

flask and conc. HCI (30rnl) was added to it. The solution was boiled well and 

removed from the heating mantle. High purity aluminium foil (25) was 



attached to the glass rod of thc reaction setup. The rubber stopper carrying the 

glass rod with aluminium foil and the delivery tube was i~nrnediately inserted 

into the Erlennleyer flask. The othcr end of the dclivcry tube was placed below 

the level of saturated sodiutn bicarbonate solution taken in a beaker, to prevent 

the re-oxidation as shown below in figure 2.1. 

Figurc 2.1: Apparatus for the reduction for the estimation of 
Titanium dioxide. 

A. 500rnt Erlcnmcger Flask 13. Glass tube 
C. Glass Rod D.250ml Beaker 
E. Aluminium Foil F. Sodium Bicarbonate Solution 

The flask was heated again. l'owards the end of the reaction, the flask 

was swirled to ensure complete mixing and reduction. When the aluminium 

foil was completely dissolved, the solr~tion was gently boiled for 3-5 minutes 

keeping the delivery tube immersed in the sodium bicarbonate solution. The 

solution was cooled to a temperature less than 6 0 ' ~ .  As the solution was 

cooled, the sodium bicarbonate solution was drawn inside the flask and the 

C02 evolved would give the necessary protective atmosphere. 'The solution 



was cooled and titratcd against standard Nil6 ferric alum solution using 

ammonium thiocy anate solution as indicator. 

2.6.2. Estimation of Fe203 

Fe203 was estimated as per the standard procedure.[223] The 

sample ( 0 . 2 ~ )  was fused with potassium bisulfate. dissolved in dilute H2S0, 

and made up to 2501n1, as described in section 3.8.1. A known volume of the 

made up solution was pipetted out into a 350rnl Erlenmeyer flask. conc. 

hydrochloric acid (5ml) was added and heated for 5 rninutcs. Stannous 

chloride (6%. 2-3 drops) was added till the yellow colour disappca~~ecl and then 

one drop in excess was added. The cxcess SnC12 was removed by adding 

saturated SIgCI? soliltion (1 5ml). Then 101nI of acid mixture (1  SO ml H2S04 

and I50 m1 H3POJ in 700 rnl distiIIed water) and lorn1 of Zirnrnsrrnann 

solution (this solution was prepared by adding a cooled ~z~ix ture  of 100 ml 

conc, H7S04 and 300rnl water to a solution of 5Og of MnSO1.4H2O in 2501121 

water. 100rnl of syruppy phosphoric acid was also added.) was added. It was 

then titratsd against standard 0.1 N potassium dichron~ate  solution aftel- adding: - 
3 drops of diphenyl amine sulfonate indicator to a violet end point. 

2.6.3. Estirna tion o f  NiO 

Nickel estimation was done as per the standard procedure.[723] 

The sample (O.5g) was fused with potassiunl bisulfate (389). The mass was 

cooled and dissolved in 20% H2S01 (300m1). TiO? was precipitated out by 

adding ammonia. The filtrate was collected and was made acidic by adding 

conc. hydrochloric acid ( I  Oml). The solution was then heated to 70-SO"C and 

I %  ethanolic solution ol' dimethyl gIq-mime (25ml) was added. Dilute 

ammonia solution was added drop wise with constant stirring until the 

precipitatioi~ began and then in slight excess. The precipitate was filtered 



through a sintered glass crucible and washed with cold water until free from 

chloride and sulfate. CompIetion of precipitation was tested by adding 

dimethyl glyoxi~ne to the filtrate. The residue was dried at 1 1 0 ' ~  for lhr  and 

weighed. 

2.6.4. Estimation of CrzOJ 

Cr203 was estimated as per the procedure.[224] The sample (O.5g) was 

fused with potassium bisulfate, dissolved in dilute H2S04 and made up to 

250m1, as described in Ti@ estimation. A known volume of the made up 

solution was pipetted out into a 600mI beaker and added 50 ml of sulphuric 

acid and 10 drops of hydro fluoric acid (48%) using a plastic dropper. 

Oxidized by drop wise addition of Conc. E1N03 and evaporated the solution to 

fumes of SO;. Cooled, diluted to 3001111 and warmed on a hotplate until 

comp2etely dissolved. Removed from the hot plate and added 1 Oml of 0.25% 

AgNOj solution and 25mt of 15% ammonium persulphate solution. Brought to 

boiling and added one or two drops of KMnOl solution. Boiled for 10 minutes. 

To the boiling solution added 5ml of HCE. Boiled for 5 minutes again (to 

remove the pennanganate colour present) and added 3ml HCl and boiled for 

10 minutes after the solution turned ye1 low. Removed from the hot plate and 

diluted to 200rnl with distilled water, cooled to room temperature. Added from 

the burette a rneas~ired excess of 0.05 N ferrous ammonium sulphate solution 

and titrated the excess ferrous ammonium sulphate with O.05N permanganate. 

From the values ob~ained, the amount of Cr203 was calculated. 

2.6.5. Estimation of MnOt  

Manganese estimation was done as per the standard 

procedure. [225] The sample (0.5g) was fused with potassium bisulfate (3 8g). 

The mass was cooled and dissolved in 20% HzS04 (300ml). TiOl was 



precipitated out by adding ammonia. The filtrate was collected and made 

acidic by adding C about 40ml of 4N sulphuric acid solution and 40 mI of 

standard oxalic acid was busetted out into the solution. The mixture was gently 

heated to about 7 0 ' ~  and titrated against standard potassium perrnanganate 

solution till the end point. From the results, manganese dioxide was calculated. 

2.6.6. Estimation of CirO 

Copper estimation was done as per the standard procedure.[226] The 

sample (0.5g) was fused with potassium bisulfate (389). '1'11c mass was cooled 

and dissolved in 20% H2SQ4 (300ml). Ti02 was precipitated out by adding 

ammonia. The filtrate was coIIected and was made acidic by adding a few 

drops of dilute hydrochloric acid and then added a slight excess (about 20-30 

ml as required) of freshly prepared saturated sulphurous acid solution. 

(Frepared by diluting to 10 times its volurne, the commercial concentrated 

solution, which has a specific gravity of 1 -33 and contains about 54% SO2$ 

Diluted the cold liquid to 150-200m1, heated nearly to boiling, and 

added freshly prepared 1 0% ammonium thiocyanate solution, slowly with 

constant stirring, from a burette until present in slight excess. The precipitate 

of copper(1) thiocyanate was white and the mother liquor was colourIess and 

smell of SOZ was present. Allowed to stand for settling over night. Filtered 

through a weighed sintercd glass crucible and washed the precipitate 10 to 15 

times with cold solution prepared b_t. adding to every 100ml of water lml of a 

10% solution of a~nmonium thiocyanate and 5-6 drops of saturated sulphurous 

aeid solution and 1inaIIy several: times with 70% ethanol to remove ammonium 

thiocyanate. Dried the precipitate to constant weight at 1 10- 1 2 0 ' ~  and 

weighed as CuSCN. From the weight obtained, the amount of CuO was 

calcu Zated . 



2.7. Instrumental methods employed 

2.7.1. Surface area analyzer 

Surface area rneasure~nents were done by BET method of 

nitrogen adsorption at liquid nitrogen temperature using Gemini 2360 V4.0 1 

instrument by taking accurately 0 . 5 ~  of the sample. 

2,7.2. photo catalytic reactor 

?'he cataly-tic reactor was made of pyrex glass . It has 25cm height 

and 30mm and 18 mm outer and inner diameters respectively. I t  is titted with 

annular water conling jackets fabricated from glass not transmitting light of 

wave length < 300 nm. 

2.7.3. Furnace and temperature programmer 

A vertical tube hinace with a temperature programmer (Ccntury 

Systems CIS 7533) was used in these studies. Ordinary muffle hlsnactl was 

used for calcination purpose. 

2.7.4. X - Ray Diffractorneter 

Philips nuton~atic powder diffractornster, PW 17 10 with CuKcz 

wavelength was used for XRLT studies. 

2.7.5. Scanning Electron Microscope 

JSM-5600 instrument was used for SEM analysis. 0. lg  of' the 

sample was dispersed in acetonc by sonication and one drop was placed on a 

copper stud, dried and gold sputtered. Then the SEIM analysis was carried out. 

EDAX analysis was also made simultaneously using the same 

equipment wi tll attachments. 
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CHAPTER 3 

STUDIES ON Fez@ DOPED TiOz 

The catalytic activiv of TiOz support is determined by physical 

properties such as surface area, crystallinity etc. which mainly depend on the 

preparative conditions. Many effclrts have been made for preparing highly 

dispersed Fe catalysts on high surface area TiQ. But, unfortunately, only a 

few methods for the preparatioil of these catalysts are available in literature. 

The polymorphism occurring during the heat trcatrnent is very important in 

selecting T ~ O ?  as a catalytic support. 

In order to study the effect of amount of Fe203 and reaction 

atmospheres Ti02 doped with different percentages of Fe203 was prepared 

using two methods, as described in Chapter 2. The transformation was 

studied in air, argon and hydrogen atmospheres as a hnction of temperature 

and time using XRD, Surface area measurements and SEM. 

3.1. Chemical analysis 

The co~nposition of samples was determined by chemical analysis 

using standard procedures as described in chapter 2. The percentage of I;e3O3 

in each sample is as given in Table 3.1. 

Table 3.1: Results of Chemical analysis of Fe203  doped Ti02 prepared through 
different methods. 



3.2. XKD studies 

XRD pattern of co-precipitated and wet-impregnated samples 

calcined in air at different temperatures and time showed that these samples 

are crystalline above 5 5 0 ' ~ ~  where as phase transformations are differknt in 

eo-precipitated and wet-impregnated one. 

X-ray Diffraction patterns of the co-precipitated FezOl doped TiQ2 

after calcination in air at different temperatures are shown in figures 3.1 and 

Figure 3.1: XRD Patterns of co-precipitated 5% Fet03/TiOz heated at different 
temperatures. (a) 7 0 0 ' ~  (b) 8 0 0 ' ~  (c) 9 0 0 ' ~  

In all the patterns there were peaks due to anatase and rutile phase of 

TiOz and no peaks due to Fe203 appeared, obviously due to the fineness of 



iron oxide particles. Also there were peaks corresponding to pseudobrookite 

(FqTi05) which indicates that Fe203 has reacted with Ti02 during heating to 

form iron titanate. 

Figure 3.2:XRD Patterns of co-precipitated 15% FeZOdTiOz heated at different 
temperature. (a) 700O~(b) 800O~(c) 9 0 0 ' ~  

A - ilnatase 
R - Rutile 
PB- Pseudo Brookite 

Peaks of rutile appeared in the pattern at 7 0 0 ' ~  and on further 

increase, the rutile peaks became more intense and anatase peaks 

disappeared ti-om thc pattern, The various amounts of rutile wm$;g 



heating of co-precipitated FezOl doped samples are given in tables 3.2 and 

3.3. 

Table 3.2: O/O of rutile formed during heating of co-precipitated 5% Fe20fl i02 at 
different temperatures and time. 

In 5% FezOs doped TiO,, on calcination at 7 0 0 ~ ~ f o r  8 hrs 12% rutile 

was formed and at the same time 15% doped sample gave 26% rutile, on 

heating at same conditions. 

The influence of altervalent cation doping on Ti02 on its phase transition 

and grain growth has been investigated. It was reported that dopants like 
*4+ S +  

$1 ,V and R U ~ '  affect the phase transition temperature of the titania host. It 

was reported that on doping Ti02 with 10% Fe203 and NiO, the anatase-rutile 

transformation is altered much. [69] 



Table 3.3: % of rutile formed during heating of co-precipitated 15% Fe203/Ti0~ at 
different temperatures and time 

I?: is clear from the table that increasing the calcination temperature 

gives higher rutile % for the 15% doped samples than for 5%. The increase in 

rutilation is due to the di fference in concentration of Fe203. 

Un doped Ti02 does not undergo any phase transformation on heating 

up to 900°C'. At 1 OOO'C, anatase peaks disappeared giving only rutile peaks 

indicating that rutilation was complete. The patterns are as given in figure 

3.3. 



Figure 3.3: XRD patterns of undoped Ti& heated at different temperatures. 
(a) 8 0 0 ' ~  (b) 9 0 0 ' ~  (c) 1 0 0 0 ' ~  

Therefore it is evident that the anatase-rutile transformation in un 

doped Ti02 takes place between 900- 1000'~. This clearly indicates that the 

presence of FezOi enhances the crystallographic rearrangement in TiOz Also 

in presence of Fe203, the crystallization temperature has been altered to 



5 5 0 ' ~  as compared to 7 0 0 " ~  for undopcd sample. So, the presence of Fr103 

has a strong influence on the cr.ystallization of the co-pcccipitated sample 

'The variation of rutile percentage with timc at different temperatures 

during calcinations of Fe20j  doped TiQ2 samples is given in 'figures 3.4 and 

3.5. It was found that rutilatiorl increases with durations o f  calcination. This 

variation in rutilation is different for di ffcr-cnt percentages of 17e203. 

Figure 3.4:V;iriation of rutilic U/u with timc at different temperatuldcs in co-prccipitatecl 
5 % Fe2031Ti02. 

0 2 4 6 8 'I 0 12 14 

Time of heating ( Hrs) 



Figure 3.5:Variation of ruti1e O h  with time at different temperatures in ra- 
precipitated 15%Fez03/Ti02. 

0 2 4 6 8 10 12 14 

Time of heating ( Hrs) 

The wet-impregnated samples behaved differently during the heat 

treatment even though the effect of different percentages is same as in the 

case of co-precipitated samples. The XRD patterns of wet-impregnated 

samples are given En figures 3.6 and 3.7. 



Figure 3.6: XRD Patterns of wet-impregnated 5% FezO31Ti0~heated at 
different temperatures. ( a )  8 0 0 ~ ~ ( b )  8 5 0 ' ~  (c) 9 0 0 ' ~  

A - Anatase 

R R- Rutile 
PB- Pseudo Brookite 

R 

C 

a 

15% doped sample got rutilated almost completely at 9 0 0 ' ~  in 

10 hrs, where as in the 5% loaded system, the rutilation started only at 

800'~for 5 hrs heating and only 87% completed at 9 0 0 ' ~  for 10 hrs 



heating. It is believed that ~ e ~ '  introduces the oxygen vacancies in the 

anatase lattice, which favour the rutile nucleation. 

Figure 3.7: XRD Patterns of wet-impregnated 15% Fe20fliO2 heated at 
different temperatures. (a) 800 '~ (b )  850°~(e)  9 0 0 ' ~  

An increase in the concentration of ~ d '  will favour a greater 

diffusivity because mass transport in TiOz is controlled by oxygen diffusion. 

T h i s  leads to a more rapid growth of rutile, which is in agreement with 

general theory of the vacancy diffusion mechanism 1611. When the 

temperature raises ~ e ~ '  dissolution, the concentration of oxygen vacancies 



and diff~~sivity in TiO? increase. Thus, the nucleation and growth of rutile is 

favoured by increasing temperature. 

Rutile conversion in wet-impregnated samples on calcinations at 

different temperatures and time are given in tables 3.4 and 3.5. 

Tablc.3.4: %I of rutile formed during heating of met-impregnated 5°/~Fe103/Ti02 
at different temperatures and time 

So, it is obvious from all these observations that Fe203 influences the 

mtile phase formation to different extenls in samples prepared through 

different routes. The rutile percentages against time of heating at different 

temperatures of samples prepared by co-precipitation and wet-impregnati on 

are given in Figures 3.8 and 3.9. The onset and colnpletion temperatures of 

mtilation were much lower in co-precipitated ones as compared to wet- 

impregnated. The Fe203 influences noticeably the rutilation temperature in 

co-precipitated samples. 



Table 3.5: % of rutile formed during heating of wet-impregnated 15% Fe20fliOx 
at different temperatures and time 

I t  can be inferred that the presence of Fe2O3 during the crystallization 

of TiO? would enhance the fornation of rutik, to different extents depending 

on the method of preparation. If the distribution of FelO3 were more uniform, 

the chance for rutilation would also be higher. In wet-impregnated samples 

distribution of Ee203 is not uniform, which may be the cause for lower 

mtilation as compared to co-preci pi tatecl samples. 

The activation energy for the anatase-ruti le transformation was 

calculated and is given in table 3.6. The activation energy calculated for the 

transformation in co-precipitated samples in presence of 5% Fe203 is found 

to be 38.3 while in presence of 15% Fe203 28.9k cal / mol. In case of wet- 

impregnated samples the activation energy for the transformation was found 

Zo be 63.6 in presence of 5% Fe203 while in presence of 15% it is 59.9 k cal/ 

ml. For undoped Ti& activation energy for anatase-nrtile transformation 

was reported to be -90 K cal/moI. But among, 5 & 1 5% Fe203 1 5% has more 

lowering of activation energy and hence it is mare accelerating. 



Figure 3.8:Variation o f  rutile O/U with time at different temperatures in wet- 
impregnit ted 5% Fez03/Ti02 

Time of heating ( Hrs) 

It is clear that the lowering of activation energy is different in wet- 

impregnated system as coinpared to co-precipitated ones. So an analysis of 

the activation energy values determined is useful in understanding the 

relative accelerating effect of Fe203 doping. Hence it is clear that in presence 

of Fez03,  the activation energy is lowered much as compared to undoped. 



Figure 3.9:Variation af rutile % with time at different temperatures in 
wet-im pregnated 150h Fe20fli03. 

0 2 4 6 8 10 12 14 

Time of heating ( Hrs) 

The crystallite size of anatase calculated from XRD data is given in Table 

3.7. The crystallite size was found to increase with temperature and 

rutilarion, depending on the method of preparation. On increasing percentage 

of FelOj in co-precipitated and wet-impregnated samples, Crystallite size 

also increased. The crystallite size increased more than that of pure TiOl 

The rutilation starts in 5% doped co-precipitated samples when the anatase 

crystallitcs crow L- to a size of 17.6 nm. while in the case of 5% wet- 



impregnated ones tiic transformarion happens at 14.4 nrn. In 15% doped 

samples it is at 1 8.8 and 15.8 nrn respectively. 

Tablc 3.6: Activation energies for the anatnse-rutile transformation in Fe203 doped 
TiOz. 

