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Chapter I

1.1 Introduction

Awareness of environment has always been there with the human being ever since the 

existence on planet Earth. In Indian theology, Vedas emphasized that the relationship 

with the nature and the animals should not be that of dominion and subjugation but of 

mutual respect and kindness. Since these guidelines were strictly followed by the 

people of Indian civilization, they worshipped the elements of environment viz. earth, 

water and air besides no one dared to misuse or pollute them. Later, the book 

‘Arthashastra’ written by Kautilya, as early as between 321 and 300 BC, contained 

provisions meant to regulate a number of aspects related to the environment. Based on 

it, King Ashoka made several laws for the preservation of the ecology of India. The 

earliest known writings of Persian scientists concerned with environment and its 

damage from 9th to 13th centuries, found in the article ‘Arabic Treatise on 

Environmental Pollution up to the end of the Thirteenth Century’ by Lutfallah, in 

Environment and History, reports the coinage of words like ‘air contamination’, ‘water 

contamination’, ‘soil contamination’, ‘solid waste management’ and ‘environmental 

assessment’.

Environment is the aggregate of external conditions that influence the life of an 

individual or population. Environment determines the quality and survival of life and 

hence any disturbance in the environment disturbs the life processes of the population. 

Thus any unfavourable alteration of our surrounding, wholly or largely by a byproduct 

of man’s actions, through direct or indirect effects of changes in energy patterns, 

radiation levels, chemical and physical constitution and abundance of organisms is 

referred to as environmental pollution. These changes may affect man directly or 

indirectly through his supplies of water and other biological products, his physical 

objects or possessions or his opportunities for recreation and appreciation of nature.

Goa University 1



Chapter I

1.2 Background

It was the industrial revolution that gave birth to environmental pollution as we know 

today. The first incident of awareness about environmental pollution was as early as in 

1272, when King Edward I banned the burning of sea-coal by proclamation in London 

after its smoke had become a problem. The word pollution however, caught the real 

imagination of common man after the World War II (1939-1945), due to radioactive 

fallout from atomic warfare and testing. This followed by a non-nuclear event, ‘The 

Great Smog’ of 1952 in London which killed at least 4000 people, prompted ‘The 

Clean Air Act’ of 1956. Later in 1956, the world witnessed death of hundreds of 

Japanese people due to mercury poisoning on eating polluted fish from Minamata Bay. 

The emergence of large number of factories and onslaught of immense quantities of 

coal and fossil fuels gave rise to the unprecedented air pollution and the large volume of 

industrial chemical discharge added to the growing load of untreated human waste. As 

the Industrial Revolution progressed, water sources especially rivers were made a 

convenient means of waste disposal (both domestic and industrial). A fire on the 

Cuyahoga River in Ohio, US in 1969, due to flammable material dumped in it led to the 

enactment of the 1972 Clean Water Act (CWA). Release of radioactivity into the 

atmosphere through accidents as in Three Mile Island (1979) due to partial meltdown of 

reactor and Chernobyl reactor explosion (1986) and the recent Fukushima disaster at 

Japan again terrified people. The release of lethal methyl isocyanate gas in 1984, into 

the air in Bhopal, India, from a Union Carbide plant also killed thousands of people 

immediately.

The discovery of hole in the ozone layer in 1987, by scientists led to the drafting of 

‘The Montreal Protocol’. The global climate change accord signed in Rio de Janeiro, 

Brazil, in 1992 addressed the so-called ‘green-house gases’, which trap heat in the
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atmosphere and lead to a global warming trend. The environmental pollution has 

continued being a menace even in the 21st century. The problem of solid wastes has 

added to the existing pollutants. The ‘Great East Japan Earthquake’, the tsunami that 

followed, and the resulting Fukushima I Nuclear Power Plant disaster in March 2011 

has forced people to think again on the radioactive pollution.

1.3 Pollutants and their sources

The Indian Environment Act 1986 defines a pollutant as any solid, liquid or gaseous 

substance present in concentrations injurious to environment. Many types of pollutants 

get distributed over the entire earth in short periods. Radioactive fallout from 

atmospheric nuclear tests conducted in any part of the world becomes detectable in 

other parts of the world within a few days. The accidents due to improper shielding of 

the nuclear power plants are reported in history [1], The nuclear tests carried out to 

invent better nuclear weapons release 15 to 20% radioactive material into the 

stratosphere which then falls into the troposphere which is the lowest layer of earth’s 

atmosphere; and is retained there for months to several years. The radioactive fallout 

settles on the leaves of plants and trees which are eaten by the grazing animals. This 

makes the radioactive material enter the ecosystem and the food chain. Ingestion of 

radioactive material can lead to cancer and genetic mutation in humans. Fallouts that do 

not drop on leaves accumulate over the sea and can be harmful for the sea life, which 

ultimately affects the humans.

Radioactive waste is a waste product containing radioactive materials. Depending upon 

the level of radioactivity associated, it is classified as Tow level waste’, ‘Intermediate 

level waste’ and ‘High level waste’. Low level and intermediate level radioactive 

wastes are usually confined in the repositories. High-level radioactive waste (HLW)
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generally contains highly concentrated liquid solutions of nuclear fission products and 

extremely long lived radionuclides requiring permanent isolation from man's 

environment. These wastes like unbumt fuels, fission products are incorporated in 

borosilicate glass and then inserted in concrete and steel canisters kept in underground 

trenches.

DEEP DISPOSAL OF RADIOACTIVE WASTE - THE FINNISH MODEL

Waste processing plant - 

Waste lift
-Entrance

500m

lift

Access tunnel 

storage tunnels

Disposal canister

Copper
shell
Vacuumed 
& filled 
with inert 
gas

active
waste
Iron

shell

Canisters stored Hole drilled in tunnel Canister transferred Canister sunk and 
vertically .'horizontally and lined with clay from transporter hole sealed with day

Figure 1.1 Disposal of radioactive wastes (Ref:news.bbc.co.uk)

The leaching of these radioactive nuclei into the ground water contaminates the water 

table. In addition to this there is a wide range of contaminated solid items like 

equipment, components, filters, residues, clothing and materials used for construction 

which also exhibit some radioactivity [2] and need proper disposal.

Water pollution may also derive its origin from several other sources including 

chemical pollutants from runoff of chemicals used in agriculture or debris from 

geological processes, but the greatest source of pollution is organic waste coming from 

industrial effluents. Industrial effluents are the materials generally discarded from 

industrial operations or derived from manufacturing processes. These effluents enter the
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environment, especially in freshwater and cause contamination of drinking water. Other 

disposal practices such as deep well injection and improper disposal of wastes in 

surface impoundments also cause water contamination [3]. Sometimes the effluents are 

released in the rivers or on land without any pretreatment as in Timpur, Chennai where 

industrial effluents from dyeing and bleaching industries released in river Noyyal basin 

caused water pollution and severe health problems like skin allergy, respiratory 

infection, gastritis, ulcers etc. in the adjoining village population [4], The metals and the 

salts present in the effluents then enter the food chain through the cultivated plants or 

the water table e.g. industries located in Mettupalayam Taluka, Tamil Nadu disposed 

their effluents on land which polluted shallow open wells and increased the salt content 

of the soil [5]. Industrial waste discharge on river Challawa in Kano, Nigeria and 

Tamburawa old water treatment plant have caused an increase in heavy metal content in 

the river beyond the maximum permissible limit set by Food and Environment 

Protection Act 1985 (FEPA) and World Flealth Organization (WHO) [6]. In Karachi, 

vegetables grown on the lands irrigated with industrial effluents on both sides of the 

Malir River near Korangi Industrial Area and Shah Faisal Colony have caused people to 

suffer from gastric ailments [7].

Although chemical pollutants get diluted on entering the water bodies, they can alter the 

ecosystem and cause overproduction of certain forms of algae and bacteria. Once in the 

water, the growth of the microorganism can be exacerbated by environmental factors 

such as water, temperature and the chemical composition of the water. For example, 

runoff of fertilizers from nearby places infuse watercourse with nitrogen, potassium and 

phosphorous which are desirable for bacterial growth causing their proliferation. 

Another aspect of water pollution is the coloured effluents and mining residues released 

in water acting as a block for the sunlight used for photosynthesis by aquatic plants.
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Entry of the ore rejects into the fields also disturbs the local ecosystems. Due to 

extensive mining activities by Kudremukh Iron Ore Company Limited, Karnataka the 

paddy yield in the nearby fields has decreased. The silt and tailings carried to the 

Bhadra reservoir also pose a threat to the reservoir, which is designed to last for 180 

years [8]. Disposal of iron ore tailings along the shore of Tolo Harbour, Hong Kong has 

altered the adjacent environment. Higher metal contents are found in the tissue of the 

organisms like Paphia sp. (clam); Scopimera intermedia (crab); Chaetomorpha 

brychagona (green alga); Enteromorpha crinita (green alga); and Neyraudia 

reynaudiana (grass) due to release of metals associated with the tailings as soluble 

compounds [9].

Air pollution is considered to be the most dangerous of all forms of pollution as it has 

no boundaries and spreads through the atmosphere. It is produced by gases from 

factories, power stations and vehicle exhausts. Oxides of nitrogen and sulphur, Volatile 

Organic Compounds (VOCs), particulate matter etc. are some examples of air 

pollutants. Table 1.1 lists some of the major air pollutants with their source and their ill 

effects on plants and animals.

Nitrogen oxides are formed under high pressure and temperature conditions in the 

combustion engine of automobiles. A high level of NOx in industrial regions is due to 

power plants and industrial boilers [10]. Catalytic converters in car exhaust systems 

break down heavier nitrogen gases, forming nitrogen dioxide (NO2) - 300 times more 

potent than carbon dioxide as a greenhouse gas. NO2 makes up about 7.2 % of the gases 

that cause global warming. Vehicles with catalytic converters produce nearly 50% 

lesser NO2. The concentration of NOx at the take-off condition of the aircrafts is as 

dense as a hundred thousand times of that of the air quality standard on the ground [11].
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Table 1.1 Major air pollutants with their sources and ill effects.

Pollutant Sources Ill effects

CO Incomplete combustion of carbonaceous 

matter in automobile engines
Anorexia

S02 Combustion sulphur bearing fuels like 

coal, oil. Roasting of sulphide ores
Respiratory irritation, 

Necrosis of leaves in plants.

NOx Combustion of fuel in automobiles, 

combustion of coal, oil, natural gas 

in industrial units.

Causes respiratory diseases, 

fading of textiles.

Destroys ozone layer.

VOCs

and

particulates

Incomplete combustion of fuels in 

automobile engines.

Smelting and mining operations, 

Petroleum refineries.

Reduces visibility, 
respiratory illness,

Corrosion of metals 

sculptures.

CFCs Industrial units manufacturing 

refrigerants, solvents.

Destroys ozone layer.

Photochemical

smog

Photochemical reaction between 

Hydrocarbons + oxides of nitrogen + soot.

Eye irritant.

Sulphur and nitrogen oxides pollute the environment in both wet and dry depositions. 

Dry depositions usually affect areas close to the source. Wet depositions turn the 

atmospheric water vapour to acid. They are carried thousands of kilometres away from 

the source by air currents. Sulphur dioxide and nitrogen oxides dissolve into clouds to 

form acids (pH=4.0) which fall back to earth as acid rain. This rain corrodes metal 

railings and stonework on buildings. Acid rain has become more of a problem for the 

Asian countries particularly Japan and China (China more so than Japan) who are seen 

as the culprits in emitting toxic gases into the atmosphere. There is excess SO2 

production due to motor vehicles and coal burning power stations. In the past 20 years, 

japan has seen the deterioration of trees, particularly, pine and fir as a direct effect of
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acid precipitations. Scientists have detected an unusual active growth of pine bugs 

which is induced by the acid [12].

1.4 Literature survey

Environmental pollution is the collective term for deterioration of elements of 

environment i.e. air, water etc. as a result of man’s activities. Nuclear wastes, industrial 

wastes, gaseous pollutants are increasing at an alarming rate and thus finding proper 

disposal solutions for these contaminants is the worry of the developed and developing 

nations.

Pyrochlore system for nuclear waste management

World is facing growing demand of energy. Nuclear energy is the safe and less 

polluting source if care is taken at every step and so all countries meet their energy 

needs using nuclear power plants. Though nuclear waste is less as compared to wastes 

from coal operated power plants, nuclear waste still requires safe disposal for centuries 

to come. The borosilicate glasses are used in confining this waste before geological 

disposal. However owing to devitrification and dissolution, these glasses have use for 

approx. 100 years in nuclear waste disposal. Crystalline materials with the pyrochlore 

structure having more resistance to radiation have been suggested as candidates for the 

immobilization of actinide species found in high-level nuclear waste (HLW) streams 

from the nuclear power industry and weapons decommissioning programmes. HLW 

includes radioactive fission products with long half-life and unspent fuel. When 

Uranium-235 fuel is bombarded with thermal neutrons, the nucleus undergoes fission in 

about 30 different modes releasing enormous energy. This energy is tapped in a nuclear 

power plant. The fission fragments formed have excess neutrons as compared to stable 

isotope and decay by beta emission till a stable nucleus is obtained. One of the fission
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fragments is Strontium (Sr) which decays to stable Mo as:

p- p- p- p-
Sr-95 -► Y-95 -> Zr-95 -* Nb-95 -> Mo-95

The first proposed ceramic for immobilization of nuclear wastes was a polyphase

titanate called Synroc, with zirconolite CaZrTi20 7 as the principal actinide host [13-15].

The resilience of these crystalline ceramics to intrinsic radiation damage and

degradation by repository groundwater is likely to far exceed that of the borosilicate

glasses currently employed for immobilization [16]. These pyrochlore oxides can

withstand radiation and remain stable for around 30 million years [17].

The name “Pyrochlore” finds its origin from ‘Pyros’ meaning fire, ‘Khloros’ meaning

green which is derived from the green colour obtained when pyrochlore mineral is

heated. Pyrochlore Oxides are represented in general by A2B2(01)6(02) where, A site

ions are trivalent and B site ions are tetravalent (A+3 )2(B+4)2(01)6(02) [III, IV type]

or A site ions are bivalent and B site ions are pentavalent (A+2 )2(B+5)2(0 1)6(02) [II, V

type]. The pyrochlore structure is a channeled structure that can be described in several

different ways. The cubic pyrochlore structure belongs to the space group Fd” 3m that

retains the FCC Lattice. In a stoichiometric pyrochlore, there are 88 atoms and 8 of the

formula units o f  A 2B2(01)6(02) in a full unit cell. The A  cations are 8 co-ordinated

and are located within scalenohedra (distorted cubes AOs) and the smaller B cations are

6 co-ordinated and located within trigonal antiprism (distorted octahedra B06) [18].

There are 4 crystallographically independent atom sites (A, a rare earth ion at 16d

position at V2 V2 V2, B in 16c at 000, 0(1) in 48f at x Vs Vs and 0(2) in 8b at 3/s 3/s %).

The larger A cations are co-ordinated to six 0(1) atoms and two 0(2) atoms forming an

axially compressed scalenohedron. The smaller B cations are co-ordinated to six O (1)

atoms at equal distance in trigonal antiprisms. The O (1) atoms are bonded to two A and

Goa University 9



Chapter I

two B cations. The O (2) atoms are bonded only to the A cations. The ionic radius ratio 

of large cation to small cation and the oxygen parameter x are observed to be crucial 

factors in deciding the stability of the pyrochlore structure [19]. Oxygen parameter x 

indicates the extent to which the 48f oxygen ion is off centered, and is sensitive to the 

sizes and size differences between constituent A and B ions [20], Theoretically x ranges 

between 0.375 and 0.4375. Ideal value of x= 0.375, where there is perfect cubic array of 

48f oxygen ions and A cations are located in a perfect cubic 8 fold co-ordination. When 

x reaches the upper limit, the B cations are in perfect octahedral co-ordination. This 

description refers to an ideal pyrochlore. All real pyrochlore compounds exhibit some 

disorder [21], In another description, the oxide pyrochlore structure is explained based 

on ordered anion deficient fluorite structure or alternatively in tenns of B 06 octahedra 

linked through all vertices. The A type of cations have distorted (6+2) co-ordination to 

oxygen. In this polyhedral description, one oxygen denoted by O. (2) in the 

crystallographic description does not form a part of the BC>6 framework interacting 

solely with the A type of cations [22], All the oxygen ions lie within a tetrahedron of 

nearest neighbour cations as is characteristic of the fluorite structure [23]. Another 

description of the pyrochlore structure is, it is a super structure derivative of the simple 

fluorite structure (BO2 = B4C>8). In the fluorite structure (BO2), B cations occupy face 

centered cubic sites and O is located in the tetrahedral sites. When this oxide is doped 

with aliovalent cations A+3, oxygen vacancies are generated to maintain charge balance. 

When A/B mole ratio becomes 1, one out of 8 oxygen sites get vacant. In fluorite, A 

and B cations are in 100% disorder and oxygen atoms are evenly distributed to all the 

tetrahedral sites formed by the cations [24],
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Figure 1.2 The pyrochlore structure (BO* octahetlm 

shaded in green, A cations in red, black are non-framework oxygen (R.I. Walton 

in crystal growth and chacterization of materials, 57(2011) 93-108.

[II, V] type Pyrochlore Oxides A2B2O7 have remarkable physical properties like I erro 

electricity (Cd2Nb207) [25], electronic and magnetic properties (Cd.Kc.o 1 | v,| 

R2Ir20 7 (R = Y, Sm, Eu and Lu) [27]. Pyrochlore oxides of |III. IV] t>pe show excitmK- 

properties like frustrated magnetism (R2TM207 where R rare earth metal and I M 

transition metal) [28]. Catalytic properties are shown by I.nGTO? (where I n N Sm 

Gd and Tb) [29] and Calcium doped Lanthanum Zirconate (30] Zirconate p>r»n.More* 

of rare earth metals have low thermal conductivity hence find use as thermal hart er 

coatings for gas turbine engine applications [31]. Pyrochlore oxides 1111. IV | with It 

at the B site are used for nuclear waste disposal studies. In the present stud> rare 1 art! 

[Ill, IV] pyrochlore oxides with Nd+3 at the A site and Zr ‘ li ' at the M site m 

focused. Pyrochlore oxides with zirconium and titanium at the B site ire ds- $ 

ionic conductors besides being radiation resistant and hence find use in solid * ;c ft i 

cells in high radiation environment [32], disposal of nuclear waste-* | ; and as < x Kcri 

sensors [34]. The use of pyrochlores in radioactive waste disposal is an its * the 

intensive research done to find alternative hosts in the form oI ccrair *. maim f»*
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nuclear waste forms around 1970s by Ringwood and co-workers. The ceramic matrix is 

chosen because of its high thermodynamic stability for a long time [35]. A material 

called Synroc -  an advanced ceramic composed of pyrochlore phases such as titanates 

was the first synthetic pyrochlore developed in 1979 by late Professor Ted Ringwood, a 

mineralogist at the Australian National University. Pyrochlores readily accommodate 

radioactive actinides and are vulnerable to the effects of radioactive alpha decay which 

gradually destroys the crystalline structure by producing numerous atomic defects in the 

lattice structure. Titanate pyrochlores are of more interest for use in nuclear waste 

disposal because of their chemical durability and low aqueous solubility [36-37]. 

However titanates experience a radiation induced transition from crystalline to a 

periodic state due to radiation damage from the alpha decay of actinides. Recent ion 

beam irradiation has shown that zirconates remain crystalline as a defect fluorite 

structure [38]. The transformation to fluorite structure is caused by the disordering 

between cations and between oxygen and oxygen vacancies [36]. When radioactive 

atoms are put into such lattices, the radioactive emissions jostle the atoms out of their 

carefully ordered arrangement which makes the material unstable and thus prone to 

cracking, swelling or structural change, the process referred to as amorphisation. 

Studies indicate radiation-induced order-disorder transformation occurring in many 

A2B2O7 pyrochlore structure-types through disordering of the A- and B-site cations, as 

well as anion vacancies. This order-disorder transformation increases the ionic 

conductivity [39-40]. The studies also suggest that anion disorder precedes cation 

disordering in the pyrochlore structure [41] and the ordered pyrochlore superstructure 

transforms to a cation disordered defect fluorite structure type. The cation disordering 

occurs by cation antisite formation [42]. In a cation antisite pyrochlore unit cell, part of 

the A cations occupy the B site and vice versa, i. e. swapping of the position of one
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cation (A or B) for that of other takes place. Contour maps produced by plotting the 

various A+3 atomic radii against B+4 atomic radii, suggest that the pyrochlore oxides in 

which the A and B cation radii are closely similar, have low energies for cation defect 

formation [43], These compounds are more tolerant to radiation.
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Figure 1.3 Contour plots of A+3 atomic radii against B+4 atomic radii( M. Pirzada 

et. Al, Solid State Ionics 140(2001) 201-208).

Systematic ion irradiation studies of Ln2B207 (with B = Ti, Zr and Sn) have indicated 

that the radiation response of pyrochlore compounds is highly dependent on 

compositional change [44], The radiation tolerance is promoted by an increase in the 

Pauling cation-anion electronegativity difference [45], Ordered pyrochlore to 

disordered defect fluorite transformation in GdiZ^O? takes place also on application of 

high pressure. At pressures still higher, a high-pressure phase having distorted defect- 

fluorite-structure of lower symmetry is formed which gradually transforms back to the 

cubic defect-fluorite structure [46].
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A structural transition study of 241Ani2Zr207 from pyrochlore to defect fluorite further 

support the transition through oxygen frenkel and cation antisite formation and reveal 

that the ZrO polyhedron is stable against irradiation [47]. It was noted by some 

researchers that the most radiation tolerant compounds are not pyrochlores but closely 

structurally related fluorites. Begg et al. found that pyrochlores with ionic radii rA/rB < 

1.52 were transformed into radiation resistant defect fluorite structure after irradiation 

whereas for pyrochlores with ionic radii rA/rB >1.52 the defect fluorite structure 

becomes increasingly unstable with respect to amorphous state under identical 

irradiation conditions [48]. Some pyrochlore compositions disorder at elevated 

temperatures to a nonstoichiometric fluorite structure (A, 8)407. This thermally induced 

order-disorder transition often occurs for compositions close to the pyrochlore/fluorite 

phase boundary (e.g. Gd2Zr207), and the transition temperature decreases with the 

decreasing ionic size difference between A- and B-site cations. No thermally induced, 

order-disorder structural transition is observed in any of the titanate pyrochlore series 

due to the strong tendency for structural ordering on the A- and B-sites [49],

When Titanate pyrochlores are doped with zirconium ion at the B site, many interesting 

features are observed in the series Gd2(Ti2-xZrx)07, one of which is radiation resistance. 

Gd2Ti2C>7 is readily amorphisable and Gd2Zr2C>7 is extremely resistant to amorphisation. 

The system Gd2(Ti2-xZrx)07 shows increase in radiation resistance with the substitution 

of Zr for Ti until the end member Gd2Zr207 cannot be amorphised [50]. In Gd2(Tii_ 

xZrx)2C>7 solid solutions, doping 25 mol% of Ti with Zr to form Gd2(Ti|_xZrx)2C>7 (0.25< 

x <_0.75) shows disordering on the anion and cation lattices as characterized by XPS 

which is responsible for an increase in ionic conductivity [34]. Heremans et al. studied 

Y2(Tii_xZrx)207 using neutron diffraction and found that cation and anion disordering
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occurs separately which gives rise to a non-stoichiometric fluorite structure. There is 

resultant rise in ionic conductivity in the system with increase in Zr content [51]. In the 

solid solution system Y2(ZryTii.y)207, (0<y<0.9) a clear two-phase region is established. 

A pyrochlore-type solid solution field at (0<y<~0.54) and a “defect fluorite” type solid 

solution field at (~0.68<y<l) has been found [52], Moreno et al. studied 

Dy2(Tii-yZry)207 (y = 0.55 and 0.90) system and pointed out that mechanical milling 

synthesis introduces significant disorder in the system, which is supported by an 

increase in ionic conductivity [53].

Doping pyrochlore Nd2Zr207 with Gd at the A site, increases the structural disorder and 

the conductivity increases by almost an order of magnitude over that of Gd2Zr2C>7 at 1:1 

concentration at 696K[54]. The rise in conductivity in the system is an indication of the 

oxygen disorder prevailing in the lattice structure because the conductivity in the 

pyrochlore lattice arises due to intrinsic frenkel disorder. Neutron diffraction studies 

reveal that a typical pyrochlore like Nd2Zr207 has around 5% frenkel defects in the 

oxide ion sub lattice at 673K [55]. Due to intrinsic frenkel disorder some oxide ions 

leave their lattice sites and occupy interstitial positions. The degree of ordering in the 

oxide ion sublattice is decided by the cation radius ratio. The ordered arrangement of 

the lattice provides low energy pathway for oxide ion migration. This results in a 

decrease in activation energy but the number of mobile ions remain small due to 

orderliness in the crystal lattice. A change in composition or high temperature 

treatments can result in cation disordering which brings about an increase in the number 

of frenkel defects at the oxygen sites [56]. The increase in ionic conductivity in Zr-Ti 

pyrochlores on increased addition of Zr is matched by a decrease in electronic 

conductivity associated with narrowing of the Ti 3d band. However the maximum 

electronic conductivity even at high Ti content is limited by the low electron mobility
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[57], The diffusion mechanism observed in pyrochlore oxides is an oxygen ion 48f 

vacancy hopping mechanism [23].

In the system under investigation the starting member of the series, neodymium 

zirconate is cubic pyrochlore whereas the end member neodymium titanate is 

monoclinic. There is limited solubility of Nd2Ti20 7 in Nd2Zr20 7. Exsolution of a 

monoclinic phase (P 2 Z =  8) rich in Nd2Ti20 7 is observed at approximately x=0.56 in 

Nd2(Zr i -XTiA-)20 7[58], Nd2Zr20 7 have peculiarity in that it transforms into fluorite 

category defective structure on irradiation and the resulting defect fluorite structure is 

resistant to further amorphization[49], thus making it very suitable for nuclear waste 

disposal. Studies done on radiation stability of Nd2Zr20 7 irradiated with 300 KeV Ar+ 

ions at fluences ranging from lxlO16 to 5x 1017 ion/cm2 indicate its resistance to 

amorphization, however swapping of the ions is observed [59].

Nd2Zr20 7 has been extensively studied for its low thermal conductivity. Its thermal 

conductivity is lower than Zr02 stabilized in its cubic structure and thus can be used as 

inert matrix for minor actinide transmutation in composite form [60-61]. Insolubility in 

aqueous media and resistance to radiation makes Nd2Zr20 7 a suitable candidate in the 

composite form [62]. Nd2Zr20 7 composite with MgO is replacing MOX (mixed oxides) 

(MOX Pu02/U02) fuel as during reactor operation, Mg0-Nd2Zr20 7 composite 

(Pu02/U02) fuel controls plutonium production through neutron capture [63-64], 

Studies by other researchers have indicated that the uniformity in the microstructure and 

thermal conductivity of the MgO-Nd2Zr20 7 composites vary with the methods of 

processing [65] and ball milling produces the most homogeneous and consistent 

microstructures in the composite materials [66]. Work on reprocessing of MgO- 

Nd2Zr20 7 composites as inert matrix material has also been done by studying their

______________________________________ ____________________Chapter I
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dissolution in acid solutions [67]. Transparent neodymium zirconate Nd2Zr20 7 ceramics 

fabricated from nanoparticles prepared by combustion synthesis show wider absorption 

bands than those of Nd doped Y3AI5O12 (NdrYAG) facilitating pumping over a broader 

range of wavelengths in laser applications [68].

Zinc oxide system

The growing population of the world and the increased standard of living has resulted in 

environmental issues. Hence the need is to use environment friendly materials. One 

such compound is ZnO which finds applications in many environmental friendly 

commercial products. Zinc oxide or philosopher’s wool, (ZnO) is the most important 

zinc compound obtained by burning zinc metal in air or by heating zinc carbonate, 

hydroxide or nitrate. Zinc oxide is an amphoteric oxide and dissolves in both acids and 

alkalies. The compound sublimes at 673K. It is almost insoluble in water. ZnO is a 

constituent of many important commercially available commodities. Table 1.2 below 

gives various applications of ZnO.

Table 1.2 Some common applications of ZnO

Industry Uses Reference

Preservation of 

plantation latex.

Reacts with the enzymes 

responsible for the 

decomposition.

Nav Bharat Metallic Oxide Industries 

Pvt. Limited.

Vulcanization of 

rubber.

Acts as an effective stabilizer 

of rubber compounds.

Porter, F. Zinc Handbook: Properties, 

Processing, and Use in Design.(1991) 

CRC Press.

Cosmetic

industry.

Ability to absorb the ultraviolet 

sunburn rays.

U.S. Food and Drug Administration. 

Mitchnick, MA; Fairhurst, D; Pinnell, SR 

(1999). "Microfme zinc oxide (Z-cote) as 

a photostable UVA/UVB sunblock agent." 

Journal of the American Academy of 

Dermatology 40: 85-90.
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Zinc Oxide 
paints

Provide excellent protection to 
steel structures. Does not get 
darkened with age.

Bishop and Locket, (1960) An 
Introduction to Chemistry Oxford at the 
Clarendon press 2 Ed 261-262

Paints and 
pigments

Acts as a binder H. A. Gardner, Natl Paint Varnish and 
Lacquer Assoc, inc, circulars 443(1933), 
448(1934), 464(1934), 475(1935), 
526(1397, 558(1928).

Glass Reduces the coefficient of 
thermal expansion, imparts 
high brilliance and luster and 
high stability against 
deformation under stress

Heavy-duty 
pneumatic tyres

For heat conductivity as well as 
reinforcement since heat- 
buildup is critical at their 
higher operating speeds 
compared with their solid- 
rubber counterparts.

Nav Bharat Metallic Oxide Industries Pvt. 
Limited.

Cigarette filters. Removal of selected 
ingredients from tobacco 
smoke.

Nav Bharat Metallic Oxide Industries Pvt. 
Limited.

The processing 
and packaging 
of food 
products.

Special fungi-static and 
chemical properties.

Nav Bharat Metallic Oxide Industries Pvt. 
Limited.

Varnish linings 
of the metal 
containers

Prevent formation of black 
sulphides which discolour the 
food.

Nav Bharat Metallic Oxide Industries Pvt. 
Limited.

Portland
cement

Retardation of setting and 
hardening (to reduce the rate of 
heat evolution), improvement 
in whiteness and final strength.

www. Surendra Oxides Pvt. Ltd.com
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Besides these applications, ZnO is an active component of electronic products like 

LEDs [69], field emitters [70], transistors [71], nanorod sensors [72-73],

Figurel.4 Structure of ZnO(Wurtzite)[http://vagabondguru.com/blog-mt/mt tb.fcgi/309].

ZnO crystallizes with wurtzite structure which is formed by hexagonal close packing of 

anions wherein cations occupy the alternate tetrahedral voids. The typical values of 

lattice parameters of zinc oxide are, a = 3.2494 A, c = 5.2069 A, c/a = 1.602. On 

heating, the colour of ZnO changes to yellow due to the loss of oxygen from the lattice 

to give a non-stoichiometric phase. Such non-stoichiometric oxygen deficient zinc 

oxides are n-type semiconductors. ZnO with such defects can be activated by both UV 

and visible light. In the presence of light, electron-hole pairs are produced in the 

conduction band and in the valence band respectively. These electrons and holes 

undergo charge transfer reactions across the interface with oxygen, water or organic 

compounds adsorbed on ZnO surface. The reaction of hole with OH' or water leads to 

the generation of reactive Hydroxyl radicals (*OH) which are powerful oxidants [74].

ZnO Semiconductor + hv —> ZnO(eCb’ + hvb+), (1.1)

m

Where ecb’ = electrons in the conduction band (cb) 

hVb+ = holes in the valence band (vb)
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Then the following series of reactions are possible 

ZnO (ecb') + O2 —* ZnO + ’O2' (superoxide anion radical)

ZnO (hvb+) + H20(ads) —*■ ZnO + ’OHads ( hydroxyl radical) + H+ 

ZnO (hvb+) + organic compound —* ZnO + H2O + CO2 

ZnO (ecb’ + hvb+ )—» ZnO + Heat

(1.4)

(1.3)

( 1.2)

(1.5)

These hydroxyl radicals and superoxide radicals are strong oxidising agents and 

degrade organic compounds to C 02 and water [75]. It is this reaction of hydroxide 

radicals with organic compounds degrading them to simple products in presence of light 

is referred to as photocatalysis. The significant discovery of splitting of water by titania 

(Ti02), under irradiation by Fujishima and Honda in the early 1970’s has opened up this 

field of photocatalysis [76]. But the work carried out further on oxidation ability of 

TiC>2 under irradiation turned out to be incredible in sterilization, deodourization and 

decontamination of the environmental pollutants [77]. Thus focus is now on advanced 

oxidation processes using semiconductor oxides for oxidation of organic compounds.

ZnO is a widely used semiconductor photocatalyst after Ti02 anatase. Owing to the
/

structure and properties of ZnO, it finds application in abatement of environmental 

pollutants. The greatest advantage of ZnO is that it absorbs large fraction of the solar 

spectrum and more light quanta than Ti02 [78]. The efficiency of ZnO in photo 

degradation has been extensively investigated as a photocatalyst in degradation of 

organic dyes [74, 79-88], pesticides [89], phenol [90]. Most of the investigations are 

studied in UV light. The use of high-energy UV light is not only costly but also 

hazardous [91]. Also the scope of using the ideal source of energy that bountiful in the 

form of sunlight is limited as it has a smaller amount of UV radiations. Hence 

researchers are striving hard to exploit the visible light in photocatalysis by modifying
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the material properties through cation or anion doping and introducing oxygen 

deficiency. In the process of photocatalysis, the photons with energies matching or 

exceeding the band-gap of a semiconductor catalyst can promote electrons jumping 

from valence band to the conduction band and leaving holes behind. However high rate 

of recombination of photogenerated electrons and holes is a major factor limiting the 

photocatalytic efficiency [92], Doping zinc oxide with metals and/or non-metals also 

creates quasi-stable energy states within the band gap (surface defects). Increased 

electron trapping due to higher defect sites leads to enhancement in the photocatalytic 

efficiency by delaying the electron-hole pair recombination. There are reports on the 

enhancement of visible light absorption in ZnO by doping it with Cobalt (Co)[93], 

Manganese (Mn) [94], Lead (Pb) and Silver (Ag) [95], Vanadium [96], Magnesium 

[97], Aluminium [98], Lanthanum [99] etc. and non-metals such as Sulphur [100-101], 

Nitrogen [102-103], Carbon [104], Iodine [105].

Degradation of Dyes

Dyes are the major environmental pollutants and water contaminants. Various organic 

dyes released in the aquatic ecosystems are a source of non-aesthetic pollution, 

eutrophication and other perturbations in the aquatic life [74]. Reports say that 15% of 

the total world production of dyes is lost during dyeing process as it is not fixed on the 

fabric. It is released as textile effluent which eventually pollutes the ground water [106]. 

Among the different dyes, methylene blue (MB), a member of thiazine class of dyes is 

difficult to be decomposed under visible light and is usually regarded as a model dye 

contaminant to evaluate the activity of a photocatalyst [106]. The photodegradation of 

organic dyes is usually carried out using UV radiation in the range of 200nm. An 

enhancement in the rate of degradation is observed in presence of oxidants like H2O2 

due to formation of very reactive hydroxyl radicals. An excess of oxidants added in the
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treatment solution can interfere with the process [107]

The photocatalytic degradation of organics proceeds through a series of steps i.e. 

i) Generation of charge carriers like electron and hole on the surface of the 

photocatalyst under sunlight illumination, ii) transfer of charge carriers to adsorbed 

reactants on the photocatalyst to initiate a series of bond breaking and bond forming 

steps. The ultimate products of the degradation are likely to be C02 and H20. Other 

elements like N, S are oxidized to NH4+ or N 03' and S04"2 respectively [108]. Many 

researchers have tried to predict mechanism of dye degradation based on their 

observations [109-111], The photodegradation reaction of MB is given as [112]: 

2C16H18N3SCI + 2502—> 2HC1 + 2H2S04 + 6HNO3 + 32C02 + 12H20  (1.6)

The oxidative photodegradation of a dye involves several intermediates and 

identification of all of them becomes difficult due to very low concentrations and many 

of them cannot be detected because of their poor extractability in the organic medium. 

Gnaser et al. have proposed formation of Leuco methylene blue, sulfoxide and sulfone 

intermediates in degradation of MB dye on nano crystalline Ti02 films irradiated with 

UV followed by investigation using mass spectrometry. A detailed degradation pathway 

of MB is given by Houas et al. after identification of intermediates and mineralization 

products C 02 and H20 , NH4+, NO3' and S04'2 in the T i02/UV photodegradation of MB. 

ZnO when used as a photocatalyst however undergoes photocorrosion through self

oxidation. ZnO powder dissolves with decrease in pH as per the reaction:

ZnO+2h+ —> Zn+2 +V20 2 (1.7)

In strongly alkaline environment, ZnO can undergo dissolution according to the 

equation [89]:

Zn0+H20+20H ' -> Zn(OH)4 2‘ (1.8)

____________ _______________________________ __________ _______________Chapter I
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Antibacterial properties of ZnO

Another environmental friendly use of ZnO is due to its antibacterial action. ZnO is 

found to strongly resist growth of micro-organisms. Antibacterial effects of ZnO 

powders [113], nano ZnO powders [114-115], ZnO based polymer films [116-117] are 

reported in literature. Fabrics with ZnO are also tested for antibacterial activity [118]. 

The advantage of using these inorganic oxides as anti-microbial agents is that they 

contain mineral elements essential to humans and exhibit strong activity even when 

administered in small amounts. They also show superior durability, less toxicity, greater 

selectivity and heat resistance. The antibacterial activity of ZnO is attributed to the 

generation of reactive oxygen species like hydroxyl radicals and superoxide radicals on 

the surface of these oxides as studied by conductometric method. The hydroxyl radicals 

and superoxide radicals are negatively charged particles hence remain in direct contact 

with the outer surface of the bacteria. These reactive oxygen species generate H2O2 

which penetrates and kills the bacterial cell [119-120]. The hydrogen peroxide inside 

the cell can be activated by ferrous ion via the Fenton reaction.

Fe*2 + H20 2 -»• *OH + OH' + Fe+3 (1.9)

The ability of bacteria such as E. coli, to sequester iron is reported. Iron levels on the 

cell surface, in the periplasmic space or inside the cell, either as iron clusters or in iron 

storage proteins (such as ferritin) are significant and can serve as a source of ferrous 

ion. As ZnO produces H2O2 on illumination, there is simultaneous production of 

hydroxide radicals in the cell via Fenton reaction [121] .The activity of ZnO is affected 

by its particle size [122-124]. The reason for strong antibacterial activity of ZnO with 

small particle size was explained by Yamamoto as follows: the contact of moisture in 

the medium per unit ZnO mass increases with the decrease in particle size, because of 

the increase of specific surface area. This results in the increased H2O2 generation from
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its surface [125]. Some reports however indicate no effect of particle size on the 

toxicity of ZnO [126], It is also commented that the antibacterial effect of ZnO may be 

because of abrasive surface texture of ZnO arising due to surface defects. This surface 

roughness contributes to mechanical damage of the cell membrane of E. coli. Akhavan 

et al. observed that ZnO with defects show excellent UV induced photocatalytic 

degradation of E. coli due to surface OH bonds [127]. ZnO may distort and damage the 

bacterial cell membrane resulting in leakage of intracellular contents and eventually the 

death of bacterial cells [128]. ZnO suspensions in the lower concentration range seem to 

exhibit less antimicrobial property. This might be due to Zn+2 ions acting as a nutrient 

[123]. When the level of Zn crosses the essential threshold, it inhibits bacterial enzymes 

including dehydrogenase and certain protective enzymes, such as thiolperoxidase, and 

glutathione reductase. Zn inhibition of NADH oxidase is proposed to impede the 

respiratory chain of E. coli. Additionally, loss of membrane potential is associated with 

inhibition by Zn ions at cytochrome c oxidase in Rhodobacter sphaeroides [129]. 

Abatement of NOx

Industrial revolution in a country increases its Gross Domestic Product (GDP) and also 

pollution in the atmosphere. Laws are framed to minimize the gases responsible for 

greenhouse effect and global warming viz. NOx, SOx. Although the use of low NOx 

burners and selective catalytic/non-catalytic reduction are the most popular techniques 

for NOx removal, photocatalytic oxidation using metal oxides is an attractive approach 

to reduce them to simple environment friendly gases. Nitric oxide (NO) and nitrogen 

dioxide (NO2) are collectively referred to as NOx. Currently about one half of all NOx 

emissions into the environment are due to power plants and industrial boilers. NOx gas, 

the precursor to nitric and nitrous acids, causes acid rain and photochemical smog. NOx 

is formed in all combustion processes from the high temperature reaction between N2
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and 0 2. To date, a number of researchers have investigated the dynamics of the 

photocatalytic removal of nitrogen oxides. Some of the NOx control methodology is to 

reduce NOx back to N2 [130]. Another approach is to oxidize NO to N 02 and HN03 

along the general direction of nitrogen fixation by using the concept of photocatalysis. 

Photocatalytic oxidation (PCO) of NOx offers the advantages like (i) no extra reactants 

required and (ii) NOx recycled or recovered as nitric acid, a potential raw material for 

fertilizers [131]. Removal of NOx by photocatalysis using Ti02 Degussa P25 powder 

[132], Ti02.xNy [133] powders is reported in literature. The degradation of NOx 

compounds employing commercial concrete paving stones with T i02 in road 

construction is studied theoretically [134] and it has been practically applied in the 

abatement of NOx on a large scale by coating T i02 on roads, pavements, structures 

causing successful removal of oxides of nitrogen at street level to around 60% of NO in 

Milan, Italy. More recently, Westminster borough of London cooperated with 

Mitsubishi Materials Corporation to pave roads with T i02 - containing paving stone 

(NOXER), under an intensity of UV light of 12 W/m2, an 80% NOx removal rate was 

achieved [135].

Iron ore tailings

With industrialization, there is growing demand for various metals. The ores are mined 

and processed to get high grade metals. Goa and Karnataka have resources rich in iron 

ore. The iron mine industry caters high-grade ore for the domestic steel industry 

requirements and also for export. The highly mechanized industry discards the low- 

grade ore and tailings at the mining areas that are not only creating environmental 

problem, but are the national wastes [136]. The low grade ore is the material remaining 

after beneficiation of the ore and is referred to as iron ore tailing/reject. These tailings
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are stored in the tailing ponds/pits developed during mining which eventually get 

washed away during rains in fields and seas and alter the adjacent environment [137]. 

Thus the management of tailings from iron ore mines is an important issue, from the 

point of view not only of pollution control but also of the conservation of resources 

[138]. These rejects contain iron concentrations of 45% or more which can be utilized 

for any other purpose. And, considering deteriorating mineral resources, it is high time 

that one should look into the low-grade ores to add value to them. The iron ore industry 

is the main industry of mining in Goa. It also forms the backbone of Goan economy. In 

1996-97 the total mineral ore produced in Goa was 137.37 lakh tons, of which iron ore 

was 136.43 lakh tons. In the recent years 2002-2007 the Goa’s iron ore exports have 

touched almost 40 million tons per year [139].The generated rejects are a source of 

aesthetic pollution, road accidents by trucks carrying the ore and silting of streams of 

water in nearby villages of Goa where they are dumped. Worldwide efforts to utilize 

these wastes in cements, glasses and construction materials [140-143] consider tailing 

as waste mud and the fine iron oxide present (~50%) is not used as technically 

important material. In our research group [144-148] modest efforts have been made to 

use these ore rejects to synthesize active pure iron oxides and from these ferrites to see 

the suitability of such iron oxide sources in ferrite industry, after chemical 

beneficiation. Literature reports say that ores find applications in decomposition of 

H2O2 in the aqueous medium and oxidation of dyes. De souza et al. [149] used limonite 

ore (natural ore of hydrated iron (III) oxides, mostly goethite [FeOOH]), in 

decomposition of H2O2 in aqueous medium and oxidize dyes like methylene blue using 

a Fenton like system combining H2O2 and an organic acid with the ore. Pelagite an 

autogenic manganese ore in deep sea bed consisting of oxides and hydroxides of 

manganese i.e. amorphous MnC>2 and MnOOH and iron is used for degradation and
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decolourization of methyl orange within 120 minutes through photocatalysis [150]. 

Natural manganese ore is also used as an adsorbent for degradation of phenol [151] and 

dyes [152]. In the literature survey, no reports are found regarding the use of tailing 

materials in degradation. During beneficiation the ore is processed to fine powder so no 

extra energy is required for this process and the rejects can be directly used for the 

degradation making the process cost effective. Using ore rejects for degradation of 

organic wastes helps in dual process, (i) removal of dye effluents, and (ii) avoiding 

local ecosystems getting contaminated by ore rejects. An added advantage of using ore 

reject for degradation of organic wastes is that, being a water pollutant it can curb the 

other pollutant in the water body i. e. organic effluents. Degradation of organic wastes 

by iron salts usually proceeds by Fenton Mechanism. The high efficiency of this 

process is traditionally thought to be due to the generation of hydroxyl radical ( OH), 

which is of a high oxidation potential (E° = 2.80 V) and can mineralize the organic 

compounds completely to water and carbon dioxide. In acidic medium, this radical 

mechanism can be simply described by the following equations:

Fe+2 + H20 2 -► Fe+3 + OH'+ 'OH (1.10)

Fe+3 + H 02* Fe+2 + H+ + 0 2 (1.11)

The combination of Fenton reaction with UV (Ultraviolet) light, the so-called photo- 

Fenton reaction, enhances the efficiency of the Fenton process.

Fe(OH)+2 + hv Fe+2 + 'OH (1.12)

The Fenton degradation of organic compounds by iron salts have been used on various 

substrates like phenol [153], Rhodamine B (an acid dye of Xanthene series) [154], 

coking waste waters [155], effluent wastes [156-157] etc. Significance of Fenton 

reaction is that it continuously goes on in the eukaryotic cells. Eukaryotic cells 

continuously produce reactive oxygen intermediates (ROIs) as a side product of
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electron transfer. The most dangerous among all ROI species is hydroxyl radical and it 

arises as a product of the reaction between superoxide and H2O2. The reaction is

catalysed by Fe+2

Fe+2 / Fe+3 (1.13)
'O2+H2O2 -► 'OH + O H + O 2

This Fenton Reaction catalysed by iron is thus responsible for the multiplication of free 

radicals in the cells.

Synthetic methods for oxides

World’s energy resources are dwindling and hence any synthetic process involving heat 

energy needs to be relooked in to newer way for conserving the same. Besides, the 

gases and effluents released during synthesis have to be monitored from environmental 

perspective. Synthetic methods used in the preparation of oxides are classified 

according to whether they involve solid state reactions, solutions, gel formation or 

vapour phase processes. Mixed metal oxides like pyrochlore oxides are traditionally 

synthesized by solid state methods [20, 22, 35, 158] using high-temperature reactions 

that often require several days of heating period because solid diffusion is the rate- 

limiting step in their formation by solid state route. The resulting oxides are of large 

grain size, extensively agglomerated with reduction in surface area due to firing at high 

temperature and poor chemical homogeneity with formation of multiphase powders 

[159]. Such methods cannot be used in synthesis of oxides to be used in applications 

involving small and uniform particle sizes. Alternative methods of synthesis of 

pyrochlore oxides at low temperatures are co-precipitation [160], hydrothermal 

synthesis [159,161], sol-gel process [162-164] etc. Co-precipitation is one of the oldest 

techniques for the preparation of oxides wherein aqueous solutions of desired cations
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are mixed with precipitating agent in solution form. The main merit of this method is 

that the salts are homogeneously mixed in the course of precipitation. Various 

parameters such as pH, mixing rates, temperature and concentration need to be 

controlled to get the desired product. Co-precipitated metal complexes of various 

carboxylic acids have attracted the specific attention of many researches for a long time 

due to their overwhelming practical applications in science and technology. Co

precipitation by using oxalic acid and modification of the precursor using hydrazine is 

also reported [148,165]. High-quality ceramic powders are synthesised by the 

hydrothermal synthetic route which has advantages of yielding highly-crystallized 

powders [166] with small particle sizes. The temperatures of the reaction are also low 

[159]. Sol-gel process involving formation of an amorphous gel usually using citric 

acid, followed by calcination at relatively low temperatures is used to obtain single 

phase compound during the synthesis of many technologically important compounds. 

Rare earth doped zirconia (Zr02)o.85(REOi.5)o.i5 (RE = Y, Sc) solid solutions in pure 

cubic fluorite structure was obtained at the temperature of 1073K [167], ternary oxide, 

Sno.2Zr0.8Ti04 was synthesized at 873K compared to conventional ceramic method at 

1173K [168], Lao.7Sro.3Mn03 was synthesized at 1073K [169], homogeneous and fine 

powder of E^S^CaC^Os superconductor with sharp transition temperature was 

obtained at 1073K [170]. Homogeneous and single phase E^R^Cb Pyrochlore 

Oxide[171], La1.9Cao.1Zr2O6.95 for catalytic use in synthesis of ammonia[172], Bismuth 

zinc niobate pyrochlores Bi1.5ZnNb1.5O7 (a-BZN), and Bi2(Zn 1/3^2/3)207 (P-BZN) 

phases were obtained by sol gel method at 973K [173]. By citrate gel method the 

required phase is obtained at relatively low calcination temperatures which improves 

the chemical homogeneity, nanoparticle size uniformity and crystallinity, sinterability 

and electrical conductivity [167] of the resulting oxides. The reaction takes place in
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aqueous solution and no special atmospheres are needed [173]. Pechini gel method 

similar to sol gel [174] uses the metal-organic compounds in citric acid and ethylene 

glycol solutions. Drying the mixture followed by heating at 973K and further 

calcination provides oxide with a desired phase.

Simple metal oxides like ZnO are synthesized by green methods such as, microwave 

technique [175], porous starch (PS), citric acid-modified PS (CAPS) ZnO [176] apart 

from conventional routes of synthesis. Metal salts are the easily available precursors for 

the synthesis of metal oxides. When co-precipitation technique is followed, choice for 

the precipitating agents is numerous, such as carboxylic acids to precipitate out metal 

carboxylates, ammonia for metal hydroxide precipitation etc. On the large scale if metal 

salts such as metal chlorides, MxCly, metal sulfates, Mx(S04)y and metal nitrates, 

Mx(N03)y are thermally decomposed there will be plenty of corrosive and obnoxious 

gases like chlorine CI2, sulfur oxides SOx and nitrogen oxides, NOx released to the 

atmosphere. The environmental conscious society now has to find some way to 

minimize the release of such undesirable gases. At the same time synthetic process 

involving heat energy needs to be relooked into newer way for conserving the energy. 

Our research group has been always cautious of these aspects of conservation of energy 

and minimization of environmental pollution burden and in our pot synthesis through 

precipitation followed by thermal decomposition of metal oxide precursors such as 

carboxylates, hydroxides we have been modifying the precursors by a novel hydrazine 

method. Hydrazine not only acts as a fuel but also takes part as a ligand in altering the 

precursor composition and also thermal path resulting into thermal product at much 

lower temperatures as compared to the ordinary precursors. Other advantages of using 

hydrazinated precursors over others are i) Very low ignition temperature, ii) 

Autocatalytic decomposition once ignited, iii) Evolution of gases like NH3, H2O, CO2,
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N2 and iv) Formation of ultrafine oxide materials having large surface area [177], 

Hydrazine method of synthesis had been adopted in our earlier studies in the 

preparation of Y-Fe20 3 [148], MnZnFe20 4, LaA103, La(Sr)A103, La(Sr)Mn03 [165]. 

Metal precursors modified with hydrazine are found to decompose at lower 

temperatures than those without such modifications [178], Another merit of these 

hydrazine assisted syntheses is the introduction of nitrogen in the lattice of prepared 

oxides.

Synthetic strategy for ZnOi_xNx

It is stated in the literature that doping semiconductor oxides with metals and nonmetals 

helps in increasing the absorption in the visible range. Among the various heteroatoms, 

N is widely used dopant, because of its compatible size and electron affinity to O and 

the fact that it has the smallest ionization energy. The N doping either decreases the 

band gap by mixing of N 2p states with O 2p states on the top of the valence band or 

creates N induced mid-gap level. Various synthetic methods are reported for doping 

Ti02 by nitrogen, one of which is hydrazine method [178]. The problem with nitrogen 

doping in ZnO arises due to poor nitrogen solubility in ZnO. Also the formation of Zn- 

O is energetically more favourable than the formation of Zn-N bonds [104],

The pot synthesis of N doped ZnO using carboxylic acids and hydrazine may lead to 

agglomerated sintered particles of non-uniform particle size distributions. Present day 

nano science and nano technology era demands materials having particles in nano

submicron to few micron sizes of uniform and narrow size distributions to get improved 

properties. There are several improvised techniques for synthesizing nano materials, but 

for the large scale manufacturing, it is the spray pyrolysis method which can still be 

used but with some modification by changing the process parameters. If precursors used 

for the spray pyrolysis are metal chlorides, sulfates or nitrates, then the corrosive and
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obnoxious gases will always be there to pollute the environment. When metal nitrates 

are used as raw materials for metal oxide synthesis, hydrazine assisted pyrolysis 

becomes energy effective and environmentally friendly [179], Hydrazine not only acts 

as a fuel to minimize the need of energy for pyrolysis, but it also scavenges the nitrate 

ions and produces environment friendly gaseous products such as nitrogen and water 

vapour.

1.5 Aim and Objectives

Though industrialization has created unlimited problems to the flora and fauna of this 

planet, one cannot live today without this industrialization, so there is need felt for 

sustainable development. One can certainly minimize, if not completely avoid, the 

environmental problems and make life of the living beings pleasant. Keeping this in 

mind, scientists all over the world are actively researching on a range of remedies for 

the environmental pollution. A chemist has much wider role to play in this arena and 

being a student of chemistry a thorough literature survey was made with one point 

agenda of finding out abatement processes to minimize the devastation of the 

environment. One of the environmental pollutants is nuclear waste considering the 

increase in number of nuclear power plants. The literature review reveals that efforts are 

made to replace presently used borosilicate glass matrix by pyrochlore oxide matrix to 

hold this waste. The aim is to confine this high level waste within the lattice to delay the 

environmental problem of leaching of radioactive wastes to the surroundings. Amongst 

the number of host lattices proposed, pyrochlore oxides of the type A2B2O7 containing 

Zr and Ti at the B site and any trivalent metal ion at the A site are seen as leading 

candidates by various researchers. Gd2(Tii_xZrx)207 system has been studied by various 

research groups. Similar system with Nd at the A site is chosen by us for study.
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In the system Gd2(Tii_xZrx)20 7the starting member Gd2Zr20 7 and the end member 

Gd2Ti20 7 are pyrochlores whereas in the system Nd2ZrxTi2.x0 7 chosen by us, the 

starting member Nd2Zr20 7 is pyrochlore but the end member Nd2Ti20 7 is monoclinic. 

The solid solution of Nd2Zr20 7 and Nd2Ti20 7 seems to create vacancies in the lattice. 

According to literature survey, vacancies in the lattice of pyrochlore oxide create 

disorder in the structure and increase the ionic conductivity and radiation tolerance of 

the oxide system. These materials thus find their use in fuel cells and disposal of 

radioactive wastes. These applications demand synthetic route which will yield 

materials of uniform and compact morphology.

The other environmental pollutants are organic dye effluents and inorganic gases like 

NOx. Literature suggests use of Titanium oxide, T i02 and zinc oxide, ZnO as 

photocatalysts in abatement of these pollutants. The aim is to increase the absorbance of 

these photocatalysts in the visible light along with surface area so as to increase the 

efficiency in tackling these airborne and waterborne pollutants. ZnO has antibacterial 

properties and this activity is also enhanced by an increase in its surface area. So the 

focus is on synthetic route which gives fine oxides with large surface area and 

absorbance in visible region of the electromagnetic spectrum. In all the methods of 

synthesis of oxides, environment friendly processes are chosen. The use of hydrazine in 

the synthesis scavenges the obnoxious gases to convert them to simpler gases. The 

processes also lower the energy consumption in the synthesis. Co-precipitation, citrate 

gel method and use of hydrazine all help in synthesizing the oxides with better 

morphology and properties at lower temperatures.

As a student of chemistry from Goa, a need to find some solutions to the local 

environmental problems was felt. The iron ore rejects considered as environmental 

pollutants which create problems to poor farmers and health problems to public and are
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seen as technologically important materials and utilized for betterment. Thus 

experiments are aimed to exploit oxides from iron ore rejects in mineralising the 

organics. This will serve a dual purpose of removal of organic wastes as well as 

disposal of ore rejects.

Keeping in mind the above aim and objectives and based on the exhaustive literature 

survey, eco-friendly oxides were synthesized by environment friendly methods. The 

oxides were used as a means of abatement of some of the environmental pollutants. The 

details of all the investigations carried out are presented in the current thesis.

1.6 Methodology

i) Synthesis of oxide systems pyrochlore through citrate gel, Zinc oxide and doped

ZnO by Oxalate and hydrazinated oxalate methods and ZnO by spray 

pyrolysis method.

ii) Characterization of precursors through chemical analysis, Infra-red analysis,

Thermal analysis etc.

iii) X-ray diffraction of the thermal products of the precursors and phase

identifications.

iv) Study of microstructure through Scanning Electron Microscope (SEM).

v) Examination of UV-visible reflectance spectra, electron spin resonance, X-ray

photoelectron, Energy dispersive X-ray spectroscopy,

vi) Study of conductivity of pyrochlore oxides and deriving a correlation between

conductivity and disorder in the lattice.

vii) Assessment of leaching of strontium from Sr doped pyrochlore.

viii) Assessment of methylene blue degradation on ZnO in the sunlight and NOx

destruction on ZnO in UV-Visible region.

______ _________________________________________________Chapter I
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ix) Assessment of Antibacterial property of ZnO against E. coli.

x) Assessment of NOx removal by A1 doped ZnO in the presence of sunlight.

xi) Assessment of methylene blue degradation on iron ore rejects in sunlight and

thermally.

1.7 Organization of Thesis

The Thesis consists of five chapters organized in the following manner.

Chapter 1 Introduction, Review of literature, Aim and methodology 

Chapter 2 Pyrochlore system for nuclear waste Management 

Chapter 3 ZnO system for

i) Photo-mineralization of organic compounds

ii) Antibacterial Action

iii) Photo-degradation of NOx

Chapter 4 Iron oxide system for photo-mineralization of organic compounds

Chapter 5 Summary, conclusions and future scope

References
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Chapter 2

2.1 Introduction

Pyrochlore oxides of [III, IV] type are known for their applications in fuel cells, 

catalysis, nuclear waste management etc. They are considered as attractive candidates 

in nuclear waste disposal due to their ability to hold the radioactive wastes for millions 

of years as compared to borosilicate glass holding radionuclides for 100 years during 

geological disposal. In order to be used for nuclear waste disposal, the materials should 

have uniform and compact morphology. Thus method of synthesis of these oxides is 

very important. Usually these materials are prepared by high temperature methods 

consuming large amount of energy. This puts a burden on energy resources. In our 

approach of environmental friendly synthesis a soft chemical route yielding material at 

low temperature is chosen. This produces oxides with better morphology at low 

temperature.

The chapter deals with the experimental details of the investigations done on pyrochlore 

systems synthesized with the purpose of studying it in nuclear waste disposal. The 

various low temperature synthetic routes adopted viz. oxalate method, hydrazinated 

oxalate method; citrate gel method and also conventional ceramic method are described 

in this chapter. Also the analytical techniques used to analyse the precursors and their 

product oxides are described in the experimental section. The results and discussion 

section presents the data collected during characterization of precursors of pyrochlore 

oxides prepared by oxalate method, hydrazinated oxalate method and citrate gel 

method. The thermal decomposition of these leading to pyrochlore oxides is monitored 

by thermal analysis technique. X-ray diffraction analysis is used for phase 

identifications of the oxides prepared by the precursor methods. Microstructure studies 

of the product oxides are done using SEM. The conductivity studies are done on these 

oxides and the trend of the conductivity is studied by XPS and ESR. The pyrochlore
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oxides are envisaged as inert fuel matrix for fission of U-235. Strontium being one of 

the radioactive fission products of U-235, it is thought to be studied as a material that 

could be confined in the pyrochlore oxide synthesized. In view of this, Sr (non- 

radioactive) is doped in the pyrochlore Nd2Zr20 7 and the leaching of it from the lattice 

of pyrochlore oxides is investigated.

2.2 Methods of preparation of Materials

The preparation of the oxides is a chemical process and puts a lot of burden on the 

environment either in the form of obnoxious gases released as by-products during 

synthesis or high temperature requirement in the synthesis of a particular metal oxide. 

The conventional method of preparation of pyrochlore oxides i.e. Ceramic method 

involves long and laborious heating cycles of 1200-1400°C with lot of energy 

consumption during the process for the desired phase formation. The resulting oxides 

are agglomerated with reduction in their surface areas. Such method cannot be used in 

synthesis of oxides to be used in applications involving small and uniform particle 

sizes. Also considering the present-day load on energy resources and environment, 

there is a need to utilize green processes in the synthesis of metal oxides too.

In the current study an effort is made to synthesize these high temperature pyrochlore 

materials by methods involving comparatively lower temperatures. The series is also 

synthesized by ceramic method to understand the difference between the properties of 

oxides prepared by conventional and green methods. The chemicals used for the 

synthesis are of analytical grade (AR). Distilled water is used throughout the synthesis.

2.2.1 Ceramic method

This is the conventional and most widely used method of synthesizing pyrochlore
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oxides [20, 22, 35, 158]. Gd2ZrxTi2-x07 system investigated by many researchers show 

very good radiation resistance and conductivity upon doping Zr with Ti [32, 34]. To 

study the effect of doping Zr at the B site with Ti in Nd2Zr207, we have investigated the 

system Nd2ZrxTi2-x07 (x = 2, 1.8, 1.6, 1.4, 1.2 andl.O). The stoichiometric amount of 

Nd2C>3, Zr02 and Ti02 were mixed to obtain Nd2ZrxTi2.x0 7 (x = 2.0, 1.8, 1.6, 1.4, 1.2 

andl.0).The mixture was ground thoroughly in an agate mortar using an organic solvent 

medium and the dry mass was pelletized (10mm dia. and 2-3mm thickness). The pellets 

were heated slowly to 500°C in a muffle furnace for 12 hours. The cooled pellets were 

then crushed, ground, re-pelletized and heated slowly to 1000°C. Sintering was carried 

out at 1200-1400°C for 48 hours.

2.2.2 Green Methods of synthesis of metal oxides

2.2.2.1 Precursor technique.

Precursor methods of synthesis have become promising methods for the material 

synthesis because of the production of crystalline materials with superior properties like 

low agglomeration, desired morphology and stoichiometry and controlled particle size 

distribution at low temperature. The phase or morphology of particles can be altered by 

modifying the thermal decomposition path and surrounding atmospheres of the 

precursors. The temperature of calcination of precursors is also much low. The 

precursor powders are directly precipitated from the solution by taking advantages of 

the complex reactions in aqueous medium. In the present investigation the metals are 

precipitated as oxalate and hydrazinated oxalate precursors which are then thermally 

decomposed to yield the desired oxides.

Precursor method synthesis of /Nd2Zr2()7 /Gd2 ZrCeC>7

Gd2Zr2(>7 and Nd2Zr2C>7 are the materials widely studied in nuclear applications for

Goa University 38



Chapter 2

their radiation resistance. Though Gd2Zr207 is extensively studied for nuclear 

applications [33], Nd2Zr20 7 is gaining interest recently due to its use in inert matrix fuel 

systems [60-61], Ceria is generally used as a surrogate material in place of plutonia for 

simulation of plutonia fixation in the pyrochlore structure due to the similarities in their 

physicochemical properties [35]. Thus our first attempt in the study is synthesis of these 

materials by low temperature oxalate and hydrazinated oxalate methods.

a. Oxalate Method

i) For synthesis of Gd2Zr20 7, stoichiometric amount of gadolinium oxide was dissolved 

in minimum quantity of acid. To this, a solution of zirconyl oxychloride, ZrOCl2.8H20  

in required stoichiometry was added. Ammonium oxalate solution was added dropwise 

to get a precipitate of gadolinium zirconium oxalate, ii) For synthesis of Nd2Zr20 7, 

stoichiometric amount of neodymium oxide was dissolved in minimum quantity of acid. 

To this a solution of zirconyl oxychloride, Zr0Cl2.8H20  in stoichiometric amounts was 

added. Ammonium oxalate solution was added dropwise to get a precipitate of 

neodymium zirconium oxalate, iii) For synthesis of Gd2ZrCe07, stoichiometric amount 

of gadolinium oxide and cerium oxide were dissolved in minimum quantity of acid. To 

this, a solution of zirconyl oxychloride, Zr0Cl2.8H20  in required stoichiometry was 

added. Ammonium oxalate solution was added dropwise to get a precipitate of 

gadolinium zirconium cerium oxalate. The oxalate precipitates thus formed were 

preserved overnight, filtered next day followed by washing with distilled water to 

remove chlorides. They were then dried over CaCl2 in desiccator after final wash with 

absolute alcohol.

b. Hydrazinated oxalate

The dry oxalate powder as prepared in a) above was spread over a Petri dish and placed 

in desiccator containing hydrazine hydrate, N2H4 H2O (99%, Merck). The hydrazine
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uptake by the precursors was monitored titrimetrically using KIO3 [180].

2 2 .2 .2  Sol-gel Method

Single phase Gd2Zr207 and Nd2Zr207 formation was confirmed by oxalate and 

hydrazinated oxalate route. The extension of the method to prepare solid solution, 

Nd2ZrxTi2.x0 7 met with difficulties. It was observed that the precipitate of zirconium 

oxalate formed dissolved in oxalic acid if added in excess. Hence simultaneous 

precipitation of all the desired constituents was inconsistent. In order to retain all the 

constituent elements in the reaction vessel, citrate gel route which does not involve 

filtration was adopted.

The technique consists of preparation of amorphous gel mixtures from solutions 

containing the required metal ions and organic polyfunctional acids like citric acid, 

tartaric acid, glycolic and lactic acid. In the present study citric acid is used for gel 

formation. The gel containing required metals in stoichiometry were rapidly dehydrated 

and decomposed at a lower temperature to give the desired oxide.