T M e t h o d o f - 7  Fe203 Activation energy 1 

3.3. Surfacc area studies 

?'he surface area values of undoped and Fe203 doped samples 

calcined at di *rent temperatures are given in table 3.7. 

The effect on increasing Fe203 peiaccntage is more pronouned. In the 

case of co-precipi~ated samples, surface area was 13.4 m2ig, and 12.9 m2ig 

respectively lor 5 and 15% doped samples heated at 7 0 0 ' ~  for 8 hrs. 

Undoped titania under the same conditions gave 27.2 m2ig. The surface area 

decreased drasticai iy with rutilarion observed at SO0 and 9 0 0 ' ~  for 5 and 

15Yo doped samples respectively. Similarly, for wet-impregnated samples it 

was 16.2 and 14.4 m'/g in 5 and 15% doped system after heating at 800 '~.  11 

became 2.53 and 2.96 m'/g at 9 0 0 ' ~ .  This is in agreement with crystallite 

size of anatase, which is found to increase with increasing Fe203 percentage. 



Table 3.7: Csystallite size and surface area values of un doped and Fez03 doped 
Ti& Samples hcated at different temperatures for 8 hrs 

* a- Amorphous TiO? * b- Anatase phase absent 

Crystallite size of anatase seems to have some reIation with surface area. 

Surface area decreased on increase of crystallite size. So, Fe203 has a 

significant influence on the surface area of these samples. The decrease in 



surface area with increase in t-utile percentage was also larger in presence oi' 

Fez03. This indicates that anatase-rutile transformation involvcs a collapse of 

the open structure to  a closed sutile stl-uctw-e. This process takes p l x e  b ~ .  the 

rupture of two of the six Ti-0 bonds of the titanium co-ordination octahedral 
' 

in anatase to for111 new bonds in rutile as said earlier-. 

Therefore it can be believed that thc anatase-l-utile transformation in the 

presence of Fe203 is more rapid than i n  pure TiO?. Tho fonnation oS 

pseudobrnokite is independent of the phase transition because it took place on 

Fe203 particles [6 11 I 

3,4, Scan 11 ing Electron Microscopic studies. 

To understand the morphological changes of the titania doped i$ith 

FezOj, Scanning EIectron Microscopic studies on the samples ~t ere 

performed. Scanning Electron Micrographs of undoped Ti@ before heating 

(containing anatase) and after heating at 1 000"~ for 8 hrs (containing rutilr.) 

are shoii n in IYigures 3 -9. I-{ere Titania particles M sse found to he aggregated 

in the pure form (anatase). On heating at 1 0 0 0 ~ ) ~  for 8 hrs, some 

rearrangement occurs to form n~ti le .  During this conversion, the aggregates 

of particles would be converred into agglomerates where the particles are 

rigidly joincd Also there is no appreciable change in the particle size dui-inp 

the conversion in undoped TiOl The surface of both anatase and rutile 

samples were found to be rough berore doping. Micrographs of FezOj doped 

TiO, shown ill figure 3.10 rcveal that it becomes very tine on doping FeQ. 

The surface or  particles becomes smooth during the anatase rutile 

tsansfomatio~~. Thc surface morphology of Fe20,  doped 'l'f Oz changes with 

rutilatiun. The disrri but ion of FelOj is uniform in co-precipitated samples and 

not in wcl-it-ilpregnated system. This is identified from the EUAX analysis of 



the snmplcs prcpar-etl. This i s  the reason for lo\vel- rutilation in wet- 

irnpregnate~l systzn-i, 1 s o bsene:ltion i s  in close :igreemen t ~v i th  XRD 

studies. 

Figure 3.11: Scanning Electron >licrwprnphs of undoped 'f i02 
(:i) purc analasu (h) purc rutilc 



Fignrc: 3.10. Scanni~lg 1:lecZron &Iicr*ograptzs of Fe2O31TiO1 bcforc 
rutilation (a) Co-prucipik~tctl Ih) \Vet-irnprcgnated. 



Figure: 3.1 1. Scanning Electron Micrographs of Ftz03/7'iOt after 
ru tilation ( a )  Co-prccipit:itcd (h) \Vet-irnprcgnaterl. 



3.5, Transfosn~ation in At-gon ; ~ n r l  Hydrogen atmospheres. 

The analaso rut i lc tri~nsformations i t i  di fkrcnt atmosphel-es tve1.e 

studied to undel-stancl thc cl'fcct of ciifjcrot~t reaction atmospheres on the 

anatasc-rtrtile ~1+3nsfbs1n:jtion. Argorz (inert) and lzydrogcn (reducilzg) 

atmospheres arc usecl in  the investigations. 

Figme.3. I l .scpr-csents thc X U )  prrttcrtls ot'I:c,03/Ti02 heated in nrzon 

atmosphere at 7 0 0 " ~ .  Tiic nnaiasc-rutile conversion was found to be 

amazingly acucleratrd in rlrgun thtun i el :lit-. 

Thc perccntagss ol' rutile -t'o~-mcd in co-precipitated 5 and 15% 

Fe20;ITi0: at dilTercnt tetnpcrat~zrtls are tabulatccl En table 3.8. ( tables 3.2 and 

3.3 e x p l ~ ~ i n  thc trnns h!-nlation in air atlt~osphere ) 

Tablc 3.8:"A uf  rutilc formed in co-precipitated Iie20Jn'iOl samples heated in 31-gort 
atmosphere at  different ternpcrat~~es  for 0.5 hrs. 

.,-- - =F -- 

--7.- 
--- 

1 ~ u t i l e  formed 

In prcscncs of 81-gon the onset o1'1*~1tilntion was lowcrecl to 6.50"~ in co- 

precipitated 5% Fe2CI31'riO2. 'Cl~e fraction of rutilc formed i s  7.8% in argon 

atmosphere tbs 0.5 hrs heating. In air atrnosphcre at the same conditions, no 

rutilation was found. Heating at 800"/6hrs produced 57.1% rutile in air 



atmosphere. Thus the anatase rutil e conversion is different in argon than that 

in air atmosphere. In argon at 750°c, the rutilation was found to be nearly 

complete (98.2%) but in air, rutilation was found to be complete at 9 0 0 ' ~  and 

10 hrs (98.9). 

Figure.3.11: XPB Patterns of co-preci itated Fe203/Ti02 samples heated in 6 argon stmosphere at 700 for 0.5 hrs. 
(s)Undoped TiOz (b) 5% Fe20f l i02  (c)l5% FezOfliOt 



In the case of 15% Fe203/Ti02 samples, the phase transformation is 

achieved by 0.5 hrs heating. The extent of acceleration is different in this case 

as compared to air. The amount of rutile formed is higher at each temperature 

as compared to 5% doped samples as evident from the table. 

In wet-impregnated samples onset of rutilation is shifted to 700'~.  The 

XEU4 patterns are shown in figure 3.12. 

Pigure.3.12: XRD Patterns of wet-im regnated Fe20yrI*iOz samples heated in B argon atmosphere at 700 for 0.5 hrs. 
(a) Undoped TiOz (b} 5% Fe2O3/TiOz (c) 15% Fe20f l i02  



The effect of temperature is same as that in co-precipitated one. 

Different amounts of rutile formed in wet-impregnated samples are 

summarized in table 3.9 

Table 3.9: Fraction of rutile farmed in wet-impegnated Fcz031Ti02 sarnplcs heated in 
argon atmosphere at differeat temperatures for 0.5 hrs. 

The variation of rutilation during heating in argon atmosphere in 

Fe2O3/TiO2 samples is evident in figure 3.13. Iiere the transformatian is 

accelerated but the extent of acceleration strongly depends on the method of 

preparation. The lower distribution in wet-impregnated samples may be the 

cause for the variation in transfonnation. 

The activation energies for the transformation in argon are calculated to 

be 37.8 and 29.1 kcal/rnol for co-precipitated 5 and 15% Fez03 doped Ti02 

and 62.8 and 60.1 kcallmor for wet-impregnated 5 and 15% doped samples 

respectively. It is seen that there is not much difference in the activation 

energies in presence of air or argon. Hence the lowering of activation energy 

is not the rcason for the enhancement of rutilation. 



The importance of oxygen vacancies on the phase transition rate of 

Ti& in the presence of Fe203 seems to be also confirmed by a more rapid 

transformation in argon than in ail-. Hence it can be concluded that argon 

atmosphere increases oxygen 'vacancies concentration and thus it favours the 

anatase-rutile transformation. 

Figure 3.13:Variatinn of rutilation in FetO31TiO2 samples heated in argon atmosphere 
for 0.5 hrs at different temperatures. 

1. S%Fe2O3TSiOZ. 2.15%Fez03/TiOZ. (Co-precipitated) 
3. 5%Fez03/TiU2. 4.15%Fe10fliO2, (Wet-impregnated) 

In hydrogen atmosphere, the anatase-rutile transformation was found to 

be low as compared to that in inert atmosphere. The XRD patterns of co- 



precipitated and wet-impregnated samples of different compositions are given 

in figures 3.14 and 3.15. 

Figure.3.14: XRD Patterns o f  co-precipitated Fe2O3/TiO2 samples heated in hydrogen 
atmosphere at 700' for Zhrs. 
(a) Undoped TiO: (b) 5% FezO3/TiOz (c} IS% Fe203/Ti02 

It is observed that onset of rutilation is shifted to 7 0 0 ' ~  for 2 hrs 

heating, which is higher temperature than that in argon atmosphere. 



Figure.3.15: ?CRD Patterns of met-impregnated Fe203/l'iOz samples heated in 
hydrogen atmosphere at 750" for 2hrs. 

(a) Undoped Ti01 (b) 5% Fe203/TiO2 (c) 15% Fe2031Ti02 

The 5% doped samples gave 12.2 % of rutile and 22.4% rutilation was 

observed in 15% doped sample for 2 hrs heating at 700 '~ .  Tables 3.10 and 



3.1 1 give the different fi-actions of rutile fomed in co-precipitated and wet- 

impregnated systems (tables 3.2 and 3.3 represent the transformation in air) 

Table 3.1 0: % of rutile formed in to-precipitated Fe20fli0; system during heating 
in hydrogen atmosphere for 2 hrs. 

Table 3.1 1:OA of rutile farmer1 in wet-impregnated F ~ Q f l i O l  system during heating 
in hydrogen atmasphere for 2 hrs, 

In wet-impregnated samples rutilation was slow as compared to co- 

precipitated. The variation in rutilation with temperature in 

Fe203/Ti02sarnples heated in hydrogcii atmosphere is shown in figure 3.1 6 .  



Figure 3.l6:Variation in rutilation of Fe203/Ti02 samples heated in Hydrogen 
atmosphere for 2 hrs at differcnt temperatures. 

1. 5 ° h F c 1 0 3 / T i 0 ~ .  2. 15°/tFe203/1'i02. (Co-precipitated) 
3. 5%Fez031Ti02. 4. 1 5%Fez03/Ti02. (Wet-impregnated) 

5% doped sample on heating for 2 hrs at 7 5 0 ' ~  produced 7.2% rutile 

while 15% has given I 1.9% rutile at the same conditions. There occurs some 

lattice defects in the sample during the heat treatment in reducing 

atmospheres. This is observed as colour changes to the samples. The colour 

changes may also be due to the reduction of Fez03 to its lower oxidation state 

in hydrogen atmosphere. The intensity of colour depends on the amount of 

dopants. This clearly indicates the effect of concentration of Fez03 is more 



important in the phase transformation. This is observed in air and argon 

atmospheres. 

Hence it can be concluded that the anatase-rutile transformation in 

Fe203 doped TiOl strongly depends on the concentration of dopants, method 

ofpreparation and the atmosphere of calcination. 

3.6. Conclusions 

The following conclusion can be arrived at from the results of the 

above investiga~ions. 

In Fe203 doped TiOz anatase-rutile transformation takes place at 

lower temperature than pure TiO? 

The phase transformation depends on method of preparation of 

doped samples 

On increasing percentage of Fe203 the transformation is accelerated 

in co-precipitated and wet-impregnated samples. 

The activation energy for the transformation is lowered much on 

doping TiOz with Fe203. 

Pseudobrookite phase was formed during heating at higher 

temperatures. 

The formation of Pseudobrookite phase is independent of anatase- 

mtile transformation. 

The percentage of Fez03 and method of preparation play major role 

on surface area and crystallite size of TiOz. 

Crystallite size of anatase increases and surface area decreases 

markedly upon Fe203 loading and rutilation. 



B Surface morphology of TiO? changes much on doping Fe7O3 and also 

with rutilation. 

B Both argon and hydrogen atmospheres enhance the anatase-rutiie 

transformation 

19 Argon atmosphere was found to be more accelerating than hydrogen. 



STUDIES ON NiO DOPED TiOz 

Extensive work has been reported recently on Ni si~ppol-ted on 

TiOl as a catalyst for CO hydrogenation with better activity conipared 

to the other supports. Traditional ~-i~ethods like, \\el-imp-cgnation and 

ion exchange on crystalline Ti02 w t . ~ ~  found to be employed in  inost 

of the investigations. In both the above methuds, Ni atoms are 

introduced in to the Ti02 crystal lattice by heating crystalljnc T i 0 2  in 

presence of nickel salt solution at different tempcraturcs, These 

methods would obviously reduce the surface area of TO.. cnhance the 

phase transformation and affect advcrscly en tlie hornogcneous 

disper-sion of the active metal on it. 

Hydrazine Izydrate precipitation is a new method describcd in 

literature for- thc preparation of nano sized metal oxides uscd for 

elrctro~iis applications. Ffydrazine hydrate can quantitatively precipitate 
< > 

certain metals by conlplexing with thern. I hese complexes undergo 

decomposition upon calcination resulting in high surface area metal 

oxicles. Titania, in the amorphous state possesses high surface area and 

hence can i n c o ~ ~ o r a t e  large quantities of other metal oxides, Also, 

while loading metal oxides on clystalline titania, there is an increased 

chance for rutilation. Hence. amorphous titania was used for Co- 

precipitation and wet-impregnation methods. The phase in which Ti02 

exist during the calcination temperature is an iinpottant factor for 

deciding its applicability as a catdyst support. In this chapter 

polyma~-phisrn in TiOl doped with different percentages of NiO 



prepared by two methods such as co-precipitation and wet- 

impregnation, as described in Chapter 2. The transformation was 

studied in air, argon and hydrogen atmospheres as a function of 

temperature and time using XRD, Surface area measurements and 

SEM. 

4.1.Chemical analysis. 

The composition of the samples were established though 

chemical analysis using standard procedures as expIained in chapter 2.  

The results are as given in Table 4.1. 
I 

Table.4.1: Results of Chemical analysis of NiO doped TiOl 
prepared through different methods. 

4.2. XFtD studies 

XRD patterns of co-precipitated NiO doped TiOz heated at 

different temperatures in air for different durations are given in figures 

4.1 and 4.2. It was found that well defined and sharp peaks were 

obtained for samples calcined at 7 0 0 ' ~  for 6 hrs, but one heated below 

600' was amorphous. It has become crystalline only at 700 '~ .  





Figure 4.2: XRD Patterns of co-precipitated 15% NiOITiOz 

Samples heated at different temperatures. 
(a) 7 0 0 ' ~  (b) 8 0 0 " ~  (c) 8 5 0 ' ~  

A - Anatase 

R R - R d e  
NT- Mckel ZTtanate 

C 

b 

a 

The absence of NiO peaks clearly discloses the fine nature of 

NiO, which can't be detected using XRD techque .  On comparing 

with crystallization temperatures of pure Ti02 prepared by hydrazine 



precipitation and thermal hydrolysis, there is a change in crystallization 

temperature in presence of NiO. 

In order to investigate the effect of NiO on rutilation, the XRD 

analysis of all the samples calcined at different temperatures were ' 

carried out. The percentage of sutile formed at different temperatures 

were calculated and the various amounts of rutile formed in co- 

precipitated 5 and 15% doped samples are summarized in tables 4.2 

and 4.3 

Tahle 4.2: % of rutile formed in to-precipitated 5% NiO doped 
TiOl ~arnbles at different temperatures and durations. 



The rutile peaks appeared after calcination at 700'~. So, it is 

apparent from the XRD data that the onset temperature of rutilation 

was lower in co-precipitated 5% doped ones than in pure KO?. 

Table 4.3: O/O of rutile formed inlco-precipitated 15% NiO doped 

TiOz SampIes at different temperatures and durations. 

When the calcination temperature was increased to XOO'C, the 

intensity of rutile peaks increased and that of anatase decreased in 5% 

doped sample while in 15% doped sample, rutilation is found to be 

complete at about 9 hrs. On increasing further to 8 5 0 ' ~  5% doped 

system gave 97.5% rutile formation at 10 hrs calcination. The plot of 



rutile percentage against time at different temperatures of calcinatins is 

given in figures 4.3 and 4.4. 

Figure.4.3: The plot of rutile percentage against time at  different 
temperatures of calcination in co-precipitated 5% 

NiO doped TiOz. 

In 5% doped system, at 8 5 0 ' ~  the anatase peaks disappeared and 

rutile peaks became more predominant while in 15% doped case, it 

happends at 8 0 0 ~ ~ .  On comparing with pure T O 2 ,  where the onset and 

completion temperatures of rutilation were in between 9 0 0 ' ~  to 

1 0 0 0 " ~ ,  in co- precipitated NiO doped TiOz prepared by hydrazine 



precipitation rutilation temperature has been reduced. It is very clear 

that NiO has important effect on the onset and completion of rutilation. 

Figure.4.4: The plot of rutile percentage against time at different 
temperatures of calcination in co-precipitated 15% 

NiO doped TiOz. 

I t  is noteworthy that, at the anset of rutilation, some peaks due 

to NiTi03 were also present in the pattern. On increasing the 

calcination temperature, the intensity of these peaks also increased. 

This suggests that at higher temperatures, NiO reacts with Ti@ to 

form the titanate. 



The XRD patterns of wet- impregnated 5 and 15% loaded 

samples shown in figures 4.5 and 4.6 reveal that the above said 

samples behaved differently from co-precipitated ones. Here the onset 

and cdrnpletion of rutilation were altered much. No phase changes 

could be observed up to 8 0 0 ' ~  in any of the wet-impregnated ones. 

This reflects the thermal stability of these SySFemS under the conditions 

adopted. 