(i) Synthesis of Nd2 ZrxTi2 .x 0 7  (x = 1.8,1.6,1.4,1.2 andl.O)

Gels are formed on mixing metal salts/oxides individually i.e., Nd203 Ti02, 

Zr0Cl2.8H20  with citric acid. These gels decompose in the muffle furnace to give the 

corresponding oxides with 99% yields. For the synthesis of pyrochlore oxides 

Nd2ZrxTi2_x07 (x =2.0, 1.8, 1.6, 1.4, 1.2 andl.O), the metal salts/oxides [Nd2C% Ti02, 

Zr0Cl2.8H20  stock solution (0.298g/ml)] and citric acid (28.7g/50ml) were heated on a 

burner to form a pink viscous gel. The gels were then decomposed in a muffle furnace 

at 900°C for 6 hours.

The oxides obtained were fine, foamy and hence a binder, bee’s wax (1%) was added 

before pelletization on a hydraulic press and slowly heated to 500°C. It was further

_______ __________________________________________________________ Chapter 2
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sintered at 1400°C for 24 hours.

(ii) Synthesis of Nd2.y SryZr20 7 (x = 1.8,1.0,0.05)

Now days MgO-Nd2Zr20 7 composites are studied to be used as inert matrix fuels [60- 

61] as Mg0-Nd2Zr20 7 composite (Pu02/U02) fuel control plutonium production 

through neutron capture. Strontium is one of the radioactive (p emitter) fission products 

of U-235. To check whether neodymium zirconate can hold it in its matrix, it was 

doped with Sr (non-radioactive) as a model during synthesis.

For the synthesis of Nd2.ySryZr20 7 (x = 1.8, 1.0, 0.05), stoichiometric amounts of 

Nd20 3 Sr(N03)2, Zr0Cl2.gH20  stock solution (0.298g/ml) and citric acid (28.7g/50ml) 

were heated on a burner to form viscous gels. The gels were then decomposed in a 

muffle furnace at 900°C for 6 hours. Pelletization was done on a hydraulic press. One 

set of pellets was heated at 1000°C and other set was sintered at 1400°C for 24 hours.

2.3. Characterization techniques

2.3.1. Chemical analysis

Chemical analysis is the basic tool available in the laboratory to characterize the 

samples. The oxalate and hydrazinated oxalate precursors were characterized by 

chemical analysis. The percentage of oxalate and hydrazine were determined by 

standard chemical methods [180].

2.3.1.1 Estimation of hydrazine from the precursors:

Hydrazine estimation was done under Andrew’s conditions.

I03'+  N2H4 + 2H+ + Cl -»■ IC1 + N2 + 3H20  (2.1)

Thus KI03= N 2H4
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To the known amount of sample taken in a glass stoppered bottle, 15 mL of 

concentrated HC1 and 10 mL of double distilled water was added followed by addition 

of CCI4 . Standard KIO3 (5.350 g/L) was then added drop-wise from the burette with 

constant stirring and shaking the bottle until the CC14 layer decolourises indicating the 

end point of the titration.

Percentage of hydrazine in the sample was then calculated by using the relation,

1 mL of 0.025 M KI03 = 0.0008103 g of N2H4. (2.2)

2.3.1.2 Estimation of oxalate from the precursors:

Oxalate content was estimated by oxidation with Potassium permanganate. About 100 

mg of sample was dissolved in a 25mL of 1M H2 SO4 . The solution was warmed to 

60°C and was titrated against standard 0.01M KMn04 till the colourless solution was 

changed to permanent faint pink colour. Percentage of oxalate in the sample was then 

calculated by using the relation,

lOOOmL of 0.01 M KMn04 = 88g of oxalate. (2.3)

2.3.2. Instrumental Analysis

2.3.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy is a valuable tool for analyzing samples. The region of infra red 

spectrum lies between 4000-400 cm’1. Absorption bands in the spectrum result from 

energy changes arising as a consequence of molecular vibrations of the bond stretching 

and bending type [181]. It has been widely used for identifying the organic ligands 

bound to the metal ion, metal oxygen bonds as well as the adsorbed species on the 

catalysts surface. IR instrument can be divided into two classes namely dispersive and 

non dispersive. The dispersive type of instrument is similar to UV-Visible
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spectrophotometer while the non dispersive type has an interferometer in the place of 

monochromator and the instrument is called as Fourier Transform Infra-red 

Spectroscopy (FTIR). The different components of FTIR are 1) Source, 2) Michelson 

Interferometer, 3) Sample compartment, 4) Detector. The spectrum of the sample can 

be interpreted by matching the corresponding group frequencies for the various 

functional groups present with reported data. IR spectra of the metal precursors and 

their decomposed products were recorded on SHIMADZU FTIR instrument, model IR 

Prestige -21 fitted with diffuse reflectance accessories. The instrument was calibrated 

using polystyrene film. The samples were mixed with spectroscopic grade KBr and 

ground well. IR spectra were scanned in the frequency range of 4000-500 cm'1 The 

spectra were recorded in percent transmittance (%T) mode against wavenumber (1A.) 

cm'1.

2.3.2.2. Thermal analysis

Thermal analysis is a group of techniques in which a physical property of a sample is 

measured as a function of temperature whilst it is subjected to a controlled temperature. 

It is extensively used in the characterization of materials especially the precursors. The 

techniques include TGA, DTA, DSC, and DTG.

(i) Isothermal weight loss:

Isothermal weight loss concedes examination of weight loss. The various oxalate and 

hydrazinated oxalate precursors were weighed in silica crucibles. The initial weight of 

the crucible and samples were noted. The crucibles containing the samples were placed 

in a muffle furnace and the temperature was slowly raised to 900°C. The loss in weight 

of the complexes was measured by finding the difference in the final and initial weight 

of the crucibles + sample. The isothermal weight loss % was then calculated.
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(ii) Thermogravimetric(TG) and differential scanning calorimetric (DSC)/ 

Differential Thermal analysis (DTA)

Thermogravimetry (TG) provides quantitative analysis of weight loss with thermally 

induced transitions. It also provides information regarding the thermal stability of the 

material. The changes in physical and chemical properties of the material can be 

monitored as a function of temperature. Essential components of a TG analyzer are 1) 

Furnace, 2) Sample crucible with thermocouple, 3) Automatic recording balance, and 4) 

Printer/plotter. Differential Scanning Calorimetry (DSC) analysis provides the 

differential heat flux between the sample and reference material as a function of 

temperature. The different components of a DSC instrument are 1) Sample and 

reference container, 2) Average temperature amplifier, 3) Differential temperature 

amplifier, 4) Programmer. Differential Thermal analysis (DTA) is one of the oldest and 

simplest thermal techniques used for the study of physical and chemical transformations 

in materials associated with the energy changes. In DTA, the temperature difference AT 

between the sample and the thermally inert reference is measured as a function of 

temperature/time when both are heated simultaneously at the predetermined constant 

heating rate in the controlled atmosphere. Thermal techniques, TG/DSC and TG/DTA 

were used to characterize the metal precursors and oxides. Simultaneous TG/DSC, 

TG/DTA measurements were done on thermal analyzer, STA 409 PC LUXX -  

NETZSCH from room temperature (RT) to 1000°C using alumina crucible, with 

heating rate of 10 K/ min. Dry nitrogen was used as purge gas. Instrument was 

calibrated using Gold metal. Based on the thermal analysis, final decomposition 

temperature of precursors was fixed.
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2.3.2.3 X-ray diffraction (XRD)

The X-ray diffraction technique is most extensively used for characterization of 

different crystalline solids. The position and intensities of X-rays diffracted by a 

crystalline solid provide a lot of information such as crystal structure, composition of 

the solid, particle size etc. X- rays are a form of electromagnetic radiation of very short 

wavelength from 0.1 to 100 A and are produced when high speed electrons are stopped 

by a solid object. In a crystal different atoms and molecules are arranged in different 

planes in a systematic and repetitive manner. These interplanar distances are of the 

same order of magnitude as the wavelength of the characteristic X-rays emitted by the 

target. Hence the crystal planes act as a diffraction grating to the X-rays and diffraction 

occurs. The necessary condition for X-ray diffraction to occur is represented by Bragg’s 

equation.

n X = 2d sin0 (2.4)

where n is an integer (1, 2, 3 etc.) called the order of reflection, 0 is the glancing angle 

of incident X-ray beams on the crystal surface, d is the interplanar spacing and X is the 

wavelength of X-rays. The phase formation of the prepared pure and doped metal oxide 

samples was studied by powder diffraction technique. This method uses sample in 

powder form. In a powdered sample, the various lattice planes are present in every 

possible orientation. For each set of planes, therefore at least some crystals must be 

oriented at the bragg angle 0 to the incident beam and thus diffraction occurs for these 

crystals and planes. Different components of powder diffractometer are 1) Evacuated 

X-ray tube (source), 2) Sample compartment, 3) Detector.

The X-ray diffraction patterns were obtained on Seifert XRD 3003 TT diffractometer 

using Cu K« (X= 1.5418 A) radiation filtered through Nickel filter in the instrument 

operating at V -  40kV and 1= 30mA, Philips analytical PW1710 using Cu Ka (k=
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1.5418 A) radiation filtered through Nickel filter in the instrument operating at V = 

30kV and 1= 20mA, instrument Philips analytical PW3710 using Cu Ka (k= 1.5418 A) 

radiation filtered through Nickel filter in the instrument operating at V = 30kV and 1= 

20mA and on the instrument Xpert Pro using Cu Ka (k= 1.5418 A) radiation filtered 

through Nickel filter in the instrument operating at V = 45kV and 1= 40mA. Instruments 

were standardized using Si02. The powders were scanned from 20 angle of 10 to 80°. 

XRD patterns were obtained as intensity of peaks against 20. Crystallite phase 

identification was done by matching the peaks with JCPDS cards. Lattice parameter 

was calculated as follows.

d = a Nh2 +k2+l2 (2.5)

Where d is the interplanar spacing in A, a is lattice parameter in A and h k 1 are the 

miller indices for the corresponding lattice plane. X-ray density was calculated as, 

dx =8M/N a3 (2.6)

Where M is the molecular mass, N is Avogadro no and a is the lattice parameter. 

Crystallite size was calculated by Scherer formula,

T = 0.9X/Pcorr COS 0 (2.7)

Where X is the wavelength in A, pcorr =V(p2 -ps2) is the line broadening, and 0 is the 

Bragg angle [182]. Rietveld refinements were carried out for Nd2Zr2C>7 prepared by 

citrate gel method using the standard Fd~3m cubic model.

2.3.2.4 High Temperature X-ray diffraction (XRD)

High Temperature X-ray Diffraction is an extremely useful technique to study the 

crystallographic transformations of crystalline phases at high temperatures. The high 

temperature X-ray diffractometer, apart from having X-ray camera and other 

diffractometer attachments also contains one very low heat capacity heater capable of
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providing uniform temperature to the specimen and arrangements to control the ambient 

temperature.

High temperature X-ray diffraction studies were carried out on Gd2Zr207 obtained after 

decomposing hydrazinated oxalate precursor using Philips X’pert pro unit with an anton 

par high temperature attachment. The data was recorded at room temperature, 200 °C, 

400 °C, 600 °C, 800 °C, 1000 °C and on cooling to room temperature.

2.3.2.5. (i) UV-Visible diffuse reflectance spectroscopy

UV-Visible diffuse reflectance spectroscopy (DRS) is a powerful technique which 

provides information regarding the band gap of the materials, especially the 

semiconducting metal oxides. It is a non-destructive technique that uses the interaction 

of light, absorption and scattering, to produce a characteristic reflectance spectrum. The 

diffuse reflectance spectra of dry powders were recorded using a Shimadzu UV-2450 

UV-Visible Spectrometer equipped with a diffuse reflectance accessory in the 

wavelength range of 800-200 nm. BaSC>4 was used as a reference. The band gap 

energies of the oxides was calculated from the differential plots obtained from the UV- 

Visible reflectance spectra by using the formula,

Band gap (Eg) in eV = 1239.8/ X max (2.8)

Where X max is the maximum wavelength of absorption obtained from differential plots 

of the UV-Visible reflectance spectra.

2.3.2.5. (ii) UV-Visible Absorbance spectroscopy

Absorptions in the UV-Visible region of the spectrum are dependent on the electronic 

structure of the compound. The reflectance data obtained above was converted to 

absorbance using the software Kubelka Munk to obtain the absorbance spectra.
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2.3.2.6 Scanning electron microscopy

The scanning electron microscope is used to study the samples at microscopic levels. 

The instrument produces electron images of specimen’s surface of up to x 1,80,000 

magnifications with resolution better than 100 A. The technique is used for the 

investigation of shape, size and surface texture. In Scanning electron microscopy 

(SEM), the electron beam does not pass through the specimen rather it interacts with the 

specimen surface and results in reflection of low energy secondary electrons from it 

which takes part in image formation. The SEM does not produce a true image of the 

specimen; instead it produces a point by point reconstruction of the specimen from the 

signal emitted from the specimen when illuminated by the high energy electron beam. 

An electron microscope consists of an electron gun chamber maintained at high vacuum 

and consisting of tungsten or lanthanum hexaboride filament. When high voltage is 

applied, the thermo-ionic emission takes place in the filament and the electrons are 

ejected out. The condenser lens condenses the electron beam to a small pencil of ray 

which falls on the specimen. The objective lens forms the first image which acts as 

object for the intermediate lens, and the image formed by it becomes the object for the 

projector lens to produce highly magnified image [183].

Virtual Source

____________ ________________________________________________________ Chapter 2

Figure 2.1 Schematic diagram of Scanning Electron Microscope
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In our study, Scanning electron micrographs (SEM) were obtained on JEOL JSM -  

5800. The samples were mounted on specimen stubs with double sided adhesive tapes 

and coated with thin layer of conducting material like gold by sputtering. The 

morphology of the samples was studied by SEM.

2.3.2.7 X-ray Photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) also known as ESCA (Electron Spectroscopy 

for Chemical Analysis) is a very important technique for determining the atomic and 

molecular energy levels and hence the ionization energies of atoms and molecules. 

When the atom or molecule is irradiated with highly energetic radiation, there is 

ejection of core electron. The kinetic energy E of this electron is equal to the difference 

in energy of the incident radiation Ej and the binding energy of the electron Eg. 

Measurement of E and Eg therefore provides a means of the identification of the atoms. 

The ionizing radiation used is X-rays and hence this technique is also known as X-ray 

photoelectron spectroscopy (XPS). XPS analysis was done at 298K using MgKa 

radiation on a VG Microtech Multilab ESCA 3000 spectrometer. Measurements were 

carried out in vacuum. Binding energy (BE) calibration was performed with Au (4/ 7/2) 

core level at 83.9 eV. All spectra were recorded with Mg Ka. Sample surfaces were 

scraped before analysis. Measurement conditions and parameters were verified to get 

the right carbon peak position (C Is = 248.8 eV), assuming an error lower than 0.2 eV.

2.3.2.8. Electron spin resonance (ESR)

Electron Spin Resonance (ESR), is a branch of spectroscopy in which electromagnetic 

radiation (usually of microwave frequency) is absorbed by molecules, ions, or atoms 

possessing electrons with unpaired spins, i.e. electronic spin S > 0, which is a common
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feature of transition metals. The reversal of spins of these unpaired electrons in an 

applied magnetic field is recorded. The spectra are obtained by varying magnetic field 

at constant microwave frequency. The condition for absorption of resonant energy is 

AE = gBeH (2.9)

Where Be is a constant, i.e. the Bohr Magneton, H is the strength of the applied 

magnetic field, the factor ‘g’ is the gyromagnetic ratio and has a value of 2.0023 for a 

free electron. ESR spectra are usually represented as the first derivative of the 

absorption. From ESR spectra information on the paramagnetic ion and its immediate 

environment in the host structure can be obtained.

The Electron spin resonance (ESR) spectra were recorded on Bruker BioSpin Gn, with 

Field sweep width 8000 G and Microwave frequency 9.425 GHz. Reference compound 

used is DPPH( 2,2-Diphenyl-1-Picrylhydrazyl) with g value of 2.0036.

2.3.2.9 Density Measurement

Electrical properties of a material depend on the density. Density of the sintered 

material is an important physical parameter. Geometrical density of the sintered 

material was calculated by measuring the dimensions (diameter and thickness) and 

mass of the pellets after sintering by using the relation,

Density = Mass/ Volume (2.10)

Where mass is the weight of the sample pellet, volume = n  r2h, r is the radius of the 

pellet and h is the thickness both measured by using a micrometer screw gauge. 

Densities of the powdered samples were also found by liquid displacement method. 

Water was used as the liquid medium.
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2.3.2.10 A. C. Conductivity: Impedance Measurements

Impedance measurement is one of the most important measurements of electrical 

properties. In an impedance bridge the measurements are made with a Wheatstone 

bridge in which the resistance R, and capacitance C, in series with each other are 

balanced against variable resistors and capacitors. The impedance measurements were 

done on 1260 solartron impedance analyzer at 100Hz to 10 MHz at several 

temperatures from room temperatures to 700°C on well sintered pellets of dimension 10 

mm diameter and 2-3 mm thickness. The samples were placed in the sample holder 

which is inserted in the constant temperature zone of furnace. All the measurements 

were carried out in air as there is no difference in the measurements carried out in air 

and under vacuum [20]. In the present study, this technique is used to determine the 

conductivity (derived from the resistance values). The conductivity values are evaluated 

from the resistance values obtained from nyquist plots. Nyquist plots consist of 

imaginary part (Z") of the impedance plotted against real part (Z'). The curve obtained 

in the nyquist plots was curve fitted to the semicircular shape. The intercept of the 

semicircle on real axis gives the resistance of the material. The direct current (dc) bulk 

resistance values from these plots were used to find dc conductivity. The long range 

migration of oxygen ions take place by thermally activated hopping to adjacent oxygen 

vacancies, which yields the dc conductivity of the form,

a dcT = Oc,e-E' V  (2.H)

E is the activation energy for conduction, T is the Temperature, Kb is the Boltzmann 

constant and o0 is the pre-exponential factor that depends on the concentration of the 

mobile species. The values of activation energy were determined from the slopes of the 

linear fits to the o dc against temperature plots. Pre-exponential factors were calculated 

from the intercept of the linear fits to the a dc against temperature plots on Cdc axis.
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2.3.2.11. Leaching Studies

When Nd2Zr20 7 is used in composite form with MgO as inert matrix fuel, it should not 

allow the unreacted fuel and fission products to leach out of it on geological disposal. 

Leaching studies were carried out on strontium (non-radioactive) doped neodymium 

zirconate, both powdered and pelletized samples. Pelletized samples were sintered at 

1000°C and 1400°C before using for leaching studies. Deionised water was used as a 

reference liquid and a simulant of fresh type groundwater. The sample pellets were 

immersed in beakers carrying distilled water, one of which was maintained at 75°C and 

other at room temperature. The studies carried out at 75°C for the duration of 3 months 

are equivalent to the investigations done at room temperature for a period of three 

years. The powdered sample was put in distilled water kept at room temperature with 

continuous stirring. Loss of distilled water due to evaporation was compensated by 

refilling. After every 30 days an aliquot of the distilled water was withdrawn and 

analyzed by Atomic absorption spectroscopy (A. A. S.) for the presence of Strontium. 

The studies were done for 3 months.

Atomic absorption spectroscopy (A. A. S.)

When an element is introduced into a flame, a few of its atoms absorb thermal energy 

from the source of radiation and get excited. The excited atoms then emit the 

characteristic radiation of the element and return to the ground state. The intensity of 

the emitted radiation is directly proportional to the number of excited atoms and hence 

to the concentration of the element introduced in the flame. The measurement of the 

intensity of the emitted radiation permits quantitative estimation of the element and the 

determination of the wavelength of the emitted radiation helps us to identify the 

element. Element strontium was analyzed from the leachate by AAS on the instrument 

Varian A A 240 FS using N20-acetylene flame after proper dilution of the aliquot.
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2.4.1. Gd2Zr20 7 /Nd2Zr20 7/ Gd2ZrCeO?

2.4.1.1. Characterization of oxalate and hydrazinated oxalate precursors

2.4.1.1.1 Chemical analysis and formula fixation of precursors

The formula fixation of all the precursors prepared by oxalate and hydrazinated oxalate 

methods was done taking into account the results of chemical analysis, FTIR and total 

weight loss studies before decomposition to the corresponding oxides. In general, the 

observed (obsd) percentage (%) of total isothermal weight loss, oxalate (C20 42') and 

hydrazine (N2H4) match well with the calculated (calcd.) values based on plausible 

formula in each case. The proposed chemical formulae along with the analytical data of 

oxalate and hydrazinated oxalate precursors for pyrochlore oxides are summarized in 

table 2.1.

Table 2.1 Chemical analysis of oxalate and hydrazinated oxalate precursors and 

the proposed chemical formulae.

Precursor Hydrazine % Oxalate % Total Weight loss

Calcd Obsd Calcd Obsd Calcd Obsd

Gd2Zr2(C204)7. 10H2O 47.6 46.6 52.9 52.8

Gd2Zr2(C2O4)7.10N2H4 22.3 27.6 43.0 43.4 57.5 59.5

Nd2Zr2(C20 4)7. 10H2O 48.6 49.1 54.0 55.4

Nd2Zr2(C20 4)7.10N2H4 22.7 22.3 43.8 . 42.5 58.6 56.8

Gd2ZrCe(C20 4)7. 10H2O 45.9 45.0 51.0 50.6

Gd2ZrCe(C2O4)7.10N2H4 21.5 20.8 41.6 42.2 55.6 54.3
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2.4.1.1.2 FTIR analysis of the precursors

The infrared (IR) band positions of all the precursors have been compiled in the table

2.2. The IR bands characteristic of the coordinated oxalate groups [184-185] observed

-l
at ~ 1630 and 1320 cm corresponding to v^ (o-c-o) and v (o-c-o), respectively suggest 

that there is coordination of oxalate ion with the metal ions. A broad band in the region

-l
3600-3000 cm which is due to v (O-H) stretching is found in all complexes and is due 

to the presence of water. It is evident from these studies that there is formation of metal 

oxalate hydrates whose formulas have been fixed, as given in Table 2.1, through 

chemical analysis.

Table 2.2 IR absorptions of oxalate and hydrazinated oxalate precursors.

Precursor Ys(o-c-o) / 
v0iS(o-c-o) 

cm'1

8(o=c-o)
cm"1

v(H20)/
v(N-H)
cm'1

v(N-N)
cm'1

8(NH2)
cm'1

Gd2Zr2(C20 4)7.10H2O 1320 
/1630

800 3100-3500

Gd2Zr2(C2O4)7.10N2H4 1320
/1630

760 3400 960 1150

Nd2Zr2(C20 4)7.10H2O 1320
/1630

800 3100-3500 — —

Nd2Zr2(C2O4)7.10N2H4 1320 
/1630

800 3400 960 1160

Gd2ZrCe(C2O4)7.10H2O 1320
/1630

800 3100-3600

Gd2ZrCe(C2O4)7.10N2H4 1320
/1630

780 3400 970 1150

In case of hydrazinated oxalates, infra-red studies reveal the modification of the oxalate 

by hydrazine linkage to the metal by characteristic band positions due to v (N-N) peak

- l  - l

at 960-970 cm and 8(NH2) peak at 1150-1160 cm [186] along with the usual oxalate 

band positions due to S(o=c-o) and vs (o-c-o) and vas (o-c-o). The broad peaks shown by 

oxalates in the region 3100-3500 cm'1 due to v(H20), get sharpened on hydrazination
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indicating appearance of v(N-H) stretching bands.The presence of hydrazine is also 

supported by chemical analysis (Table 2.1).

2.4.1.1.3 Thermal analysis

Gadolinium Zirconium oxalate/ hydrazinated oxalate

Gd2Zr2(C2O4)7.10H2O shows (table 2.3), an endothermic loss of water at ~119°C 

followed by a broad exothermic peak -600 °C indicating decarboxylation and sharp 

exothermic process ~900°C indicating a total loss at ~900°C. The hydrazine derivative 

of the oxalate, Gd2Zr2(C2C>4)7.10N2H4,on the other hand, undergoes sequential 

exothermic processes at the temperatures 111.7, 247.1, 387.2 °C corresponding to 

dehydrazination followed by decarboxylation but the total loss, however, is found to 

occur at a lower temperature compared to the oxalate precursor.

Neodymium Zirconium oxalate/ hydrazinated oxalate

The Nd2Zr2(C2O4)7.10H2O decomposes stepwise showing (table 2.3), endothermic 

peak ~156°C corresponding to loss of water followed by a sharp endotherm at -399°C 

and an endotherm at ~574°C due to decarboxylation and finally a broad exotherm at 

~750°C , while its hydrazinated complex, Nd2Zr2(C2O4)7.10N2H4 decomposes 

sequentially with endothermic process at ~123°C followed by a continuous linear 

weight loss showing a broad exothermic process ~470°C due to decarboxylation and a 

very sharp exotherm at ~739°C. The hydrazine complex, however, shows total loss at a 

lower temperature than that of the oxalate complex.

Gadolinium Zirconium Cerium oxalate/ hydrazinated oxalate

Gd2ZrCe(C2O4)7.10H2O shows (table 2.3), a small sharp endotherm at 110°C and 

exotherms at 350, 570, 840, 920 respectively. The hydrazinated derivative of the 

oxalate also undergoes exothermic reactions sequentially at the temperatures 400, 600,
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750, 860 °C respectively.

Such observation of hydrazinated complex decomposing exothermically at much lower 

temperature compared to the oxalate complex is a general observation in many of our 

systems [148,165,187], Thus it can be inferred from the thermal analysis studies that the 

thermal path of the oxalate precursor is altered on hydrazination and the hydrazinated 

complexes decompose at much lower temperatures compared to the unhydrazinated 

ones. Hydrazine acts as a fuel and the combustion process is sustained by the enormous 

energy released by the reaction of hydrazine with atmospheric oxygen, [188]

N2H4+ 0 2 -»• N2 + H20; AH= -625 kJ mol'1 (2.12)

The liberated energy is then utilized by the complex enabling it to decompose easily 

without necessitating any more external heat energy. Based on thermal analysis 

complete decomposition temperature was fixed for the oxalate and its hydrazinated 

derivative and the precursors were decomposed to yield the corresponding oxides.

Table 2.3 DTA-TG data of the oxalate and hydrazinated oxalate complexes.

Precursor DTA Peaks

Gd2Zr2(C2O4)7.10H2O 119 °C (sharp endotherm), 600°C (broad exotherm) 
900°C (sharp exotherm)

Gd2Zr2(C2O4)7.10N2H4 111.7°C (sharp exotherm), 247.1°C (small exotherm) 
387.2°C (sharp exotherm)

Nd2Zr2(C20 4)7.10H2O 156.2°C (endotherm), 399.4°C (sharp endotherm) 
574.1°C (broad exotherm),750°C (broad exotherm)

Nd2Zr2(C20 4)7.10N2H4 122.8°C (sharp endotherm),470.1°C (broad exotherm) 
739.2°C (sharp exotherm)

Gd2ZrCe(C2O4)7.10H2O 110°C (small sharp endotherm),
350 °C (broad exotherm), 570 °C (sharp exotherm) 
840 °C (exotherm), 920 °C (sharp exotherm)

Gd2ZrCe(C2O4)7.10N2H4 400 °C (broad exotherm), 600 °C (sharp exotherm) 
750 °C (exotherm), 860 °C (sharp exotherm)
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2.4.1.2 Characterization of oxides

2.4.1.2.1 Phase identification of the thermal products ofoxalate and hydrazinated 

oxalate precursors by XRD: Gd2Zr2 0 7 , I\d2Zr2()7 and Gd2ZrCe07

XRD patterns of the decomposed Gadolinium zirconate, Neodymium zirconate and 

Gadolinium cerium zirconate from oxalate and hydrazinated oxalate samples are 

compiled in the figures 2.2-2.4. The phase identification of all the final thermal 

products of the precursors have been done by X-ray diffraction studies and the (hkl) 

values has been compared with the JCPDS file no. 17-0458. In general the d values 

calculated from the XRD patterns match well with reported d-values (table A-l, 

appendix) for synthesized gadolinium zirconate, neodymium zirconate and gadolinium 

cerium zirconate except the superstructure peaks corresponding to pyrochlore oxide. 

Pyrochlore structure is close to the fluorite structure and show similar interplanar 

spacings. Peaks at 111(14.4), 311(27.8), 331(36.8) and 511(44.2) [54] in the lattice 

structure of pyrochlore oxides referred to as “superstructure peaks” are not seen in XRD 

patterns of fluorite which serves as a distinguishing feature for both [189]. These 

superstructure peaks were not conspicuously observed in the crystal structure of the 

prepared oxides. It is reported that the intensity of these superstructure peaks decrease 

with increase in disorder in the pyrochlore lattice [20]. It can be clearly seen that the 

products obtained by the hydrazinated oxalate method show broad peaks indicating 

narrower particle size formation compared to the oxalate method. The crystallite sizes 

calculated by Scherer’s method are compiled in table A-2 in appendix.
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Figure 2.2 XRD patterns of Gadolinium Zirconate prepared by (i) Oxalate method 

and (ii) Hydrazinated oxalate method.

Figure 2.3 XRD patterns of Neodymium Zirconate prepared by (i) Oxalate method 

and (ii)Hydrazinated oxalate method.
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Figure 2.4 XRD patterns of Gadolinium Cerium Zirconate prepared by (i) Oxalate 

method and (ii) Hydrazinated oxalate method.

2.4.1.2.2 High Temperature XRD

High temperature X-ray diffraction studies were carried out on Gd2Zr207 obtained after 

decomposing hydrazinated oxalate precursor. The study was carried out to see if there is 

a change in the structure of pyrochlore oxide with increase in temperature (figure 2.5). 

It can be seen that as the temperature is increased from 200 to 1000 °C in the steps of 

200 °C, the crystallites grow as indicated by the narrowing of the XRD peaks with 

increase in heating temperature. Further a sample that was heated at 1000 °C and then 

cooled to room temperature does not show any change in the pattern suggesting no 

change in the crystallite structure on cooling.
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Cooling to room temperature 

1000°C

800°C

600°C

400°C

200°C

XRD at room temperature

Figure 2.5 High temperature XRD of Gd2Zr20 7 prepared by hydrazinated oxalate.

2.4.2 Nd2ZrxTi2.x0 7 (x = 2.0,1.8,1.6,1.4,1.2 andl.O)

2.4.2.1 Characterization of citrate gel precursors

2.4.2.1.1 FTIR analysis of citrate gel precursor

The IR spectrum of the citrate gel precursor was obtained after calcination of the gel up 

to 300°C to a solid powder form (figure 2.6).
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Figure 2.6 FTIR spectrum of the citrate gel precursor calcined at 300°C.

The presence of IR bands of co-ordinated citrate groups at ~ 1408/1562

cm corresponding to v (o-c-o) and v (o-c-o), v (C-O) at ~ 1281 cm and bending
as S

mode 8(o=c-o) at 907 cm-1 suggest the co-ordination of the citrate group to the metal. 

Presence of a broad band for water indicates presence of water. Similar co-ordination of 

the citrate gel with metal ions is reported by S. Zanetti et al. in their work on pyrochlore 

system [173].

Table 2.4 IR absorptions of citrate gel precursor.

precursor V, (o-c-o) / lV,v(o-C-0) 

cm'1

8(o=c-o) cm'1 v(H20)

cm'1

v (C-H ) 

cm'1

v (C-O) 

cm'1

v (O-H) 

cm'1

Citrate 1408/1562 907 3000-3500 2617 1281 1762

2.4.2.1.2 Thermal analysis of citrate gel precursor

Although precursor formula could not be fixed for citrate gel precursor, the thermal 

decomposition path of the precursor to give the desired pyrochlore oxide traced by
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TG/DTA studies is given in figure 2.7.

Citrate gel decomposition

Figure 2.7 DTA-TG of citrate gel precursor calcined at 300°C.

From the DTA-TG analysis of the precursor, it is observed that in the citrate gel 

decomposition major weight loss is complete by 450° C. The DTA analysis indicates 

that the decomposition reaction of citrate precursor is exothermic and liberates energy. 

The exothermic peaks centered at 380°C correspond to the elimination of the organic 

material. A small peak centered at 450°C may be due to the crystallization of the cubic 

phase. Thus citrate gel synthesis produces pyrochlore oxides at lower temperature. 

There is strong coordination interaction between the —COO” groups of the citrate ion 

and metal ions and this effectively prevents the segregation of metal ions during the gel 

formation. It is reported that the bonding nature between —COO” groups and metal 

ions changes with temperature: unidentate (110-250 °C) —> bridging (300-350 °C) —> 

ionic (400-500 °C) [167]. Further heating the obtained residue upto 1000°C indicates 

small endotherm at 699, 876 and 980 °C .
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Although ceramic method is a conventional route to synthesis of pyrochlore oxides, it 

requires input of large amount of energy. The DTA-TG of the intimately ground 

mixture of neodymium and zirconium oxides (figure 2.8) indicates endotherms at 291 

and 384 °c.

Figure 2.8 DTA-TG of intimate mixture of ceramic powders

2.4.2.2 Characterization of oxides, Nd2ZrxTi2 -x 0 7  (x = 2.0,1.8,1.6,1.4,1.2 andl.O)

2.4.2.2.1 Phase identification of the oxides, Nd2ZrxTi2 .xC>7 (x = 2.0,1.8,1.6,1.4,1.2 

andl.O) prepared by citrate gel and ceramic method

The X-ray diffraction patterns of green sample of NdaZ^Cb and Nd2Zr| 8 Tio.207 

prepared by citrate gel method show all the superstructure peaks in addition to the 100% 

peak (figure A-l in appendix).The X-ray diffraction patterns of pyrochlore oxides of the 

series prepared by citrate gel method and sintered at 1400°C are shown in figure 2.9a. 

The crystalline phase formation was also observed for the products obtained by ceramic 

route, figure 2.9b. The dhki match well with the reported values in JCPDS file 17-0458.

Goa University 63



Chapter 2

The comparison of X-ray diffraction data of Nd2Zr2C>7 prepared by citrate gel method • 

and ceramic method with reported data is tabulated in table 2.5.The calculated d values 

for other compositions of the series are compiled in table A-4 and A-5 respectively for 

ceramic method and citrate gel method samples. Rietveld refinement is done on 

Nd2Zr207 prepared by citrate gel method. The profile is as given in figure 2.10.

3
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Figure 2.9a XRD patterns of the pyrochlore oxides Nd2ZrxTi2 -x 0 7  (x = 2.0,1.8,1.6,

1.4,1.2 andl.O) prepared by citrate gel method.
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Figure 2.9b XRD patterns of the pyrochlore oxides Nd2ZrxTi2-x0 7 (x = 1.8,1.6,1.4, 

1.2 andl.O) prepared by ceramic method.
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Figure 2.10 Refinement profile of Nd2Zr207 prepared by citrate gel method
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Table 2.5 Comparison of X-ray data of Nd2 Zr2C>7 obtained by citrate gel method 

and ceramic method with reported data.

XRD Data of Nd2Zr20 7 XRD Data of Nd2Zr20 7 XRD Data of Nd̂ Zr̂ Cb

Roth.J.Res.Natl.Bur.Stand(U.S)56,17(1956) Citrate gel method Ceramic method

20 I/lo hkl 20 I/Io 20 I/Io

14.413 6 111 14.420 2 14.255 1.4

29.061 100 222 29.020 100 28.940 100

33.664 50 400 33.640 32 33.545 29.9

36.803 8 331 36.886 3 36.670 4.3

44.230 6 511 44.260 7 44.050 2.6

48.318 70 440 48.314 47 48.145 42.1

57.359 65 222 57.356 41 57.165 40.1

60.151 16 444 60.216 4 59.658 9.8

Figure 2.11 Variation lattice parameter with concentration of zirconium ion.

There is a linear decrease in the lattice parameter of the samples prepared by citrate gel
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method with substitution of Zr by Ti. This is in accordance with vegard’s law for solid 

solutions [58], The difference in ionic radii of Zirconium ion (Zr +4 =0.72 A0) and 

Titanium ion (Ti+4 =0.605 A0) are reflected in the decrease in lattice contraction on 

substitution of Zr by Ti. This lattice contraction upon substitution of Zr by Ti in 

neodymium zirconate corroborates the incorporation of Ti in the lattice. Similar trend is 

observed in the X-ray density (calculated from equation 2.6). The X-ray density 

decreases upon substitution of Zr by Ti. The reason for decrease in density may be due 

to vacancies created in the lattice on substitution of Zr by Ti.

The reported value of lattice parameter for Nd2Zr207 is 10.648 [190]. Crystallite sizes 

calculated by using Scherer’s formula suggest formation of nano sized oxides of 30-40 

nm when prepared by citrate gel method. The crystallite size increases to 100-200nm on 

sintering at higher temperatures. Samples prepared by ceramic method show a 

crystallite size of 100-200 nm =1-2 p m (table A-5, appendix).

Table 2.6 Lattice parameter and density of Nd2ZrxTi2-xC>7 (x = 2.0,1.8,1.6,1.4,1.2  

andl.0)

C eram ic  m ethod C itrate gel m ethod

S am ple L attice  param eter D ensity Sam ple L attice param eter Density

‘a ’ (A ) (g /c m 3) ‘a ’ (A ) (g /c m 3)

N d 2 Z r 2 C>7 1 0 .6821 6 .3 5 2 1 N d 2 Z r 2 C>7 1 0 .6 4 5 9 6.4171

N d 2 Z r i .8 Tio .2 0 7 1 0 .6 2 9 5 6 .3 5 0 9 N d 2Zri.8Tio.20 7 1 0 .6 4 1 4 6 .3 2 9 6

N d 2 Z r 1.6 Tio.4 O 7 1 0 .5 3 5 6 6 .4 2 4 2 N d 2Z rj 6 Tio.4 C>7 1 0 .6006 6 .3 0 6 3

N d 2 Z r 1.4 Tio.6 O 7 1 0 .5 5 5 4 6 .2 8 9 7 N d 2Z r 1.4 Tio.6 O 7 10 .5843 6 .2 3 8 3

N d 2 Z ri.2 T i0 .8 O 7 1 0 .5 8 8 2 6 .1 3 4 4 N d 2 Z r 1 .2 Tio.8 O 7 1 0 .5192 6 .2 5 5 9

N d 2 Z ri.oT ii 0 O 7 1 0 .5 4 3 5 6 .1 1 4 4 N d 2Z ri.oT ii 0 O 7 1 0 .4869 6 .2 1 4 0
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2 A .2 .2 .2  Density measurements of Nd2ZrxTi2.x0 7 (x = 2.0,1.8,1.6,1.4,1.2 andl.O) 

prepared by citrate gel and ceramic method

Densities calculated by liquid displacement for powdered samples prepared by citrate 

gel method does not show a particular trend (Table 2.7), however a decrease in density 

within the series may be attributed to the presence of voids in the pyrochlore lattice. On 

sintering, the oxides prepared by citrate gel method achieve 90% of the theoretical 

density (calculated by using XRD data, Table 2.6) whereas oxides synthesized by 

ceramic method shows only 70% of the theoretical density. This supports the fact that 

samples synthesized by citrate gel method are dense.

Table 2.7 Densities of Nd2ZrxTi2.x0 7 prepared by citrate gel method and ceramic 

method.

Sample Citrate gel method Ceramic method 
Density on 
sintering(g/cm3)

Pycnometric density 
(g/cm3)
(powdered sample)

Density on 
sintering(g/cm3)

Nd2Zr207 3.73 6.31 4.43

Nd2Zr1.BTio.2O7 3.45 6.17 4.03

Nd2Zr1.6Tio.4O7 4.49 6.25 3.60

Nd2Zr1.4Tio.6O7 3.94 5.97 4.03

Nd2Zr1.2Tio.8O7 4.56 5.44 3.82

Nd2Zri.oTii.o07 4.84 5.69 4.46

2.4.2.2.3 Microstructure (SEM) of Nd2 ZrxTi2 . x 0 7  (x = 2.0,1.8,1.6,1.4,1.2 andl.O) 

prepared by citrate gel and ceramic method

The SEM pictures of powders prepared by citrate gel method show uniform fine 

particles of 30-40 nm (figure 2.12). Representative micrographs of two compositions
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(prepared by citrate gel and ceramic method), Nd 2 Zr1.sTio.2 O7  and Nd2 Zri.oTi|.o0 7  are 

shown in the Figure 2.13-2.14. Micrographs o f  remaining compositions are compiled in 

figures A-2 (citrate gel method) and A-3 (ceramic method).
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2.12 SEM of (as prepared) Nd2Zr1.8Tio.2O7, citrate gel method(X30000)

2|jm ' ' 30(jm

Figure 2.13 SEM of Nd2Zr1.sTio.2O7 (i) Citrate gel method and (ii) Ceramic method

2pm 30pm

Figure 2.14 SEM of Nd2Zr1.0Ti1.0O7 (i) Citrate gel method and (ii) Ceramic method

These have very good sinterability and pack compactly on sintering. Zanetti et al. 

reported similar morphology o f  the oxides prepared by gel method [173]. The 

crystallites grow to ~  200nm on sintering thus forming dense pyrochlores. In the 

samples prepared by ceramic method there is no regularity in particle size. They show  

irregularly sintered particles with large interconnecting pores. The crystallite sizes are ~
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200 nm (Table A-5 in appendix). The SEM photographs of samples prepared by 

ceramic method are found to be similar to SEM pictures reported [20]. The SEM 

micrographs of the samples prepared by citrate gel method reveal that all grains are well 

connected in the pore free sintered body. This route of synthesis gives better 

morphology and packing of particles. This implies that the method of synthesis plays a 

major role in getting the desired morphology and homogeneity of particles. In various 

applications the requirement is not only the monophasic compound but also the 

microstructure of the sample.

2.4.2.2.4 Diffuse Reflectance and Absorbance spectra of oxides prepared by citrate 

gel method

Diffuse reflectance measurements were done to study the band gap of undoped 

Nd2Zr207 and its modification upon doping with Ti. Band gap for the samples were 

calculated using the relation (2.8). Pure NdiZ^CE shows a band gap of 4.99 eV which 

decreases with increase in Ti content. The decrease is marginal (table 2.8). These values 

are in agreement with the reports that zirconates have large band gaps for electronic 

conduction i.e. they are insulators whereas titanates have band gap values sufficiently 

small for semiconducting behavior and exhibit mixed conduction [23]. Insulators show 

a band gap ~6 eY and Semiconductors show a band gap ~ 0.5-3eV [182]. However in 

case of Ti doped samples, a second band gap is observed, which is due to presence of 

two conduction bands.
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Table 2.8 Band gaps of Nd2ZrxTi2-xC>7 prepared by citrate gel method.

Compound Band gap Egl/Eg2 Compound Band gap Egl/Eg2

(eV) (eV)

Nd2Zr207 4.99 Nd2Zr1.4Tio.6O7 4.85/3.37

Nd2Zr1.gTio.2O7 4.96/3.38 Nd2Zr1.2Tio.gO7 4.88/3.37

Nd2Zr] ,6Ti0.407 4.82/3.37 Nd2Zr1.oTi1.oO7 4.85/3.35

—■— Bandgap

Figure 2.15 Variation of band gap with Ti concentration

The diffuse reflectance spectra (figure 2.16) show variation in reflectance of Nd2Zr2C>7 

and other compositions doped with Ti.
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Figure 2.16 Diffuse reflectance spectra of Nd2ZrxTi2-x07 prepared by citrate gel 

method.

The absorbance spectra (figure 2.17) indicate a red shift in the absorbance o f  the solid 

solution on doping Zr with Ti. All samples show absorbance in the range 200-250 nm. 

There is also absorption at wavelength in the range o f 300-400 nm in case o f  Ti doped 

samples which increases as Ti content increases. This may be attributed to titanium ion 

Ti+4 which do not show any absorption in the visible region. On introduction o f  Ti in 

the pyrochlore lattice, there is appearance o f  small peaks in the visible region o f  540nm  

and 800nm. The absorbance peak at 540 nm may be due to Ti+3. Recent studies on 

titanium glasses [191] have attributed this band to be due to 2B2 g—»2B]g transitions o f  

Ti+3 ion in distorted octahedral sites.
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Figure 2.17 Absorbance spectra of Nd2ZrxTi2-*07 prepared by citrate gel method. 

2.4.2.2.5 Conductivity studies

Zirconate pyrochlores are good oxide ion conductors but they also show a significant 

amount o f  electronic conduction on forming solid solutions with titanium [23], The 

mechanism responsible for the underlying the ionic conductivity in pyrochlore oxides is 

the hopping o f  oxygen over oxygen ion vacancies in the 48 f sites [32, 43, 55]. The 

vacancies are generated due to cation disorder in the structure. Oxygen diffusion occurs 

by hopping from 4 8 f to 48 f sites.

Pyrochlore oxides predominantly show ionic conductivity at low temperatures and 

electronic conductivity at very high temperatures. The alternating current impedance at 

different temperatures till 700°C was plotted in the complex plane for the samples 

Nd2 ZrxTi2 - x 0 7  synthesized by ceramic route and citrate gel method. Figure 2.18 shows 

impedance plots for a) Nd2Zr20 7, b) Nd2 Zr1.gTio.2 O7 prepared by citrate gel method. The 

plots for other compositions o f both citrate gel and ceramic method are compiled in
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figures A-4 in appendix.

The samples show a noisy data at low temperatures. Two semicircular arcs are visible 

at higher temperatures for the zirconia rich samples prepared by citrate gel method. The 

low frequency (towards right) arc corresponds to the contribution from the grain 

boundaries while high frequency arc (towards left) represents bulk contribution to the 

impedance. Usually the arc at high frequency is due to ionic conduction and the one at 

lower frequency is due to electronic conduction. The samples prepared by ceramic 

method show very less electronic contribution to the conductance. This may be due to 

poor sintering of the samples in pyrochlore compounds prepared by ceramic method. 

The samples prepared by citrate gel method due to proper sintering also show grain 

boundary contribution to the conductivity.

Figure 2.18 Impedance plots for a) Nd2 Zr2 C>7 , b) Nd2 Zr1.8 Tio.2 O7 prepared by 

citrate gel method.

The direct current (dc) bulk resistance values from these plots were used to find direct 

current (dc) conductivity. The reported value of ionic conductivity for Nd2Zr207 

atlOOOK is 2.7xl0'5 Scm'1 [192], whereas Nd2Zr20 7 prepared by citrate method in the 

present study shows a value of 2.2628xl0’5 Scm’1 at 973 K. The highest value of o dc is 

found to be 1.8643 xlO'4 ScnT'for Nd2Zr1.8Tio.2O7 prepared by citrate gel method.
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Figure 2.19 a  dc of (i) ceramic and (ii) citrate gel samples.

If extrapolation of the graph (in figure 2.19) for Nd2Zri.sTio^O; is done and a dc is 

calculated at 1000K citrate gel sample shows conductivity of 1.7 xlO'3 Scm''and 

ceramic sample shows conductivity of 8.1 xlO'4 Scm'1. These materials can be good 

candidates for use in fuel cells. Table 2.9 gives the values of a dc for the pyrochlore 

oxides prepared by both the methods. It is observed that the conductivity of the oxides 

prepared by citrate gel method is slightly higher than that of the oxides prepared by 

ceramic method. This may be explained on the basis of morphology of the sintered 

oxides. In oxides prepared by ceramic method, the particles are poorly sintered with 

large no of pores whereas the oxides prepared by citrate gel method have well 

connected grains in the pore free sintered body. The values of activation energy and 

pre-exponential factor determined from the linear fits to the a dc plots are included in the 

Table 2.9.
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Table 2.9 variation of a  d« pre-exponential factor (o0) and activation energy (E) 

with decrease in concentration of Zr.

Citrate gel odc(Scm'') 

at 973 K

E

(eV)

Oo Ceramic odc(Scm') 

at 973 K

E

(eV)

Oo

Nd2Zr207 2.2628x10'” 0.87 6.9748x10" Nd2Zr207 3.5158x1 O'3 0.86 1.118x10"

Nd2Zri gTio 2O7 1.8643 xlO'4 0.82 3.0200x10" Nd2zri.8Tio.207 1.1981xl0'4 0.90 6.607x10"

N d2Zr 1 gT io.407 3.0349x1 O'5 0.62 3.7910x10’ Nd2Zri 6Ti04O7 6.7241xl0'6 0.70 2.229x10’

Nd2Zrj.4Tio.6O7 3.1.827x1 O'5 0.95 2.6146xl03 Nd2Zr1.4Tio.6O7 2.2082x10'” 0.87 6.543x10"

Nd2Zr1.0Ti1.0O7 2.2512xl0'6 0.62 2.3892 Nd2Zr1.0Ti1.0O7 1.3237xl0'b 0.49 2.7782

Neutron diffraction studies [55] have shown that a typical pyrochlore like NdiZ^Cb has 

frenkel defects of about 5% in the oxide ion sub lattice of the compound at 673 K. It is 

because of these defects there is some conductivity in the almost perfect lattice of 

Nd2Zr207.The conductivity is maximum at the composition of Zr, x = 1.8 for the 

samples prepared by both the methods as seen in Table 2.9 and Figure 2.19. It then 

decreases as the Zr content decreases. Thus doping pyrochlore oxide at B site with 

small amount of Ti ion helps in increasing the conductivity.
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Figure 2.20 Variation of a dc with Zr content

The ordered pyrochlore structure provides low energy pathways for oxide ion 

migration. This results in decreased activation energy but the number of mobile oxide 

ions will be small due to order in the lattice. Cation disordering can cause an increase in . 

frenkel defects at the oxide ion sites. This increases the pre-exponential factor, but also 

increases the activation energy [55]. Thus the increase in pre-exponential factor 

increases the conductivity but an increase in activation energy hinders the migration of 

oxide ions.

Figure 2.21 Variation of activation energy with Zr content.
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Figure 2.22 Variation of c« with Zr content.

The increase in conductivity at composition of Zr, x = 1.8 (adc = 1.8643 xlO'4 Scm'1 ) at 

973 K is due to increase in concentration of charge carriers as seen from pre

exponential factor. The decrease in the dc conductivity with further increase in Ti 

concentration is due to hindrance to the movement of charge carriers in the lattice, even 

though the activation energy for the conduction process remains low. This indicates that 

the order sets in the structure on further incorporation of Ti in the lattice. For the Ti 

content, x =1.0 the conductivity is least which may be due to ordering of both cation 

and anion arrays on substitution of Zr (Zr+4 =0.72 A) by Ti (Ti+4 =0.605 A) when Ti:Zr 

is 1:1. Pyrochlore oxide series of the type Gd2ZrxTi2.x07 is already investigated [193] 

and an increase in conductivity is reported on substitution of Ti by Zr. The XPS studies 

done by the researchers on the same system indicates that as Zr substitutes for Ti in 

Gd2Ti207 to form Gd2(Tii..vZrx)207, (0.25 <x < 0.75), cation antisite disorder occurs 

simultaneously with anion disorder which increases the conductivity [34],

To understand the structure and the kind of defects in the lattice of Nd2TixZr2-x07, XPS 

and ESR are used as tools. In pyrochlore oxide there are two types of oxygen sites (48f 

and 8a) occupied by oxide ions. The O Is XPS shows two peaks, the one at lower BE is
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for 8a oxygen and higher one for 48f oxygen. The difference in binding energy of 

oxygen is the consequence of the difference in the effective negative charge on oxygen. 

Lower the BE, higher the average electron density on the element. In Nd2Zr207 six out 

of every seven oxygen ions occupy the 48f sites and each is coordinated by two Nd and 

two Zr/Ti ions. The other oxide ion occupies the 8a site and is surrounded by 4 Nd ions. 

Considering lower electronegativity of Nd+3 as compared with that of Zr+4/Ti+4 the 

ionic character of the Nd-0 bond is greater than that of Zr-O/Ti-O bond. This means 

that the electron density on oxygen for Nd-0 bond is higher than that of the Zr-O/Ti-O 

bond. Thus the peak in the O Is spectra at lower BE is assigned to oxygen ions at 8a 

sites and the peak at higher BE is assigned to O at 48f sites. The XPS spectrum of O 1S 

electron (figure 2.23a) shows 2 peaks in case of Nd2Zr2(>7 which is also seen in case of 

x = 0.4, 0.6.The two peaks observed are corresponding to 48f and 8a oxygen ions. In 

case of Nd2Ti207 also this difference in chemical environment of oxygen ions is 

reported by Atuchin et.al [194]. In Nd2Ti2C>7, the O Is line is shown to have a main 

component at 529.4 eV and two weak intensity components at 527.1 and 531.8 eV. The 

small peak at the higher B.E. of 531.8 eV may be due to adsorbed OH groups and the 

other two components seem related to oxygen states in the crystal bulk. However in 

case of Nd2Zr1.8Tio.2O7 there is merging of the peaks into one which means that the 

chemical environment of oxygen ions at 48f and 8a sites has become identical. This 

happens because of antisite cation disorder which leads to the environment of the 48f 

and 8b ions becoming more similar and giving rise to frenkel defect formation. These 

two are the two main disordering mechanisms in pyrochlore A2B2O7 

Aa+ Bb — > A'b + B’a (2-12)

0 0 ----- > V“o (48f) + 0"i (8b) (2.13)

Thus the similarity between the two oxygen sites in pyrochlore oxides is a result of
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disorder on cation antisites [34]. When the radii of the A and B cations are similar, there 

is cation swapping which leads to formation of cation antisites [20]
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Binding Energy (eV)

Figure 2.23 XPS spectrum of (a) O IS electron,(b) Ti 2p electron, (c) Nd 4d 

electron, (d) Zr 3d electron
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In the XPS spectrum of Ti 2p electron (figure 2.23 b), the recorded spectrum shows 

doublet with BE (Ti2p3/2) at 457eV and BE (Ti2pi/2) at 463 eV The doublet is due to 

spin orbit interactions splitting of Ti2p into 2p3/2 and 2pi/2 states and spin orbit splitting 

A(Ti2p3/2-Ti2pi/2) = 6eV.These are close to the values reported [195]. Presence of Ti+4 

and Ti+3 is indicated by broadening of the Ti 2p lines in accordance with literature 

[196]. The peak for TiO is reported at lowest BE at 455.7 eV [197].Ti+3 is reported at 

457.8 eV [198], A peak centred at 459.6 eV, is identified as Ti+4 in TiCE in literature 

[199],

The XPS spectrum of Nd 4d electron (figure 2.23 c), shows a peak at 126 eV in 

Nd2Zr2C>7 which gets shifted to lower binding energies of 122 eV on substitution of Zr 

by Ti. This lowering of the binding energy indicates higher average electron density on 

the element. In case of Zr 3d electron in Nd2Zr207, (figure 2.23 d), a doublet is shown 

at 188 eV and 186.5 eV. The doublet is shifted to lower binding energy i.e. 184 eV and 

182 eV with increase in Ti. The higher B.E. peak may be attributed to Zr 3d3/2 and 

lower one is due to Zr 3ds/2 and A(Zr3d5/2-Zr3d3/2) =2 eV in accordance with reported 

[195]. In general it is observed that in the XPS spectra of Zr 3d and Nd 4d there is shift 

from higher BE of Nd2Zr207 to lower BE on doping Zr with Ti indicating 

incorporation of Ti in the lattice.

ESR of the some representative compounds show a broad asymmetric line with g = 

1.905 in all the compositions (figure 2.24). The presence of a signal at g = 1.905 is 

indicative of Ti+3 in the lattice [178]. The ESR signal also points out that Ti+3 is 

present in a distorted octahedral symmetry [191].
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Figure 2.24 ESR spectra of some representative samples prepared by citrate gel 

method

Thus because of Ti+4 going to Ti+3, there are vacancies created at the oxide ion site to 

maintain charge balance. This vacancy creation favours the diffusion of oxide ions and 

thus disorder in the lattice. An idea of disorder in the lattice is best reflected by an 

increase in ionic conductivity which is reported in table 2.9. The highest conductivity is 

exhibited by Nd2Zn.8Tio.207[200].

Thus Nd2Zr1.gTio.2O7 pyrochore compound can be used as a host for nuclear waste since 

already disordered it will be able to withstand high levels of radiation and 

morphologically the individual particles so closely packed that it will not let the 

radioactive material to leach out.

[200] R. Karmali, V.P. Borker, K.S. Rane, S.K. Deshpande, “ Citrate gel route for 
synthesis of dense pyrochlores” Materials chemistry and physics, 129:3(2011) 1116- 
1120.
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2.4.3 Nd2.y SryZr20 7 (x = 1.8,1.0,0.05)

2.4.3.1 Phase identification of the thermal products of metal oxide precursors

Strontium Sr+2 (1.12 A) being slightly larger than Nd+3 (1.01 A) enters A site in the 

pyrochlore lattice [55]. The compositions prepared by doping with Sr in the pyrochlore 

lattice in the series Nd2-ySryZr207 (y = 1.8, 1.0) led to the formation of perovskites 

SrZrC>3 and the resulting product becomes a pyrochlore-perovskite composite. However 

the composition with minimal amount of Sr gave pure pyrochlore oxide 

Ndi 95Sro o5Zr207 XRD analysis reveals pure single phase compound which on sintering 

at 1400°C further increases the crystallites and refines the structure.

10 20 30 40 50 60  70

20 (Deg.)

Figure 2.25 XRD patterns of Ndi^Sro.osZihO? (i) powdered and (ii) Sintered at 

1400°C.

2.4.3.2Diffuse Reflectance and Absorbance spectra of pyrochlore oxides

Introduction of Sr in the crystal lattice of Neodymium zirconate causes a blue shift- 

200nm in the absorbance of the oxide. Calculated optical bandgap of the material is
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4.85 eV.

Nd,.,Sr.„ A °,

Figure 2.26 Diffuse Reflectance spectrum of Nd2-ySryZr2 < > 7  (y = 0.05) (Inset 

absorbance spectrum).

2.4.3.3 Leaching studies on Nd2-y SryZr2 C>7 (x = 0.05)

The high level nuclear waste having long half life remains radioactive for a longer 

period. This high level waste is incorporated in the matrix of borosilicate glass or 

experimentally in pyrochlore lattice so as not to leach to the surrounding. The 

radioactivity is prevented by containment of the matrix in steel canister followed by 

concrete cover. But if radioactive element comes in contact with water, it leaches in the 

water body thereby contaminating the water. Thus the most important property of a 

nuclear waste form is its chemical durability when in contact with aqueous solutions. 

An ideal nuclear waste form should not allow the radionuclides to leach out in water on 

contact. For most safety analyses, the amount and type of radioactivity released into
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solution by the solid waste form are the critical parameters, and a number of standard 

tests have been developed to provide this information [49]. Zirconate pyrochlore 

because of its high resistance to radiation damage is investigated here for its chemical 

durability. One of the pathways of nuclear fission of U-235 is fragmentation yields Sr 

hence nonradioactive isotope of strontium is incorporated in the lattice of zirconate 

pyrochlore. The performance assessment is done based on leachability of strontium 

from the oxide lattice. Deionized water is used for reference since it is simulant of fresh 

type groundwater [201].

The total amount of strontium in lg pellet of pyrochlore is ~ 0.00748 grams as 

analysed by atomic absorption spectroscopy. Leaching studies were done on the 

powdered sample as well as pelletized samples sintered at 1000°C and 1400°C. 

Deionised water used for the purpose was free of strontium. Results of leaching studies 

are compiled in the table 2.10 below. Powdered sample on mixing with water analysing 

for Sr immediately indicates 22.21% release of total Sr present in the sample.

Table 2.10 Leaching studies of Sr carried out on Nd1.95Zr2Sro.05O7
Days Powdered sample 

% Leaching of Sr

Pellet sintered at 

1000°C % Leaching 

of Sr

Pellet sintered at 1400°C 

% Leaching of Sr

RT RT 75°C RT 75°C

30 80.82 67.20 73.26 2.56 8.68

60 90.11 68.93 86.81 5.22 11.70

90 90.11 77.67 86.81 10.50 23.30
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Powdered sample kept at room temperature (stirred continuously) for 90 days show 

maximum amount of strontium upto 90 % in the water after 90 days. Pelletized sample 

(sintered at 1000°C) immersed in water at room temperature show 67% of the total 

strontium after 30 days which increases to 69% after another 30 days and to 78% after 

total of 90 days in water. Data obtained for the studies carried out at 75°C are 

comparable to the studies done at room temperature for over 3 years. This study 

indicates 73% of the total strontium after 30 days which increases to 87% after 60-90 

days. The washing off of strontium from the pellets is supported by change in the 

morphology of the pellets immersed in water at RT and at high temperature of 75°C 

(figure 2.27). Pelletized sample (sintered at 1400°C) immersed in water at room 

temperature shows 2.56% of the total strontium after 30 days which increases to 5.22 % 

after 60 days and to 10.50 % after 90 days in water. Leaching studies carried out at 

75HC indicates 8.68 % of the total strontium after 30 days which goes to 11.70 % after 

60-days and 23.30 % after 90 days. The morphology of the pellets after carrying out 

leaching studies supports the observations (figure 2.28).

____________________________________________________________ ________ Chapter 2
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Figure 2.27 SEM of pelletized Nd1.95Zr2Sr0.05O7 sintered at 1000°C (x 50000), 

l)before use for leaching, 2) after use for leaching (x 30000) of strontium at 75°C.
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Figure 2.28 SEM of pelletized Nd1.95Zr2Sr0.05O7 sintered at 1400°C, 1) before use 

for leaching(x 30000), 2) after use for leaching (x 30000) of strontium at 75°C.

140 

120 

I  100-

Green- Powder at RT 
Red-Pellet sintered to 1000°C kept at RT 
Blue-Pellet sintered to 1000°C kept at 75°C 
Black-Pellet sintered to 1400°C kept at RT 
Magenta-Pellet sintered to 1400°C kept at 75°C

Days

Figure 2.29 Leaching of strontium from the matrix of Nd2-ySryZr2<>7 (y = 0.05).

Thus it can be inferred that sintering the pyrochlore lattice at 1400°C is reasonably 

sufficient to hold Sr in it.

Thus pyrochlore oxides can be synthesized by low temperature citrate gel method. The 

oxides obtained sinter compactly and thus are very good materials for nuclear waste 

disposal. The pyrochlore oxides obtained on doping zirconates with titanium show 

cation antisite disorder in the lattice of Nd2Zr1.8Tio.2O7. The material can thus serve as a 

host for nuclear waste. This oxide shows increased conductivity and can be thought of 

as a fuel cell material.
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3.1 Introduction

Zinc oxide photocatalyst finds applications in many fields like pollution control, 

degradation of environmental hazardous gases, removal of organic pollutants from 

water and inhibiting growth of undesirable microorganisms. It is a well-known 

semiconductor with an average bandgap of 3.37 eV. On exposure to ultraviolet 

radiations, electron—hole pairs are generated in it. UV radiation constitutes only few 

percents of the sunlight that reaches the earth’s crust. Thus the scope of using solar light 

as a source of UV radiations is limited. Hence researchers are making efforts to exploit 

the visible light in photocatalysis by modifying the material properties through cation or 

anion doping and introducing oxygen deficiency.

The chapter deals with the experimental details and conclusions derived from the 

investigation done on zinc oxide/doped zinc oxide systems prepared with the aim to tap 

visible light from solar radiations. The synthesis of undoped and doped zinc oxide via 

oxalate and hydrazinated oxalate precursor methods and the various analytical 

techniques used for characterisation are described in the experimental section. The 

results and discussion section of this chapter deals with the analysis of oxalate and 

hydrazinated oxalate precursors of zinc oxide. The thermal decomposition of these 

complexes leading to formation of zinc oxide is studied by DTA-TG technique. The 

oxides are characterized by X-Ray diffraction (XRD), Scanning Electron Microscopy 

(SEM), X-Ray Photoelectron Spectroscopy (XPS), Energy Dispersive X-ray 

Spectroscopy (EDS) and Nitrogen analysis. The oxides of zinc prepared by three 

different methods are checked for their efficacy in photocatalytic degradation of 

Methylene Blue (MB), a model organic dye. Photodegradation of an industrial effluent 

is also tried using these oxides as a case study. It is reported that zinc oxide is good in 

abatement of NOx, so studies have been carried out considering this aspect.
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Antibacterial activity of undoped and doped ZnO is studied against E. coli cultures. E. 

coli is a gram negative bacterium responsible for food poisoning.

ZnO doped with small amounts of aluminium with valency +3 produces p-type ZnO. In 

the present study it has been synthesized and its dye degradation efficiency, 

antibacterial activity, NOx abatement ability are checked. ZnO synthesis by spray 

pyrolysis method is also attempted.

3.2. Methods of preparation of Materials

Ultrafine metal oxides are produced by several modern methods like spray pyrolysis, 

pulsed laser ablation, ion sputtering and thermal decomposition. The use of these 

methods is limited due to high cost involved in the instrumentation or long time 

duration required for synthesis. To overcome these problems, an attempt is made to 

prepare fine oxides in our pot synthesis through precipitation as metal oxalate 

precursors followed by their thermal decomposition. Modification of the precursors is 

done by a novel hydrazine method. Hydrazine not only acts as a fuel but also takes 

part as a ligand in altering the precursor composition and modifies the thermal path. 

This results in a product at much lower temperatures as compared to the 

unhydrazinated precursors. In our spray pyrolysis method for the synthesis of oxides, 

the hydrazine assisted pyrolysis of metal nitrates is done in a home built apparatus. 

Hydrazine acts as a fuel during pyrolysis and also scavenges the nitrate ions to 

produce environment friendly by-products. Hence the methods are green and 

environment friendly. In the present investigation zinc oxide is prepared by pot 

synthesis as well as spray pyrolysis. The chemicals used for the synthesis are of 

analytical grade (AR). Distilled water is used throughout the synthesis.
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3.2.1 Oxalate method

Stoichiometric amount of ZnCE.fbO solution (0.1 M) was taken in three necked flasks 

and stirred constantly on magnetic stirrer for few minutes. To this well stirred solution, 

required amount of warm oxalic acid solution (0.1 M) was added drop wise with 

constant stirring. The precipitate obtained was filtered and washed with distilled water. 

Washings were carried out until the precipitate was free from chloride. The precipitate 

was finally washed with alcohol. The oxalate precursor was dried at room temperature 

in a desiccator. The precursor obtained was labeled as OX.