Figure 4.5: XRD Pattcrns u f  wet-impregnated 5% NiOmiO? 
Samples heated at diffcrcn t temperatures. 
(a) 8 5 0 ' ~  (b) 8 7 5 ' ~  (c) 9 0 0 ' ~  

ri - A l a t a s e  
R - Rutile I 
NT- Nickel T ~ t a r ~ n t e  I 



Figure 4.6: XRD Patterns of wet-impregnated 15% NiO/TiOt 
Samples heated at different temperatures. 
(a) 8 5 0 ' ~  (b) 8 7 5 ' ~  (e) 9 0 0 ' ~  

The amount of rutile formed in wet-impregnated NiO doped 

Ti@ heated at different temperatures is calculated from the X R D  

patterns using the equation given in chapter 2. The various percentages 

of rutile obtained are given in tables 4.4 and 4.5. 



Table 4.4: O/O of rutile formed in wet-impregnated 5% NiQ doped 
TiOz Samples 

Tt is obivious that rutilation in sample containing 5% NiO begins 

at 850°c ,  9.8% rutile was fonned on hhrs heating, while in 15% 

44.5% rutilation was observed at the same conditions, The variation of 

rutilation with temperature is different for different percentages of 

NiO. The conversion strongly depends on the amount of NiO and 

method of preparation of NiO doped TiO2 samples. 



Table 4.5: % of rutile formed in wct-impregnated 15% NiO doped 
TiOZ samples 

From the table it is clear that the rutile formed at different 

temperatures strongly depends on the amount of NiO. As compared to 

co-precipitated samples, rutilation in wet-impregnated samples are 

low. This may be due to lower distribution of NiO over TiOz in wet- 

impregnated samples. The graphical representations of rutile formation 

versus time are shown in figures 4.7 and 4.8. 



Figure.4.7: Tht plot of rutite percentage against time at different 
temperatures of calcination in wet-impregnated 5% 

NiO doped TiOZ. 

The activation energy for the anatase-rut ile transformation was 

calculated and is given in table 4.6. The activation energy calculated 

for the transformation in co-precipitated sample in presence of 5% 

NiO is found to be 44.4 k cal/moI while in presence of 15% NiO 36.6k 

cal / mol. In case of wet-impregnated samples the activation energy for 

the transformation was found to be 68.3 in presence of 5% NiO while 

in presence of 15% it is 59.4 k cali mol. For undoped TiO,, activation 



energy for anatase-rutile transformation was reported to be -90 K 

callmol. Here also among 5 & 15% NiO 1 5% has more lowering of 

activation energy and hence it is more accelerating. 

Figure.4.8. The plot of rutile percentage against'time at different 
temperatures of calcination in wet-impregnated 15% 

NiO dopedTiOz. 

It is clear that the lowering of activation energy is different in 

wet-impregnated system as compared to co-precipitated ones. So an 

analysis of the activation energy values determined is useful in 

understanding the relative accelerating effect of NiO doping. It is clear 



that in prescncc oS NiO. the activation energy is lowered much as 

compared to undoped. 

Tahlc: 1.6: Activntion energies for the anatase-rutilc transformation 
in NiO doped TiOz. 

On increasing the calcination temperature, the crystallite size 

was also increased in all the samples, but to different extents. Tn 5% 

NiO doped Ti02 co-precipitated ones, at the onset of rutilation, the 

crystallite size was 9.4 nm, while in 15% doped one it w+as 1 1 .S nm. 

So, the rutilation takes place after the enlargement of anatase 

crystallites and the growth in crystallite size i s  highly dependent on 

method of preparation. The anatase crystallitcs are larger in NiO 

loaded samples than that in pure titania. In wet-impregnated samples, 

crystall ite size was found to be 1 3.9 and 1 7 . 3  nm respecrivcly in 5 and 

15% NiO doped systems. Thus the crystallize size increased on 

increasing NiO percentage. It would be due to the suppression of 

titania grain growth by extremely fine NiO particles distributed on 

TiO?. 



Table.3.7: Crystallite size and surface area values of un doped and 
NiO doped Ti@ Samples heated at different temperatures 
for 8 hss 

" a- Amorphous * b-Anatase absent 



Among all the samples, the co-precipitated one has highest rutile 

percentage at any temperature and lowest for wet-impregnated one. So, 

the preparation method and NiO percentage have marked influence on 

rutile phase formation. The crystal lite size of anatase cat culated from 

XRD data are given in table 4.6. Csystallite size calculations were 

done only at certain calcination temperatures at which drastic changes 

occurred. 

4.3. Surface area studies 

The results of surface area measurements are tabulated in 

Table 4.6. It was observed that on increasing calcination temperature, 

there occurred a marked decrease in surface area in all the samples, 

When the calcination temperature was increased to 7 0 0 ' ~ .  in co- 

precipitated samples the surface area became 13.8 and 1 1.2. m2ig from 

137.7 and 192.7 m2ig for 5 and 15% NiO doped systems. Like wise, in 

the case of wet-impregnated samples at 8 5 0 ' ~ ~  it became 1 7.7 and 1 3 -8 

m21g respectively for 5 and 15% doped samples. Before calcination in 

these sanlples surface area was found to be 103.5 and 125.3 mZlg for 5 

and 15%. It again decreased at 8 0 0 ' ~  at which the rutilation was found 

to be increased. In 5% NiO doped co-precipitated samples the surface 

area was 6.8 m'/g at 8 5 0 ' ~  when rutilation was complete and in 15% it 

was 1 .9m2ig when mtilation was complete at 800 '~.  

In wet-impregnated samples at 9 0 0 ' ~ ,  when the NiO doped 

Ti02 was fully converted to rutile, surface area was found to be 9.2 

and 6.2 m'ig in 5 and 15% doped samples. Even though no direct 

relation between crystalrite size and surface area could be made, 

surface area decreased significantly along with marked increase in 



crystallite size. It is also evident that a very small change in crystallite 

size does not always necessarily involve a change in surface area. The 

decrease in surface area is due to rutilation, sintering and fusion of 

TiOl and NiO, to form NiTiQ, which is in agreement with XRD data. 

On comparing with surface area of pure Ti02 surface area 

decreased on loading NiO. Tt is obvious from the above observations 

that the surface area decreased drastically during rutilation, which in 

turn is dependent on method of preparation, calcination temperature 

and NiO percentage. The decrease in surface area during nxtilation was 

also C greater in presence of NiO compared to pure TiO?. The change in 

surface area with increase in NiO percentage is highly influenced by 

preparation method. 

4.4 Scanning EIectron Microscopic studies. 

To understand the morphoIogica1 changes occuring with 

rutilation, the salnples before and after rutilation were subjected to 

SEM analysis. The micrographs were compared with the micrograph 

of undoped pure anatase and rutiIe shown in chapter 3. The 

micrographs are shown in Figs 4.9 and 4.10. 

In all the micrographs only titania particles could be seen, which 

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

XRD and EDAX studies. The particles were all in a irregular shapes 

and were aggregated. 

An appreciable change in particle size was observed between the 

samples prepared through different methods, even though the surface 

area values and other physical properties were different. So, it is 

apparent that a very small change in particle size detected in SEM, can 



causc a larger 31 tt.taation in s~lsfacc arca. Particles in wet-impregnated 

san~ples appear t o  he fincr in the rnic~-og~-aphs. The particles were in 

much rnm-e agglomcr;ltcd state (i.e. assemblages of particles which arc 

rigidlv - .  joined) fvh tn  the TiO? ivas full! convtrtecl to rutite, which 

would bc due to cerncntation and sintcring sf individual particlcs, 

which is in agreelrlent with XRD and srrrface area studies. 

Figure.4.9 : Scanning Elrctron Micrographs of NiO doped TiO? 
hcfore rutil:~tion (a)Co-precipitated (b)Wet-impregnated. 



Figure.4.10 : Scanning Electron Micrographs o f  NiO doped Ti& 

after rutilation (a) Co-precipitated @)Wet-impregnated. 

Individual particles are also finer in wet-impregnated sample. 

The aggregation of particles is an evidence for the fineness of the 

sample, because it has been reported that2" the individual particles in a 

fine powder would be in an aggregated form (i.e. assemblages of 

particles which are loosely coherent). 



4.5 Transformations in Argon and Hydrogen atmospheres. 

The anatase rutile transformations in different 

atmospheres were studied to understand the effect of different reaction 

atmospheres on the anatase-rutile transformation. Argon (inert) and 

hydrogen (reducing) atmospheres are used in the investigations. 

Figure.4.11. represents the XRD patterns of NiQ doped TiOz 

heated in argon atmosphere at 7 0 0 ~ ~ .  The anatase-rutile conversion 

was found to be accelerated in argon than in air. 

The ppcentagcs of rutile formed in co-precipitated 5 and 15% 

NiO doped TiOz at different temperatures are tabulated in TabIe.4.8. 

Table.4.8: O/O of rutDe formed in co-precipitated NiO doped Ti02 
samples heated in argon atmosphere at different 
temperatures for 0.5 hrs. 

In presence of argon atmosphere, the onset of mtiIation was 

lowered to 6 5 0 ' ~  in co-precipitated 5% NiO/Tiq. The fraction of 

rutile formed I s  23.8 % in argon atmosphere for 0.5 hrs heating. In air 

atmosphere at the same conditions, no mile was formed. At 800~16hrs 

heating produced 5 7.1 % rutile in air atmosphere. Thus the anatase 



rutile conversion is different in argon than that in air atmosphere. En 

argon at 7 5 0 ' ~ ,  the rutilation was found to be more or less completed 

(98.2%) but in air rutilation was found to be completed at 9 0 0 ' ~  10 hrs 

Figure.4.1 I :  XRD Patterns of co-precipitated NiO doped Ti01 
samples heated in argon atmosphere at 700°/ 0.5 hn. 
(a) Undoped Ti@ (b) soh NiOSTiOz (c) 15% NiOlTiOz 

In the case of I 5% Ni0/Ti02 samples, the phase transformation 

is achieved by 0.5 hrs heating at 650°c, where 32.4 % mtilatioil was 

found. The extent of acceleration is different in this case as compared 



to air. The amount of rutile formed is higher at each temperature as 

compared to 5% doped samples as evident from the table 4.8. 

I11 wet-impregnated samples on set of rutilation is same as in co- 

:precipitated samples but the amount of conversion is different. At 

650°c, 5% NiO doped Ti07 sample gave 12.8% rutile while 15% 

doped sample produced 24.7%. The XRD patterns are shown in figure 

3.12. 

Figure.4.12: XIiB Patterns of wet-in~pregnated NiO doped Ti02 samples 
heated in argon atmosphere for 0.5 hrs. 

(a)Undoped TiOz (h) 5% NiOfliOz (c) 15Ph NiO/TiOz 



'Tlic. effect of' tcrnpcrature is same as that in co-precipitated one. 

Different amounts of rutile hrmed in wet-impregnated samples are 

summarized in tahlc4.9. 

Table,l.9: Yb of rutile formed in wet-impegnated NiO doped Ti@ 
samples hcated in argon atmosphere at different 
ternpcraturcs for 0 5  hrs, 

The variation of rutilation during heating in argon atmosphere in 

NiOtwL'i O2 sa~npl es is evident in figure 4.13. Here the transformation is 

accelerated but the extent of acceleration strongly depends on the 

method of preparation. Thc lower distribution in wet-impregnated 

samples may be the cause for the variation in transformation. 

The importance of oxygen vacancies on the phase transition rate 

of TiO? in the prescnce of NiO sezms to be also confirmed by a more 

rapid transformation in argon than in air. Hence it can be concluded 

that argon atmosphere increases oxygen vacancies concentration and 

thus it favours the anatase-ruti le transformation. 



Figure.4.13:Vasiation of rutilation in NiOITiOz samples heated in 
argon atmosphere for 0.5 hrs at different temperatures. 
1 - S%NiO!TiOz. 2 - 15%NiO/Ti02. (Go-precipitated) 
3 - 5%Ni01TiOz. 4 - 1 50hNi0/Ti02. (Wet-impregnated) 

In hydrogen atmosphere, the anatase-mtilei transformation was 

found to be low as compared to that in inert atmosphere. The XRD 

patterns of co-precipitated and wet-impregnated samples in different 

compositions are given in figures 4.14 and 4.15. 



Figurc.4.11: NRI) Ibtterns o f  co-prccipi tatcd 3i0/Ti01 sarnplcs 
heated in hjrdroqcn atmrrsp hcre at 700"12hrs. 
(a) Lndopcd TiO? ( h l 5 %  .ViO/"l'iOt (c) 15% NiO1"FiQ1 

[ n  co-p~.t.cipitatcd samples, it is observed that on set of rutilation 

is shifted to 7 0 0 ~ ) ~  ibl- 2 hrs heating, which is higher temperature than 

that in argon atrnospher-e. 



Figut-e.4.15: X l i D  P:~ttcrns of wct-impregnated NiOdoped TiO? 
0 samples hcatetl in hydrozen ;itmosphere at  750 /'l,ht-s. 

( a )  l'ntlapcd 'Ti@ { b )  5 O A  Si01TiO2 (c) 15% Ui01TiO: 

The 5% doped samples gave 16.7 % oirutile at 7 0 0 ' ~  and 22.3% 

rutilation was observed in 1 job doped sample for 2 hrs heating at the 



same temperature. Tables 4.10 and 4.1 1 represent the different fractions 

of rutile formed in co-precipitated and wet-impregnated systems. 

Tablc.4.10: % of rutile formed in co-precipitated NiO doped Ti& 
system during heating in hydrngen atmosphere for 2 hrs. 

Table.J.l l :  O/O of rutile formed in n et-impl-egnated NiO doped Ti@ 
systcm during heating in hydrogen atmosphere for 2 hrs. 

Ltile formed (%) 
- 

In wet-impregnated samples rutilation started slowly as 

coinpared to co-precipitated. The variation in rutilation with 

temperature in NiOITiOzsamples heated in hydrogen atmosphere is 

Temperature 
"c 1 

shown in figures 4.16. 

- 
5% NiO/TiOz 1 15% NiOITiO? 



Figure: 4.16: Variation in rutilat ion of NiO/TiOt samples heated in 
Hydrogen atmosphere for 2 hrs at different temperatures. 
1 - 5%Ni0/TiO2, 2 - lSoANiOITiOt, (Co-precipitated) 
3 - 5%NiO/TiQ2, 4 - 1 5%NiOmiO2, (Wet-impregnated) 

650 700 750 800 850 900 

Temperature ( OC) 

5% doped sample on 2 hrs heating at 7 5 0 ' ~  produced 18.4 % 

mtile while 15% has given 29.8 % rutiIe at the same conditions. There 

occurs some lattice defects in the samples during the heat treatment in 

reducing atmospheres. This is experienced as colour changes of the 

samples. The colour changes can also be due to the reduction of NiO to 

its lower oxidation state in hydrogen atmosphere. The intensity of 



colour depends on the amount of dopant. This clearly indicates the 

effect of concentration of NiO is more important in the phase 

transformation. This is observed in air and argon atmosphere also. 

Hence it can be concluded that the anatase -rut& transformation in 

NiO doped TiO? strongly depends on the concentration of dopants, 

method of preparation and the atmosphere of calcination. 

4.6 Conclusions 

fl On heating NiO doped TO2, anatase-rutile transformation 

takes place. I 

a Onset and completion temperatures of rutilation were found 

to vary with method of preparation. 

8 At the onset of rutilation NiTiQ phase is also formed. 

B Better surface area are obtained with co-precipitated ones 

compared to wet-impregnation method. 

a Calcination temperature and amount of NiO content have 

greater role in determining surface area. 

8 Crystallite size enlargement takes place during mtile phase 

formation. 

a A morphological change occurs to TiOz during heating in 

pesence of NiO and with rutilation. 

a Atmosphere of calcination have major role in polymorphism 

in TiOz. 

a Among air, argon and hydrogen atmospheres, the order of 

enhancing rutilation is Argon > Hydrogen > Air. 



CHAPTER 5 

STUIIIES O N  Cr2O3 DOI'EU Ti02  

l 'hz catalq t ic  nc t i i . i ~y  of' the ti tania suppor.tecl chromia system is owing 

lo the stabilization of'thc anchol-ed chromia spccics having multiple chemical 

and molecular states nn  the surface. Many tl-ansition metal ion dopants have 

been investigated ful- the T i 0 2  systcm. Chromium doped TiO? is studied for 

the photo degradation of methylcne blue dye. 

Thei.eforc in order to study the eft'cct of CI . :~;  and reaction atmosphe1-es 

on anntasc-rutilz transfortnat i on i r ~  Till?, i r  is dopcd with 5 and 15 percentages 

of Cr20j using co-precipitation and w cl-impregnation methods. as described in 

Chapter 2.  Thc ~sanslbl-mation was studied in air, argon and liydrogen 

atmospheres 3s n fi~nctior-1 of temperature and time using XRD. Surface area 

measurements ar-iti S kkl. 

51. Chemical analysis 

The constii~~lion of C ~ r 2 0 j l  TiOl samples was established by chemical 

analysis ilsi~iy stantiad 131-ucedurcs available in lircrature. The percentage of 

Cr20j in ccich samplc is as - eiven in Tablu 5 .  I .  

Ti1hlc.5. I.: Results of C:hcmical analysis of Cr203 doped Ti02 

prcpared throngh different rncthods. 

- . - - ,- I blcthod o i  I Expected , i Experimental 
II 



5.2, XRD studies 

XRD patterns of co-precipitated Cr20; doped TiOz heated in air are 

shown in Figures 5.1  and 5.2. I t  was found rhat there are peaks corresponding 

to anatase and rutile in samples heated at different temperatures. 'The 

appearance of peak and i t s  intensity are different for samples containing 

different amounts of Cr203 In 5% Cr103 doped TiO? samples the percentage of 

rutile formed was lower as compared to 15% Cr203. In 5% Cr203 doped TiO?. 

on heating at 8 0 0 " ~  for 8hrs. the anatase to rilrilc transformation occurs and 

27.7% rutilc was formed. On increasing tcrnperature to ~SO'C, at 8 hrs, 60.6% 

rutile was formed and at 9 0 0 " ~  for 10 hrs, rutilation was almost complete. 

There are peaks corresponding to chromium titanate in samples heated 

above 8 0 0 ' ~ ,  tile intencity of titanats peaks increased with rise of temperatu~.e. 