3.2.2 Hydrazinated oxalate (Equilibration method)

a. ZnO System

Hydrazination of oxalate precursor was carried out by equilibration method. In this 

method, the dried oxalate precursor as prepared in section 3.2.1 was spread on a Petri 

dish and placed in a desiccator containing hydrazine hydrate (99% Merck). The 

hydrazine uptake was measured titrimetrically using standard KIO3 [180], The obtained 

precursor was labeled as OXE.

b. Aluminium doped ZnO

Aluminium (0.0005, 0.001, 0.002 and 0.003%) doped ZnO samples were prepared by 

hydrazinated oxalate (equilibration) method. Stoichiometric amount of metal salts (Zinc 

Chloride and Aluminium Chloride) solution was taken in three necked flask and stirred 

constantly on magnetic stirrer for few minutes. To this well stirred solution, required 

amount of oxalic acid solution was added drop wise with constant stirring. The 

precipitate obtained was filtered and washed with distilled water until the washings 

were free from chloride. The precipitate was finally washed with alcohol and air dried at 

room temperature. The dried oxalate precursor was spread in a desiccator containing
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hydrazine hydrate (99% Merck). The hydrazine uptake was measured titrimetrically 

using KIO3 [180]. The obtained precursors were labeled as E0.5, E l, E2 and E3.

3.2.3 Hydrazinated oxalate (Solution method)

a. ZnO System

The hydrazinated precursor was also obtained by adding stoichiometric amount of 

ZnCh.fEO solution (0.1 M) to a well stirred oxalic acid (0.1 M) and hydrazine hydrate 

solution (99% Merck) in three necked flask under inert (N2 gas) atmosphere. The 

precipitate was filtered, washed with water and air dried. The precursor obtained was 

labeled as OXS.

b. Aluminium doped ZnO

Aluminium (0.0005, 0.001, 0.002 and 0.003%) doped ZnO samples were prepared by 

hydrazinated-oxalate (solution) method. The hydrazinated precursor was obtained by 

adding stoichiometric amount of metal ion solution (Zinc Chloride and Aluminium 

Chloride) to a well stirred oxalic acid and hydrazine hydrate solution in three necked 

flask under inert (N2 gas) atmosphere. The precipitate was separated by filtration, 

washed with water and air dried.

3.2.4 Spray Pyrolysis of Zinc nitrate

In the pot synthesis modification of the oxalate precursor is done by a novel hydrazine 

method. During the thermal decomposition of the precursors, there may be 

agglomeration of particles of oxide leading to non-uniform particle size distributions. 

The applications in Nano technology demand uniform particle size in the range of nano, 

submicron and few microns. There are several improvised techniques for synthesizing 

nano materials, but for the large scale manufacturing, it is the spray pyrolysis method
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which can still be used with some modification of the process parameters. The 

precursors used for the spray pyrolysis are metal chlorides, sulfates or nitrates. The 

synthesis by this method gives corrosive gaseous by-products along with the oxide. 

Hydrazine assisted pyrolysis of metal nitrates, [179] is an energy effective and 

environmentally friendly process for metal oxide synthesis. Hydrazine not only acts as a 

fuel to minimize the need of energy for pyrolysis, but it also scavenges the nitrate ions 

to produce environment friendly gaseous products such as nitrogen and water vapor. 

Spray pyrolysis of zinc nitrate to yield fine ZnO was done in a home built spray 

pyrolysis unit as shown in figure 3.1. Solutions of Hydrazine hydrate (99% Merck) and 

Zinc nitrate hexahydrate (1M) were bubbled in a glass reactor embedded in a muffle 

furnace at a temperature of 350- 400°C. The salt solution decomposes and the oxide 

formed gets collected in the collector tube.

Figure 3.1 Set-up for spray pyrolysis
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3.3 Characterization techniques
3.3.1. Chemical analysis:

The percentage of metal ions and hydrazine in the precursors were determined by 
standard chemical methods [180].

3.3.1.1 Estimation of Hydrazine: The details of the theory and procedure are described 

in chapter: 2, Section: 2.3.1.1

3.3.1.2 Estimation of Zinc

Zinc ions were estimated by complexometric titrations with EDTA solution. A known 

quantity of the precursor was dissolved in minimum amount of concentrated 

Hydrochloric acid and made the volume to 50 mL. 10 mL of this solution was taken in a 

conical flask, 2 mL buffer solution of pH=10 and a few drops of Eriochrome black -T  

indicator were added. The solution was titrated against standard 0.1 M EDTA till the 

colour changed from wine red to blue. Percentage of zinc in the sample was then 

calculated by using relation (3.1),

1 mL of 0.1 M EDTA = 6.538 mg Zinc (3.1)

_____________ _______________________________________________________ Chapter 3

3.3.2 Instrumental analysis

3.3.2.1 FTIR: The details of the theory, instrumentation and experiment are described 

in chapter: 2, Section: 2.3.2. 1.

3.3.2.2 Thermal analysis: The details of the theory, instrumentation and experiment are 

described in chapter: 2, Section: 2.3.2.2.

3.3.2.3 XRD: The details of the theory, instrumentation and experiment are described in 

chapter: 2, Section: 2.3.2.3.
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3.3.2.4. Density Measurements: Densities of the powdered samples were found by 

liquid displacement method. Water was used as the liquid medium.

3.3.2.5 UV-Visible Diffuse reflectance spectrometry (DRS): The details of theory, 

instrumentation and experiment are described in chapter: 2, Section: 2.3.2.5.

3.3.2.6 Scanning electron microscopy: The details of the theory, instrumentation and 

experiment are described in chapter: 2, Section: 2.3.2.6.

3.3.2.7 BET Surface area measurements

Gas adsorption measurements are widely used for determining the surface area and pore 

size distribution of a variety of different solid materials, such as industrial adsorbents, 

catalysts, pigments, ceramics and building materials. Adsorption is the enrichment of 

one or more components in an interfacial layer. The term adsorption may also be used 

to denote the process in which adsorptive molecules are transferred to, and accumulate 

in, the interfacial layer. Its counterpart, desorption, denotes the converse process, in 

which the amount adsorbed decreases. The Brunauer-Emmett-Teller (BET) gas 

adsorption method is the most widely used standard procedure for the determination of 

the surface area of finely-divided and porous materials. The theory was proposed by 

Brunauer, Emmett and Teller in 1938. It is customary to apply the BET equation in the 

linear form

J2______  = 1 ____  + (C-l)p (3.2)
na(P°-p) nma C nma C p°

where na is the amount adsorbed at the relative pressure p/p° and nma is the monolayer 

capacity. BET surface area studies were carried out on the prepared oxides using 

Micromeritics Tristar 3000 surface area and porosity analyzer. Surface areas were 

determined according to Brunauer-Emmett-Teller (BET) method, after degassing the 

samples using nitrogen flow at 100°C for 5 hours.
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3.3.2.8 Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for 

the elemental analysis or chemical characterization of a sample. It is one of the variants 

of X-ray fluorescence spectroscopy which relies on the investigation of a sample 

through interactions between electromagnetic radiation and matter, analyzing the X-rays 

emitted by the matter in response to being hit with charged particles. Its characterization 

capabilities are due in large part to the fundamental principle that each element has a 

unique atomic structure allowing X-rays that are characteristic of an element's atomic 

structure to be identified uniquely from one another. A high-energy beam of charged 

particles such as electrons or protons, or a beam of X-rays, is focused into the sample 

being studied. At rest, an atom within the sample contains ground state (or unexcited) 

electrons in discrete energy levels or electron shells bound to the nucleus. The incident 

beam may excite an electron in an inner shell, ejecting it from the shell while creating 

an electron hole in its place. An electron from an outer, higher-energy shell then fills the 

hole, and the difference in energy between the higher-energy shell and the lower energy 

shell may be released in the form of an X-ray. The number of the X-rays emitted from a 

specimen and the energy associated can be measured by an energy-dispersive 

spectrometer. As the energy of the X-rays is characteristic of the difference in energy 

between the two shells of the atom from which they were emitted, this allows the 

determination of elemental composition of the specimen. EDS analysis was done on 

JEOL JSM -  5800. The samples were mounted on specimen stubs with double sided 

adhesive tapes and coated with thin layer of conducting material like gold by sputtering 

and then analyzed.
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Figure 3.2 Diagram explaining principle of EDS

3.3.2.9 XPS: The details of the theory and instrumentation are described in chapter: 2, 

Section: 23.2.1. Experimental conditions are same as reported in section 23.2.1 except 

that A1 Kct was used for nitrogen Is level. All other core levels were recorded with Mg 

K«.

3.4 Photocatalytic Applications

3.4.1 Dye degradations

3.4.1.1 Methylene blue (MB) dye degradation 

a. UV-Visible absorbance

Photocatalytic activity of zinc oxide systems was studied by measuring their ability to 

degrade methylene blue dye in an aqueous solution in presence of sunlight. The 

intensity of insolation was measured by Luxmeter and power obtained from the solar 

light was measured by Solar Kit provided by Tata BP solar. Solar light intensity was 

measured for every 30 minutes and the average light intensity over the duration of each 

experiment was calculated. The sun light degradation studies were carried out in a 

conical flask containing a known concentration of methylene blue (0.5x1 O'4 M) and 

catalyst (200 milligram). A blank solution of MB of same concentration was also
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exposed to sunlight. The extent of degradation in each case was determined by 

measuring the absorbance of the dye at Lmax = 665 nm using a Shimadzu UV-Vis 

spectrometer (UV-2450). The absorbance was plotted against time and decrease in 

absorbance was calculated till complete decolourization of the dye solutions. Kinetics of 

dye degradation was studied by applying the equations for first order reactions, 

b. Chemical Oxygen Demand (COD)

The COD of the dye solution was determined by titrimetry. Standard potassium 

dichromate was added to the test sample in acidic medium and refluxed. The amount of 

potassium dichromate remaining after refluxing was found by titration with 

standardized ferrous ammonium sulphate. COD (mg/L) was calculated by using 

standard relation. The chemical oxygen demand removal was calculated according to 

the equation, Removal (%) = 100(Co -  C)/C0, (3.3)

where C0 (mg/L) is the initial COD and C (mg/L) is the COD after degradation.

C. Electrospray ionization mass spectrometric analysis (ESI-MS)
Electrospray ionization mass spectrometric analysis (ESI-MS) is used as most efficient

tool for the analysis of the products resulting from chemical transformations. 

Completely decolorized solutions of the dye were extracted with chloroform and the 

residues obtained were further dissolved in methanol to analyze the products of 

degradation. ESI-MS were carried out using an electrospray/quadrupole/time-of-flight 

(QqToF) mass spectrometer (QstarXL, MDS Sciex). The TOF experiment was 

performed to get the fingerprint of the reaction products followed by collision induced 

dissociation (CID) of major molecular ion in tandem mass spectrometry to give 

characteristic fragment ions resulting in the identification of transformed products, 

d. Sulphate and nitrate estimation

The concentrations (mg/L) of nitrate ions, NO;' [202] and sulfate ions, SO4'2 [203], were
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tested on complete de-colorization of the dye solutions by standard chemical methods. 

Nitrate ions, NO3 were estimated by spectrophotometric method by developing colour 

using brucine - sulphanilic acid. A calibration curve was prepared using 0.5 to 2.5 mL 

of standard solution of potassium nitrate (lmL = 0.01 mg nitrate). After proper dilution 

to 5 ml, 1 ml solution of brucine-sulphanilic acid was added followed by 10 mL of 

H2SO4 solution. The solutions were kept in dark for 10 minutes and then 10 mL of water 

added to it. Absorbance was recorded at 510 nm after cooling the solutions in dark for 

20-30 minutes. The amount of nitrate in the unknown decolourized solution was 

estimated with the use of calibration curve prepared. The presence of sulphate was 

tested by turbidimetric method using barium salts. Sulphate ions were precipitated as 

BaSCL crystals of uniform size in acid medium. Light absorbed by the precipitate was 

measured by using a spectrophotometer. Calibration curve was prepared using 5-40 mL 

of standard sulphate solution (lmL=100pg of S04_2).The solutions were diluted to 100 

mL followed by addition of conditioning agent and BaCL crystals. The solutions were 

poured in absorption cell of photometer and O. D. was measured at wavelength of 420 

nm.

3.4.1.2 Industrial effluent degradation
Zinc oxide system was used to degrade effluent of a crayon and marker manufacturing 

industry as a case study. The effluents were diluted (1:3) times before using for 

degradation. Catalyst concentration of 50 mg was added to the effluent (15mL) diluted 

with equal amount of distilled water. This was exposed to mid-day sunlight, 

a. UV-Visible absorbance

The effluent is a mixture of different dyes, UV-Visible spectrum of the effluent showed 

many peaks. However the Xmax for the effluent was found to be 628.39 nm. Aliquots
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were withdrawn after every 30 minutes and analyzed for absorbance at Xmax
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cone effluent

Figure 3.3 UV-Visible spectrum of industrial effluent 

b. COD: The experimental details are described in section: 3.4.1.1.

3.4.2 Antibacterial Studies

Antibacterial studies are carried out by culturing the microbes in pure form on artificial 

media under laboratory conditions. A culture is defined as growth of microbes under 

contamination free condition in the laboratory on a suitable medium. Microbes are 

cultured to obtain populations of cells referred to as a colony. Culturing of micro

organisms is done in the laboratory under aseptic conditions using sterilized glasswares 

and other appliances. Sterilization of glass wares and equipments is done using a giant 

pressure cooker called autoclave. Heating in an autoclave to above 121°C at 15psi for 

15 minutes destroys nearly all living cells and spores. Incubator is an apparatus used for 

growing bacterial cultures under controlled environmental conditions, such as 

temperature and humidity. Nutrient substance prepared in a suitable manner so that 

microbes can grow on them is referred to as culture medium e.g. Nutrient broth with 

constituents peptone, beef extract, NaCl, and distilled water. Culture media can be solid
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or liquid. Solid media are prepared by adding either agar or gelatin to the nutrients in 

liquid, while liquid media do not have agar. Liquid medium is also known as broth 

culture. In most of the cases nutrient broth is used as a liquid culture medium. 

Inoculation is the placement of bacterial culture in the culture medium.

E. coli a gram negative bacteria [123] was selected as test organisms. The ability of the 

oxides to rupture the bacterial cell was tested by disc diffusion method in solid agar 

medium. The Minimum bactericidal concentration (MBC) was found using liquid 

growth medium. The discs, media and materials were sterilized in an autoclave before 

the experiments. The experimental work was carried out under sterile conditions in a 

laminar air-flow chamber. The media and cultures were prepared as follows:

Nutrient agar plates- Agar media was prepared by mixing 1% agar with nutrient broth 

(28g/L). The dry components were heated to melt the agar and sterilize in a flask or 

bottle, then poured into the plates using aseptic technique in a sterile cabinet. 

MacConkey Agar is a differential medium recommended for the selective isolation and 

differentiation of lactose fermenting and lactose non-fermenting enteric bacilli. Its 

ingredients (g / L) are: Peptic digest of animal tissue 17.000, Proteose peptone 3.000, 

Lactose 10.000, Bile salts 1.500, Sodium chloride 5.000, Neutral red 0.030, Agar 

15.000, Final pH ( at 25°C) 7.1±0.2.The above components were dissolved in 1000ml 

of distilled water and boiled to dissolve the medium completely. It was sterilized by 

autoclaving at 121°C, 15psi for 15 minutes. Then it was allowed to cool and then 

poured into petri plates.

Nutrient Broth-To prepare broth the dry medium (28g/L) was layered onto the surface 

of a measured volume of water, mixed, and distributed into individual loosely capped 

tubes in racks. Heating was done to dissolve the components. Racks were sterilized and
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then allowed to cool, and caps tightened to prevent evaporation.

E. coli culture was grown in nutrient broth for 18 hours at 37° C at 100 rpm on a rotary 

shaker. The number of bacterial cells was estimated by measuring the absorbance of the 

suspension at 600nm. A culture having Absorbance = 0.8-1.0 (Amax = 600) 

corresponding to 105 CFU per mL was used for all the antibacterial studies. The 

experiments were done in triplicate and the results were averaged.

3.4.2.1 Disc diffusion Assay

The disc diffusion study was done to find out antibacterial action of the oxides 

qualitatively. For disc diffusion study, a protocol applicable to inorganic metal oxides 

and composites was followed [123,204-205]. Nutrient agar medium was used as basal 

medium in the Petri plates used for the assay. lOOpL of the bacterial suspension (A6oo = 

0.8-1.0) was added in 5mL of warm top nutrient agar, mixed well and poured evenly 

over the basal medium. The test E. coli culture was allowed to grow in the incubator at 

37° C for 30 minutes. Slurry of the oxides (0.025g) was made in sterile water and was 

coated on sterile discs of filter paper of 6 mm diameter and placed on the nutrient media 

in the Petri plates. Filter paper disc without the oxide coatings was used as control. The 

petriplates were incubated for 18-24 hours and then the zones of inhibition around the 

sterile discs of filter paper were measured. Antibacterial action is indicated by the 

presence of an inhibition zone around the disc. More the zone of inhibition more is the 

antibacterial efficacy.

3.4.2.2 Minimum Bactericidal Concentration (MBC)

The MBC is the lowest concentration at which a compound will kill more than 99% of 

the added bacteria. Oxide powders ranging from 0.01 to 1.0 mMoles were added to

Goa University 1 0 2



Chapter 3

separate tubes containing 5 mL of L. B. (Luria Bertani) nutrient broth. The tubes were 

stirred continuously to facilitate homogenization. 100 pL of E. coli culture (Aeoo = 0.8- 

1.0) was added to each tube and the resulting solutions were again stirred overnight (18- 

24 hours) on a rotary shaker at 37° C. Positive control was prepared using nutrient broth 

and E. coli culture. Negative control was prepared using nutrient broth and the oxide 

material without the culture. Aliquots of lOOpL from all the tubes (including the 

positive and negative control tubes) were spread plated on MacConkey agar which is 

specific for coliforms. The plates were incubated at 37° C for 18-24 hours and checked 

for the growth.

3.4.3 Photodegradation of NO*

3.4.3.1 Generation of NOx

Generation of NOx was done using concentrated nitric acid and copper foils. When 

concentrated nitric acid is added to copper fillings NOx is liberated as per the following 

reaction:

Cu + 4 HN03 -> Cu(N03)2 + 2H20  + 2N02 (3.4)

3.4.3.2 Estimation of nitrite using Calibration curve

NOx is a mixture of NO and N 02.The amount of Nitrite formed during the generation 

of NOx was found out as follows. Concentrated HN03 (10 drops) was added to Cu foils 

(0.02g) in an evacuated glass flask. The NOx formed was immediately absorbed in 

sodium arsenite solution. A small amount of the absorbing solution was analysed by 

Jacob and Hochheiser method using sulphanilamide and N-(l- naphtha ethylene 

diamine) hydrochloride (NEDA) using calibration curve method.
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3.4.3.3 Abatement of NOx by photocatalysts

SETUP FOR NOx DETERMINATION

Figure 3.4 Set-up for abatement of NOx
Glass slides were coated with slurry of the photocatalysts in water (0.05g) on both the 

sides and were inserted in the jar in which N O x  was generated by adding 10 drops of 

concentrated H N O 3 to 0.02g of Cu foils. The tightly closed jar was exposed to sunlight 

of intensity 550 lux units and time taken by the brown fumes of N O x  to disappear was 

noted. The procedure was also modified by adding equal amount (0.05g) of calcium 

carbonate with the photocatalyst. The nitric acid formed reacted with calcium carbonate 

and trapped nitrate releasing CO2.

3.4.3.4 Qualitative estimation of nitrate

This method is based on the measurement of the yellow colour produced by the reaction 

between nitrate and brucine [202], A 0.05g of the photocatalyst mixture was weighed 

accurately and mixed with 50 mL of distilled water. Around 2 ml of the solution was 

taken for analysis. The analysis was carried out as given in section 3.4.1.Id.
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3.5 Results and discussions

3.5.1 ZnO and ZnOi_xNx system

3.5.1.1 Characterization of oxalate and hydrazinated oxalate precursors

3.5.1.1.1 Chemical analysis and formula fixation of oxalate and hydrazinated 

oxalate precursors

Chemical formulae of oxalate and hydrazinated oxalate precursors prepared were fixed

by chemical analysis, FTIR and total weight loss studies (TG and Isothermal) before

decomposition to the corresponding oxides. The proposed chemical formulae along with

the analytical data of oxalate and hydrazinated oxalate precursors for zinc oxides have

been summarized in Table 3.1. In general, the observed (Obsd) percentage (%) of total

2-

mass loss, oxalate (^ 0 ^  ) and hydrazine (N^H^) match well with the calculated 

(Calcd.) values based on the plausible formula in each case.

Table 3.1 Chemical analysis of oxalate and hydrazinated oxalate precursors and 

the proposed chemical formulae

Precursor n 2h4, % c2o4, % Zinc, %

Calcd. Obsd. Calcd. Obsd Calcd. Obsd
ZnC20 4.2H20  (OX) 46.4 46.2 34.5 33.5

ZnC20 4.N2H4.H20  (OXE) 15.7 14.9 43.2 44.0 32.1 32.5

ZnC20 4 . 2N2H4 (OXS) 29.4 28.9 40.5 41.1 30.0 30.6

3.5.1.1.2. FTIR analysis of oxalate and hydrazinated oxalate precursors

The infrared (IR) band positions of all the precursors have been compiled in the Table

3.2. The IR bands characteristic of the coordinated oxalate groups [184-185] observed

- l

at ~ 1650 and at ~ 1320 cm are due to vas (o-c-o) and vs (o-c-o), respectively attributed

Goa University 105



Chapter 3

to coordination of oxalate ion with zinc ion. A broad band in the region 3600-3000 cm 

due to v (O-H) stretching in the complexes is due to presence of water.

Hydrazine linkage to the metal in hydrazinated oxalate complexes is indicated by 

characteristic band positions due to v (N-N) peak at 970-990 cm'1 and 8 (NH2) peaks at 

1130-1200 cm'1 [186] along with the usual oxalate band positions. The broad peak due 

to v (H2O) in oxalate on hydrazination gets sharpened indicating appearance of v (N-H) 

stretching bands. These observations and the chemical analysis in Table 3.1, further 

support the formation of hydrazinated complexes.

Table 3.2 IR absorptions of the oxalate and hydrazinated oxalate precursors.

Precursor V s(o-C -o) /

Vas(0 -C -0 )  

in  c m '1

8 ( o = c - o )  

in  cm "1

v(H20 )/ 

v(N-H) 

in cm'1

v(N-N) 

in cm'1

5(NH2) 

in cm'1

ZnC20 4,2H20  (OX) 1320/1625 820 3100-3500

ZnC2 0 4 .N2H4 .H2 0 (0 XE) 1300/1654 779 3100-3400 972 1136

ZnC20 4 . 2N2H4 (OXS) 1326/1654 806 3100-3500 992 1193

The IR spectral studies conducted on the residues obtained after thermal decomposition 

of oxalate and hydrazinated oxalate at 200, 300, 400 and 500°C, figure 3.5 clearly 

indicate the disappearance of the bands in the spectra specific to oxalate and hydrazine 

at 400- 500°C, which is the decomposition temperature of the precursors.
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Figure 3.5 Stepwise IR spectra of the oxalate and hydrazinated oxalate precursors 
decomposed at different temperatures.

3.5.1.1.3 Thermal analysis of oxalate and hydrazinated oxalate precursors
The DTA-TG curves of the oxalate and hydrazinated oxalate precursors are as shown in

figure 3.6 and the temperatures of various endothermic and exothermic processes are 

listed in table 3.3.

Table 3.3 Thermogravimetric data of the OX, OXE and OXS precursors

Precursor Thermal process Endo-/Exo- in °C
Total Weight loss %

Theoretical
TG Iso

thermal
ZnC20 4,2H20 Endo- 149.2/678, Exo -550°C 57.00 60.52 57.03

(OX)

ZnC2O4.N2H4.H2O Endo- 154.0/250/759.4 59.90 61.33 59.60

(OXE) Exo - 98.2/572.9

ZIIC2O4. 2N2H4 Endo-143.2/244.5/341.6/453.4/732.5 62.60 60.87 62.37

(OXS) Exo-82.1/210/407.5/538.4

Goa University 107



Chapter 3

200 400 600 800 1000

o>
E
5E.
2Q

Figure 3.6 Thermogram of oxalate and hydrazinated oxalate precursors.

DTA-TG curve of oxalate precursor (OX) shows an endotherm at 149.2°C. There is an 

exotherm in the range 400-500 °C. Thus the oxalate dihydrate undergoes dehydration ~ 

149.2°C. Decarboxylation and decomposition takes place at ~ 400- 600°C with the 

evolution of CO and CO2. An endothermic peak is observed at 678°C. There is ~ 

60.52% loss in weight which is in good agreement with the calculated and isothermal 

weight loss. The DTA-TG of hydrazinated oxalate precursor obtained by equilibration 

method (OXE) shows two small endotherms at 154.0 and 250 °C and a broad endotherm 

at 759.4 °C. The exotherms are observed at 98.2 °C and 572.9 °C. It is due to 

dehydration followed by dehydrazination and decarboxylation which are simultaneous. 

There is ~ 61.33% loss in weight which is in good agreement with the calculated and 

isothermal weight loss. The DTA-TG data of hydrazinated oxalate precursor obtained 

by solution method (OXS) shows small endotherms at 143.2, 244.5, 341.6, 453.4 and a
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broad endotherm at 732.5°C. The exotherms observed are at 82.1, 210, 407.5 and

538.4 °C. The decomposition of the hydrazinated oxalate precursor completes at around 

400°C. The dehydration is followed by dehydrazination and decarboxylation which are 

simultaneous. About 60.87% loss in weight obtained during thermal study is in good 

agreement with the calculated and isothermal weight loss. The decomposition of 

hydrazinated precursors releases hydrazine which reacts with the atmospheric oxygen 

and liberates enormous energy [188]

N2H4 + O2 —> N2 + H2O; AH = - 621 kJ mol'1 (3.5)

The hydrazine method of preparation introduces nitrogen in the lattice easily, formed 

during decomposition of N2H4 as per equation (3.5) [178]. Thus ZnO obtained from 

OXE and OXS precursors may have stoichiometry ZnOi_xNx

3.5.1.2 Characterization of oxides

The oxide obtained from oxalate is called as ZnO, from OXE is called as ZnOi.xNx (E) 

and the one obtained from OXS is called as ZnOi„xNx (S) in the further text.

3.5.1.2.1 Phase identification of ZnO and ZnOi_xNx s y s te m  b y  XRD

The phase identification of all the thermal products of the precursors has been done by 

x-ray diffraction studies and the interplanar spacing ‘d’ values have been compared with 

the JCPDS card no 5- 664, for hexagonal Wurtzite ZnO (Table A-6 in appendix). Figure 

3.7 confirms the formation of single phase ZnO as the decomposition product of all the 

precursors. All diffraction features in ZnO]_xNx materials are due to the ZnO lattice and 

no additional peaks have been observed due to nitrogen into the lattice. Various reports 

however make mention of a small shift in XRD to higher diffraction angles associated 

with ZnO].xNx materials, compared to ZnO, indicating an overall contraction of the 

lattice [102]. Broadening of peaks is observed in the XRD pattern of the oxide obtained
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from OXS. This is due to fine particles of the oxide formed during the exothermic 

decomposition of the hydrazinated precursor [178].
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Figure 3.7 XRD of ZnO obtained from oxalate and hydrazinated oxalate 

precursors.
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Figure 3.8 XRD of ZnO obtained from OXS precursor at decomposition 

temperature of i) 500°C and ii) 900°C.
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Thermal analysis of the ZnO prepared from OXS precursor show no weight loss till the 

temperature of 600°C indicating high thermal stability. A small endotherm is observed 

at 143 °C which may be due to loss of any physisorbed water. A broad endotherm at 

600°C is due to the growth and increase in crystallite size of ZnO as seen by the 

sharpening of the peaks in the XRD patterns recorded on heating the oxide at 900 °C 

(figure 3.8). Some researchers have reported this endotherm to be due to nitrogen 

desorption which occurs above 600°C [102]. The formation of oxides is also confirmed 

by IR analysis of the final decomposed product which shows absorption bands in the 

region of 500 cm'1 corresponding to metal oxygen bonds (figure 3.5).

3.5.1.2.2 Density studies of ZnO and ZnOi.xNx system

Densities measured for ZnO obtained from OX, OXE and OXS precursors are compiled 

in table 3.4. Density of ZnO is 5.606 g/cm3[102]. ZnO prepared from OX shows density 

higher than the reported value suggesting that the material formed is compact. This is 

very well supported by low surface area of the material. In the case of ZnOi-xNx there is 

a large decrease in the density. This is supported by an increase in the surface area of 

the oxides suggesting the porous nature. A decrease in the density of the oxides 

indicates the fact that there exist vacancies in the lattice giving rise to defect type of 

structure on incorporation of N in the lattice. In a similar report however, a decrease in 

the density and increase in the surface area of these oxides is attributed to a decreasing 

interstitial N content in case of N doped ZnO [102].

3.5.1.2.3 Microstructure (SEM) Analysis of ZnO and ZnOi_xNx system

SEM photographs of the oxides are as shown in figure 3.9. The studies reveal rounded 

and spherical particles of the oxides.
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Figure 3.9 SEM pictures of 1) ZnO, 2) ZnOuvNv (E) and 3) ZnOi.xNv (S) at x25000.

ZnO prepared by oxalate method show spherical particles of different sizes 

agglomerated to a large extent. Similar observation is also reported in case of Ti02 

prepared by oxalate method [178], In case of hydrazinated oxalate precursors, the 

exothermicity of the decomposition reaction of hydrazine makes the final product fine 

and porous as seen in case of ZnOj.*Nx prepared by equilibration method and solution 

method. Measured particle sizes are reported in table 3.4 which also suggests formation 

of fine particle oxides by hydrazinated oxalate route.

3.5.1.2.4 BET Surface area measurements on ZnO and ZnOi.xNx system

Table 3.4 gives the surface area of ZnO and ZnO i.xNx calculated by BET measurements. 

The ZnO prepared by the hydrazinated method are porous and with high surface area as 

compared to the ZnO prepared by the oxalate method. Low temperature-explosive 

decomposition of the hydrazine complexes, in general, found in studies [178] give rise 

to products with small particle size and large surface areas. The low surface area in case 

of ZnO prepared by the oxalate method is due to sintering effect.
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Table 3.4 Physical properties of ZnO and ZnO].xNx system

Sample Particle size
------------------;-----j-----
Surface area in m /g Density g/cnr

ZnO 1 - 2  pm 8.137 6.58

ZnO,.xNx (E) 69 nm 11.806 4.53

ZnO,.xNx (S) 38 nm 37.566 3.66

3.5.1.2.5 Diffuse reflectance and Absorbance spectra of ZnO and ZnOi.xNx system

Figure 3.10 shows reflectance spectra of ZnO and ZnOi.xNx. ZnO with the wurzite 

structure is naturally n-type semiconductor due to its deviation from stoichiometry. It 

contains interstitial zinc atoms (ZnO due to presence of large voids and oxygen 

vacancies (V0) in the crystal. Both these defects form donor levels [206].

Figure 3.10 Diffuse reflectance spectra of ZnO and ZnOi_xNx (inset derivative of 

the diffuse reflectance spectra).

ZnO prepared by oxalate method shows an absorption cut off edge at ~375 nm similar 

to the reported [207]. In addition to the above, a new visible absorption band at ~600 

nm is observed for ZnOi_xNx prepared by equilibration method and a new broad visible
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absorption band with an absorption onset at ~600 nm and a band maximum at ~ 480 

nm is observed for ZnO^Nv prepared by solution method (figures 3.10-3.11).

___________ ______________________________________ ___________________Chapter 3

Figure 3.11 UV-Visible absorbance spectra of ZnO prepared by oxalate and 

hydrazinated oxalate methods.

These absorption edges may be due to changes in the band structure due to newly 

formed N 2p band located above the O 2p valence band. The absence of absorption in 

the visible region in case of ZnO prepared by oxalate method suggests that the visible 

light absorption in ZnOi-xNx is due to introduction of N into the ZnO lattice and the 

creation of N2p state. ZnO is a semiconductor having absorbance in the UV region with 

a wide band gap of 3.37 eV [102]. The band gap values calculated from the derivative 

spectra displayed in the inset of DRS graph using the formula given below.

Band gap (Eg) in eV = 1239.8/Amax (3.6)

Where }̂ ,ax is the maximum wavelength of absorption obtained from differential plots 

of the UV-Vis reflectance spectra. The values are given in the table 3.5.
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Table 3.5 Band gap values of the photocatalysts calculated from the derivative 
spectra.

Photocatalyst Band gap (eV)

ZnO 3.19

ZnOuxNx (E) 3.18

ZnOi.xNx (S) 3.09

N doped TiC>2 system is widely studied. When a semiconductor oxide like TiC>2 is doped 

with N, a decrease in its band gap is reported. This is due to mixing of nitrogen 2p states 

with oxygen 2p states on the top of the valence band or creation of N induced mid-gap 

level [178].The mid gap level of N does not mix with O 2p level[208]. Based on the 

calculation by Asahi et al [209], bandgap narrowing occurs when a high-concentration 

of oxygen sites (6-12.5 at %) are substituted by nitrogen. Recently Okato et al. [210] 

claimed that the N doping induced optical bandgap narrowing does not occur with 

increase in the N concentration. It is also reported that incorporation of nitrogen 

introduces localized states in the bandgap of the material [211].

3.5.1.2.6 XPS studies on ZnO and ZnOi.xN* system

The XPS studies on the ZnO system also reveal the presence of nitrogen in the lattice of 

the oxides prepared by hydrazinated oxalate methods (figure 3.12). Nitrogen analysis 

carried out on the oxygen-nitrogen analyzer (HIROBA, EMGA, 2800) indicates ~ 

13.75 at % N in case of ZnO prepared by hydrazinated oxalate (equilibration method). 