Hence at higher temperature C r 2 0 j  reacts with titania to form its titanate. 15% 

Cr203 doped Ti02, behaved diff'erently from that of 5% doped samples, here 

rutilation started at 6 0 0 ~ ~  it self, and 8 hrs hearing at this temperature produced 

72.3% rutile. T h i s  clcacly indicates that amount of Cr20; is a deciding factor of 

rutilation. On heating at 8 0 0 " ~  for 8 hrs, 96.5% rurile formation was found in 

15% Cr2O3 doped TiO? 



Figure 5.1: XRD Patterns of co-precipitated 5% Cr201 doped Ti02 
heated at different temperatures for 8 hrs. 

(a) 8 0 0 ~ ~  (b) 8 5 0 ' ~  (r) 9 0 0 ' ~  



Figure.5.2: XRD Patterns of co-precipitated 15% Cr203 doped Ti02 
heated at different tern eratures for 8 hrs. R 

(a} 6 0 0 " ~  (b) TOO C (c) 8 0 0 ' ~  

A - hatrase 
R - Rutile 
CT- Chromiam Titanate 

C 

a 

In order to quantify anatase to rutile transformation, different 

percentages of rutile formed during heating of co-precipitated Cr203/Ti02 at 

different temperatures and time are calculated using the standard equations 

given in chapter 2 and the values are given in tables 5.2 and 5.3. 



Table.5.2: '! of rutile formed during heating of co-precipitated 5%Cr203 
doped Ti01 heated at different temperatures and time. 

1 heating (hrs) 

But undoped TiOz on calcination at 7 0 0 " ~  for 8 hours has no rutile and 

only anatase phase was prcsent as described in chapter 3. Hence it is clear that 

Crl0: has higher enhancing effect on polymorphism in Ti02 than Fe203. This 

reaction is highly temperature dependent and 15% Cr203 has more enhancing 

effect than 5%. 



Table,5.3: of rutile formed during heating of co-precipitated 15% Crz03 
doped TiOl heated at different temperatures and time 

If we consider the defect formation by foreign ions in titania lattice, it 

can be assumed that ions, which enter in to the system substituting ~ i ~ ' ,  may 

either enhance or delay the transformation from anatase to rutile depending on 

whether the number of oxygen vacancies is increased or decreased.[227] In this 

case the oxygen vacancies created in anatase by the presence of Cr2Q act as 

nucleation site for the anatase to rutile phase transfomation.[228] 

The variation of rutile formation on heating at different temperature and 

time is shown in figures 5.3 and 5.4. 



Figure.5.3: Variation of rutile % with time at different temperatures 
in co-precipitated 5% Cr2U3 doped TiO:. 

0 2 4 6 8 10 12 14 

Time of heating (Hrs) 

The graphs clearly show the increase of rutilation with increasing 

temperature and time of heating. The variation i s  different for 5 and 15% CbO3 

doped 7iOz eventhough both are co-precipitated samples. 

The transfol-mation in wet-impregnated samples is found to be very low 

compared to co-precipitated. Thc onset of rutilation in both 5 and 15% 

CqOl doped TiOz takes place at very high temperature compared to co- 

precipitated samples. 



Figurc.S.4: Variation of rutile '/o with time at different tcrnperatures 
in co-precipitated 2 5% Cr20; doped TiO?. 

0 2 4 6 8 70 12 14 

Time of heating (Hrs) 

From the XRD patterns sl.rawn in figurcs 5.5 and 5.6, it is evident that 

mtilation started at 9 0 0 ' ~  in both 5 and 1 5% CrlOj dopeti TiO? samples. In all 

the samples rutilation is not complete even at 950'~. The peaks corresponding 

to anatase and rutile were found in all the XRD patterns of the samples heated 

above 9 0 0 ' ~ .  The intensity of anatase peak was found to be decreased while 

that of rutile increased with temperature and time of heating. 



Figu re.5.5: X l i D  Patterns of wet-impregnated 5% Cr203 (loped 
Ti02 heated at different ten~pcratt~res for 8 hrs. 

(a) 7 0 0 ' ~  (b) 800'" (r) 9 0 0 ' ~  

A - Anatase 
A R - R u l e  

CT- Cllrortmium Titanate 

C 

b 

In these samples also peaks corresponding to chromium titanate 

appeared in sa~nples llcated above 9 0 0 " ~ .  At higher temperature Cr201 reacts 

with titania to form their titanatc and its formation depends on the method of 

preparation of doped saznplc since the intesity of chromirlm titanate peak is low 

compared with co-precipitated systems. 



Figure.5.6: XIID Patterns o f  wet-impregnated 15% Cr203 doped 
TiO? heated at different temperatures for 8 hrs. 

(a )  8 0 0 " ~  (b) 900'" (c) 9 2 5 ' ~  

Various amounts of rutile formed in wet-impregnated samples heated at 

different temperatures and time are calculated from XRD patterns using 

standard method and are tabulated in tables 5.4 and 5.5. 



Tahle.S.4: ' X I  uf rutire fnrmed till ring heating of Wet-impregnated 
5%) UrZO3 dopet1 Ti& at diffcrtnt trmpcr:~turcs and time. 

r=-T-Ruti~e formed (%) 

I t  was observed that at 950" for 6hrs heating 54.2% conversion has taken 

place in wet-impi-egnatcd 5% Cr203 doped Ti& In the case of 15% doped 

sample, 73.7% rutilation was seen at thc same condition. At all othcr 

temperatures m o u n t  of rutiltl con~~ctsion is different in samples with diffcren~ 

mounts 01'Cr103. Hence h e  trans farmatian i s  highly dependent on the method 

of preparation of doped samples as well as the amount of dopent. In co- 

precipitated samples, ~ h c  convcrsian occurs at lower temperature than in the 

wet-i1npregnntccI samples. I t  is duc to the lower distribution of CrlOl on TiOl 

in wet-impregnated samples. Also there are peaks ibr chromium titanate and no 



peak hl- Cs703, indicating that on heating at highel- telnperatirre Cr203 reacts 

with TiOl to form its titanate. 

Table.5.5: % of rutile formed during hcating of Wet-impregnated 

1 S%C:r203 dopecl ?'iO? at different temperatures and time. 

'The plots of rutile percentage versus time at different temperatures are 

shown in ligul-es 5 - 5  and 5.6. Like co-precipitated samples in wet-impregnated 

ones also the rutilation is accelerated by heating at higher temperature and timc 

as evident from thc graphs. 



Figurc.5.5: Variation of rutile DJo with time at different temperatures 
in wet-impregnated So/" Crz03 doped Ti@. 

0 2 4 6 8 10 12  14 

Time of heating (Hrs)  

When anatase is transformed to rutile, chromium atoms are 

segregated from the rutilc stable phase grains, there by creating a thin Cr203 

film (in case of high Cr203 loading) or small nano clusters (in the case of lower 

Cr203 loading). At an intermediate stage, an anatase layer, which still contains 

chromium, remains at the exterior surface until the total transformation to mtile 

phase. 12261 



Figure.5.6: Variation of rutilc "10 with time at different temperatures 
in wet-impregnated 15% Cr103 doped Ti@. 

0 2 4 6 8 10 12 14 

Time of heating (Hrs) 

The mechanism responsible for the transformation is the spatial 

disturbance of the oxygen ion framework. When ~ r "  ions enter in to Ti@, the 

charge of the ~ r ' +  ions should be compensated for an increase in oxygen 

vacancies leading to  he enhancement of the anatase to rutile transformation 

1227,2291 and the shifting of the majority of ~ i "  ions by breaking two of the 

six Ti-0 bonds to form new bonds. The function of Ca03 is to lower the 

energy needed to break the bonds and to form the new bonds. There will be 

nucleation and growth of rutile during anatase to rutile transformation. This 



process takes placc I-:ipiclI> i n  copreuipitatecl ones since fhc~-1' i~ ~ 1 r 1 i  for111 

distribution t l f  C ' r . 0 ;  on  'TiC3: 25 horh arc ~~rccipi tn ted to~c~hc'i- L f j -c lnl  3 

homogeneous solrttinn. This ciistribution is lot\. i n  u.ct irt7pt'egnatt'cI ones, 15 hicll 

is the reason for lhc lower- t r a ~ ~ s l o r ~ i ~ a t  i on.  

'l'he cr?.stal l its S I L C  of C1-:0?!'l'iC3- calct~latecf fro111 X RT) patterns arc 

shown it1 I'able 5.5.  J r  i s  sccn thar CI-1 st:~llitc size ir~c~-cases with incrcase of 

heating tsrnpe1-at~1r.e. The rutilntion 1:tking placc as 111s fi~nction of tempcsati~t-t  

may bc the season for the csystallitt. size enlargcmcnt, This increase i s  higllcr 

for 15°/i Ct-_.C3; doped saznples conlpal-cd to 5% dopcd ones prcpared by samc 

methucl at any pnr t ic~~las  rctnpesatrirc as in the case of' Fc20; doped PiO- 

sysiem discusst.d in chapttll- 7. Kr~tilation bcgins in 5'/0 Cr:0; doped co- 

precipintcd s:~~npfes ivhe12 ~ht? anatase cl-ystallitus grocv to a size of 9.8 nnl. 

while in rhc cast. c7f 51;~ i v ~ . t - i ~ ~ i p s ~ ~ n ; ~ t i ' d  -. orlts the t1'8n~forn131io11 happens at 

9 0 0 ~ ~ .  ivhcrs c ~ - ~ s i ~ l i i t c  size \\:is 10.1 nm. In  the 15% tioprd samples also co- 

precipit~ltcd h;tvc Iargcr cryslallits si ittl than wet-impcgnatec2. Hcnce i t  is clciu 

that the particle size and crystallitc size o f  anatase inorcase markedly in the 

r e g i o ~ ~  0 1' thc crystal S~SLIC' t~ir'c t rnl ls lbsination. It was rupurted tliat the UIJ i t cell 

of anatase seems to expand prior to the transformation to rutile 15 I ]  

53. St1 tafacc ii rea st11 cF ics 

-l'ht. sur FLicc area 1.alc1us of undoped and Cr203 clopcd s a m ~ l t . ~  

calciried at di Ilkr-ell t tcmper:lti~rc are dctcrn~ined. I t  is clear that Silrrace area of 

both co-prccipi t ~ ~ t c d  and wet-irnprcgnoted samples dec~+cases on heating at 

higher. tc~npera r urs. 1% 11icl1 bi. clue to n~tilation at these tcmperaturcs. The 

suracc arcs clccl.e;~su is ~no~ .c  pi-onouncd on increasing CI-~O; percentage. 111 the 
7 

cast of co-precipi taicd s:umplts, sui.l:~ce area was 45.4 niig, n ~ ~ t l  39.1 rn':y 

respectively for 5 and 15% doped snluples liceted at 7 0 0 " ~  for 6 hrs. Unclopcd 



titsnia under the same conditions gave 27.2 rn2ig. The surface area decreased 

drastically with rutilation. In 5% Cr2Q doped Ti& at 8 5 0 ' ~  for 6 hrs 23.9 

m2ig surface area was obtained and for 15% C s 0 3  doped T i 9  containing 

90.2% rutilation. surface area was 9.4 rn'/g at 8 0 0 ' ~  for 6 hrs. Similarly in 

wet-impregnated samples it was 21 -25 and 19.3 m2ig in 5 and 15% doped 

system on heating at 9 0 0 ' ~  for 6 hrs where rutilation started. It became 9.86 

and 8.23 m21g for heating at 9 5 0 ' ~  for 6 hrs. 

In all the cases surface area decreased on increasing the percentage of 

C&. More predominant change was observed in co-precipitated ones. This 

is En agreement with crystallite size of anatase, which is found to increase on 

increasing Cr203 percentage. At this point, it would be noteworthy that anatase 

to rutile transformation in CrzU3 doped TiOl system is accompanied by 

enlargement af crystallite size and lower surface area. 

C~ystallite size of anatase seems to have some relation with surface area. 

h decreased on increasing surface area in all the samples depending on the 

method of preparation. So, C r 2 a  has a significant influence on the surface 

area of these samples. The decrease in surface area with increase in rutile 

percentage was also larger in presence of Cr203. 



Tahle.S.5: Variation of C:p slaEIite s i ~ c  and surface :Ira in undopcd 
and C:rlOJ dopcd l'i0: Sampl~'s heatcrl for bhrs. 

* a :\tnorphous "b Anatase phase absent 

The nc~i\+ation cl~el-gy For thc cun\~ersion in co-precipitated samples was 

dculatcd usinz - standard metIzods explained in chapter 2 and vaiues arc 32.4 for 



5% while in 15% it was 23.9 k cal I mul. For undoped TiO?, activation energy 

for anatase-rtltile transformation was reported to be -90 K cal/rnoI. There fore 

Crz03 decreases the activation energy for the transformation, this decrease is 

higher for 1 5%. In wet-impregnated san~ples activation ' energy for the 

transformation was calculated to be 82.4 for 5% while in 15% it was 78.7 k cal / 

mol. Here also the activation energy is lowered and the extent of lowering is 

low as compared to co-precipitated samples, which reflects as high onset 

trmperarut*e of rrltilation ( 9 0 0 ~ ~ ) .  In wet-impregnated samples the distribution 

of dopant is not uniform compared to co-precipitation. This may be the reason 

for the wide variation in the transformation. Hence the anatase to rutile 

transformation strongly depends on the method of preparation of CrZ03 doped 

TiOzsampIes as well as the amount of Cr2Q3. 

Tahle.5.6: Activation energies for the anatase-rutile transformation 
in Cr203 doped Ti&. 

1 Method of I Cr201 / Activation Energy 1 
14 - preparation Y 



54.  Scanning Electron 1Microscopic s ttidies. 

SEM studies were done to  understand the morphological changes of 

Crz0;/TiO2 samples with rutilation. The micrographs are shown in figure 5.7 

It is obvious that the surface morphology of Ti@ changes with rutilation. Also " 

wet-impregnated samples differ from co-precipi tated ones in their shape. 

Before rutilation particles are found to be agglomerated in wet-impregnated 

samples. After rutilation co-precipitated sample's surface becomes smooth and 

not porous and it is not agglomerated and most of the particles are fine (small). 

In case of wet-impregnate@ samples, the surface becomes porous and 

not smooth like co-precipitated. It may be due to the agglomeration or 

aggregation of particles as prepared. Hence the morphological changes are 

different for samples prepared by co-precipitation and wet-impregnation. The 

lower ruti latiun in wet-impregnated sampies may be due to this difference. 

However the surface morphology of CrzOj doped TiOz changes markedly 

during the anatase rutile transformation, 

Thus we can say that some crystallographic changes occur in Ti02 

during the heating in presence of Cr20;, leading to the changes in surface 

morphology. 



Figure.5.7: Scanning Electrnn Micrographs of Cr2O3 doped Ti& 

bcforc rutilatirrn (a) C'o-precipitated (b) Wet-impregnated 





5 5  Transformation in Argon a n d  Hydrogen atmospheres. 

The anatase rutile transt'orn~ations in Argon (inert) and hydrogen 

(reducing) atmospheres have been investigated. Figure 5.9 represents the XRD 

patterns of co-precipitated Crz03/Ti02 heated in argon atmosphere at 7 0 0 " ~  for 

0.5 h s .  The anatase-sutile transformation was found to be surprisingly 

accelerated in argon than in air 

In argon atmosphere. the onset of rutilation was lowered to 7 0 0 ' ~  in co- 

precipitated 5%) C1-?03 doped TiO?. The fi-action of rutile forn~ed is 9.3 % for 

0.5 hl-s heatinh. C- This is much dirferent from that i n  air. At SOO'C, the rutilation 

was found to be 88.9 %. 15% Cr20; doped TiOl even at 6 0 0 ' ~  for 0.5 hrs 

heating produced 34.8 O/o rutile and at 7 5 0 " ~  for 0.5 hrs heating completed the 

rutilation. The fraction of rutile formed in co-precipitated 5 and 15% 

Cr203iTiU2 at different temperatures arc tabulated in table 5.8. Hence the 

extent of acceleration is different in this case from that in air. The amount of 

rutile fonncd is higher at each tcinperaturc as compared to 5% doped samples 

as evident from tlze table 5.8. 

Tablc: 5.8: "/u of rutilt. fol-met1 in co-precipiti~ted Cr203 doped Ti@ 
samples heated in argon atmosphere at different temperatures 
for 0.5 hrs heating. 



Figure: 5.9: XKII I'nttcrns o f  cn-precipitated C1-10~ doped Ti02 samples 
heated it1 argan atmosphere at 700' for 0.5 hrs. 
(a) ~ : n d o ~ e d - ' l ' i ~ ?  (b) 5% Cr293/Ti02 (c) 15% CQO~/T~O, 

In wet-impregnated samples on set teinperature of rutilation is changed 

and at 8 0 0 " ~  for 0.5 h1-s heating 5% Crz03 doped samples gave 18.4 % rutile 

while 36.8% anatasc ro rurile conversion was found in 15% doped samples. 

The X R D  patterns of wet-impregnated Crz03 doped Ti02 heated in argon for 

0.5 hrs at 7 0 0 " ~  are shown in figure 5.10. 



Figure.5. I F ) :  XRD Patterns of wrt-impregnated Cr1Q3 doped Ti@ samples 
heatecl in argon atmosphere at 700' for 0.5 hrs. 

(a) Undoped TiO? (b) 5% Crt03JTi02 (c) 15% CrtO31TiOt 

The effect of highel- temperature is same as that in co-precipitated one. The 

different amounts of ruti lr formed in wet-impregnated samples are summarized 

in table 5.9. 



Tnble.5.9: O h  of  rutile formtd in wet-impegnated Cr303 doped Ti@ 
samples heated in argon atmosphere at different 
temperatures for 0.5 hss heating. 

?'he variation in rutilation during heating in argon atmosphere in 

CrzO;iTi02 samples is shown in figure 5.1 1 . Like in air atmosphere heating at 

higher temperature increases the rutilation in argon also, The difference is in 

the on set temperature and time. Here also the transformation strongly depends 

on the method of preparation and amount of Cr203. The lower distribution in 

wet-iruprttgnated samples may be the cause for the differences in 

transformation. 

The importance of oxygen vacancies in the phase transformation rate of 

Ti@ in the presence of Cr203 seems to be also confirmed by a more rapid 

transformation in argon than in air. Hence it can be concIuded that argon 

atmosphere increases oxygen vacancies concentration and thus it favours the 

anatase-ruti le transformation. 



Pigure.S.11: Variation of rutilation in Cr10~1TiO~ samples tleated in 
argon atmosphere for 0.5 h ~ - s  at  different temperature. 

1- 5 %  Cr103rri02. :! - 13(?'0 CrZO3/TiOz (Ca-precipitnted) 
3- 5%) Cr2O3/Ti0:. 4 - 1 5% Cr:O3/TiO2. (Wet-impregnated) 

Temperature ( OC) 

In hydrogen atmosphere, the anatase-rutile transformation was found to 

be different as compared to the transformation in air and inert atmosphere. The 

XRD pattcrns of co-precipi tated and wet-impregnated samples of different 

coinpositions are given in figures 5.12 and 5.13. 



Figure.5.12: XRD Patterns of co-precipitated Cr2031TiO2 samples 
heated in hydrogen atmosphere at 650'12hrs. 

(a )  Undoped Ti& (b) 5% CrzO31TiO2 (c) 25% Cs2O3/TiO2. 

I t  is observed that in co-precipitated samples on set of rutilation is 

shifted to 6 5 0 ' ~  for 3 hrs heating i n  5% doped sample while in 15% Cr20j  

doped TiOl even at 5 5 0 ' ~  rutiiation appeared which is widely different from 

than that in argon atmosphere. The 5% doped samples gave 12.4 % of rutile at 

6 5 0 ' ~  for 2 hrs heating and 39.4% rutilation was observed in 15% doped 

sample for 2 hrs heating at 550°C'. 



Figure.S.13: XRD Patterns of wet-impregnated CriOliTiOl samples 
bcatcd in hy-drogen atmosphere a t  750~12hrs. 

(a) I'nrlopcd TiO: (h) 5% Cr20J/Ti01 (c) 15% Cr2O3/TiO2 

In case of wet-impregnated sainplcs heated in hydrogen atmosphere, 

rutilation started at 7 5 0 ' ~  in samples containing 5% Crz03. At 700°c, 15% 

doped samples gave rutilc on 2 hrs heating. Different amounts of rutile formed 

are calculated from the XRD patterns and tables 5.10 and 5.1 1 represent the 



different pel-cenragcs of' cutile forilled i1.1 co-precipitated and wet-impregna~ed 

samples during the calcii~ations at difl'el-ent temperatures for 2 hrs. 

Table.5.1U: % o f  rutile formed in co-precipitated Cr1U3 doped TiOz 
system during heating in hydrogen atmosplzere for 2 hrs. 

Table.5.11: % of rutilc formed in wet-impregnated Cr203 doped TiOl 
system during heating in hydrogen at~t~asphere for 2 hrs. 

Hence it i s  clear that in wet-impregnated samples rutilation started 

slowly as compared to co-precipitated which again confirms the importance of 

method o f  preparation on the phase ~r:msi'oimation in Cr203 doped TiO,. The 



variation of rutilation with temperature in Cr2Q3 doped TiOzsamples heated in 

hydrogen atmosphere is shown in figure. 5.16. 

Figure.5.16: Variation of rutilation in Cr~03/TiO~ samplw heated in 
hydrogen atmosphere for 2 hrs at different temperature, 

1 - S%Crt03/TiO~. 2 - 1 5 % ~ s 1 0 ~ / T i 0 2 .  (CO-precipitated) 
3 - S%Crt03!TiOz. 4 - 1S0hCr203iTi02. (Wet-impregnated) 

Temperature ( 'c) 

There occurs some lattice defects in the sample during the heat treatment, 

resulting in phase transformation. This clearly indicates that the role of Cr203 is 

more important. This observation was seen in air and argon atmospheres also. 

Hence it can be concluded that the anatase to rutile transformation in Cr203 doped 



TiO? strongly depends on the concentration of dopants, method of preparation 

md the atmosphere of calcination. 

5.6. Conclusions 

The following conclusion can be arrived at from the results of the 

hove investigations. 

B In Cr203 doped Ti02 anatase-rutile transformation takes place at 

lower temperature as compared to pure Ti@. 

8 The onset and extent of phase transformation depend on the method 

of preparation of doped samples , 
8 On increasing the percentage of Cr203 the transformation is 

increased in co-precipitated and wet-impregnated samples. 

8 The activation energy for the transformation is lowered much on 

doping TiOa with ChO3. 

fl Chromium titanate phase was formed during the heating of TiOl 

doped with Cr7_03. 

6 The percentage of Crz03 and method of preparation play major role 

on surface area and crystallite size of Ti02. 

B Crystallite size of anatase increases and surface area decreases 

marked1 y on Cr203 loading and rutilation. 

B Surface morphology of Ti@ changes much while doping Cr203 and 

also with rutilation. 

B Atmosphere of calcination is very important in the anatase to rutiIe 

transformation in Cr103 doped TiOz. 

a Argon and hydrogen atmospheres are more accelerating than air. 



STUDIES ON CuO [)OPED TiOz 

Coppcr oxidc supportcd on ti tania are profoundly important catalq st. 

materials. In catal>*sis, catalytic proper-ties are mostly affected by the phase 

modification of the suppot-ted titania. 111 o1.dt.r t o  understand the phase stability 

of titania on ~iopinc - with di &rent psrceiltages of CuO. samples were prepared 

and studied and the results are discussed in this  chapter-. 

On1 y a iku ~ucthocls are a~xilable in literature for preparing CuO doped 
I 

Ti@. TiO? doped ~vi rh  5 and 15% percentages o l  CuO was prepared using two 

different methods nunrcly co-precipitation and wet-impregnation as described 

in Chapter 2.  I h s  tsansfosn-iations in air, inert (argon) and reducing (hydrogen) 

atmosphcrcs u.tt1.e studied. T'hc quanri  tn t i t  e analysis of the phase compositions 

b f  the heated C ~ 0 : ~ l ' i O ~  salnpies was done as follows. 

6.1. Chemical analysis 

'1'11~ composition of samples was dctel-mined by chemical analysis ~isiiig 

standard ptocrdurcs as dcscr-ibcd i n  chapter 7 .  The percentage of CuO in each 

sample is as give11 in 'I'able 6.1. 

Table 6.1 : Rcsi~lts  of  Chrrnical arlalysis o f  CuO doped 'I'iO: prcparcd thraegh different methods. 
. . 

Expected Corn osition 
I lJscparation 
I 
I 

- .. . i 
I I W et-Imprcgnat ion i 
1: 4.9 1 

* -  --- ---. 
15 j 14.82 84.97 

-. -- II -- -- 1 - - " >  E - 



6.2 XRD studies 

XRD analysis was done on the co-precipitated CuO doped samples 

calcined at differel~t teinpcr-a~ures. Figure 6.1 gives the XRD pattern of 5% CuO 

doped and tigul-e 6.1. shows t l ~ c  pattern o l  1 5% doped samples heated in air. 

Figure 6.1: SI<U l'attcrns olcn-j)rcripitatctl 5% C:uO/TiO? heatcd at different 
Tumpcratorcs fur bhrs (a )  7511°C' (b} 800°C (c) XIO'C 

A - Anat2se 
R - Ruse 
CT- Copper Titmate 

R 

20 30 40 50 60 



Figure 6.2: XRD Patterns of co-precipitated 15% CuOfriOz heated at different 
temperatures for 6 hrs. (a) 7 0 0 ' ~  (b) 7 5 0 ' ~  (c) 8 0 0 ' ~  

It revealed that the amorphous nature of co-precipitated sample 

disappeared above 6 0 0 ' ~  and analase phase appeared. At 750" for 6 hrs 

heating, rutile phase emerges and 9.3% was formed for 6 hrs heating in 5% 



CuOiTiO?. in the case of 15% doped san~ples. the rutile fortnation ternperattmw 

was found lo he 7 0 0 " ~  and for 6 hrs l~cating 3.2 "/a rutile was present. 

Pealc inttlnsities of anatase decreased during heating at higher 

temperatures in both 5 and 15% dopcd sa~nples while the peak intensity for 

mtile wns fbund to  incrcasc. This indicates the anatase rutile convertion during 

the calcinations. Also peaks corresponding to CuTi03 were obsel-ved above 

700 '~ .  Thus TiOl has reacted with CuO to form its titanate when the 

temperatirre is higl~cnog,h.  The various percentages of rutile formed in both 

the 5 and 15?0 dopcd samples are calculated and are tabulated in tables 6.2 and 

Table 6.2: '% of  rutile forrl~cd during heating o f  co-precipitated 5% CuOITiOt as 
different tempuratures and timc in air 

r T m e  o f  
heating '1 ( h n )  



Table 6.3: "/o of rutile forn~ed during heating of  co-precipitated 15% CuO/TiO1 at 
different ternpcratures and time in air. 

The rutil e percentage increased significantly in co-precipitated samples 

irrespective of the dopent concentration but the amount of rutile at a particulat 

temperature and time depends on the amount of CuO present. At 8 0 0 ' ~  in 5% 

CuO doped sample, for 6 hrs heating 46.5% rutile was present and in 15% 

doped sample rurilation was complete at the same temperature and time. Onset 

of rutilation in 15% doped sample is 700°c, and at 750 '~  8 hrs heating 

produced 66.7% rutile. At 850°c, the rutilation in 5% doped sample is 90.7% 

for 8 hrs heating. 

The variation in rut i latj on with time of heating at different temperatures 

are shown in figures 6.3 and 6.4. 



Figurc 6.3:Vi1riation of rutile % with f in~c at difftrent temperatures in co-precipitated 
5% CuOJTiO:. 

0 2 4 6 8 I 0  f 2 14 

Tim of W n g  ( t-k) 

t a particular temperature and time of heating, 15% CuO doped 

samples gave more rutile compared to 5%. Also the presence of CuO has 

markccl influence on the anatase-rutile transformation in Ti@ since in case of 

undoped Ti02 there is no phase transformation on heating up to 900 '~ .  At 

IOOO'C, anatase peaks disappeared giving only rutile peaks indicating that 

mtilation was complete as evident from the patterns shown in figure 3.3 of 

chapter 3 .  





titania. XRD patterns of wet-impregnated 5 and 15% CuO doped TiOz heated at 

different temperatures are shown in figures 6.5 and 6.6. 

Figure 6.5: XRD Patterns of wet-impregnated 5% Cu01Ti02heated at 
different temperatures. la)  750ac(b) 8 0 0 ' ~  (c) 8 5 0 ' ~  

CT- Copper 'Sitmate 



Rutilation in both 5 and 15% CuO doped TiOz wet-impregnated sample 

started at 750°c, and the rutilation was complete at 850 '~.  There is a rapid 

growth of rutiie from anatase occurring in these samples. 

Figurc 6.6: XRD Patterns of wet-impregnated 15% CuO!riOlheated at 
different tcrnperatu res for 6 hrs. (a) 7 5 0 ~ ~ ( b )  8 0 0 ' ~  (c) 8 5 0 ' ~  

A - Anatase 
R - Rutile 

R CT- Copper Titanate 

A 

I 

- 



Heating for 6hl.s produced 5.9% rutile in 5% CuO doped Ti02 and 11 -9 

% rutilation was present in 1 5% doped sample at 7 5 0 ' ~ . ~ h e  different amounts 

ofnrtile formed in wet-impregnated CuO doped TiOz are tabulated in tables 

6 4  and 6.5 

Table.6.4: % of rutile formed during heating of wet-impregnated 5%Cu0/Ti02 
at different temperatures and time. 

The rutilation in wet-impregnated 5% doped titania is different fiom that 

in 15% doped samples. The growth of rutile crystals is rapid after the onset of 

milation. Up to 7 5 0 ' ~ ,  the anatase phase is stable. When temperature is 8 5 0 ' ~  

Milation reaches 80% on SO hrs heating. In the case of 15%, rutilation was 

almost complete at the same conditions. 



The difrcrence in behaviour of co-precipitated and wet-impregnated 

samples is due to the difference in distribution of CuO on TiOz. which is 

identified from the EDAX studies. 

Table.6.5: O/O of rutile formed during heating of wet-impregnated 1S%Cu01Ti02 
at different temperatures and time 

The variation in rutilation of co-precipitated and wet-impregnated CuO 

doped TiOa salnpies at different temperatures with time o f  heating are shown 

in figures 6.7 and 6.8. 

At higher temperature, the peak for CuTi03 appeared, which shows that 

there is reaction between Ti02 and CuO at higher temperatures. Hence it can 

be concluded that, CuO has noticeable effect on rutile phase formation in TiOl 



and the cnhuncerncnt ol'rutilation by the mctal oxide is strongly dependent on 

how the sample Ivas prcpared and thc alnount 01" the doped metal oxidc. 

Figure 6,T:Variation o f  rlttile 3, with  time at ciiffercnt temperatures in 

wet-im pregnated 5'/0 CuOSTi02 

0 2 4 6 8 TO 12 14 

Time of heating ( Hrs) 

In bath samples rutilntion increases with temperature and this 

crystallogaphic rearrangement is highly decided by the method of preparation 

and also the amount of CuO present in the dopcd samples. 



Figure 6.8:Variation of rutile % with time at different temperatures in 

wet-impregnated 1S0/0 Cu0/Ti02 

Tim of heating ( Hrs) 

The activation energy for the anatase-rutile transformation was 

calculated and is given in table 6.6. The activation energy calculated for the 

transformation in co-precipitated samples in presence of 5% CuO is found to 

be 33.93 k calimol while in presence of 15% CuO it is 30.59 k cal / mol. In 



case of wet-impregnated samples the activation energy for the transformation 

was found to be 38.95 in presence of 5% CuO while in presence of 15% it is 

33,22 kcallmol. For undoped T O ,  activation energy for anatase-rutile 

transformation was reported to be -90 K caIJmol as explained in the previous 

chapters. Here also among 5 & 15% CuO 15% has more lowering of 

activation energy and hence it is more accelerating. Also it is observed that the 

activation energy for the transformation was found to be very close to each 

other in co-precipitated 5% CuOlTi02 and wet-impregnated 15% CuO/Ti02. 

TabEe (f.6: Activatiorr energies For the snatasc-rutile transformation in CuO doped TiOP 
I 

Table 6.7 shows the crystallite size of anatase present in the CuO doped 

Ti02 samples at different calcination temperatures, Marked change was seen 

on increasing the CuO percentage, but it increased with increase in 

temperature. When the n~tilation was started, the crystallite size of anatase 

attained a size o f  1 1.6 nm in 5% doped co-precipitated samples and 2.39 nm in 

wet-impregnated ones. Hence, depending on the method of preparation, the 

crystal rite size may vary and the growth in crystallite size with temperature is 

also determined by method of preparation. The crystailite size increased with 

mtilation and amount of CuQ. 



Table 6.7: Cqxtallitc sizc and surface area values of un doped and CuO doped 
TiO: Samples heated at different temperatures for 8 hrs. 

* a- Amorphous TiO? * b- Anatase phase absent 



6.3 Surface area studies 

Surface area changes with percentage of CuO and calcination 

temperature. The surface area obtained for co-precipitated 5% CuO/'Ti02 was 

11 2.3 m2lg, and for 1 5% doped sample it was 132.2 m2ig before calcination. 

In the case of wet-impregnated ones, the surface area was 92.7 rn2/g and 

119.7 m21g in 5 and 1 5% CuO/Ti02 samples respectively before heating. 

Like other samples, here also, co-precipitated ones have much higher 

surface area. Out of ali the samples, maximum surface area was obtained in 

sample containing 15% CuO before heating. The surface area decreased on 

rutilation in co-precipitated and wet-impregnated ones as in the case of other 

samples discussed in earlier Chapters. 

Here also a sudden decrease in surface area was observed in co- 

precipitated and in wet-impregnated samples calcined at 8 5 0 ' ~  due to the onset 

of rutilation and titania particle enlargement. The crystaIIite size results are 

also in parallel with these observations. At temperatures when the Ti02 was 

almost h l ly  converted to rutile, the surface area became 1.34 m2/g, and 5.7 

m2ig in 5% doped co-precipitated and wet-impregnated samples. In case of 

15% doped samples, the surface area values are 0.092 m2/g, and 2.77 m2ig in 

co-precipitated and wet-impregnated samples respectively. The decrease in 

surface area was more severe in co-precipitated ones. So, like other samples 

discussed earlier, the method of preparation and percentage of CuO have a ' 

greater role in deciding the surface area of these samples. So, it is very clear 

that, CuO enlarges titania particle, which would occur on high temperature 

calcination. Formation of copper titanate also may be one reason. 



6,4 Scanning Electron � microscopic studies. 

To unde~.stand the morphological changes of the titania doped wit11 CuO. 

Scanning Electron hlicr-oscopic studies on the samples were performed. 

Scanning Elcctron blicrogl-aphs of ui~doped TiOZ before heating (containing 

anatase) and after heating at I 0 0 0 ' ~  for 8 hrs (containing rutile) are shown in 

figure 3.9 of chapter 3.  'ritania particles lvere found to be aggregated in the 

pure lhrm (anatase). On heating at 1000" for 8 hrs. some rearrangement 

occured to form rutilc. During this conversion, the aggregates of particles were 

convened into agglorqeratcs where the particles were rigidly joined. Also there 

was no appreciable change in the particle size during the conversion in 

undoped 'TiOl 

The su~.face of both anatase and rutile samples were found to be rough 

before doping. Micrographs of CuO doped Ti02 prepared by co-precipitation 

and wet-impregnation are shown in figures 6.9 and 6.10. It was found that in 

wet-impregnated sarnple increase in particle size takes place on rutilation. 

before rutilation, the average particle size is about 2p-n while after rutilation 

most of the particles are of Inore than 150 prn size. The surface morphology 

also changes consider-abily. The surface becomes more or less smooth after 

rutilation. Morphology of co-precipitated sample is more or less same before 

and after heat treatment. The particle size is higher than that of wet- 

impregnated sa~nples before rutilation. There is increase in particle size during 

the anatase r~itiEe transformation. 

Thus the surface morphology of CuO doped Ti02 has some changes with 

rutilation. The distribution of CuO is uniform in co-precipitated samples and 

not in wet-impregnated system. This is identified from the EDAX analysis. 