However no additional peaks are observed in the XRD patterns due to introduction of 

nitrogen in the lattice, in confirmation with the literature [102].
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Figure 3.12 X-ray photoelectron spectrum of N in ZnOi_xNx.

The nature of nitrogen in the sample prepared by equilibration method is close to nitride 

type with binding energy (B.E.) ~ 398 eV, whereas in the sample prepared by solution 

method, nitrogen seems to resemble that of ammonia (charge density wise) and its 

binding energy is between 399-400 eV. Typical nitride nitrogen Is electron shows B. E. 

of 397 eV [102], This suggests that the electron density on nitrogen in ZnOi-xNx is less 

than that of nitrides which is attributed to a more-covalent character of Zn-N bonds in 

ZnOi.xNx. The shift of B. E. of nitrogen Is electron to higher values indicates covalent 

character of Zn-N bond.
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Figure 3.13 X-ray photoelectron spectrum of Zn 2p electron in ZnOi_xNx .

Zn 2p core level as reported in literature shows B. E. ~ 1022 eV[ 102]. In the present 

case, Zn 2p core level shows B. E. ~ 1021 eV (figure 3.13). The shifts of B. E. of Zn 2p 

core level to lower values also support covalent nature of Zn-N bond. Based on these, 

N-doped ZnO is considered to have a stoichiometry, ZnOi.xNx.Thus hydrazinate method 

helps in introduction of N in the zinc oxide lattice.

3.5.2 Aluminium doped ZnO system

Poor solubility of nitrogen in the lattice of ZnO limits efficient N doping in its lattice 

[102], It is proposed that the solubility of nitrogen can be increased by introducing 

group III codopants such as Al, Ga, or In. The reactive codopants such as Al, Ga or In 

could form complexes with nitrogen, which enhance the incorporation of N-acceptors 

and thus produce p-type ZnO [212-213].

Goa University 117



Chapter 3

3.5.2.1 Characterization of precursors

3.5. 2.1.1 Chemical analysis and formula fixation of precursors

The proposed chemical formulae along with the analytical data of hydrazinated oxalate 

precursors prepared by solution method (SO.5-3) and equilibration method (EO.5-3) for 

the oxides have been summarized in table 3.6.The uptake of hydrazine by the precursors 

for A1 doped ZnO is less as compared to precursors for Zinc oxide. In general, the 

observed (Obsd) percentage (%) of total mass loss, zinc and hydrazine (N2H4) match

well with the calculated (Calcd.) values based on the plausible formula in each case. 

Table 3.6 Proposed formulae for the hydrazinated oxalate precursors of A1 doped 

ZnO.

Code Precursor n 2h 4, Vo Zinc, % Total weight loss %

Calcd. Obsd. Calcd. Obsd Theoretical TG Isothermal

SO.5 ZnC2 0 4 .7 2H20 .7 2 N2H4 8.9 8.9 36.6 37.1 54.4 51.8 53.1

SI ZnC2 0 4 .7 2H2 0 .7 2 N2 H4 8.9 8.3 36.6 36.6 54.4 54.2 52.5

S2 ZnC2 0 4 .72H20 .7 2 N2H4 8.9 8.4 36.6 36.9 54.4 53.6 54.0

S3 ZnC20 4 .72H20 .7 2 N2H4 8.9 8.3 36.6 37.1 54.4 55.4 53.6

E0.5 ZnC20 4 .7 2H20 .7 2 N2H4 8.9 9.0 36.6 36.2 54.4 52.5 53.5

El ZnC2 0 4 .H20 .N 2H4 14.9 14.2 32.5 33.0 59.6 58.7 59.2

E2 ZnC20 4 .H20 .7 2 N2H4 8.5 8.9 34.9 34.6 56.6 55.7 55.9

E3 ZnC20 4. H20 . 2 N2H4 27.2 .27 27.8 29.1 65.4 64.0 64.8
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3.5.2.1.2 FTIR analysis of precursors

The infrared (IR) band positions of all the precursors have been compiled in the table 

3.7. The IR bands characteristic of the coordinated oxalate groups [184-185] observed

- l

at ~  1650 and at ~ 1320 cm are due to vas (o-c-o) and vs (o-c-o), respectively attributed 

to coordination of oxalate ion with metal ions. A broad band in the region 3600-3000

-i
cm due to v (O-H) stretching in the complexes is due to presence of water. A band at 

500 cm'1 is due to metal -  oxygen linkage. Hydrazine linkage to the metal is indicated 

by characteristic band positions due to v (N-N) peak at 990-1004 cm'1 and 8 (NH2) 

peaks at 1150-1200 cm'1 [186] along with the usual oxalate band positions. There is also 

a sharp peak in the range of 3100-3500 cm'1 due to v (N-H) stretching bands. These 

observations and the chemical analysis in Table 3.6, further support the formation of 

hydrazinated complexes.

Table 3.7 IR absorptions for the hydrazinated oxalate precursors of A1 doped 

ZnO.

Precursor code vs(o-c-o)/ vas(o-c-o) 

in cm' 1

8 (o=c-o) 

in cm' 1

v (H20 )/ v(N-H) 

in cm' 1

v(N-N) 

in cm' 1

8 (NH2) 

in cm' 1

SO.5 1317/1651 759 3100-3500 997 1160

SI 1317/1577 797 3100-3500 990 1182

S2 1309/1614 797 3100-3500 997 1190

S3 1317/1614 819 3100-3500 990 1182

E0.5 1317/1644 796 3100-3500 990 1160

El 1317/1651 797 3100-3500 990 1153

E2 1309/1629 804 3100-3500 997 1198

E3 1309/1659 797 3100-3500 1004 1153
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Figure 3.14 Stepwise IR spectra of the hydrazinated oxalate precursor El 

decomposed at different temperatures.

The IR spectral studies conducted on the residues obtained after thermal decomposition 

of hydrazinated oxalate precursors at 200, 300, 400 and 500°C, figure 3.14 indicate the 

disappearance of the bands in the spectra specific to oxalate and hydrazine at 400- 

500°C, which is the decomposition temperature. The metal-oxygen band around 500 

cm'1 gets sharpened indicating formation of metal oxide.

3.5.2.1.3 Thermal analysis of precursors

Decomposition route of the hydrazinated oxalate precursors to the oxides was studied 

by DTA-TG. Thermogram of a representative sample 0.001% A1 doped ZnO (solution 

method as well as equilibration method) is given in figure 3.15. The details of various 

thermal processes are compiled in table 3.8.The thermograms of other precursors are 

compiled in figure A-5 in appendix.
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Figure 3.15 Thermograms of representative precursors i) E l, ii) SI.

The Thermogram of the precursors show two small endotherms at ~ 160 °C and 390- 

450 °C and a broad endotherm at 600-650 °C. Two exotherms are observed at ~ 100 °C 

and ~ 500 °C. All these peaks are due to dehydration followed by dehydrazination and 

decarboxylation of the precursors. There is good agreement between the calculated and 

the isothermal weight loss. In general the precursor prepared by solution method shows 

rapid weight loss in the temperature range of 200-400°C. The decomposition of 

hydrazinated precursors release hydrazine which reacts with the atmospheric oxygen 

and liberates enormous energy [188] as given by equation (3.6). The hydrazine method 

of preparation introduces nitrogen in the lattice easily, formed during decomposition of 

hydrazine as per the equation which gets trapped in the lattice of the oxide [178].Thus 

the oxides may be considered to have stoichiometry Zni.yAlyOi.xNx.
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Table 3.8 Thermogravimetric data of representative precursors El and SI

Precursor
Code

Thermal process 
Endo-/Exo- in °C

Precursor
Code

Thermal process 
Endo-/Exo- in °C

SO.5 Endo- 162.7/425/664.4 E0.5 Endo- 160.2/398/616.9/750

Exo-78/501.4 Exo-100/522.4

SI Endo-163.2/431.9/651.9 El Endo- 166.4/345/391.5/638.9

Exo-100/500 Exo-100/513

S2 Endo- 169.5/405.6/652.9 E2 Endo- 151.9/647.4/840

Exo-100/510 Exo-100/53 5.9

S3 Endo-177.6/411/646.9/834 E3 Endo- 148.2/400/653.4

Exo-100/540 Exo-100/296.8/460.4

3.5.2.2 Characterization of the oxides

3.5.2.2.1 Phase identification of the oxides by XRD

The phase identification of all the final thermal products of the precursors is done by X- 

ray diffraction studies and the interplanar spacing, ‘d’ values have been compared with 

the JCPDS card no 5- 664, for hexagonal Wurtzite ZnO (Table A-7 in appendix). Figure 

3.16 confirms the formation of single phase ZnO as the decomposition product of all the 

precursors. Our results in support with previous reports [214] show no new peaks 

corresponding to AI2O3 or any other impurities in the X-ray diffractogram on 

introduction of aluminium ion in the lattice of ZnO. However there is a small shift to 

higher diffraction angles as compared to ZnOi-xNx prepared by same methods indicating 

overall lattice contraction in A1 doped samples.
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20 (Deg.)

Figure 3.16 X-Ray diffraction patterns of A1 doped ZnO samples prepared by i) 

Solution method, ii) Equilibration method.

3.5.2.2.2Microstructure analysis of the oxides by SEM

SEM pictures of the representative oxides are as shown in figure 3.17. The particles are 

irregularly crystallized needles in case of oxide prepared by solution method whereas
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the oxide prepared by equilibration method show cube shaped particles of uniform size. 

It is reported that the grains grow more easily when the aluminium dopant is 

incorporated in ZnO [214].

_____________________________________________________________________Chapter 3

Figure 3.17 SEM of a) 0.001% A1 doped ZnO (from SI) ,b) 0.001% A1 doped ZnO 

(from El)

3.5.2.2.3 Diffuse Reflectance and absorbance Spectra of the oxides

Figure 3.18 shows diffuse reflectance spectra of the oxides. All oxides are faint yellow 

in colour suggesting presence of N in the lattice. There is no change observed in the 

reflectance spectra on increase in aluminium content till the concentration is 0.001 %, 

however at 0.002% of aluminium doping there is an increase in the absorption. The 

bandgap values calculated from equation (3.6) are compiled in the table 3.9 

Table 3.9 Bandgap values of A1 doped ZnO calculated from the derivative spectra

Solution method m̂ax

nm

Bandgap

eV

Equilibration method Ŵnax

nm

Bandgap

eV

0.0005% A1 386.5 3.21 0.0005% A1 389.9 3.17

0.001% A1 386.5 3.21 0.001% A1 388.7 3.19

0.002% A1 388.3 3.19 0.002% A1 388.1 3.19

0.003% A1 386.7 3.20 0.003% A1 388.5 3.19
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Figure 3.18 Diffuse reflectance spectra of A1 doped samples, i) Equilibration

method, ii) Solution method.

T h e  a b s o rb a n c e  s p e c tra  s u g g e s t  a b s o rb a n c e  in  th e  ra n g e  2 0 0  to  4 0 0  n m  fo r a ll th e

s a m p le s  a s  sh o w n  in  f ig u re  3 .1 9 .
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Figure 3.19 Absorbance spectra of A1 doped samples, i) Equilibration method, ii) 

Solution method.

3.5.2.2.4 Elemental analysis of the representative oxides by EDS

T h e  a n a ly s e s  o f  r e p re s e n ta t iv e  s a m p le s  (S I  a n d  E l )  in d ic a te  p re s e n c e  o f  A1 a n d  N  in  th e  

Z n O  la t t ic e  s u g g e s t in g  th e  in c o rp o ra tio n  o f  A1 a n d  N  in  th e  la ttic e . B a se d  o n  th is  the

a lu m in iu m  d o p e d  Z n O  c a n  b e  c o n s id e re d  to  h a v e  s to ic h io m e try  Z n i .yA lyO i-xN x

Figure 3.20 EDS of representative samples i) (SI) and ii) (El)
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Table 3.10 EDS data of the sample SI and El

____ __ ______ ______ ____________________________________ ______________ Chapter 3

[ E l e m e n t----- ---- —
W e i g h t % A to m ic %  C o m p d %1-------- -----

|n k 1 .4 3 3 .81 5 .5 2
A 1  K 0 .0 4 0 .0 6 0 .0 8
Z n  K 7 5 .8 4 4 3 .2 6 94.416 22.68 5 2 .8 7 r
T o t a l s 100.00

E le m e n t  W e ig h t%  A to m ic %  C o m p d %  1

1 [
N  K 1.03 2 .7 9 3 .9 7

A1 K 0 .2 8 0 .4 0 0 .5 3

Z n  K 7 6 .7 2 4 4 .6 2 9 5 .5 0

O

T o ta ls

2 1 .9 7

100.00
5 2 .1 9

1

3.5.3 Zinc Oxide prepared by Spray Pyrolysis

T h e  o x i d e  p r e p a r e d  b y  sp ra y  p y ro ly s is  w a s  a n a ly s e d  b y  S E M  to  s tu d y  th e  m o rp h o lo g y  

a n d  E D S  to  c h e c k  th e  p re s e n c e  o f  n i tro g e n . F T IR  o f  th e  s a m p le  w a s  a ls o  re c o rd e d .

3.5.3.1 SEM Analysis of ZnO prepared by spray pyrolysis

T h e  S E M  im a g e  o f  th e  Z n O  p re p a re d  b y  s p ra y  p y ro ly s is  is  sh o w n  in  f ig u re  3 .21 . 

M i c r o s t r u c t u r e  s tu d ie s  s h o w  f in e  s p h e r ic a l  p a r t ic le s  w i th  u n ifo rm  s iz e  d is t r ib u t io n . T h e  

p a r t i c l e  s i z e s  a r e  in  th e  ra n g e  o f  7 5 -8 0  n m .

Figure 3.21 SEM image of ZnO prepared by spray pyrolysis.

3.5.3.2 Elemental analysis by EDS

E le m e n ta l  a n a ly s is  o f  Z n O  p re p a re d  b y  s p ra y  p y ro ly s is  r e v e a ls  p re s e n c e  o f  Z n , O  a n d  N  

in  th e  la t t ic e  ( f ig u re  3 .2 2 ) . T h is  s u g g e s ts  th a t th e  m e th o d  o f  sp ra y  p y ro ly s is  e f fe c tiv e ly

P 7
Goa University



Chapter 3

incorporates nitrogen in the lattice of ZnO giving N doped ZnO.

Figure 3.22 EDS of ZnO prepared by spray pyrolysis

3.5.3.3 IR analysis

Spray residue

Wave number cm’1

Figure 3.23 FTIR of ZnO prepared by spray pyrolysis.

IR spectroscopy indicates multiple bands in the region from 1500 to 500 cm'1 (figure 

3.23).The presence of adsorbed OH is indicated by bands in the region of 3000-3500 

cm'1 and metal-OH bending mode below 1200 cm'1. Metal -  oxygen bond is indicated 

by absorption near 500 cm’1.

The process of spray pyrolysis is environment friendly as the hydrazine hydrate and the 

zinc nitrate react completely and no harmful products like NOx or hydrazine are 

encountered as byproducts of the reaction. The benignity of the reaction has been 

confirmed by negative tests for nitrites, nitrates [202] and hydrazine [180] during the
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course of spray pyrolysis.

The zinc nitrate undergoes pyrolysis in presence of hydrazine to give uniform sized 

oxide powders and by product N2 and H2O. It is found that there is formation of 

N2H5NO3 [179] which has thermodynamic decomposition temperature of 120°C.The 

decomposition ofl^ITNOa is exothermic with AH = -256.5 kJ mol'1 

2 Zn (N03)2 (aq) + 5 N2H4 ->2 ZnO (S) +10 H20(g) + 7 N2(g) (3.7)

The reaction is unlike that of simple pyrolysis of metal nitrates giving oxides and 

obnoxious gases.

2 Zn(N03)2 (aq) -»• 2 ZnO + 4NO + 0 2 (3.8)

The process of spray pyrolysis requires further exploration for optimizing the process 

conditions and yields of the resulting metal oxide.

3.5.4 Photocatalytic degradations 

3.5.4.1PhotocataIytic studies of degradation of MB 

(i) ZnO and ZnOi.xNx system 

a. UV-Visible absorbance

Among the different dyes studied in literature, methylene blue is difficult to be 

decomposed under visible light and is usually regarded as a model dye to evaluate the 

activity of a photocatalyst. Methylene blue is a member of thiazine class of dyes and is 

used in optical oxygen sensing in food industry [215], oxidation- reduction indicator in 

chemistry and a biological stain [216], It is used as a photosensitizer to produce singlet 

oxygen in photodynamic therapy for the treatment of cancer [217].The reduced form of 

methylene blue in the absence of oxygen is colourless and is referred to as Leuco 

methylene blue (LMB). LMB is easily re-oxidized to MB by oxygen. Methylene blue 

degradation has been studied by various researchers, as the organic compound has
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strong adsorption characteristics on many surfaces and a well-defined optical absorption 

maximum in the visible region. It is a cationic dye which exhibits two major absorption 

bands at ~ 293 (n - 7t*) and ~ 665 (n - n *) nm in dilute aqueous solutions, the latter 

having a shoulder at 610 nm [218].

Table 3.11 Structure and absorption wavelength of Methylene blue and Leuco 

methylene blue

Compound Structure Amax
Methylene blue c r 665nm

Leuco Methylene blue H

h3c -  s6h3 ch3

256nm

Figure 3.24 UV-Visible spectrum of Methylene Blue Dye

Prior to the photocatalytic studies, a solution of MB (0.5xl0'4M) and photocatalysts 

(200 mg) were mixed and kept in dark for 3-4 hours. There was only 6-7% removal of 

MB by adsorption. During BET adsorption studies on the photocatalysts, it was
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observed that the plot of amount adsorbed against relative pressure show monolayer 

adsorption characteristics. This agrees with the adsorption of 6-7% MB on the 

photocatalysts surface. The average light intensity over the duration of each experiment 

earned out in sunlight (11:00 am to 3:00 pm) is 300 to 724 lux units and the power is 

0.24 to 0.52 watt/cm on solar kit provided by TATA BP Solar Bangalore.

An absorbance scan between 200 and 800 nm as a function of time carried out for MB 

in the presence of photocatalysts ZnO and ZnOi-xNx exposed to sunlight indicates a 

decrease in the intensity of the absorbance of MB at /Lmax= 665 nm in both the cases. 

There is appearance of small peak at -200 nm in the UV-Visible absorbance scans of 

MB. This is attributed to formation of H2O2 [219], Formation of H2O2 is transient 

during the photocatalysis, it disappears as soon as it is formed. The UV-Visible 

absorbance scans of MB degradation by the photocatalysts are shown in figures 3.25(a, 

b, c). Blank MB is also exposed to the sunlight (photolysis) at the same time for 

comparison (figure 3.26). fn Photolysis breaking of the bonds in the dye takes place due 

to direct attack of the light photons on dye molecule.
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0 minutes 
30 minutes 
60 minutes 
90 minutes 

120 minutes 
150 minutes 
180 minutes 
210 minutes

200 300 400 500 600
Wavelength nm

700 800

3.25a UV- Visible spectrum of MB on ZnO.

200  300 400  500
Wavelength (nm)

800

Figure 3.25b UV- Visible spectrum of MB on ZnOi.xNx (E)
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Figure 3.25c UV- Visible spectrum of MB on ZnO, xNx (S).

Figure 3.26 UV- Visible spectrum of MB on solar degradation (photolysis)
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Figure 3.27 Absorbance against time plots for MB degradation.

Table 3.12 Time required for decolourization of MB by ZnO and ZnOj.xNx 
photocatalysts.

Photocatalyst 1.25xlO"4M of MB 0.5 x 1 O'4 M of MB

ZnO (Oxalate) 2 1 0  min 180min

ZnO|_xNx (equilibration) 2 1 0 min 150min

ZnOi_xNx (solution) 2 1 0 min 150min

All photocatalysts show complete disappearance of blue colour of methylene blue 

within 2-3 hours of exposure to sunlight (figure 3.27). The time required for complete 

decolourization of MB increases with increase in its concentration as seen in table 3.12. 

As the concentration of the dye in solution increases, it prohibits the incident light from 

reaching the dye molecules and semiconductor oxide interface. Blank MB sample 

shows ~ 50% decolorization of MB without catalyst in almost the same time.
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Several earlier studies report that the photocatalytic degradation of dyes follows the first 

order kinetics [74], The present investigation also reveals that ZnO induced 

photocatalysis follows first order kinetics with respect to MB concentration. All the 

experimental results are based on first order plots (log Co/C against time) as shown in 

figure 3.28 and the rate constants are derived from first order plots (table 3.13).

____________________________________________________________________ Chapter 3

Figure 3.28 Plot of log Co/C for MB degradation by the photocatalysts.

Table 3.13 Percent degradation of MB and the rate constants for the degradation 
reactions.

Photo-catalyst % degradation for 0.5 xl O'4 M of MB K (minute' )

ZnO 90% 8.36x1 O' 3

ZnO].xNx (equilibration) 98.4% 14.7x1 O' 3

ZnOi_xNx (solution) 98.3% 13.3x1 O' 3

Photolysis 45% 3.11x1 O' 1
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As seen from the rate constants, ZnOi-xNx are more efficient in degrading the dye MB 

as compared to ZnO. The least rate constant of photolysis (3.1 lxlO'3 min') as compared to 

photocatalysis by ZnO and ZnOi-xNx indicates that the rate of photolysis is negligible as 

compared to photocatalysis by ZnO and ZnOi.xNx.

b. COD removal capacity/Mineralization studies

Decolourization of MB does not amount to its degradation as disappearance of colour 

may also lead to formation of leuco MB which is colourless. Leuco-Methylene Blue 

readily oxidizes back to Methylene Blue by oxygen:

2 LMB + 0 2 —>2MB+ + 20H‘ (3.9)

The reaction is sensitive to pH and takes place faster in alkaline medium [217]. 

However, in the case of photodegradation, decolorization results due to the irreversible 

aerobic degradation of the dye skeleton causing the permanent colour bleaching and 

hence oxidants or oxygen/air cannot regenerate the colour of the dye. The degradation 

of the dye proceeds according to the following reaction [112]:

2C16HI8N3SC1 + 250 2 -»■ 2HC1 + 2H2S04 + 6HN03 + 32C02 + 12H20  (3.10)

The Chemical oxygen demand (C O D) test is widely used as an effective technique to 

measure the organic strength of waste water. The test allows measurement of waste in 

terms of the total quantity of oxygen required for the oxidation of organic matter to C02 

and water.

The results of the chemical oxygen demand (COD) analysis done at zero time, after 30 

minutes of the degradation and at the end of the complete de-colorization of MB under 

sunlight are tabulated in the table 3.14 for all the catalysts. The reduction in the COD 

values of the treated dye solution indicates the mineralization of the dye molecules
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along with the colour removal. Among the catalysts, ZnO obtained from the oxalate 

showed 67% COD removal capacity and this ability is enhanced to ~ 85% when the 

oxide prepared from the hydrazine derivative of the oxalate precursor is used. Though 

all showed -100% de-colorization of MB in two hours of exposure to sunlight, COD 

removal capacity indicates ZnO obtained from the oxalate precursor is poor in 

mineralization of the dye as compared to that obtained from hydrazinated oxalate 

precursor, suggesting that the decolorization is not the indication of removal of the 

organic moiety. Direct photolysis shows an increase in the COD to 572.4 mg/L (85%) 

on complete decolourization indicating the presence of enormous amount of organic 

moiety generated. Complete mineralization of MB (equation 3.10) leads to acid ions,

Cl ' , SO4' , NO3' and gaseous CO2. Our measurements (except chloride ion), table 

3.14, indicate the formation of these ions suggesting mineralization of the dye. From 

table 3.14 it can be seen that the ZnO obtained from the hydrazinated oxalate precursor 

showed higher CO D removal capacity, increased CO2 and SO4 ’ concentration 

compared to that prepared from oxalate precursor. Nitrate was not detected in the early 

stages of degradation which may be because of formation of ammonium ions first and 

their subsequent oxidation to nitrates. Quantity of sulphate ions released is lower than 

the stoichiometry. This may be either due to loss of S containing volatile compounds 

such as H2S /SO2 or partially irreversible adsorption of some SO42' ions on the surface 

of the catalyst as observed in case of degradation of MB on titania [111]. The 

stoichiometric ratio of N to S is 3 according to the formula of MB. The ratio of the 

nitrates to the sulphates formed is found to be less than the stoichiometric ratio 3. The 

reason for this may be the escape of these ions from solution as gases. According to 

degradation reaction of MB equation (3.10), the acid ions produced should decrease the 

pH of the solution and increase the conductivity due to formation of ions. The degraded
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dye solution tested for pH by pH-metry shows pH close to neutral. The conductivity as 

recorded using conductometer indicates that it remains almost constant. This supports 

the fact that organic acids formed are converted to CO2. Similarly nitrates and sulphates 

are removed as gases as soon as they are formed [220].

Table 3.14 Products of mineralization of MB on photocatalysts.

Photo-catalyst COD mg/L % COD 

Removal

Free CO2 

final mg/L

Nitrate

final

mg/L

Sulphate mg/L

initial 30min final 30min final

ZnO 84 44 28 67 10.69 0.80 0.16 0.88

ZnOi.xNx (E) 84 36 08 90 14.25 0.80 0.11 0.99

ZnOi.xNx(S) 84 12 86 2.4 10.6

Photolysis 84 294 572.4 -85(added) 2.6 0.75 32.5

c. Electro Spray Ionization-Mass Spectrometry studies (ESI-MS):Identif!cation of 

the degraded products of MB

In the present investigation of the de-colorization of MB in combination with the 

measurements of COD removal capacity, estimation of NO31’ , SO42' ions and free CO2 

it is difficult to ascertain that complete mineralization of the dye has occurred. There 

might be some organic degradation products still remaining due to their difficulty in 

further photo-degradation. In order to check such possibility we carried out ESI-MS 

studies. ESI-MS study is a soft ionization technique wherein ions are separated on the 

basis of their mass/charge, m/z ratio by the application of small potential. The results of 

such study have been compiled in the Table 3.15(a, b, c). The spectra are compiled in 

appendix (A-6 to A-8). ESI-MS of methylene blue molecular ion (MB+) gives major
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peak at 284 corresponding to methylene blue molecular ion C16H18N3S and a small peak 

at m/z = 270, C15H16N3S (Azure B). High energy application fragments methylene blue 

molecular ion. There is formation of well-known homologues of MB, Azure A 

(C14H14N3S, m/z = 256), Azure B (C15H16N3S, m/z = 270), and Azure C (C13H12N3S, 

m/z = 241) [110]. The oxidative photo degradation of MB involves several 

intermediates and identification of all of them becomes difficult due to very low 

concentrations of these and many of them cannot be detected because of their poor 

extractability in the organic medium. However the ones reported in the present study of 

decolourized solutions extracted with chloroform are different from the ones reported 

[110] as obtained by ion bombardment. This indicates that the photodegradation of MB 

has occurred and the fragments detected are the photodegradation products of MB and 

not produced by the ionization technique in the instrument. The following fragments 

have been identified in the study (compiled in table 3.15): The presence of a peak at m/z 

= 284 in case of sunlight photolysis (without catalyst) corresponds to methylene blue 

molecular ion C16H18N3S. The peak at m/z = 270 (C15H16N3S), and 198 (C^HsNS) seen 

in case of sunlight photolysis only, correspond to loss of methyl groups, and dimethyl 

amino groups from aromatic rings on both sides of MB respectively. This points out to 

the fact that MB degradation by photolysis proceeds through formation of azure B 

(C15H16N3S, m/z = 270) and then removal of dimethyl amino groups from the aromatic 

ring. The fragmentation in case of sunlight photolysis is due to direct attack of the light 

photons on MB molecule or due to attack of hydroxide radicals generated from water by 

light photons.

The peaks at m/z = 306 (C 1 4H 16N 3 O3 S), 279 (C 1 3H 1 5N 2 O3 S) seem to be due to 

successive addition o f  hydroxyl in the MB molecule. Similar degradation products at 

m/z = 300 (C 1 6H 1 8 ON 3 S), 316 (C 1 6H 1 8 O2 N 3 S) and 332 (C 1 6H 1 8O3 N 3 S) due to successive
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addition of hydroxyl in the methylene blue molecule are observed by Batista et al. [75]. 

The breaking of MB molecule is suggested by the presence of peaks at m/z = 205 

(C6H90 4 N2S), 200 (C8H,o0 3NS), 192 (C6H10O4NS), 183 (C8Hi,03 N2), 176 

(C6Hi0O3NS), 168 (C8H10O3N), 158 (C6H8N 02S) and 149 (C4H50 6).

Table 3.15a. Products of MB degradation on ZnO photocatalyst analyzed by ESI-
MS.
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Table 3.15b. Products of MB degradation on ZnOi_xNx photocatalysts analyzed by 
ESI-MS.
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d. Identification and separation of degradation products of MB:

Thin Layer Chromatography (TLC)

The solutions of MB dye (0.5x1 O'4 M), original solution and completely decolourized 

(by photocatalysis and photolysis) are extracted in chloroform and TLC is run with 

ethyl acetate: Petroleum ether (50%) to carry out separation and identification of 

degradation products of MB. The separation depends on the relative affinity of 

compounds towards stationary and mobile phase. The compounds under the influence 

of mobile phase travel over the surface of stationary phase. During this movement the 

compounds with higher affinity to stationary phase travel slowly while the others travel 

faster thus aiding the separation of components. The Rf value for each component is 

then worked out using the formula:

Rf = distance travelled by component (3.11)
distance travelled by solvent

Upon development of TLC only blue coloured spot corresponding to MB dye is seen. 

On increasing the solvent polarity from 50% ethyl acetate to 70% ethyl acetate single 

spot corresponding to each sample is observed. These sample spots are unclear and run 

close to the solvent front. It is reported in literature that TLC of reaction mixture of MB 

with reducing sugars, run in Butanol: Water: Acetic acid, B:W:A (12:3:5) isolates the 

product spots [221]. Hence the TLC was run in BWA. Only one spot is visible for each 

of the samples. The Rf values are same as that of the original MB dye even on repeating 

the experiment several times.
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Figure 3.29 TLC of the degraded MB solution,

e. MB degradation mechanism

Photocatalytic degradation of organic materials on semiconductors is a hydroxyl radical 

mechanism. Hydroxyl radicals are highly oxidizing and nonselective agents and are 

generated according to following reactions:

The light photon generates electron hole pair on shining on the semiconductor,

ZnO Semiconductor + hv —► ZnO (eCb’ + hvb+), (3-12)

where eCb" = electrons in the conduction band (cb) 

hVb+ = holes in the valence band (vb)

The e’ h+ pair quickly diffuses to the surface. Their recombination occurs usually in 

several nanoseconds.

Therefore the electrons and holes should be captured by any of the chemical species 

which exist on the surface of the semiconductor. The electron thus formed reacts with 

dissolved or adsorbed oxygen.

The holes formed in the valence band oxidize water and/or adsorbed hydroxyl ions from 

the photocatalyst surface.

ZnO (eCb' + hvb+) —*■ ZnO+ Heat (3.13)

ZnO (ecb ') + O 2 > ZnO + ‘O2' (superoxide anion radical) (3.14)

ZnO (hvb+) + H20(ads) -> ZnO + * OHads + H+ (3.15)

Goa University 143



Chapter 3

Direct oxidation by surface holes is also possible when the organic molecule is strongly 

adsorbed on the photocatalyst surface [77] .

ZnO (hvb+) + organic compound —*■ ZnO + H2O + CO2 (3.16)

Using ESR spectroscopy data it is reported that the formation of active 'OH and ’O2" 

species takes place during photodegradation of organic compounds [222]. It is also 

reported that the superoxide radical anion is unstable in aqueous media and is readily 

converted to "OH radicals via formation of H2O2 [223].

‘0 2-+ H +^ H 0 2' (3.17)

2H02" — H20 2 + 02 (3.18)

H2O2 —>■ 2 ‘OH (3.19)

The mechanism of photodegradation of MB is studied by various researchers [75,110- 

111] using ESI-MS. The photodegradation proceeds through hydroxyl radical 

mechanism and it is very well supported by detection of hydroxylated products by ESI- 

MS investigation in our study. It is reported that the ‘OH radicals formed attack the C- 

S+=C functional group in MB forming sulfoxide (RS=OR’). The attack of the second 

OH radical on the sulfoxide produces sulfone (RSO2R’) and causes the dissociation of 

two benzenic rings. Sulfone then gives rise to sulfmic acid (RSO3H) which further gets

oxidised to sulphate (reactions 3.20-3.24).

C ,6H i8N 3S + ‘OH — C ,6H i8N3S= 0  (3.20)

C16H18N3S=0 + ‘OH -► C 8H i ,0 2 N2S+C8H i iN (3.21)

And/or

C 16H i8N 3S= 0  + ‘OH C 8H ioN S0 2 + C 8H uN -N H 2 (3.22)

C 8H ioN S0 2 + ‘OH -»• C 8H i0N -SO 3H (3.23)

C8H10NSO3H + ‘OH —>[C8H ioN]‘ + S04’2 + 2H+ (3.24)

In our studies, the formation of sulphate in the initial 30 minutes of photodegradation
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(table 3.15), detection of sulphonated products support this route of photodegradation of 

MB. The amino group in MB can be substituted by 'OH radical, forming the 

corresponding phenol and releasing ‘NH2 radical which generates ammonia and 

ammonium ions, estimated to be primary products. These are then slowly oxidised into 

nitrates.

C8HnNNH2 + 'OH -* CgHnN- OH + *NH2 (3.25)

'NH2+IT -»■ NH3; NH3 + H+ -> NH4+ (3.26)

In our studies, nitrate was not detected in the early stages of degradation, thus 

supporting the mechanism of formation of ammonia and its subsequent oxidation to 

nitrates.

The other two symmetrical dimethyl-phenyl-amino groups in MB undergo a progressive 

degrading oxidation of one methyl group by an attack from ‘OH radical, producing an 

alcohol, then an aldehyde and an acid.

C6H4-N(CH3)2 + 2 'OH —► C6H4-N(CH3)-CH2OH (3.27)

C6H4-N(CH3)-CH2OH+ 2 ‘OH -» C6H4-N(CH3)-CHO (3.28)

C6H4-N(CH3)-CHO+ 2’OH C6H4-N(CH3)-COOH (3.29)

The amino group forms ammonium ions, the aromatic ring undergoes hydroxylations 

producing phenolic metabolites which decarboxylates into C02 by photo-Kolbe 

reaction.

RCOOH ^ 0 0 2  (3.30)

The degradation of blank MB is due to photolysis by solar radiation or by OH radicals 

generated in photolysis of water by solar light. Direct photolysis initiates some 

degradation of MB. The rate of the reaction is however very small as indicated by 

kinetic studies and C O D  values. Thus photolysis can be neglected in comparison to 

photocatalysis.
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Liu et al. report photosensitization by dyes as a means of degradation of dyes like MB. 

Dyes like MB absorb photons in the visible region of light to generate electrons which 

are directly injected in the conduction band of the semiconductor oxide. This transfer of 

electrons by the dye initiates the photodegradation of the formed dye cation radical in 

visible light. The photoefficiencies for the dye sensitized photocatalytic degradation are 

smaller than those for the direct photocatalytic degradation [224] and hence can be 

neglected.

ZnO however dissolves in the aqueous solution under UV illumination, due to the 

reaction shown below [225].

ZnO + 4 hv —> 2Zn+2 + O2 + 4e" (3.31)

The concentration of Zn+2 undergoing dissolution is very small as compared to initial 

concentration of ZnO. Dissolution is less at neutral pH and in dark. This dissolution can 

be prevented by presence of species which can react more efficiently with the 

photogenerated holes of the semiconductor particle. The presence of surface hydroxyl 

groups on ZnO act as hole scavenger and prevents the photo oxidation of the 

photocatalyst.

ZnO (hvb+) + OH'(ads) —> ZnO + * OHads (3.32)

f. Reuse of ZnO and ZnOi_xNx photocatalysts

ESI-MS indicates presence of some organic moieties in the decolorized solution of MB. 

The lifetime as well as efficiency of the catalysts can negatively affect the adsorption of 

the degradation process. Thus reusability is another measure of the efficiency of a 

photocatalyst. The ability of the catalysts to be reused is checked by repeating the 

degradation of fresh solutions of MB on the already used catalysts for 3 runs. All show
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decolourization of MB in almost the same time during reuse (table 3.16). There is 

increased formation of sulphates and nitrates. ZnOi.xNx decolourizes MB in nearly the 

same time in all 3 runs but shows a decrease in COD removal in 2nd run and an increase 

in the 3 rd run. On the other hand undoped ZnO takes more time to degrade MB for the 

3rd run, however efficiently removes COD upto 80.95%. There is increase in formation 

of sulphate in the 3rd run. The reason for decreased efficiency of the photocatalysts in 

degradation of the dye during 2nd run may be due to blocking of the active sites of the 

photocatalyst surface by some of the degradation products.

Table 3.16 Products of mineralization of MB during reuse of photocatalysts.

ZnO ZnOi_xNx ( E) ZnOi_xNx (S)

COD

%

Sulphate

mg/L

nitrate

mg/L

COD

%

Sulphate
mg/L

nitrate

mg/L

COD

%

Sulphate
mg/L

nitrate

mg/L

1 cycle 67.00 0 . 8 8 0 . 8 90.47 0 . 8 0.99 85.71 1.06 2.4

2  cycle 69.05 3.0 1 . 8 69.05 2.4 1.32 42.86 6.15 2.4

3 cycle 80.95 2 . 2 1 . 8 78.5 7.9 2 . 6 90.48 1 . 8 3.1

Diffuse reflectance spectra of the photocatalysts recorded after each reuse indicates no 

change in the bandgaps of ZnO and ZnOi_xNx suggesting that the absorption 

characteristics of the catalysts do not change and they can be reused after proper 

activation i.e. vigorous washing with water and drying. However a slight change is 

observed in the absorbance profile of the photocatalysts (figures A-9 in appendix).

Goa University 147



Chapter 3

(ii) Aluminium doped ZnO System

Table 3.17 gives MB degradation results on aluminium doped ZnO. All the 

photocatalysts show complete disappearance of blue colour of MB within an hour of 

exposure to sunlight. Thus the photodegradation efficiency of Al, N co-doped samples 

is more than that of ZnO and ZnOi.xNx. Doping ZnO with aluminium in small amounts 

thus increases dye degradation ability of ZnO. Similar reports of increase in dye 

degradation ability of ZnO upon doping with aluminium are found in literature [226]. 

Table 3.17 Degradation of MB by aluminium doped ZnO samples.

Photocatalyst
(Solution
method)

%
Degradation

Photocatalyst
(Equilibration

method)

%
Degradation

Photo-catalyst %
Degradation

0.0005% Al 
doped ZnO

96.6 0.0005% Al 
doped ZnO

95.2 ZnO 90%

0.001% Al 
doped ZnO

97 0.001% Al 
doped ZnO

95 ZnO,.xNx (E) 98.4%

0.002% Al 
doped ZnO

97.4 0.002% Al 
doped ZnO

96 ZnO,.xNx (s) 98.3%

0.003% Al 
doped ZnO

96.8 0.003% Al 
doped ZnO

95.6

3.5.4.2 Photocatalytic degradation of effluents

Dyes are used to impart attractive colours to textiles, paints, water colours, crayons etc. 

The dyeing processes carried out in the industrial houses release large amount of waste 

waters with high concentration of persistent dyes and chemicals. An effluent with such 

diverse composition is used for photocatalytic degradation in the present study. Since 

the effluent is a mixture of different dyes, UV-Visible spectrum of the effluent shows 

many peaks corresponding to different chromophores. A chromophore is a chemical
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group capable of selective light absorption resulting in the coloration of certain organic 

compounds. The A,max for the effluent is found to be 628.39 nm (figure 3.30).

Figure 3.30 UV-Visible spectrum of Industrial effluent

The effluent was subjected to degradation after dilution with three parts of water. 

Effluent degradation carried out on ZnO, ZnOi.xNx (equilibration), ZnOi_xNx (solution) 

showed that individually they can remove only some of the chromophores from the 

effluents but are unsuccessful in breaking down other chromophores showing 

absorbance at 561, 513, 490, 261, 224 nm etc (figure A-10 in appendix). A blank 

solution of effluent in sunlight does not get degraded on account of photolysis. When 

ZnO and ZnOi.xNx (E) were used together for degradation of dye effluent, the mixture 

could degrade most of the chromophores present in the effluent. It is observed that 

decolourization takes place in 150 minutes of exposure to sunlight (figure 3.31). The 

initial COD of the effluent is 96 mg/L indicating high organic content. Upon 

decolourization, the COD decreases to 48 mg/L indicating 50% COD removal capacity. 

The pH of the effluent is 6-7 which changes to acidic upon complete decolourization of 

the solution suggesting formation of acid ions. The chromophore with absorbance at 

Amax 628 nm however requires a long time to degrade. Thus the organic residue 

remaining may be contributed by the chromophore at 628 nm. It is observed that at the
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e n d  o f  th e  d e g ra d a tio n  a  p in k  re s id u e  is le f t in  th e  s o lu t io n  ( f ig u re  3 .32).

_______________________________  __  __________ Chapter 3

Figure 3.31 UV-Visible spectrum of Industrial effluent during degradation by 

photocatalysts.

Figure 3.32 Degradation o f effluent using ZnO and ZnOi.xN x with time (left to right) 

pH o f a solution affects the degradation o f  dye in solution, surface properties o f the 

photocatalysts and formation o f hydroxyl radicals. Thus pH o f a solution is an 

important parameter while studying degradation o f  the effluents. The pH o f  the effluent 

is 6-7.The effect o f  pH on the degradation process is studied by exposing the effluent
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solution in presence o f  mixture o f photocatalysts ZnO and ZnO].xN x at different pH to 

the sunlight till decolourization. The degradation o f  all other chromophores is observed 

at all pH except the one at 628 nm which decreases in intensity but does not vanish 

completely at all pH values ranging from acidic to alkaline as shown in figure 3.33.

_________________ ________  ______  Chapter 3

Figure 3.33 Degradation of industrial effluent at different pH values.

Industrial effluents may contain various salts used to impart and fix attractive colours to 

the objects. Salts like NaCl, Na2 CC>3 are often present in the dye effluents. Thus it is 

important to know the efficiency o f  photocatalysts in degrading the effluents in their 

presence.

The degradation slows down on addition o f  NaCl and Na2 CC>3 . The decrease in the 

degradation o f  the dye in the presence o f chloride ions is due to hole scavenging 

properties o f  chloride ions.

C f + h+ vb- —*Cr (3.33)

Cl*+ C f -»  Cl2  (3.34)

The decrease in the degradation o f  the dye in presence o f  carbonate ions is due to 

hydroxyl ion scavenging property o f carbonate ions.
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*OH + C(V2 ^ 0 H -  + C 03‘- (3.35)

•OH + HCO3-1 -^H20  + C03’‘ (3.36)

Reports on photodegradation of dyes [227] refer use of K2S2O8 and H2O2 in increasing 

the rate of photodegradation of the effluents. On addition of K2S2O8 and H20 2, there is 

increased degradation of the effluent. Potassium persulphate is a beneficial oxidizing 

agent because sulphate anion radical is formed by reactions of potassium persulphate 

with semiconductor generated electrons.

S20 8-2 + e' aq —> SO ' ’4 + S04‘2 (3.37)

S20 8'2 + e cb -»• SO ' *4 + S04‘2 (3.38)

Sulphate anion radical that is formed in the reactions 3.37 and 3.38 is a strong oxidant 

(E°=2.6 eV) [227] and degrades the dye. On addition of hydrogen peroxide, the 

degradation process is fastened. This is due to photolysis of hydrogen peroxide to 

generate hydroxyl radicals [227].

H20 2 —► 2 OH* (3.39)

Thus industrial effluents can be treated using a mixture of ZnO and ZnOi.xNx (E) as 

both photocatalysts together can break down most of the chromophores in the effluent. 

However for complete destruction of all organic matter to C02 and water, further 

exposure to sunlight (even after complete decolourization) is required.

3.5.5 Antibacterial Activity of ZnO

3.5.5.1 Disc diffusion method

ZnO is found to strongly resist micro-organisms [113-117]. The disc diffusion study is 

carried out to find out effectiveness of an antibacterial material against E. coli bacteria. 

The presence of an inhibition zone indicates antibacterial action. The results of the disc 

diffusion studies on ZnO suspensions with different particle sizes against E. coli are
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given in Table 3.18. More the zone of inhibition more is the antibacterial efficacy. It is 

found that ZnO and N doped ZnO (ZnOi.xNx) are effective against the tested bacterial 

strain. The ZnOi_xNx prepared by equilibration as well as solution method show a larger 

inhibition zone (9 mm) as compared to commercial zinc oxide (7 mm) (Figure 3.39).

The order of inhibition is ZnOi-xNx (E) = ZnOi.xNx (S) > ZnO > commercial ZnO.

Figure 3.34 Disc diffusion assay of i) ZnOi_xNx ii) ZnO (spray pyrolysis)

Table 3.18 Zone of inhibitions of E . C o li on ZnO and ZnOi.xNx
Compound Particle size in nm Zone of inhibition
ZnO 100-200 8 mm
ZnO].xNx (equilibration) 69 9 mm
ZnOi_xNx (solution) 38 9 mm
ZnO commercial 1v-HA 7 mm
ZnO (spray pyrolysis) 75-80 15mm
Control 6 mm

ZnO is activated by UV light to create electron-hole pairs (e~h+). The holes split H2O 

molecules (from the suspension of ZnO) into OH and H+. Dissolved oxygen molecules 

are converted to superoxide radical anions (’O2 ), which react with H+ to generate 

(H02‘) radicals. These hydroxyl radicals upon collision with electrons produce 

hydrogen peroxide anions (HO2 ), which react with hydrogen ions to produce molecules 

of H2O2 [125].The generated H2O2 can penetrate the cell membrane and kill the bacteria 

[120]. Since, the hydroxyl radicals and superoxide radical anions are negatively charged
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particles; they cannot penetrate into the cell membrane and must remain in direct 

contact with the outer surface of the bacteria.

ZnO + hv —> e' + h+ (3.40)

h+ + H20  -► *OH + H+ (3.41)

e + 0 2 —> 0 2 (3.42)

‘o 2 + h + ^ h o 2‘ (3.43)

HO2 + H+ + e —► H2O2 (3.44)

A normal laboratory environment has fluorescent lighting which emits 4% UV light. So 

ZnO is ‘activated’ by this small amount of UV component of the visible light prevalent 

in the laboratory. In the case of ZnOi.xNx the absorbance is in the visible region of the 

light which increases the formation of electron -  hole pair and thus facilitates the 

formation of more hydrogen peroxide and increases the antibacterial action. This 

explains the increase in the zone of inhibition [228].

It is observed that the small particle size and large surface area also tends to increase the 

area exposed to light and enhances the absorption in the visible region of the 

electromagnetic spectrum. All these are responsible for more absorbance in the visible 

light and an increased zone of inhibition. While the dependence of zone of inhibition on 

the size of the particles is well explained by Yamamoto et al., some reports however 

indicate that particle size and toxicity of ZnO are unrelated [126],

[228] R. S. Karmali, A. Bartakke, V. P. Borker , K. S. Rane, .“Bactericidal action of N 

doped ZnO in sunlight” Biointerface Research in Applied Chemistry, 1 (2011) 057-063.
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Disc diffusion studies on the N doped ZnO prepared by spray pyrolysis shows 1.5 cm 

broader zone of inhibition proving to be a very good inhibitor of E. coli. The presence 

of nitrogen in the ZnO powder obtained from spray pyrolysis is verified by EDS 

analysis. Thus the nitrogen may be present in some form in the compound which may 

be making it more effective in its antibacterial action. Aluminium doped ZnO does not 

show any zone of inhibition against E. coli. Our studies are also supported by many 

literature reports which indicate mild toxicity of AI2O3 against the bacteria [229]. 

Although AI2O3 is believed to be toxic to most living organisms [115], aluminium 

doped ZnO does not show any toxicity towards E. coli.

Thus in this case it may be concluded that antibacterial efficiency of ZnO is completely 

lost on doping with aluminium. It is suggested that the free-radical scavenging 

properties of the particles might have prevented cell wall disruption and thus no 

antimicrobial action [229] in A1 doped ZnO.

3.5.5.2 Minimum Bactericidal Concentration (MBC)

The Zinc oxide samples prepared by oxalate and hydrazinated oxalate methods are 

tested for bactericidal efficiency in terms of minimum bactericidal concentration (MBC) 

by the standard microbial methods. If the material being tested does not kill but instead 

inhibits the growth of bacteria (bacteriostatic agent), the bacteria will grow when it is 

removed from the solution containing the material and colonies will be formed on 

plating an aliquot. If the material being tested is bactericidal, the absence of bacterial 

colonies will be observed upon plating. The MBC is the lowest concentration at which a 

compound will kill more than 99% of the added bacteria (Bactericidal). A lower MBC 

corresponds to higher antibacterial effectiveness. The results of the MBC tests carried 

out at different concentrations of ZnO and ZnOi.xNx (equilibration and solution method)
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and commercial ZnO by plating on Mackonkey agar are compiled in table 3.19. 

Table 3.19 Colonies of E Coli on various concentrations of ZnO and ZnOi-xNx

Milimoles of 
ZnO

ZnO ZnOi.xNx(e) ZnOi.xNx(s) Commercial
ZnO

0.01 +++ +++ +++ +++
0.05 +++ +++ +++ +++
0.1 ++ ++ + +++
0.5 + + - ++
1.0 14* 56* - ++

Legend: * no of colonies, + Matt growth, - No growth

The growths of colonies are indicated by ‘+’ sign. A sign indicates no growth and 

colonies which could be counted are indicated by number. In case of ZnO, ZnOi-xNx 

prepared by equilibration method, thick growth of colonies is observed at lower 

concentration of the oxides. Few countable colonies grow at the concentration of 1 mM 

of the oxide and beyond this concentration no growth is observed (figure 3.35). Thus 

the Minimum Bactericidal Concentration is above 1 mM. As perceived from the table 

3.19, commercial ZnO shows lower antibacterial property as it shows thick growth of 

colonies in the concentration range under study. ZnOi.xNx prepared by solution method 

shows growth of bacterial colonies upto concentration of 0.1 mM. Thus it has MBC of 

0.5 mM (figure 3.35). It is reported that the Minimum Inhibitory Concentration of an 

antibacterial agent decreases with decrease in particle size of the compound [115].Thus 

the lower inhibitory concentration in case of ZnOi_xNx prepared by solution method 

may be attributed to its smaller particle size and also large surface area and absorbance 

in the visible region of the electromagnetic spectrum.
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Figure 3.35 Bacteriocidal action in MacConkey broth by 1.0 mM ZnOi.xNx prepared by 

i) solution method and ii) equilibration method.

From the above studies it can be concluded that Zn+ 2  in minute concentration does not 

inhibit bacterial growth. It is reported in literature [123], it is known that Zn+ 2  ions act 

as a nutrient at very low concentration hence ZnO may not be active against E . c o l i  in a 

low  concentration range. Zinc traces are an essential cofactor in a variety o f  cellular 

processes, but at higher concentrations it is toxic. Hence ZnO,.xNx (S) prepared by 

hydrazinated oxalate shows lower MBC and is a biocidal agent effective against E . c o l i .

3.5.6 NOx studies

NOx is a major air pollutant emitted by industrial boilers and power plants. It is a 

precursor o f  acid rain if  it persists in the atmosphere. NOx is a mixture o f  NO and NO2 . 

The amount o f  NO 2  in the NOx generated by the reaction o f  Cu foils on concentrated 

sulphuric acid estimated by Jacob and Hochheiser method using sulphanilamide and N- 

(1- naphtha ethylene diamine) dihydrochloride (NEDA) is — 5 ppm. The NOx generated 

is not removed from the tightly closed jar on exposure to sunlight (intensity 550 lux 

units). Introduction o f  photocatalysts coated slide in the tightly closed jar containing 

NOx on exposure to light there is removal o f gas in 2 minutes. However i f  the same 

assembly is kept in dark there is no clearing o f NOx.

It is observed that when ZnO and ZnOi_xNx coated slides are placed in NOx atmosphere
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in sunlight, the NOx is absorbed and nitric acid is formed. It causes dissolution of the 

photocatalysts. To avoid this ZnO was mixed with equal amount of CaC03 and coated 

on glass slides. The nitric acid formed reacts with CaCC>3 and releases CO2 as per the 

reaction (3.45), thereby not allowing ZnO to dissolve.

HN03+CaC03̂ C a(N 0 3)2 +H20+ C02 (3.45)

All photocatalysts absorb NOx within 2 minutes of exposure to sunlight (intensity 500- 

550 lux). Commercial ZnO does not show any removal of NOx during the experiment. 

The aluminium doped ZnO samples also remove NOx within 1-3 minutes on exposure 

to sunlight of same intensity. Results obtained are compiled in table 3.20 below.

Table 3.20 Time taken by prepared ZnO and doped ZnO for removal of NOx.

Photocatalyst Time

minutes

Photocatalyst
(Solution
method)

Time
minutes

Photocatalyst
(Equilibration
method)

Time
minutes

ZnO 2 0.0005% A1 

doped ZnO

1 0.0005% A1 

doped ZnO

1

ZnO N  (E)
1 - X  X

2 0.001% A1 

doped ZnO

3 0.001% A1 

doped ZnO

2

ZnO N  (S)
l - X  X

2 0.002% A1 

doped ZnO

2 0.002% A1 

doped ZnO

1

0.003% A1 

doped ZnO

1 0.003% A1 

doped ZnO

3

The photocatalyst mixture scraped off from the slide after its use in the removal of NOx 

gives positive test for nitrate by brucine method [202]. This indicates that the NOx is 

converted to nitrate by the photocatalysts.

The probable mechanism of NOx removal may be as follows: The electron-hole pairs 

are produced during the photo excitation of ZnO and ZnO|.xNx. The electrons in the
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conduction band react with molecular oxygen to form reactive hydroxide and 

superoxide radicals [133, 230-231].The nitrogen monoxide reacts with these reactive 

radicals to produce HNO2 or HNO3. It is also reported that about 20% of nitrogen 

monoxide is decomposed to nitrogen and oxygen directly [232].

NOx removal by ZnO is studied qualitatively in the above experiments. ZnO powders 

are unstable in acidic and basic media and as observed in our studies and undergo 

dissolution in the acidic medium of nitric acid produced. This limits the use of ZnO for 

NOx removal. Coupling it with CaC03 helps in trapping nitrogen in nitrate form and 

releasing CO2 gas without dissolving itself. The CO2 formed can be utilized for some 

other purpose. Hence there is no fear of the products HNO2 and HN03 decreasing the 

photocatalytic ability and the life of the catalysts.

There are reports of NOx removal by N doped Ti02. N doping is believed to have 

increased the photocatalytic activity. It is also reported that photocatalytic activity of the 

N doped Ti02 increased with increasing nitrogen content and specific surface area of 

the photocatalysts [133]. Present work requires further exploration for understanding the 

effect of N doping, particle size and surface area in NOx degradation.

Thus synthesis of Zinc oxide photocatalyst by hydrazination method introduces nitrogen 

in the lattice. The oxide so formed is efficient in degrading the dye as well as industrial 

effluent. It is found to be a good bactericidal agent against E. coli. The environmental 

pollutants like NOx can also be removed efficiently using it with calcium carbonate. 

The use of hydrazine lowers the energy requirement in synthesis and also scavenges 

unwanted gases evolved during preparation.

Goa University 159



G&aptm 4

Iron oxide system

Tor

(photomineradzation o f  organic compounds



Chapter 4

4.1 Introduction

The iron ore rejects/tailings are generated after removal of high grade ore. These are 

usually stored in the pits at the mining site. During rains they flow into fields and 

during summer, the fine material flies as dust in the surrounding, thus polluting the 

nearby environment. The content of iron in the rejects is reported to be ~ 40%. In the 

present era of deteriorating resources rejects with ~ 40% iron loading cannot be wasted. 

It must be used as a technologically important material. Iron salts have been used in 

degradation of organics like phenols, dyes, coking wastewaters, industrial effluents 

[153-157], Ores like limonite (Iron rich), Pelagite (Manganese rich) are investigated for 

their use in oxidation of dyes [149-150]. In view of this, one of the ore reject samples is 

used to degrade organic dyes. Thus the oxides in the ore rejects are investigated to find 

whether they can be utilized for abating environmental pollutants thereby making them 

value added materials. Methylene Blue (MB) is taken as a representative dye. MB 

degradation or for that matter organic materials degradation in aqueous solution is 

normally attempted through photo Fenton mechanism by the use of advanced oxidation 

process (AOP) which combines a strong oxidizing agent (e.g. H2O2, O3) and catalyst 

(Ferrous material). Since in the ore rejects a small amount of Fe is present it is 

thought to be used for MB degradation possibly through Fenton or (Photo Fenton) 

mechanism.

In 1890’s Henry John Horstman Fenton developed [233] a solution ofhydrogen 

peroxide and an iron catalyst to oxidize contaminants or waste waters. The solution 

known as Fenton reagent was used to destroy organic compounds such 

as trichloroethylene (TCE) and tetrachloroethylene (PCE). The ferrous Iron (II) of the 

iron catalyst gets oxidized by hydrogen peroxide to ferric iron (III), a hydroxyl 

radical and a hydroxyl anion.
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Fe2+ + H20 2 -♦ Fe3+ + ‘OH + OH“ (4.1)

Iron (III) is then reduced back to iron (II), a peroxide radical and a proton by the same 

hydrogen peroxide (disproportionation reaction).

Fe3+ + H20 2 -»• Fe2+ + *OOH + H+ (4.2)

Reaction (4.1) was suggested by Haber and Weiss in the 1930s, [234], In the net 

reaction the presence of iron is truly catalytic and two molecules of hydrogen peroxide 

are converted into two hydroxyl radicals and water. The generated radicals then engage 

in secondary reactions. The hydroxyl radicals (-OH) are effective in destroying organic 

chemicals because they are reactive electrophiles (electron preferring) that react rapidly 

and non-selectively with nearly all electron rich organic compounds. They have an 

oxidation potential of 2.33Vand exhibit faster rate of oxidation reactions as compared to 

conventional oxidants such as H2O2 and KMnC>4.

Iron (II) sulfate is a typical iron compound in Fenton's reagent. Fenton's reagent is also 

used in organic synthesis for the hydroxylation of arenes in a radical

substitution reaction. Use of such advanced oxidation process(AOP) by the combination 

of strong oxidizing agents (e.g. H20 2, 0 3) with the catalysts (e.g. transition metal ions) 

and even irradiation (Photo Fenton) are now finding wide applicability in abating water 

borne environmental problems. Beneficial role of coupling Fenton oxidation with 

irradiation is closely related to iron being generated in the following redox cycle 

producing two hydroxyl radicals per molecule of H2O2 decomposed,

Fe2+ + H20 2—>Fe3+ + *OH + 'OH (4.3)

Fe3+ + H20  + hv (A,<450nm) -> Fe2+ + ’OH + H+ (4.4)

The formation of hydroxyl radicals in Fenton or photo-Fenton reaction is attributed to 

the decomposition of the photo-active Fe(OH) [153].
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Fe(OH)2+ + hv —» Fe+2 + ’OH (4.5)

Iron ore reject (total Fe ~ 54%) from a particular region (of Goa) consisting of ~ 1.1% 

FeO corresponding to -3.25% Fe304 mainly consisted of FeOOH with hardly any 

organic admixture as -7.5 % weight loss (FeOOH forms Fe203 by losing 10.13% 

weight) was observed at -  700°C. We envisaged that it may be a suitable candidate for 

the mineralization of organic materials in water body through Fenton like mechanism.

4.2 Characterization

The iron ore rejects sample was collected from one of the Goan mines. The muddy red 

colored sample was finely crushed and pulverized. Following analyses were carried out 

on it.

4.2.1 Chemical Analysis of the ore reject sample: Presence of Fe

The sample was treated with concentrated hydrochloric acid to dissolve iron content of 

the ore. Insoluble components like silica remained as residue which was then filtered. 

Chemical analysis of Fe was done by titrations with standard Potassium dichromate 

solution using diphenylamine indicator. Potassium dichromate is a strong oxidizing 

agent which oxidizes all Fe+2 to Fe+3. The ferric ions present in the solution were 

converted to ferrous ions using stannous chloride. Excess of stannous chloride was 

neutralized by adding mercuric chloride. The solution was titrated against standard 

Potassium dichromate solution to get total Fe.

4.2.2 Instrumental analysis

4.2.2.1. X-ray diffraction (XRD): Phase identification

Phase identification of the ore rejects was done by XRD. The details of the theory and 

instrumentation are described in chapter: 2, section: 2.3.2.3. XRD of the iron ore reject
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was recorded on the instrument Rigaku Powder X-ray diffractometer using Cu Ka (k =  

1.5418 A) radiation filtered through Nickel filter in the instrument operating at V= 30 

kV and 1=15 mA.

4.2.2.2 Energy Dispersive X-ray Spectroscopy (EDS)

The elemental analysis of the ore rejects was done by EDS. The details of the theory, 

instrumentation and experimental conditions are described in chapter: 3, section: 

3.3.2.8.

4.2.2.3 Magnetization measurements

The saturation magnetization measurement was done by using Satmagan (Saturation 

Magnetization Analyzer). It is a magnetic balance in which a sample is weighed in 

gravitational and magnetic fields. If the field is strong enough to saturate the magnetic 

material in the sample, the ratio of the two weights is linearly proportional to the 

amount of magnetic material in the sample. A finely powdered dry sample was filled in 

the sample cell compactly and closed with the plug. It was then analyzed by 

SATMAGAN Model 135 of Corrigan Make. The instrument was calibrated by using a 

series of standard compounds.

4.2.2.4 Scanning Electron Microscopy (SEM)

The morphology of the ore reject sample was studied by SEM. The details of the 

theory, instrumentation and experimental conditions are described in chapter: 2, section: 

2 . 3 .2 . 6 .
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4.2.2.5 UV-Visible Diffuse reflectance spectrometry (DRS)

The absorbance and reflectance characteristics of the ore reject was studied by UV- 

Visible spectroscopy. The details of the theory, instrumentation and experimental 

conditions are described in chapter: 2, section: 2.3.2.5.

4.2.2.6 Fourier Transform Infrared (FTIR) Spectroscopy

The ore rejects sample was subjected to IR analysis to understand the chemical 

structure of the rejects. The details of the theory, instrumentation and experimental 

conditions are described in chapter: 2, section: 2.3.2.1.

4.3 Degradation of Methylene blue (MB) Dye

4.3.1 Photocatalytic Degradation of MB

The iron content present in the iron ore reject may be able to photodegrade the organic 

substrates in presence of H2O2 or hydroxide ions by mechanism similar to Fenton 

reaction. With this aim in mind, iron oxide was prepared from the ore rejects. The iron 

from the ore reject was extracted with concentrated hydrochloric acid leaving behind 

the insoluble residue of the rest. Fe203 was prepared from the extract using standard 

procedure [180] wherein iron was precipitated as hydroxide maintaining a controlled 

pH of 3-4. The precipitate of hydroxide was then filtered, washed, dried and 

decomposed to give Fe203. This Fe203 was used for photocatalytic degradation of 

organic dye MB in sunlight at alkaline pH.

In another attempt, y-Fe203 prepared from the ore rejects was used for 

photodegradation of MB. The y-Fe203 was prepared from ore rejects [148] by 

precipitation as hydroxide at a controlled pH of 3-4. The precipitate of hydroxide was 

then filtered, washed, dried and equilibrated with hydrazine by keeping it in a petri dish
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over hydrazine hydrate, N2H4.H2O (99%), in a desiccator for 4-5 days. On exposure to 

ordinary atmosphere it decomposed autocatalytically to y-Fe203 This y-Fe203was used 

for photocatalytic degradation of organic dye MB in sunlight at alkaline pH.

The iron in the crude form as ore reject was also used for degradation of a test solution 

of MB at alkaline pH.

4.3.1.1 Photocatalytic Degradation of MB on iron ore rejects

It was observed that iron ore rejects effectively decolourize test solution of MB in 

presence of sunlight. Photodegradation process of any organic substrate on a 

photocatalyst surface depends upon various parameters like nature and concentration of 

the substrate, concentration of the photocatalyst, light source and intensity, pH, 

temperature etc. Hence, it is important to study the effect of these parameters on 

degradation of MB using ore rejects. In all the investigations, intensity of incident 

sunlight was 300 to 724 lux units. Although it was envisaged that degradation of 

organic substrate on a photocatalyst surface will take place at alkaline pH, it was 

necessary to study the effect of acidic as well as neutral range of pH on degradation. 

Hence photodegradation of MB (50 ml of 5 xlO'5 M (16 ppm) diluted to 150 mL) in 

presence of 200 mg iron ore reject was studied at pH values from 1 to 11.Effect of 

initial concentration of the dye on its photodegradation (pH =11,  iron ore reject = 

200mg) at concentrations of 10,16, 20, 30 and 40 ppm was studied. Ore concentrations 

ranging from 10 mg to 2g were used to study the effectiveness in photodegradation of 

MB (pH =11,  MB concentration =16 ppm). Effect of Temperature (8°C to 48 °C) on 

photodegradation of MB (pH =11,  MB concentration = 16 ppm, iron ore reject = 

200mg) was also studied.

Goa University 165



Chapter 4

4.3.1.2 Degradation of MB on iron ore rejects at alkaline and neutral pH in 

sunlight

As obtained ore reject (200 mg) in the fine mesh size of 200 was added to 50 ml of 5 

xl0°  M (16 ppm) methylene blue (MB) in a clean conical flask (500 mL) and volume 

was made up to 150 mL with distilled water. The pH of the solution was maintained at 

11 (optimum pH) and 7(neutral pH). The solutions were exposed to sunlight (11 am to 3 

pm) with continuous stirring. The average intensity of sunlight during 4 hours of the 

mid day was in the range of 300 to 724 lux (Lux meter LX-101) and the power was 

between 0.24 and 0.52 watt/cm (Solar kit, TATA BP Solar Bangalore, India). Small 

aliquots of the experimental solution were withdrawn after every 30 minutes and the 

extent of de-colorization of MB was monitored spectrophotometrically at Lmax = 665 nm 

(Shimadzu UV-2401-Rev A 6700) in the range 200-800 nm. The decolourization 

studies were also done on MB without the addition of the ore rejects (Blank solution). 

The decolourized solutions were analyzed by ESI-MS for detection of organic residues. 