This is the reason for lower rutilation in wet-impregnated system. Hence it is 



clear 11131 111cl.c occurs some rcarrangemenk in Ti02 lattice. I'hcrc is a c~ystsllite 

size enlasgcincr~t occuring on doping CuO, uhich reflects in lower surface area 

ofthc C u O  doped sample. This process depsnds on the method of preparation 

of doped samples. 

t ' i ~ t ~ r - c :  6.9. Sc:~ri [ling Electron Micrographs nrco-precipitated CuOrriOI 
(a) Hcfore rutilation (b) after rutilation. 



Figure: 6.1 0. Scanning Electron Micrographs of wet-impregnated CuO/TiOL 
(a) Before rutilation (b) After rutilation. 

(W! 



6,5 Transformation in Argon and Hydrogen atmospheres. 

The anatase rutile transformation of CuO doped Ti02 in different 

atmospheres were studied to understand the effect of different reaction 

atmospheres on ihe anatase rutile trarisforrnation. Argon (inert) and hydrogen 

(reducing) atmosphel-es are used in the investigations. 

Figure.6.11. represents the XRD patterns of CuO doped Ti02 heated in 

argon ahnosphere at 7 0 0 " ~  for 0.5 hrs. The anatase-rutile conversion was 

found tc) be different in argon compared to that in air. 

Figurc.b.11: XHD Patterns of co-prccipitatcd CuO doped TiOz 
sarnplrs heated in argon atn~osphere at 700'1 0.5 hrs. 
(a) Undopetl 'l'iOl (b) 5% CuC)/TiO? (c) 15% CuO/TiO1 

A- Anatase 
R- RuWe 



In presencc of argon atmosphere. the onset of rutilation was lowered and 

at 6 5 0 " ~  in co-precipitated CuOiTiO?, the fraction ofrutile formed is 39.8 % in 

5% CuO doped TiO? for 0.5 lii*~. In air atmosphere at the same conditions, no 

rutile was formed. ln  15% doped sample, the rutile conversion w!as 54.8% at 

the same conditions. In both samples 700'10.5hrs heating results in completion 

of rutilation in argon atmosphere. Thus the anatase rutiIe conversion is 

different in argon than that in air a~rnospliere. In air at 7 5 0 ' ~ ~  the rutilation was 

just started in 5% CuO/Ti02 and in 15% duped sample it occured at 700 '~ .  The 

percerltages of rutilc formed in co-precipitated 5 and 15% CuO doped TiOz at 

different temperatures are tabulated in 'I'able.6.8. 

Tahle.6.8: (YO of rutile formed in co-precipitated CuO doped Ti02 
samples heated in argon atmosphere at different 
tenlperatures for 0.5 hrs heating. 

The extent of acceleration is different in this case as compared to air. 

The amount of rurile forrncd is higher at any temperature for 15% sample as 

compared to 5% doped samples as evident from the table 6.8. 

In wet-impregnated samples on set of rutilation is at around 650°c, 5% 

CuO doped TiOl sample gave 12.3% rutile while 15% doped sample produced 

31.8% at thc same temperature. The XRD patterns are shown in figure 6.12. 



Figure.6.12: XRD Patterns of wet-impregnated CuO doped TiOt samples 
heated in argon atmosphere for 0.5 hrs. 
(a)Undoped Ti02 (b) 5% Cu01TiO~ (c) 15% CuOITiOl 

The effect of temperature is same as that in co-precipitated one except 

that rutilation was not completed at 7 0 0 ' ~  for wet-impregnated samples. At 

750°c, rutilation was 78.3 and 81 -3% in 5 and 15% doped samples respectively. 

Different amounts of rutile formed in wet-impregnated samples heated in argon 

atmosphere are summarized in table 6.9. 



Tahle.6.9: '% of rutile formed in wet-impegnated CuO doped TiOz 
samples heated in argon atmosphere at different 
temperatures for 0.5 hrs. 

The variation of rutilation during heating in argon atmosphere in 

Cu0/Ti02 samples is evident in figure 6.13. Here the transformation is 

accelerated but the extent of acceleration strongly depends on the method of 

preparation. The lower distribution in wet-impregnated samples may be the 

cause for the variation in transformation. 

Here also the importance of oxygen vacancies on the phase 

transformation rate of TiOz in the presence of CuO seems to be confirmed by a 

more rapid transformation in argon than in air. Hence it can be concluded that 

argon atmosphere increases oxygen vacancies concentration and thus it favours 

the anatase-rutile transformation. 



Figure.6.13: Variation of rutilation in CuOITiOz samples heated in 
argon atmosphere for 0.5 hrs at different temperatures. 
1 - S%CuOSTiOz, 2 - 15%Cu0/TiO1. (Co-precipitated) 
3 - 5%CuO/TiOt 4 - 15%CuO/Ti02. (Wet-impregnated) 

600 650 700 750 800 

Temperature ('c) 

In hydrogen atmosphere, the anatase-rutile transformation was found to 

be low as compared to that in argon atmosphere. The XRD patterns of co- 

precipitated and wet-impregnated samples are given in figures 6.14 and 6.15. 



Figure.6.14: XRD Patterns of co-precipitated Cu01TiO2 samples 
heated in hydrogen atmosphere at 700'12hrs. 

(a) Undoped TiOl (b) 5% CuOITiO1 (c) 15% CuU/TiO? 

In co-precipitated samples, it is observed that on set of rutilation is 

7 0 0 ' ~  for 2 hrs heating. In wet-impregnated sample also mtilation was started 

at this temperature. This is higher temperature than that in argon atmosphere. 



Figure.6.15: XRD Patterns of wet-impregnated CuOdoped TiOz 
samples heated in hydrogen atmosphere a t  700'/2hm. 
(a) Undoped TiOz (b) 5% Cu0/Ti02 (c) 15% CuOITiOl 

The co-precipitated 5% doped samples gave 17.4 % rutile at 7 0 0 ' ~  and 

29.8% rutilation was found in 15% doped sample for 2 hs heating at the same 

temperature. At the same conditions, in wet- impregnated samples 4.3 and 12.8 

% rutilation was found in 5 and 15% CuO ddped Ti02 respectively. Tables 



6.10 and 6.1 1 represent the different fractions of rutile formed in co- 

precipitated and wet-impregnated systems. 

Table.6.10: % of rutile formed in co-precipitated CuO doped TiOz 
system during heating in hydrogen atmosphere for 2 hrs. 

Table.6.11: % of rutile formed in wetimpregnated CuO doped TiOl 
system during heating in hydrogen atmosphere for 2 hrs. 

Eventhough in both the samples rutilation started at the same 

temperature in hydrogen atmosphere, the amount of conversion is different. At 

750'~, 49.3% rutile is formed in co-precipitated 5% CuO doped Ti@ sample 

while in 1 5% doped samples the rutile conversion was 65.8 for 2 hrs heating. 



In case of wet-impregnated 5% CuO doped TiOz sample mtilation was 2 1.7 % 

while in 15% doped samples it was 40.3% at the same conditions. Variation in 

rutilation with temperature in CuOJTiOz samples heated in hydrogen 

atmosphere is shown in figure 6.16. 

Figurc.6.16:Variation in rutilation of CuO doped TiO? samples heated in 
Hydrogen atmosphere for 2 hrs at different temperatures. 
1 - S%CuOn*iO,. 2 - 1S%CuC)ITiO~, (Co-precipitated) 
3 - 5%Cu01TiOz. 4 - 15%CuO/Ti02, (Wet-impregnated) 

600 650 700 750 8C 

Temperature ('c) 

Therefore it can be believed that there is some lattice defects in the samples 

during the heat treatment in reducing or inen atmospheres. This is experienced 

as colour changes of the samples. The intensity of colour depends on the 



amount of dopant. Reduction of the oxides also may be taking place which also 

may be reason for colour change. This confirms the effect of concentration of 

CuO is more important in the phase transformation. This is observed in air and 

argon atmosphere :also. Hence it can be concluded that the anatase -sutiIe 

transformation in CuO doped TiU2 strongly depends on the concentration of 

dopants, method of preparation and the atmosphere of calcination. 

6.6 Conclusions 

The following are the conclusions made out of the above studies, 

B Anatase to rutile transformation temperature is lowered, much on 

doping Ti02 with CuO. 

The method of  preparation, percentage of CuO and calcination 

temperature have marked effect on rutilation. 

B CuTiQ phase is formed during heating in air. 

8 C u T i Q  formation is independent of rutilation and depends only on 

the temperature. 

B OR loading CuO noticeable change in surface area and crystallization 

temperature were observed with r-tilation. 

B Surface area of CuO doped Ti@ is decided by the amount of CuO 

and method of preparation of doped sample. 

B Crystallite size of anatase increases on loading CuO and during 

rutilation. 

r9 Surface morphology of titania doped with CuO is changed on 

heating. 

8 Argon atmosphere has more accelerating effect than hydrogen and 

air. 



CHAI'TER 7 

STUDIES ON MnOz DOPED TiOz 

In this Chapter studies on the efkct of preparation method on rutilation 

and other properties like surface area changes, crystallite size variation and 

morphological changes are presented. In order to study the effect of amount of 

MnOl and reaction atmospheres Ti@ doped with different percentages of 

Mn02 was prepared using two methods, as described in Chapter 2. The 

transformation was studicd in air. argon and hydrogen atmospheres as a 

function of temperature and time using XRD, Surface area measurements and 

SEM. 

7.1. Chemical analysis 

The col~~position of M n 0 2  doped TiOl samples was determined by 

chemical analysis using standard procedures as described in chapter 2 .  The 

percentage of  MnO? in each sample is as given in Table 7.1. 

Tabte 7.1 : Resrllts of CrhemicaI analysis nf MnO; doped TiO? prepared through different methods. 



7.2 XRD studies 

An interesting feature of these samples was that, the rutilation started at 

a lower temperature as compared to other transition metaloxide doped Ti02 

studied. The XRD pattern of the co-precipitated samples heated at different 

temperatures in air for 6 hrs are given in figures 7.1 and 7.2. 
Figure 7.1: XRD Patterns of co-precipitated Soh MnOzmiOf heated at different 

tcrnperaturcs for 6 hrs. (a) 650'~ (b) 700" (c) 7 5 0 ' ~  



In both 5 and 15% MnOl doped samples, rutilation started at 6 5 0 " ~ .  In 

5% M n 0 ?  doped sample, 4.1% rutile is formed for 4 hrs and in IS%, 8.5% 

rutile was formed at same time. 

Figure 7.2: XRD Patterns o f  co-precipitated 15'Yo Mn02Ri02 heated at diffcrent 
temperatures for 6 Lrs. (a) 6 5 0 " ~  (b) 675"~ (c) 7 0 0 ' ~  

A - hatasc 

R R - Rume 
MT- Manganese  ita an ate 

R 

C 

b 

a 

In co-precipitated sample calcined at 650°c, anatase as well as rutile 

peaks appeared in the patterns. On increasing the calcination temperature, the 



peak intensity of anatase decreased while that of rutile increased showing the 

anatase-ruti lc transformation during thc heat treatment at different temperatures 

and time. At 650°c, 5% MnOz doped Ti02 gave 6.2% rutile for 6 hrs heating 

while 12.6% rutilation was observed for 15% doped sample for the same 

duration. This clearly shows that the conversion depends on the amount of 

MnU? doped. 

The different rutile percentages obtained at different temperatures and 

time of heating are su~nrnarized in tables 7.2 and 7.3. 

Table 7.2: % of rutile formed during heating of co-precipitated 5% Mn02/TiOz at 
4 

different tcmperatures and time. 

Rutilation at 7 0 0 ' ~  for 5% MnOn doped Ti02 was 56.5 for 6 hrs heating 

while 84.5% rutile was formed in 15% doped samples for the same time. En 



15% doped sample almost complete matase to rutile transformation was 

observed at 7 0 0 ' ~  10 hrs heating. 

Table 7.3: O h  of rutile formed during heating of co-precipitated f 5% MnO2/TiO3 at  
different temperatures and time. 

The variation in rutilation with time of heating at different temperatures 

in 5 and 15% MnOz doped TiOz co-precipitated samples is shown in figures 

7.3 and 7.4 respectively. The 15% doped co-precipitated sample was converted 

almost completely to mtile at 7 0 0 ' ~  for 10 hrs. In these samples, mtilation was 

started and completed at lower temperatures as compared to pure TiOz. Hence, 

it is obvious that MnOz has a marked effect on rutilation. 



Figure 7.3:Variation of rutile % with time at  different temperatures in co-precipitated 
5%Mn02RiOO?. 

Time of heating (Hrs) 

It was found that the rutile formation is enhanced by heating at higher 

temperatures. Also the time of heating determines the amount of rutile at any 

particular temperature. hmong 5 and 15% doped samples, 15% doped ones 

produces more rutile compared to 5% at any particular temperature and time. 

Thus it is clear that the amount of Mn02 plays a major role in deciding 

the phase transformation in TiQ?. 



Figure 7.4:VarEation of rutile % with time at different temperatures in co-precipitated 
15%MnOt~iOz. 

Time of heating ( Hrs) 

The wet-impregnated samples behaved differently from that of co- 

precipitated one during the heat treatment even though the effect of different 

percentages is the same. The quantitative measurements of the mile fractions 

produced at different temperatures and time of heating were done using XRD. 

The XRD patterns of wet-impregnated samples are given in figures 7.5 and 

7.6. 



Figure 7.5: XRD Patterns of wet-impregnated 5% MnOtfriOl heated at 
different temperatures for 6 hrs. (a) SOO'C (b) 8 2 5 ' ~  (c) 8 5 0 ' ~  

A - Anatae 
R R - RuMe 

MT- Manganese Titanate 

R - 

In the samples calcined at 7 0 0 ' ~  and above, some peaks of manganese 

titanate (MnTiQ4) were also present along with peaks due to anatase and rutile. 

At the onset of mtilation, no peaks of MnQ2 or MnTi04 were seen, but, as the 

intensity of rutile peaks increased on increasing calcination temperature, 



MnTi04 peaks also appeared in the pattern along with rutile peaks. On further 

calcination these peaks were seen to be more intense, revealing the growth of 

mtile during high temperature calcination. The appearance of MnTiOl peaks 

mirrored the fact that titania reacted with MnU2 to form the titanate. 

Figure 7.6: XRD Patterns ef wet-impregnated 15% MnOzfriOl heated at 
different temperatures. (a) 800°c(b) 85o0~(c) 9 0 0 ' ~  

A - hatae  
R R - Rutile 

MT- Manganese Titanate 

R 



Different Percentages of rutile formed in wet-impregnated 5 and 15% 

MnOl doped TiOl samples are given in tables 7.4 and 7.5.  It is found that at 

any time of heating at a particular temperature, wet-impregnated samples 

produced lower ruti le compared to co-preci pitated ones. 

Table.7.4: % of  rutile formed during heating of wet-impregnated 5% MnOsmiOz 
at different temperatures and time. 

In both 5 and 15% MnOl doped Ti02 samples onset of rutilation was 

found at ~OO'C, 7.6% rutiie was formed in 5% doped sample for 6 hrs heating 

and E 5% doped sample got 1 0.1 % rutile at the same time. 15% doped Sample 



got rutilared completely at 8 5 0 ' ~  in 6 hrs, where as in the 5% loaded system, 

the rutilation was completed at 8 5 0 " ~  for 8 hrs heating. 

Tablc.7.5: '/o of rutile formed during heating of wet-impregnated 1S0/0 MnO2/TiO2 
at different temperatures and time 

The variations in rutilation with time of heating at diferent temperatures 

are shown in figures 7.7 and 7.8. It is found that milation increases with 

increase in temperature and time of heating. Variations of rutilation in 15% 

doped sample are different from that of 5% doped ones. Also the variation in 

rutilation is lower in wet-impregnated samples compared to co-precipitated 

ones. 



The difference in rutiiation may be due to the difference in distribution 

of MnOz over TiO? In co-precipitated samples there is uniform distribution of 

h02  since both are precipitated from a homogeneous solution. 

Figure 7.7: Variation of rutile O/O with time at different temperatures in 
wet-impregnated 5% MnOt/TiOz. 

0 2 4 6 8 I0  12 14 
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Therefore it is proved that rutilation strongly depends on the mount of 

dopent in addition to method of preparation and calcination temperature. It 

reflects clearly that, the co-precipitated one has higher mtiIe percentage at any 
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Mn02 has created some oxygen vacancies on Ti02 surface, when 

calcined. This might be the reason, for the easy rvtilation of these samples. 

This is in accordance with the literature reports, which state that, the formation 

of oxygen vacancies are the basic reason for rutilation since it enhances the 

rupture of Ti - 0 bonds of anatase. 

Figure 7.8: Variation of m i l e  % with time at different temperatures in 
wet-impregnated 15% MnOniOz. - 

The activation energy for the anatase-mile transformation was 

calculated using the method explained in chapter 2 and is given in table 7.6. It 

is found that the activation energy for -the transformation in co-precipitated 



samples in prescnce of 5% M n 0 2  is found to  be 30.59 kcallmol while in 

presence of 15% MnU2 it is 26.05 kcallmol. In case of wet-impregnated 

samples the activation energy for the transformation was found to be 63.33 

kcallmol in presence of 5% MnO? while in presence of IS% it is 55.44 kcali 

mol. For undoped KO2, activation energy for anatase-rutile transformation was 

reported to be -90 K callmol. Hence among 5 & 35% MnOz 15% has more 

lowering of activation energy and hence it is inore accelerating. 

Table 7.6: Activation energies for the anatase-rutile transformation in MnOl doped TiO,. 

It is clear- that the lowering of activation energy is different in wet- 

impregnated system as compared to co-precipitated ones. So an analysis of the 

activation energy values determined is useful in understanding the relative 

accelerating e f i c t  of MnO? doping. It is clear that in presence of MnQ2, the 

activation energy is lowered much as compared to undoped. 

The crystallite size of anatase after calcinations of these samples at 

temperatures when drastic changes in physical properties took place was 

calculated. The results are given in Table 7.7. 

Here the anatase crystallites were seen to grow during the phase 

transfromation fro111 anatase to rutile. In co-precipitated 5% MnO1/TiO7_, at 

700"/811rs thc anatase crystallires had grown to a size of 12.4 nm (in this 



sample 67.0 % of anatase was irreversibly converted to rutile). In case of 15% 

Mn02/Ti02. anatase crystallite size was found to be 13.6 nrn at the same 

condition. This trend is same for wetimpregnated samples also. 

Table 7.7: CrystaIlite size and surface area values of un doped and MnOt doped 
Ti02 Samples heated at different temperatures for 8 hrs 

* a- Amorphous TiOz * b- Anatase phase absent 



It is noteworthy that, in MnO,/TiOz like Fe?O;/TiQ2 Cr203/TiO?, NiOiTi02, 

and CuO/Ti02, as thc ruti ie percentage increased, the anatase crystallite size 

also increased, but to different extents, depending on the method of preparation 

and nature of the metal oxide doped on TiO?. 

7.3 Surface area studies 

'The surface area decreased drastically with rutilation and this decrease 

was more noticeable in co-precipitated as compared to wet-impregnated ones 

and also with MnO? percentage. For co-precipitated 5% Mn02 doped Ti02 the 

values are 95.87 rn2ig, 124.36 m21g for 5 apd 15% doped samples respectively 

before calcination. In the case of wet-impregnated samples, the surface area 

values are 90.76 rn2/g and 103.81rn2ig respectively in 5 and 15% doped 

samples. The co-precipitated ones have larger surface area and on increasing 

the MnO? percentage, better surface area is obtained before heating. On 

increasing the calcination temperature to 700°c, the surface area decreased 

very much and it became 7 -07 m2ig and 6.4 m'ig in co-precipitated 5 and 1 5% 

doped ones and at 800°c, wet-impregnated 5% doped sample gave surface area 

10.37 mLig and in 15% doped system it is 7.79 rn2ig. At the cornpietion of 

rutilation, surface area of samples decreased very much. These changes clearly 

indicate the crystallographic rearrangement in Ti02. Also the size of particles 

had grown during the phase transformation, which is supported by the 

Scanning Electron Micrographs of these samples. 

In all these samples, even though, no direct relation between crystallite 

size and surface area could be made, a marked decrease in surface area could 

be seen along with a significant increase in clystallite size. At the onset of 

rutilation surface area was decreased and severe decrease occurred when 



rutilation was completed, which may be due to growth in particle size and 

sintering. This is consistent with XRD data. 

On comparing with the surface area of pure TiOz, the surface area 

decreased on loading MnQ. It is very clear from ail these observations that the 

surface area decreased noticeably during rutilation, which in turn is dependent 

on preparation method and calcination temperature. The decrease was greater 

compared to pure TiOz. So, MnOz enhances the reduction in surface area 

during calcination. 

7.4 Scanning Electron Microscopic studies. I 

In order to understand the changes in particle shape and size upon 

rutilation, the SEM analysis of Mn02 doped TiOz samples before and after 

rutilation was carried out. Particles with sharp octahedral and needle like 

structures were present in the micrograph shown in Figures 7.9 and 7.10. 

Scanning Electron Micrographs of undoped anatase and r u t h  are shown in 

chapter 3. 

The distribution of Mn02 over TiOz is clearly found in the micrographs 

before rutilation, which is identified by EDAX analysis. After rutilation the 

individual particle size increased, which resulted in the decrease in surface area 

of the rutilated samples. Ail the particles were more or less similar in shape in 

co-precipitated sample. But the surface of wet-impregnated samples was found 

to be much aggregated even after rutilation. In these samples, the formation of 

manganese titanate is not completed and also dopent distribution is there on the 

surface, which is observed in EDAX analysis. Therefore it is believed that the 

formation of manganese titanate is independent of rutilation and it depends 

only on the temperature. For different titmates the temperatures are different 



since the free energy of formarion depends on the nature of metaloxide doped 

Figure: 7.9. Scanning Electron Micrographs of co-precipitated MnOf/Ti& 
(a) Before rutilation (b) After rutilation. 



Fiy~irc:  7-10. Scanning Electron %licrographs of wct-impregnated MnOImiO1 
(a )  Beforc rutilation (h)  After rutilation. 



7.5 Transformation in Argon and Hydrogen atmospheres. 

The anatase rutile transformations in Argon (inert) and hydrogen 

(reducing) atmospheres are investigated to understand the influence of 

environment on the transformation. 

Figure.7.8, represents the XRD patterns of MnOzlTiOz heated in argon 

atmosphere. The anatase-rutile transformation was found to be more rapid in 

argon than in air. 

In presence of argon atmosphere, the onset of rutilation was lowered to 

6 0 0 ' ~  in co-precipitated samples. In 5% MnOl/TiOz the fraction of rutile 

formed is 12.3% and 42.9% rutile is converted from anatase phase in 15% 

MnOl/TiOl in argon atmosphere for 0.5 hrs heating at 600'~. This is much 

different from that in air. At 6 5 0 ~ ~ .  the rutilation was found to be 88.7% in 5% 

doped sample while in 15% doped sample, rutilation was complete at the same 

conditions. The fraction of rutile formed in co-precipitated 5 and 15% 

Mn02/Ti02 at different temperatures are tabulated in table 7.8. 

Table.7.8: Fraction of rutile formed in co-precipitated M n 0 2  doped TiOz 
samples heated in argon atmosphere a t  different temperatures 

for 0.5 hrs heating. 



Figurc.7.11: XRD Patterns of  co-precipitated MnO, doped TiOl snmplcs 
heated in argon atmosphere a t  6 5 0 ' ~  for 0.5 hrs. 

(a) Undoped Ti02 (h) 5% MnOzlTiOz (c) 15% MnO2/TiOZ 
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7 h e  amount of rutile formed is higher at each temperature and time of 

heating in 15% doped sample as compared to 5% as evident from the table. In 

air atmosphere, the onset of rutilation was 6 5 0 ' ~  (vide tables 7.2 and 7.3). At 

this temperature rutilation is completed in argon atmosphere. 



In wet-impregnated samples at 6 0 0 " ~ ,  there is no rutilation. The on set 

of rutilation is observed at 6 2 5 ' ~ .  The XRD patterns of samples heated at 

7 0 0 ' ~  are shown in figure 7.12. 

Figure.7.12: XRD Patterns of wet-impregnated MnQ2 doped Ti02 samples 
heated in argon atmosphere at  300' for 0.5 hrs. 

(a) Undopcd TiOl (b) 5% MnOz/TiO1 (c) 15% MnOtfliOl 

Further effect of temperature and time is same as that in co-precipitated 

one. Here also 15% doped samples gave more rutile than 5% doped 

Mn02/Ti02. The different amounts of  rutile formed in wet-impregnated 

samples are summarized in table7.9, 



Table.7.9: % of rutile farmed in wet-impegnated MnO? doped TiOl 
samples heated in argon atmosphere at different 
temperatures for 0.5 firs heating. 

At 7 0 0 ' ~ ,  the anatase-rutile transformation was found to be 7 1.5 and 

89.8% in 5 and 15% doped samples respectively. The formation of manganese 

titanate is not found in any of the patterns, which confirms that the temperature 

is not suffitient for the formation of it and the formation is independent of 

rutilation. 

The variation in rutilation during heating in argon atmosphere in 

Mn071Ti02 sample  is shown in figure 7.13. Here the transformation is 

accelerated but the extent of acceleration strongly depends on the method of 

preparation. The non-uni f o m  distribution in wet-impregnated samples may be 

the cause for the deviation in transformation. Co-precipitated samples are 

precipitated from a homogeneous solution containing titanium and manganese 

ions. 

The importance of oxygen vacancies on the phase transition. rate of Ti02 

in the presence of MnOz seems to be also confirmed by a more rapid 

transformation in argon than in air. Hence it can be concluded that argon 

atmosphere increases oxygen vacancies concentration and thus it favours the 

anatase-rutile transformation. 



Figure. 7.13: Variation of rutilation in MnOITTiO1 samples heated in 
argon atmosphere for 0.5 hrs at different temperatures. 

1- 5% MnOzmiOz. 2- 15% Mn01JTi02. (Co-precipitated) 
3- 5% M n O z ~ i O a .  4- 15% MnOtfliOt. (Wet-impregnated) 

500 550 &I0 650 700 750 ma 

Temperature (OC) 

In hydrogen atmosphere, the anatase-rutile transformation was found to 

be low as compared to that in inert atmosphere and more than that in air. The 

XRD patterns of co-precipitated and wet-impregnated samples in different 

compositions are given in figures 7.14 and 7.15. 



Figure.7.T 4: XRD Patterns of co-precipitated MnO2/TiO2 samples 
heated in hydrogen atmosphere at 750'/2hrs. 

(a) Undoped Ti02 (b) 5% MnOISTiO1 (c) 15% MnO1fliO1 

It is observed that on set of rutilation is different for co-precipitated and 

wet-impregnated samples. In case of co-precipi tated, rutilation started at 675'~ 

for 2 hrs heating, while in wet-impregnated ones it occured at 7 0 0 ' ~ ~  which is 

different from that in argon atmosphere. The co-precipitated 5% doped samples 

gave 4.3 % rutile and 1 1.7 % rutilation was observed in 15% doped sample for 

2 hrs heating at 6 7 5 ' ~ .  When the temperature was increased to 750°c, 



rutilation also increased and it became 32.6 and 58.3% in 5 and 15% doped 

samples. 

Figure.7.15: XRD Patterns of wet-impregnated hInQ1KiOZ samples 
heated in hydrogen atmosphere at 750°/2hrs. 

(a) Undoped TiOz (b) 5% MnOzrriOl (c) 15% Mn.OIfliOz 

Tables 7.10 and 7.1 1 represent the different fractions of  rutile formed in 

co-precipitated and wet-impregnated samples during the calcinations at 

different temperatures and time. 



Table.7.10: of rutile formed in co-precipitated MnO? doped TiOl 
system during heating in hydrogen atmosphere for 2 hrs. 

Table,7.11: Oh of rutiIe formed in wet-impregnated MnOz doped Ti02 
system during heating in hydrogenatmosphere for 2 hrs. 

In wet-impregnated samples rutilation started slowIy as compared to co- 

precipitated and also the formation of rutile is different at different 

temperatures, which again confirm that the transformation highly depends on 

the dopent concentration irrespective of the atmosphere of calcination. The 

variation in rutilation with temperature in Mn02 doped TiOz samples heated in 

hydrogen atmosphere is shown in figure. 7.16. 



Figure.T.16: Variation of rutilation in MnO1RiO2 samples heated in 
hydrogen atmosphere for 2 hrs at difkrent temperatures. 

t- 5% Mn02miOzq 2 - 2 S%Mn021TiOz, {Co-precipitated) 
3 - 5%MnO2/TiOZ. 4 - 1 5%MnO1/TiO1, (Wet-impregnated) 

Wet-impregnated 5% doped sample for 2 hrs heating at 7 0 0 ' ~  produced 

9.8 % rutile while 15% has given 13.9% rutile at the same conditions. The 

fraction of rutile converted increased to 12.4 and 26.7 % respectively in 5 and 

15% doped samples when temperature is increased to 750'~ .  There occurs 

some lattice defects in the sample during the heat treatment in reducing 

atmospheres. This results in the crystallographic rearrangements to form rutile, 



a more stable phase of titania. This clearly indicates the effect of MnOz is more 

important in the phase transformation and amount of MnOz also has some 

important role in the phase transformations. This trend was observed in air and 

argon atmospheres also. 

Hence it can be concluded that the anatase -rutile transformation in 

Mn02 doped Ti02 strongly depends on the concentration of dopants, method of 

preparation and the atmosphere of calcinations. 

7.6 Conclusions 

From all the above observations the following conclusions can be 
t 

made. 

On loading TiOz with Mn02 phase transformation occurs on heating 

at higher temperatures, 

8 The onset and completion temperatures of rutilation were much 

lower compared to all other metal oxide doped systems studied. 

fl Method of preparation as well as the quantity of MnOz play major 

role in deciding rutile formation. 

8 MnTiO, phase was formed above 7 0 0 ' ~  

a Crystallite size enlargement of anatase takes place during rutilation 

and MnQ2 doping. 

a Surface area decreases sharply with mtilation 

8 Surface morphology of TiOz changes on doping MnOz. 

8 The anatase-rutile transformation is more rapid in argon atmosphere 

than that in air and hydrogen. 

8 The order of enhancing rutilation by different atmospheres is in the 

order Argon > hydrogen > air. 



CHAPTER 8 

STUDIES ON LIQUID PHASE PHOTO OXIDATION OF 

TOLUENE 

The first change in benzoic acid preparation came in 1850s when 

hippuric acid (C6HsCONHCH2COOH), from the urine of horses and cattle, 

replaced gum benzoin as the starting material. Hippuric acid was used 

extensively until 1870, when coal tar raw materials were utilized for the first 

time. (229,2301 Phthalic acid was also used as the raw material until 1890, 

when the hydrolysis of benzo trichloride took over the bulk production. This 

route and the route employing chlorination of toluene to benzyl chloride and 

subsequent oxidation with HNOj to benzoic acid remained as the major 

production route until after World War I. After World War 11, started another 

change in manufacturing technique of benzoic acid, as the air oxidation of 

toluene was started in Gennany and after the war, this method was carried over 

to US. The air oxidation in liquid phase using cobalt catalysts has now become 

the main manufacturing method in US. Considering the present and future 

petrochemical economic factors, it is difficult to fore see any commercial raw 

material other than toluene for benzoic acid production. [229,230] Benzoic 

acid has got many industrial applications such as, in medicines, veterinary 

medicines, food and industrial preservatives, dye stuffs, synthetic fiber, etc. 

[229]. 

TiO? is the most used and popular photo catalyst for various reasons, but 

unfortunately, although a large shift of light absorption in the visible region has 

been observed in almost all cases, the presence of dopant metal species has not 

been reported beni ficial when photo oxidation reactions of organic substrates 

in aqueous systems were carried out. 1231-2341. Some authors have reported 



that the recombination rate of the electron-hole pairs increases for chromium 

doped TiQ2 with respect to undoped Ti02. The photo catalytic oxidation of 

acetic acid over TiOz was markedly enhanced by dissolved copper ions [235]. 

Several authors have studied the TiOz photo catalytic oxidation of benzene and 

toluene in air or oxygen. Formation of C02 was reported in all these studies. 

1236-2485 Analysis of the products recovered from used TiOz by various 

solvents showed the formation of benzyl alcohol, benzaldehyde [241] and also 

benzoic acid [238,239] in the case of toluene oxidation. Similarly it was 

reported that the photo catalytic decornpositign of toluene in aqueous TiOl 

suspension was significantly promoted in the presence of copper, ferrous and 

manganese ions [249]. However there is no promoting effect on the photo 

catalytic decomposition of phenol in the presence of silver ion. [250] More 

over many other dopents are available on metal doped Ti02 preparations to 

efficiently decompose toxic compounds. 

Air oxidation of toluene using transition metal oxides doped Ti02 in 

liquid phase in photochemical pathway is yet to be reported. The reactian was 

carried out using photo reactor described in chapter 2 by taking aqueous 

suspension of toluene containing a little hydrogen peroxide in presence of Ti02 

doped with 15% transition metal oxides Fez03, Cs203,  NiO, MnOz and CuO 

prepared by co-precipitation method containing anatase, mtiIe and mixture'of 

anatase and rutile phases (50% each anatase and rutile phases). Irradiations 

were done for different hours and the samples collected after particular 

duration were analysed for the benzoic acid content. The activity studies were 

done after calcination of the sampIes at temperatures, when required alteration 

in properties occurred. The colocrr of the catalyst used was turned brown after 

irradiation and settled at the bottom of the photo reactor. 



8.1. Studies on undoped TiOz. 

To compare the photo oxidation of aqueous suspension of toluene in presence 

of undoped Ti02 with transition metal oxides doped T i Q ,  experiments were 

carried out using the all o f  them. It was seen that sample collected after 

irradiation for 6 hrs contained 7.3% benzoic acid. Various amounts of benzoic 

acid formed in presence of undoped Ti02 is tabulated in table 8.1. 

Table: 8.1. The percentage conversion to benzoic acid during oxidation of 
toluene with undoped Ti@ containing anatasae phase. 

The conversion obtained with undoped anatase TiOz for 12hrs irradiation 

was 28.7%. Figure 8.1 represent the variation in benzoic acid formation in 

presence of undoped TiQ. It was observed that the benzoic acid formation 

increases with irradiation time. Benzoic acid formation in presence of transition 

metal oxide doped Ti02 is compared with that using undoped Ti02. 



Figure 8.1. Variation in benzoic acid formation in presence of vndoped TiOz. (anatase) 

0 2 4 6 8 t 0 t 2 14 

Irradiation time ( Hrs) 

8.2. Studies on Fe203/Ti02. 

Studies on the photo oxidation of toluene over 15% Fe203 doped Ti02 

find that toluene oxidation is considerably affected by the phase transformation 

in Ti@. The conversion obtained with Fe203 on anatase Ti02 was 92.4% for 

EOhrs irradiation. But the conversion obtained was 36.4% when anatase phase 

was replaced with nrtile. The benzoic acid formation with different phase 

composition of TiO? is given in table 8.2. The oxidation was found to be 

lowered by the phase transformation in TiOz support. Rutilation reduced the 

oxidation process and also percentage conversion was low with Fe203 doped 



Ti& containing both anatase and rutile phase (53% rutile and 47% anatase) as 

compared to one containing anatase phase alone 

Table: 8.2. The percentage conversion to benzaic acid during oxidation of 
toluene with 15% Fe203 doped Ti01 containing anatnsae, rutile 

and 470h anatnse and 53% rutile phases. 

The lowering of activity can be ascribed to the decrease in surface area 

o f  these samples during the phase transformation. Anatase has got better 

activity, as expected, due to their enhanced properties compared to rutile. The 

presence of rutile along with anatase also reduces the catalytic activity of 

FelOl doped TiO?. Figure 8.2 represents the variation in photochemical 

oxidation activity of Fe2U3 doped Ti02. 



Figure 8.2. Variation in benzoic acid formation with phase composition of 
15% Fe203 doped Ti02 systems. 

I .  Containing anatase 2. Containing rutile 
3, Containing 53% rutile and 47% anatase 

0 2 4 6 8 10 12 14 

Irradiation time (Hrs) 

The toluene oxidation activity is increased on doping Fe203. 12 hrs 

irradiation produced 98.8% benzoic acid in presence of Fe203 doped TiOz 

while in presence of undoped TiOz only 28.7% benzoic acid was formed at the 

same conditions. Hence it is clear that Fez03 doping has some enhancing effect 

on photo oxidation of toluene and hence Fe203 doped TiOz can be used as a 

catalyst for the reaction than pure TiOz (in anatase phase). Decrease in the 



catalytic activity of the system with ru~ilation may also be due to the changes 

in distribution of metal oxide on the surface of TiOz with the crystal 

transformation as well as metal titanate formation at higher temperature where 

rutilation occurs. So, the reaction is influenced by the phase changes occurring 

in the support material. 

8.3. Studies on Crz03/Ti02. 

Toluene oxidation in liquid phase in photochemical pathway was carried 

out using 25% Cr203 doped TiO? with anatase, rutile and mixture of anatase 

and rutile phases (72% rutile and 28% anatase). The activity studies were done 

after the desired phase transformation occurred. The photo oxidation activity of 

Cr203 doped Ti02 is affected by the rutilation in TQ. The conversion 

obtained with Cr203 doped with anatase TiOl was I 00% for 1 Ohrs irradiation. 

But the conversion obtained was 33,3% when anatase phase was replaced with 

rutile. The benzoic acid formation witl-t different phase compositions of Ti02 is 

given in table 8.3. Benzoic acid formation was 30.8% with Cr203/Ti02 

containing both anatase and rutile phases. 

Table: 8.3. The percentage conversion to benzoic acid during oxidation of 
toluene with 15% CrlOJ doped TiOz containing anatase, rrrtile and 

28% anatase and 72% rutile phases. 

Irradiation time 



Thus change in the phase composition of Ti02 affects the photo 

oxidation of toIuene using Cr203 supported on TiQ. Figure 8.3 represent the 

variation in photochemical oxidation activity of Cr203 doped TiOz with phase 

transformation of TiOz . 

Figure 8.3. Variation in benzoic acid formation with phase composition of 
15% Cr203 doped TiOz systems. 
1. Containing anatase 2. Containing wtile 
3. Containing 72% rutile and 28%anatase 

0 2 4 6 8 10 12 
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Cr20; doped TiOz is also a good catalyst for the reaction compared to 

undoped Ti02 since 10 hrs irradiation produced 100% conversion of toluene to 

benzoic acid and this system is better than Fe203 doped Tior. Anatase is the 



best as expected, due to its better properties compared to rutile. Also there is a 

drastic decl-case in surface area at the completion of rutilation. Decrease in the 

catalytic activity may also be due to the difference in distribution of metal 

oxide on the surface of Ti@ with the crystal transformation and also metal 

titanate formation may affect the distribution. This reaction is also influenced 

by the phase changes in the support material an which Cr203 is present. 

8.4. Studies on NiO/Ti02. 

The photochemical toluene oxidation activity of 15% NiO doped Ti@ 

was studied and was found that the conversion to benzoic acid is very low aq 

compared to other catalyst systems under investigation. On irradiation for 8 hrs 

with NiO supported on anatase TiO?, only 6.5% benzoic acid was formed. 

Different percentages of  benzoic acid formed durring irradiation of aqueous 

suspension of toluene containing NiO doped Ti02 with different phases are 

tabulated in table 8.4. 

NiO supported on rutile Ti02 for 8 hrs irradiation gave only 1.6% 

benzoic acid formation while NiO supported on mixture of 54% anatase and 

46% rutile form converted almost the same amount at same conditions. It is 

clear that doping NiO with TiO?. reduces significantly the photo oxidation 

activity of undoped TiOz, 

Another important observation found here is the formation of 

benzaldehyde during the reaction detected qualitatively (not quantitatively) by 

the To1 Ien's reaction. Hence it can be a selective catalyst system for converting 

toluene to benzaldehyde. However this reaction was not further followed up. 



Table: 8.4, The percentage conversion to benzoic acid during oxidation of 
toluene with 15%Ni0 doped Ti@ containing anatase, rutile 

and 54% anatase and 46% rutiEe phases. 

Irradiation time 

Thus NiO doped Ti02 is not a catalyst for the photochemical oxidation 

of toluene to benzoic acid even with anatase phase. The nominal conversion to 

benzoic acid may be due to the photo catalytic activity of TiO?. 

8.5. Studies on Cu01Ti02, 

Using 15% CuO doped Ti02 containing anatase phase of titania, toluene 

conversion to benzoic acid reached 49.6% for 8 hrs irradiation. Table 8.5 gives 

the different percentages of benzoic acid formed during irradiation of aqueous 

suspension of toluene containing CuO doped Ti@ with different phases. 



Table: 8.5. The percentage conversion to benzoic acid during oxidation of 
toluene with CuOrniO~ containing anatase, rutile and 

50% anatase and rutile phases. 

Irradiation time 

Here also the photochemical oxidation of toluene is affected by 

rutilation. The percentage conversion droped to 24.1% when Cuo is supported 

on rutile phase for 10 hrs irradiation. 49.8% benzoic acid was formed with 

anatase supported CuO for the same irradiation time. Figure 8.4 gives the 

variation in benzoic acid formation with irradiation time using different phases 

of TiO? support. 

Here also the oxidation activity of the catalyst is decreased by the 

presence of nltile. The required properties of TiOz to act as a good catalyst 

support decreases on rutilation. The surface area of CuO doped Ti02 decreased 

drastically on rutilation. Decrease in the catalytic activity of the system with 

rutilation may also due to the changes in distribution of metal oxide on the 

surface of titania, which may decrease with the crystal transformation and 

metal titanate formation at higher temperature where rutilation occurs. These 



may be the reason for the decrease in photo oxidation activity. So, this reaction 

also is influenced by the phase changes occurring in the support material. 

Figure 8.4. Variation in benzoic acid formation with different phase composition of 
CuOITiOz systems. 

1. Containing anatase 2. Containing rutile 
3. Containing 50% anatase and rutile 
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Irradiation time ( Hrs) 

8.6. Studies on MnOt/Ti02. 

Very interesting result is obtained for the phatooxidation of toluene 

using MnOz doped Ti@. Here the anatase phase TiOz supported MnOz formed 

45,5% benzoic acid from toluene for 2hrs irradiation. At 4hrs irradiation, 

50.3% benzoic acid was formed. Table 8.6 gives the different percentages of 



benroic acid formed during the irradiation of Mn02 doped TiO? with different 

phases. 

Tablc: 8.6. The percentage conversion of benzoic acid during oxidation of 
toluene with Mn02/TiOt containing anatase, rutile and 

52% anatase and 48% rutile phases. 

Irradiation time 

On further increase of irradiation, the percentage of benzoic acid dropped 

siowly reaching 13.2% at 10 hrs. It may be due to decomposition of benzoic 

acid to carbon dioxide and water. Figure 8.5 gives the variation in benzoic acid 

percentage with time of irradiation using Mn02 supported on different phases 

of Ti@. 

Like Fe203/TiOz, Crz03/Ti02 and CuO/TiOz systems, in this system also, 

rutilation lowered the oxidation activity as expected but the extent of lowering 

is higher as compared to others. Thus the photo oxidation of toluene is affected 

by the phase modification in the Ti02 support. In the case of Mn02 doped 

Ti@, prolonged irradiation resulted in the degradation since toluene layer 

disappeared showing the conversion of toluene but benzoic acid quantity 

decreased, which shows that benzoic acid is getting decomposed. The optimum 

time of irradiation is found to be 4 hrs where around 50% benzoic acid 



conversion is obtained. Thus is is clear that the Mn02 doped TiOz can act as a 

catalyst for the decomposition of benzoic acid and it may decompose organic 

pollutants. 

Figure 8.5. Variation in benzoic acid formation with different phase 
composition of MnOtfriOt systems. 
1. Containing anatase 2. Containing sutile 
3. Containing both anatase and rutile 
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Hence it can be concluded that CrzQ3 and Fe2U3 doped Ti02 can give 

100% conversion in photo oxidation of toluene to benzoic acid as compared to 

undoped Ti02 and with CuO and Mn02 doped Ti@ the yield of benzoic acid is 

less. Mn02 doped Ti@ on higher irradiation time makes degradation of 



benzoic acid formed. NiO doped TiOl is not a catalyst for photo oxidation of 

toluene to benzoic acid. Undoped Ti02 gives more yield of benzoic acid than 

NiO doped Ti@. Selective oxidation to benzaldehyde is detected with this 

system. 

8,7. Mechanism of Photochemical oxidation of Toruene. 

The mechanism of degradation of toluene during irradiation with 

transition metal oxides supported on TiOz is believed to be as follows. 

The photo catalytic reaction starts with the exposure of aqueous 

suspension of toluene in presence of metaloxide supported on TiOz to W light. 

After exposure to light two reaction starters are generated; one is electron (em) 

and the other is positive electron holes (h'). One of the notable characteristics 

of TiOz is that the oxidising power of the holes is greater than the reducing 

power of the excited electrons. Now TiOl absorbe H 2 0  on to its surface and 

generates hydroxyl radicals, which have strong oxidation capacity. In this 

reaction TiOz is regenerated to original form. 

TiOz (h') + HzO + 'OH + IT + Ti02. 

The decomposition of hydrogen peroxide added also produces hydroxyl 

radicals. 

HIOl + UV irradiation + 2 OH' 

The hydroxyl radical can abstract the hydrogen from the methyl group leading 

to a benzyl radical. 

Toluene Benzyl radical 



The benzyl radical can then react with O2 to form a benzylperoxy radical. 

Benzyl radical Renzylperoay radical 

The benzyl peroxy radical can couple to form a tetroxide proposed by Von 

Sonntag and Schuchnann f o ~  oxidation in aqueous phase [251] and applied in 

photocatalysis by Heller et  al. [252,253] 

Benzyl pcroxy radical Tctroxide 

'I'he tetroxide decomposes to benzaIdehq.de, benzyl alcohol and molecular 

oxygen (the Russel reaction) [254] 

Tetroaide Benzaldehyde Benzyl alcohol 



The benzyl peroxy radical can also react with a hydroperoxy radical (formed in 

the reaction system) to form a monoalkyl tetroxide that decomposes to 

benzaldehyde, molecular oxygen and water ( the 'Russell-1ike"eaction 12551 ) 

CHO 

Benzyl peroxy radical Monoalkyl tetroxide Benzaldehyde 

Benraldehyde gets oxidized easily in to benzoic acid, especially in the presence 

of O7 and W irradiation. 

CHO 
I 

The brown colour of the catalyst after irradiation may be due to the adsorption 

of some intermediate products formed during the photo catalytic oxidation of 

toluene. 

The difference in photo catalytic activity between Ti02 and doped TiOl 

can be attributed to the characteristics such as the larger particle size or the 

lower anataselrutile ratio of pure TiOz. Powders with more rutile could be less 

active due to the de hydroxylation caused by the anatase to rutile phase 

transformation since hydroxylation reduces hole trapping by surface hydroxyls, 

enhancing recombination and oxygen or organic species adsorption. A decrease 

in specific surface area can also affect the photo activity. 



Dopents can affect the photo activity of TiOz by changing the number of 

active sites, surface groups and the acid-base properties. The different 

behaviour of the various samples is also related to the solubility of the 

transition metal oxide in the Ti02 support, which depends strongly on the 

radius and the charge of the corresponding ion.[256] Sha Jin et al. have 

reported that photo catalytic activities enhanced for decompositions of organic 

compounds over metal-photo deposited titanium dioxide and that the photo 

catalytic activities of the metal-deposited TiQ2 were superior to that of the Ti02 

film and were highly stable.[257] The present study also confirpns that metal 

oxide dispersed TiOz is better catalyst than pure TiOz. The reasons for the 

enhanced activity and efficiency may be due to various factors like change in 

the number of active sites, surface groups, acid base properties, solubility of 

metal oxide in TiOz etc. 

8.8. Conclusions 

The following conclusions can be made from the studies on the photo 

oxidation of toluene with metal oxides supported on Ti02. 

2 Fe203 and Cr203 supported on TiOl produced Inore yield of benzoic 

acid from toluene during irradiation. 

P The yield of benzoic acid is less with CuO doped Ti02. 

s MnOz doped TiOz is acting as a catalyst for the decompostion of 

benzoic acid at higher irradiation time. 

9 NiO supported on TiOz is not a catalyst for photooxidation of 

toluene. 

Selective oxidation of toluene to benzaldehyde is observed in NiO 

supported on TiQ2. 



; Severe decrease in photo oxidation activity was observed with 

rutilatian. 

Order of photo oxidation activity for toluene: anatase > rutile = 
mixture of anatase & rutile. 

P The photo catalytic activity decreases in the order 

Cr20; doped TiO, > Fe203 doped TiO? > CuO doped Ti02 > 

Undoped TiOz > MnOl doped Ti02 > NiO doped Ti02. 





CHAPTER 9 

SUMMARY AND CONCLUSION 

Ti02 supported catalysis is an emerging field and the development of 

new and better methods for their preparation is the need of the hour. As the 

stable dioxide, TiOl exists in three polymorphs, corresponding to the naturally 

occurring mineral anatase, rutile and brookite. Titania exhibits transfornation 

from one crystal structure to another as the temperature or pressure is varied. 

This phenomenon is known as polymorphism. The structural differences 

between anatase and rutile make the transformation irreversible. 

The phase in which TiOz exists in the selected conditions is important 

for selecting TiOz as a catalyst or catalyst support. Also the properties of the 

titania are determined by the phase composition and the particle size of each 

phase. The phase composition and the particle size evolve as functions of time 

and temperarture during heat treatment. The anatase to ruti le trans formation 

involves an over all contraction of the structure and a movement of ions, so 

that a co-operative rearrangement of ~ i ~ '  and 02- ions occurs. TO say more 

specifically, two of the six Ti - 0 bonds of anatase break and re-unite in a 

slightly distorted manner, to form rutile structure. I t  has been proposed that 

[54-561 the removal of oxygen ions, which generates lattice vacancies, 

accelerates the transformation and hence, the cations, having the valency less 

than four, which correspondingly increase the oxygen vacancy, would enhance 

the transformation [54]. Because of its irreversible nature, there is no phase 

equilibria involved in this transformation and hence, does not have any specific 

transition temperature [51]. Hence it becomes necessary to find out the exact 

temperature at which phase transformation takes place in presence of various 



transition metal oxides for its application as catalysts in safe temperature 

ranges. 

The present investigations were done using the uncalcined hydrated 

titanium hydroxide (titania pulp-amorphous material) containing 82% TiG, 

produced by the Travancore Titanium Products Ltd., Trivandrum, Kerala, 

India. 

Quantitative analysis of the transformation kinetics of anatase to rutile 

was studied in presence of 5 and 15% Fe203, NiO, Gr2U3, CuO and MnOz 

which were prepared through two different methods and heated in air, inert ( 

argon) and reducing atmosphere ( hydrogen). Photo catalytic oxidation of 

toluene to benzoic acid was also carried out using all the five systems with 

different phase contents of titania. 

Crystallization temperature of anatase from amorphous titania pulp 

decreased in presence of Fe203, Cr2U3, NiO, CuO and Mn02. Hence these 

metal oxides have a strong influence on the crystallization temperature. 

Rutilation started at different temperatures depending on the metal oxide and 

the method of preparation. Co-precipitated ones got rutilated at lower 

temperatures compared to wet-impregnated samples. In most of the cases, the 

onset temperatures of rutilation were lower in presence of the metal oxides 

used in this study, compared to pure TiOz, Table 9.1 represents the onset 

temperature of rutilation in presence of different transition metal oxides in 

presence of air. Pure Ti02 prepared from titania pulp has an anatase to rutile 

transition temperature of 900 - 1 0 0 0 ~ ~ .  

A11 these metal oxides were present in a very fine nature at lower 

temperatures and during heating metal oxides reacted with TiOz to form 



corresponding titanates as seen in XRD patterns. The temperature of 

formation is a characteristic of the particular titanate. 

Table 9.1.0nset temperature of rutilation in presence of different transition 
metal oxides doped Ti@ prepared through different methods. 

Out of all these samples, the onset temperature of rutilation was very 

low for MnOz loaded and 15% Cr203 doped Ti02 sample prepared by co- 



precipitation. The activation energy for the transformation was found to be 

lowered much on doping TiOT with metal oxides in comparison with pure 

Ti02 where the activation energy is 90 kcallmol. 

In argon atmosphere the anatase to rutile transformation temperature 

was decreased more than that in air and in hydrogen atmosphere, the 

transformation takes place more rapidly than that in air. In all these cases more 

rutilation was found in co-precipitated samples compared to wet-impregnated. 

Also the amount of metal oxide is more important in deciding rutilation. 

Better surface area, was obtained with co-precipitated samples 

compared to wet-impregnated ones. On loading metal oxides like Fe,O,, NiO, 

Cr203, CuO and MnOz, the surface area decreased in all the samples. Method 

of preparation and percentage of the loaded metal oxides have greater 

influence on surface area. Drastic decrease in surface area was observed upon 

rutilation. 

The surface morphology of TiOz changes on heating in presence of metal 

oxides and also the nature of metal oxides is very important in deciding the 

morphology. As expected, because of better properties, the anatase form of 

metal oxide doped TiOz showed higher activity for photo oxidation of toluene. 

All these catalysts are yet to be reported for this reaction. The percentage 

conversion of toluene to benzoic acid decreased drastically upon rutilation. In 

NiO/TiOl samples, the activity is low for anatase form it self and only partial 

oxidation to benzaldehyde was observed. 

With all these findings, it can be concluded that, Ti02 as a support 

should be characterized with high surface area, phase purity and high onset 

temperature of rutilation, which should be well above the optimum temperature 

of a designated reaction in which it is employed as a catalyst. Variation in 



physical properties. depending upon the method of preparation is greater in 

TiO, supported catalysts. Hence, a detailed investigation of properties of the 

samples prepared through each method is necessary and appropriate. A 

thorough awareness about the rutilation temperature of the catalyst is also a 

must. be fore exploiting titania supported catalysts industriaIly . 

Suggestions for future work 

The anatase to rutile transformation in presence of lower 

pefcentages (< 1)  is also to be studied. The toluene oxidation through photo 

chemical path using these metal oxides doped Ti02 are also equally important, 

from an industrial point of view. It can be done by setting up a continuous 

process. However the investigations made here are necessary for developing 

the catalysts for industrial purpose. Various other industrially important 

reactions can also be tried over these catalysts after knowing the effect of 

rutilation on those reactions. 
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