The COD, nitrate and sulphate estimation were done to study the mineralization of MB 

in the decolourized dye solution. The experimental details are as described in chapter: 

3, section: 3.4.1.1 b-d.

4.3.1.3 Effect of dyeing chemicals and additives on MB degradation by ore rejects

The industrial effluents contain various other chemicals used to impart attractive 

colours to the textiles along with the dye [74], The degradation should occur in 

presence of the chemicals like NaCl, Na2C03 used in dyeing process [227]. The effect 

of these chemicals on the efficacy of iron ore rejects in the degradation of dye is 

studied.
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Certain chemicals like K2S2O8, H2O2 [227] are reported to enhance the degradation of 

dyes. Hence, an attempt is also made to study the degradation of the dye in presence of 

these additives. For studying the effect of these additives (NaCl, Na2CC>3 and K2S2O8) 

on MB degradation in sun, five conical flasks with concentrations 0, 25, 50,100 and 200 

mg of the additives (separately) in 100 ml of distilled water were added to 50 ml 

solution of MB and solutions were made alkaline. In case of H2O2 concentrations 0.01, 

0.02, 0.03 and 0.04 M prepared in 100ml distilled water were added to 50 ml solution of 

MB. The solutions were made alkaline.

4.3.2 Thermal degradation of MB

Thermal degradation of MB (5 xl0 '5M, 16 ppm, 10 ml) in the presence of ore rejects 

(10 mg) was carried out at neutral pH at different temperatures viz. 40, 60, 80 and 

100°C. Small aliquots of these solutions were withdrawn and the extent of de- 

colorization of MB was monitored spectrophotometrically at ?,max = 665 nm (Shimadzu 

UV-2401-Rev A 6700) in the range 200-800 nm. A blank solution of MB, without 

addition of ore rejects was also subjected to heat at different temperatures viz. 40, 60, 

80 and 100°C simultaneously and checked for degradation.

4.4 Results and discussion

4.4.1 Characterization of Ore rejects

4.4.1.1 Chemical Analysis of the ore reject sample: Presence of Fe

Chemical analysis reveals the presence of about 54% of total Fe (Fe+2 and Fe+3) in the 

iron ore reject. Iron in Fe+2 form as FeO o f -  1.01% corresponds to 3.25% Fes04 (table 

4.2). Most of the iron is present in FeOOH form. This is supported by presence of
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diagnostic bands for FeOOH in the FTIR spectra. Isothermal weight loss studies of ore 

rejects indicate 7.5% loss at 700°C indicating very little or negligible amount of 

moisture/ organic matter in the rejects.

4.4.1.2 Analysis of ore rejects by XRD: Phase identification

Figure 4.1 XRD pattern of iron ore rejects.

XRD analysis of iron ore rejects (figure 4.1) show the presence of Fe203 (a, y, e), 

Fe304, a- FeOOH, Si02, AI2O3 etc. The peak positions are matched with the JCPDS 

cards number 13- 534, 16-394, 16- 653, 16-895, 18- 1169, 19-629, 25-1402, 28-491, 

31-1233. This confirms the data of chemical analysis as regards the presence of FeO, 

Fe203, Fe304 and a- FeOOH.
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4.4.1.3 Elemental analysis of ore rejects by Energy Dispersive X-ray Spectroscopy

Figure 4.2 Elemental analysis of iron ore rejects
EDS analysis (figure 4.2) shows that the iron ore rejects contain Fe, Al, Si and traces of 

metals like K and Mn. Table 4.1 gives weight% of the elements present in the iron ore 

rejects. The iron content of 50% matches well with chemical analysis results.

Table 4.1 EDS results of analysis on iron ore rejects.

Element Weight% Atomic%

OK 43.64 71.07
AIK 2.74 2.64
SiK 2.60 2.42
K K 0.32 0.21
M nK 0.70 0.33
Fe K 50.00 23.33

Totals 100.00
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4.4.1.4 Saturation magnetization studies of Ore rejects

Results of analysis on the instrument SATMAGAN are compiled in the table 4.2. 

Table 4.2 Chemical analysis of iron ore rejects

Ore reject sample Total Fe(%) FeO (%) Fe30 4(%) Fe30 4 (%) 
SATMAGAN

Before use for degradation of MB dye 53.94 1.01 3.25 5.02
After use for degradation of MB dye 53.70 1.44 4.64 5.55

The content of Fe3C>4 (Magnetite) in the ore rejects is 5.02 % according to the analysis 

carried out on the instrument SATMAGAN. This value is however higher than that 

calculated by chemical analysis (3.25%). This may be due to presence of magnetic 

component like magnetic gamma ferric oxide, y-Fe203, present along with Fe3C>4.

4.4.1.5 Scanning Electron Microscopy of ore rejects

Figure 4.3 Scanning electron micrographs of iron ore reject at different 

magnifications.

SEM pictures show particles of varied sizes and shapes in the ore rejects.

4.4.1.6 Diffuse Reflectance and Absorbance spectra of the ore rejects

Diffuse reflectance spectroscopy show absorbance of ore rejects in the visible region of 

the electromagnetic spectrum. Iron ore rejects contain oxides of iron (ferrous and ferric) 

along with hydroxide. A variety of colours are exhibited by oxides of iron. The 

variation of colours exhibited by the iron oxides is because of different types of
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electronic transitions within the 3d5 shell of the Fe+3 ion [235], The band-gap of iron ore 

reject calculated from equation 2.8 is 2.19 eV.

Figure 4.4 Diffuse reflectance spectra of iron ore rejects(inset derivative)

Table 4.3 Derivative peaks obtained from diffuse reflectance spectra of iron ore 

rejects.

Fresh sample 

(nm)

After 1 use in degradation 

(nm)

After 2 use in degradation 

(nm)

360 360 360

439 439 439

565 560 604

714 687 711

Derivative spectra of the rejects show 4 distinct peaks as tabulated in table 4.3. The 

peaks may be assigned to the phases Goethite (a-FeOOH), Maghemite (y-Fe203), 

Hematite (a- Fe203) and Magnetite (FesCL) in accordance with the literature. Literature
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reports o f hematite and goethite, having distinct first derivative peaks, centred at 565 

and at 435 nm, respectively [236]. An intense band due to electron pair transition (EPT) 

in haematite (a- Fe2 0 3 ) between 521-565 nm differentiates it from EPTs o f the other Fe 

oxides (479 to 499 nm) [237]. The ferrihydrite (Fe5H08.4H20 )  and feroxyhite (8 - 

FeOOH) samples show 4 T2  —* 6 A j transition at 698 to 734 nm. The presence o f  

maghemite is also confirmed by a peak at 360 nm. The spectrum of magnetite is similar 

to that o f  haematite and FeOOH [238].The absorbance spectra o f  the ore rejects indicate 

its absorbance is in the range o f 200-400 nm. It also shows an absorption peak in the 

visible region o f  the spectrum i. e. 450-600 nm (figure 4.5).

_______________________________ ________  Chapter 4

Figure 4.5 Absorbance spectra of iron ore rejects.

4.4.1.7 IR analysis of ore rejects

FTIR analysis o f  the ore rejects show absorptions corresponding to the bonds given in 

the table 4.4.
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Table 4.4 IR absorption bands of iron ore rejects

Frequency cm'1 Bond
545 Fe-O bond in Fe30 4

913 O-H bending
795 O-H bending
1650 H-O-H bending
3146(broad) OH stretch in FeOOH
3694 Surface hydroxyl groups

FTIR shows absorption corresponding to Fe-0 in Fe30 4. The presence of broad and 

intense absorption band at 3100-3200 cm'1 is due to FeOOH. Absorptions at 795 and 

913 cm'1 are due to O-H bending and serve as diagnostic bands for FeOOH [149]. 

Absorption at 3694 cm'1 represents surface hydroxyl groups. These results agree well 

with results of chemical analysis.

4.4.2 Photocatalytic degradations

4.4.2.1 Degradation of MB on Fe2 0 3  and Y-Fe2 0 3  from iron ore rejects in sunlight

The iron ore rejects contain Fe, Al, Si and traces of metals like K and Mn in the form of 

oxides, carbonates and hydroxides. Fe203 prepared from the ore rejects did not degrade 

MB when placed in sunlight (figure A-11 in appendix). The inefficiency of Fe203 to 

degrade the dye may be due to recombination of electron and hole on oxide surface as 

soon as they are formed as explained in the literature [239], The y-Fe203 also was not 

able to photodegrade the dye (figure A-l 1 in appendix). It reveals that pure Fe2C>3 does 

not contribute to the degradation of dye due to electron- hole recombination. Hence in 

the further study a known amount of the ore reject was directly used for 

photodegradation without converting it to Fe20 3.

4.4.2.2 Degradation of MB on iron ore rejects in sunlight

Since iron ore rejects effectively degraded test solution of MB dye in presence of
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sunlight, it could be very well used in the photodegradation of MB. The process of 

photodegradation was studied by varying several parameters like nature and 

concentration of the substrate, concentration of ore reject, pH and temperature.

4.4.2.2.1 Effect of pH on degradation of MB on iron ore rejects in sunlight

The pH of a solution not only affects the surface properties of the semiconductor but 

also the dissociation of dye molecules and the formation of hydroxyl radicals [78] 

which in turn affects the dye degradation. Thus it is necessary to understand the effect 

of pH on the degradation of dye by the ore rejects.

Figure 4.6 Degradation of MB at different pH in sunlight.

The graph in figure 4.6 represents degradation of MB at different pH values in 150 

minutes. Experiments conducted at pH ranging from 1 to 11 indicate that in acidic 

solution, the degradation is slow and it increases as the pH increases to 11. At pH 11 the
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degradation is complete within 150 minutes. The main reaction in photodegradation is 

hydroxyl radical attack on the dye molecule. There is more hydroxyl radical formation 

at high concentration of the hydroxyl ions. Under basic conditions of pH ~ 11 there are 

more hydroxyl ions in solution which induces more ’OH radical formation facilitating 

the degradation.

4.4.2.3.2 Effect of initial concentration of dye on degradation of MB on iron ore 

rejects in sunlight

During dyeing process in an industry, the concentration of dye varies depending on the 

need. The concentration of the dye which can be degraded easily with a certain amount 

of ore reject is therefore important. Figure 4.7 illustrates the degradation of MB dye 

with different initial dye concentration of 10, 16, 20, 30, 40 ppm for sunlight exposure 

of 180 minutes for the fixed amount of ore reject (200 mg). The solution was 

maintained at alkaline pH of 11. It is observed that for 10 and 16 ppm concentration of 

MB. the degradation is complete within 2-3 hours. Dye concentration of 20-40 ppm 

takes more time for degradation.
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Figure 4.7 Degradation of MB at different dye concentrations in sunlight with 

fixed amount (200 mg) of iron ore rejects

The rate of degradation decreases with increase in MB concentration. This may be 

because of fewer active sites available for the reaction. Also with increased dye 

concentration, sunlight cannot penetrate inside the solution and generation of hydroxyl 

radicals is hindered [240].

4.4.2.3.3 Effect of concentration of ore rejects on degradation of MB on iron ore 

rejects in sunlight

Ore rejects concentration from 10 mg to 2g was added to the dye solution (5 x l0 '5M,

16 ppm) in different conical flasks maintained at pH 11.
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Figure 4.8 Degradation of MB at different concentrations of ore rejects in sunlight 

at 5 x 10'5M  (16 ppm) of MB and alkaline pH.

Figure 4.8 shows the effect of ore concentration on photo catalytic degradation of MB. 

It is observed that as the concentration of ore rejects is increased, the degradation of the 

dye also increases. For concentration of 400 mg of ore rejects, the solution decolourizes 

after 90 minutes. Further it is observed that for the ore rejects concentration of 2g the 

solution gets decolorized immediately after mixing without even exposure to sun. Thus 

the higher concentration of ore rejects helps in faster removal of colour. Literature 

reports that during degradation of the dye, an increase in the concentration of the oxide 

increases the rate of degradation due to increase in the concentration of the active sites 

on the oxide surface. With further increase in the loading of the oxide, the rate of dye 

degradation is expected to decrease due to screening effect of light by semiconductor 

oxide itself.

Goa University 177



Chapter 4

From the above two studies, it is revealed that more the concentration of ore rejects 

better is the degradation of the dye. Higher the concentration of dye more is the

requirement of ore reject.

On addition of more quantity of ore reject (> 2 grams for 150 ml of 0.5x1 O'5 M solution 

of MB) there is instantaneous colour disappearance. To check whether the colour 

disappearance is due to degradation or adsorption of MB, the used ore reject was 

filtered and then stirred with water and some organic solvent. It did not impart bluish 

colour to the washing indicating degradation and not adsorption. The reason for 

decolourization of MB on addition of an excess of ore rejects may be explained as due

to formation of H2O2 by Fe+2/Fe+3.

0 2(ads) + e '  —»'O2" (4.6)

*02' + H20  —>H02* + OH" (4.7)

2 H 02* -*• H20 2 + 02 (4.8)

H 02' + Fe+3 -»• Fe+2 +02 (4.9)

Fe+2 + H20 2-^  * OH + OH’ + Fe+3 (4.10)

4.4.2.3.4 Effect of Temperature on degradation of MB on iron ore rejects in 
sunlight

The degradation of MB in sunlight and presence of ore was studied at various 

temperatures in the range 8°C to 48°C. With increase in temperature, there is an 

increase in the degradation of Methylene Blue. The decolourization is over within 20- 

25 minutes. Rate of a reaction is directly proportional to the temperature of the reaction. 

The process of dye degradation proceeds through formation of hydroxyl radicals. The 

hydroxyl radicals are generated by reaction of hydroxide ions with the hole of the
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electron-hole pair created in the semiconductor oxide. The hole if allowed to recombine 

with the electron, there will be delay in the dye degradation.

280 290 300 310 320

Temperature in K

Figure 4.9 Degradation of MB at different temperatures in sunlight and 200 mg of 

ore rejects, 5 xlO'5M (16 ppm) of MB and alkaline pH.

The photodegradation of MB can be thought to be similar to photo Fenton mechanism 

and thus an increased rate of reaction with increase in temperature indicating additional 

effect of supply of energy in terms of heat helping in formation of hydroxyl radicals. 

This is in agreement with the literature reports [241],
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4.4.2.4 Degradation of MB on iron ore rejects at alkaline and neutral pH in 

sunlight

a. UV-Visible absorbance

MB degradation in presence of sunlight was carried out in alkaline and neutral pH at 

room temperature. The absorbance of the solution was recorded after definite intervals 

of time. Alkaline pH was chosen because maximum degradation was observed at pH 

11. A second study was carried out at neutral pH because of minimum degradation 

occurring when pH is 7 (UV-Visible spectrum not shown). MB absorbs in the UV as 

well as visible region of the electromagnetic spectrum as seen in figure 4.10. The 

absorption spectrum of MB in alkaline solution shows two maxima of absorbance at 

665 nm and 610 nm which are assigned to the absorption bands of monomeric and 

dimeric forms of MB. Under strongly alkaline conditions methylene blue is slowly 

converted to methylene violet by hydrolysis of a dimethyl amino group. Due to this its 

absorbance shifts to 580 nm [242], It is observed that the absorbance corresponding to 

the chromophores at 665 nm and 610 nm at alkaline pH diminishes with time in 

presence of sunlight (Figure 4.10). There is no formation of methylene violet and ~ 

90% de-colorization occurred in 150 minutes. At neutral pH the degradation is only 

45% in 150 minutes.
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Figure 4.10 Degradation of MB in sunlight at alkaline pH using iron ore rejects.

b. Mineralization products of MB

Decolourization of MB was observed on exposure to sunlight in presence of ore rejects. 

It is also important to understand whether there is only decolourization of MB or 

decolourization followed by mineralization to CO2, water and acid ions. The colourless 

solution obtained after the degradation was analyzed for COD to see the extent of 

degradation of MB. This test is widely used as an effective technique to measure the 

organic strength of wastewater. The test allows the measurement of waste in terms of 

the total quantity of oxygen required for the oxidation of organic material to CO2 and 

water. The COD of the dye solution before and after the treatment shows a decrease in 

COD. The reduction in COD values indicates the mineralization of the dye molecules 

along with the colour removal. Thus MB degrades according to the reaction [112]:

2C16H18N3SC1 + 2502 -*• 2HC1 + 2H2S04+ 6HNO3 + 32C02+ 12H20  (4.11)

And hence there should be mineralization products like C02, nitrate and sulphate
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formed. The analysis of these products confirms the mineralization of the dye. It is 

observed that in alkaline as well as neutral pH, there occurs decolourization as well as 

degradation. There is partial mineralization in case of MB degradation at neutral pH as 

indicated by COD, nitrate, sulphate and CO2 analysis. Hence the degradation at neutral 

pH was not studied further. However thermal degradation of MB at neutral pH is 

reported in the later section.

Table 4.5 Products of mineralization of MB at alkaline and neutral pH.

%COD 
removal 
(after 30 
minutes)

% COD 
removal 
(after 150 
minutes)

Free
co2
mg/1

Nitrate 
after 150 
minutes 
mg/1

Sulphate 
after 30 
minutes
mg/1

Sulphate 
after 150 
minutes 
mg/1

Iron ore rejects at 
Neutral pH

38.1% 66.7% 3.56 0.77 0.139 0.394

Iron ore rejects at 
Alkaline pH

47.6% 85.7% 49.89 0.77 2.55 3.101

Sunlight (Blank) - (added) -85(added) 2.6 0.75 32.5

In case of solar degradation of MB at alkaline pH, 86% COD removal is observed after 

complete decolourization of MB. Nitrate is not detected in the early stages of solar 

degradation which may be because of formation of ammonium ions first and their 

subsequent oxidation to nitrates. The results are in agreement with those reported [111]. 

Quantity of sulphate ions released by iron ore rejects is lower as compared to sulphate 

produced during photolysis which may be due to loss of sulphur containing volatile 

compounds like H2S/SO2 in photocatalysis [111].The pH of the solution remained 

alkaline throughout the degradation and on completion of degradation, the pH comes to 

neutral range. This may be due to formation of acids during degradation which 

neutralize the alkaline solution. The conductivity of the solution also shows a gradual 

increase and later decrease towards complete decolourization indicating the formation 

of ions and then escape of ions as gases. The conductivity becomes negligible on
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complete decolourization.

c. ESI-MS studies

Since decolourization does not give clear idea about the extent of degradation, ESI-MS 

studies were carried out for the degraded solutions to know if there are any organic 

moieties still remaining in the solution. Following are the fragments obtained on 

analyzing the decolourized solution of MB after 150 minutes.

Table 4.6 Products of solar degradation of MB on iron ore rejects analyzed by 

ESI-MS.

Iron Ore catalysed degradation of MB in sunlight

OH

OH CH3

c 16h20n 3o 2s
(M+)=318.0305

H

HjC --t4+^ ^ C  „ D C ^ ^ O H

i AH3C h o  Xo h

c ,4h 17n 2o3s
(M+)=293.0952

H

H jC  OH 
H H OH

C,3Hi5N20 3S
(M+)=279.0897

B

C12H10N3S
(M+)=228.1013

j 5 a h

OH

c 6h 9n 2o 4s
(M+)=205.0275

H

0 J v ^ s = o
OH

c 6h 6n o 3s
(M+)=l 72.0599

^  1 +

O B

O

c 6h 8n o 2s
(M+)= 158.0504

HO

HO.

OH

I
O H

C4H50 6
(M+)=148.9778

h-n 
c h3

C7Hi ,N20
(M+)=139.0138

HO 

HO.
V

H-O*l
H

J

c4h 6o 4
(M+)=121.0012
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The results indicate that the degradation occurs via the hydroxyl radical mechanism. 

The oxidative photo degradation of MB involves several intermediates and 

identification of all of them becomes difficult due to very low concentration and many 

of them cannot be detected because of their poor extractability in the organic medium. 

All the products formed during solar degradation of MB are listed in table 4 .6.The 

spectra are compiled in appendix, figure 12. The peak at m/z = 228 (C12H10N3S) 

correspond to loss of methyl groups from aromatic rings on both sides of MB 

respectively. The peaks at m/z = 318 (C16H20N3O2S), 293 (C14H17N2O3S) and 279 

(C13H15N2O3S) seem to be due to successive addition of hydroxyl to the M B molecule. 

The OH radicals are supplied by the continuous generation of Fe+2 which give rise to 

hydroxyl radicals by the reaction given below:

Fe+2 +H2O2 Fe+3 + ‘OH + OH' (4.10)

The breaking of MB molecule is suggested by the presence of peaks at m/z = 205 

(C6H9N204S), 172 (C6H6N 03S), 158 (C6H8N 02S), 149 (C4H50 6), 139 (C7HnN20) 

and 121 (C4H6O4). Thus though COD indicates liberation of organic moiety as gases, 

some fragments are found to be present after degradation.

d.Kinetics of photo degradation of MB:-

The photocatalytic degradation obeys apparently pseudo first order kinetics at low 

initial MB concentration and the rate expression is given by

Ln Ao_ === In Co === Kt (4.12)
A C

Plots of log Co/C against time for photocatalytic degradation upon linear regression 

equals the apparent first order rate constant K and the value of rate constant K is equal 

to 0.00862 minute
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Figure 4.11 Plot of In Co/C against time during solar degradation of MB by iron 

ore rejects.

The linear behaviour of In Co/C as a function of time suggests a first order kinetic 

reaction with respect to MB concentration.

d. Photocatalytic degradation Mechanism

The iron ore reject has semiconducting properties [243]. The semiconductor materials 

when irradiated generate electron-hole pairs.

Semiconductor + hv —> e (Conduction Band) + h+ (Valence Band) (4.13)

Oxygen molecules (O2) adsorbed on the surface of the semiconductor oxide form 

superoxide radical anion.

O2 (adsorbed) + e' (Conduction Band) —► ’O2' (4.14)

The surface hydroxyl groups of the semiconductor oxide get converted to hydroxyl 

radicals.

OH' + (Valence Band) —>• *OH (4.15)

Using ESR spectroscopy data it is reported that the formation of active *OH and O2 

species takes place during photodegradation of organic compounds [219]. It is also
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reported that the superoxide radical anion is unstable in aqueous media and is readily 

converted to ’OH radicals via formation of H2O2 [220]. The photo degradation reaction 

of organic compound, R proceeds through the reaction with hydroxyl radicals. The 

hydroxyl radicals can oxidize simple organic pollutants directly, while refractory ones 

can only be degraded through complex pathway [244].

R + ‘OH —► R’’ —> Degradation products (4.16)

In the present study, iron ore reject in excess added directly to a solution of MB is 

found to decolorize MB. FeO content of iron ore reject increases from 1.01 % to 1.44%, 

Table 4.1, after its use for degradation. The increase in Fe+2 content after mineralization 

of MB by ore rejects in sunlight suggest that the electrons formed on the
+3 _|_2

semiconducting ore reject reduce Fe to Fe .

Fe+3 + e' (Conduction Band) —> Fe+2 (4.17)

There by Fe+2 content increases. The holes created due to irradiation are involved in the 

hydroxyl radical formation.

OH' + h+ (Valence Band) —* ’OH (4.18)

The hydroxyl radicals are powerful oxidants which degrade the dye molecules at a 

faster rate. Reactions (4.17) and (4.18) inhibit the electron hole recombination and 

hence enhance the photo-degradation of MB.

Thus it can be concluded that MB degradation by iron ore at alkaline pH proceeds 

through formation of hydroxide radicals from Fe+2’ the mechanism of which is similar to 

photo Fenton reaction. Fe+3 get reduced to Fe+2 by taking up the electron of the 

electron-hole pair. The ’OH radical formed reacts with the organic compound to form 

radical of organic compound. Some ’OH radicals combine to form H20 2. Fe+2 produced 

reacts with H20 2 to form Fe+3 and ’OH radicals back. There by the chain continues 

[217].
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‘OH + ‘OH —► H20 2 (419)

Fe+2 +H20 2 -* Fe+3 + ‘OH + OH' (4.10)

So there is continuous generation of Fe+2 which give rise to hydroxyl radicals and 

degradation of the organic compound takes place. The increase in Fe+2 has been 

confirmed by chemical analysis, increase in Fe304 content after the first use of reject for 

degradation (table 4.1).

4.4.2.5 Effect of dyeing chemicals on MB degradation by iron ore rejects

4.4.2.5.1 Presence of NaCl along with MB dye

Sodium chloride usually comes out in the effluent along with sectional waste in textile 
mills.

Amount of NaCl (mg)

Figure 4.12 Degradation of MB at different concentrations of NaCl.

Figure 4.12 reflects effect of NaCl on the photocatalytic activity of iron ore rejects 

(200mg), MB concentration of 16 ppm at alkaline pH. It is observed that as the 

concentration of NaCl increases, the efficiency of photodegradation decreases. The 

decrease in the degradation of the dye in the presence of chloride ions is due to hole
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scavenging properties of chloride ions.

C r + h + v .B .-> C 1 ‘ (4 .2 0 )

c r + c r - c i 2 (4 .2 1 )

They are instantaneously converted into chloride radical anions which block the 

surface sites normally available at the semiconductor oxide /dye interface. Thus there is 

decrease in degradation of dye with increase in NaCl concentration. Figure 4.13 shows 

UV-Visible spectrum of MB during degradation on iron ore rejects in presence of 200 

mg of NaCl.

Figure 4.13 Degradation of MB (16 ppm) by iron ore rejects (200 mg) in presence 
of 200 mg of NaCl.

It is observed that during degradation of MB, the peak in the UV- Visible spectrum of 

MB at 200 nm due to H2O2 is absent. This may be attributed to the hole scavenging 

property of chloride ions which does not let formation of ‘OH radicals and hence the 

formation of FUC^.The decrease in the rate of photodegradation in presence of NaCl is
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because of deficiency of H2O2 and ’OH. This supports the fact that the degradation 

proceeds through formation of electrons and holes followed by formation of H2O2.

4.4.2.5.2 Presence of Na2C0 3  along with MB dye

Sodium carbonate is one of the common auxiliary chemical employed in textile 

processing operations. Sodium carbonate is mainly used in the dyeing bath in order to 

adjust the pH of the bath. It plays an important role in fixing of the dye on the fabric 

and in the fastness of the colour.

77.3%

200
Amount of Na2C 03 (mg)

Figure 4.14 Degradation of MB (16 ppm) by iron ore rejects (200mg) at different 

concentrations of Na2 C0 3.

Figure 4.14 reflects effect of Na2C0 3 on the ore catalysis using iron ore rejects 

(200mg), MB concentration of 16 ppm at alkaline pH. The degradation decreases on the 

increased addition of Na2C0 3 upto 50 mg and further increases for 100 and 200 mg of 

Na3C03. Figure 4.15 shows UV-Visible absorption spectrum of MB during degradation
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on iron ore rejects in presence of 200 mg of Na2C 03.

Figure 4.15 Degradation of MB (16 ppm) by iron ore rejects (200 mg) in presence 

of 200 mg of Na2 C0 3 .

The decrease in the degradation of the dye in presence of carbonate ions may be due to 

hydroxyl ion scavenging property of carbonate ions thus suggesting hydroxyl radical 

mechanism of dye degradation.

'OH + CO3 2 -» O H + C 0 3"  (4.22)

*OH + HC03_1 -*• H20  + C03‘' (4.23)

These radical ions i.e. C03’ ' may also block the active sites on the oxide surface thus 

deactivating the oxide towards MB. These generated radical anions are oxidants itself, 

but the oxidation potential is less than that of the hydroxyl radical. Thus the increase in 

the rate of degradation in presence of more carbonate ions is because of carbonate
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4 .4 .2 .6  Effect of additives on MB degradation by iron ore rejects 

4.4.2.6.1Effect of addition of K2 S2 O8 to MB dye

K2S2O8 is known to enhance degradation of dyes [227] so this study is carried out to 

check its effect on dye degradation in presence of iron ore reject sample.

____________ ______ _______________ __________________________________ Chapter 4

88.8% 89.4% 89.7% 90.2%

A m ount o f Persulphate (m g)

Figure 4.16 Degradation of MB (16 ppm) by iron ore rejects (200 mg) at different 

concentrations of K2 S2 O8

Figure 4.16 reflects effect of K2S2O8 on the ore catalysis. The degradation of the dye 

increases with increasing amount of persulphate ion concentration. There is marginal 

increase in degradation of MB when K2S2O8 added is increased from 25mg to 200mg. 

Thus 25 mg can be taken as optimum quantity required enhancing degradation. The 

solution with highest concentration of K2S2O8 with 200mg degrades to 90% within 60 

minutes of exposure to sun. Figure 4.17 shows UV-Visible absorption spectrum of MB 

during degradation of MB on iron ore rejects in presence of 200mg of K2S2O8.
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Figure 4.17 Degradation of MB (16 ppm) by iron ore rejects (200 mg) in presence 

of 200 mg of K2 S2 O8

K2S2O8 forms sulphate by reactions with semiconductor generated electrons.

S2O i2 + e aq S04 ' * + SO4'2 (4.24)

S20 8-2 + e cb -»• S04 ’ * + S04'2 (4.25)

The sulphate anion radical is a strong oxidant (E° =2.6V). It has the unique nature of 

attacking dye molecules at various positions and hence fragmentation of the dye 

molecules is rapid.

S 0 4 ' * +  d y e - - >  SO 4'2 +  dye+" (interm ediate) — *  S 0 4'2 + C 0 2 + H N 0 3 +  other inorganics (4.26)

4.4.2.6.2 Effect of addition of H2 O2 to MB dye

H20 2 is another chemical compound known to enhance degradation of dyes [227] so 

this study is carried out to check its effect on dye degradation in presence of ore reject
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sample.
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Figure 4.18 Degradation of MB (16 ppm) by iron ore rejects (200 mg) at different 

concentrations of H2 O2

Figure 4.18 shows the influence of H2O2 dosage on the degradation efficiency of the 

dye. The increase of H2O2 concentration results in a faster degradation of the dye. At 

0.01M concentration, it degrades 92 % MB. The dye solution with highest 

concentration of H2O2 with 0.04M degrades MB solution to ~ 97% within 60 minutes of 

exposure to sun. The photolysis of H2O2 generates hydroxyl radicals [227] and H2O2 is 

suitable for trapping electrons [231] thus preventing their recombination. Thus presence 

of H2O2 fastens the degradation process. Figure 4.19 shows UV-Visible absorption 

spectrum of MB during degradation on iron ore rejects at H2O2 concentration of 0.04 M.
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Figure 4.19 Degradation of MB (16 ppm) by iron ore rejects (200 mg) in presence 

of 0.04M H20 2

An excess of H20 2 decreases the reaction rate due to quenching of -OH radicals and 

formation of perhydroxide radical which is less reactive.

4.4.2.7 Reuse of ore rejects for MB degradation

Iron ore rejects can be effectively reused for degradation of MB after proper washing 

and drying. It is observed that during the first run of its use degradation of MB is 

complete in 150 minutes, second run of degradation, the decolourization is over by 120 

minutes and in the third run decolourization is complete by 90 minutes. The 

decolourization is followed by mineralization of MB and the mineralization ability of 

the iron ore rejects is slightly altered. Hence iron ore rejects show excellent reusability.
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Figure 4.20 Degradation of MB (16 ppm) on iron ore rejects (200 mg) in second 
run

200 300 400 500 600 700 800

Wavelength nm

Figure 4.21 Degradation of MB(16 ppm) on iron ore rejects (200 mg) in third run

Table 4.7 COD removal and mineralization products of degradation of MB on 
reuse.
Iron ore rejects % COD Removal Nitrate mg/L Sulphate mg/L
1 run 85.7 0.77 3.101
2 run 90 3.0 1.92
3 run 73.8 5.99 4.6

The increased efficiency of iron ore rejects during its reuse may be due to photo Fenton

♦ +2type mechanism operating in the degradation process. There is formation of Fe from
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Fe+3 as shown in equation (4.17). This generation of Fe+2 gives rise to more hydroxyl 

radicals. Formation of more hydroxyl radicals increases the photocatalytic activity of 

the rejects. The formation of Fe+2 is supported by increased Fe3C>4 content by chemical 

analysis after reuse, table 4.2. Thus as Fe3C>4 content (Fe+2) increases there is increase in 

photodegradation.

It is observed that the degree of crystallinity of ore rejects is reduced considerably after 

one use as specified by the XRD patterns (figure 4.22). The agglomeration of the ore 

reject is also supported by SEM (figure 4.23).

140-

10 20 30 40 SO 60 70

26 (Deg.)

Figure 4.22 XRD of iron ore rejects after use for degradation of MB.

Figure 4.23 SEM images of iron ore rejects after use for photodegradation of 
MB (x33000).

Goa University 196



Chapter 4

Diffuse Reflectance Spectra recorded after use (figure 4.4) show blue shift of 

absorption maximum of the ore rejects. There is even increase in absorbance of ore 

rejects after use. The bandgaps calculated from derivative plots show a slight decrease. 

This decrease in the band gap along with increased concentration of Fe+2 may be 

enhancing the degradation capacity of ore reject on reuse.

Table 4.8 Calculated bandgaps of iron ore rejects

Iron o re  r e je c ts B an d -gap  ( e V )
F resh 2 .1 9
A fte r  1 u se  in d egrad ation  o f  M B 1.95
A fte r  2  u s e  in d egrad ation  o f  M B 1.75

4.4.2.8 Thermal degradation of methylene blue by iron ore rejects

It was observed earlier that temperature has an additional effect of enhancing the 

degradation during solar degradation of MB. Hence it is important to understand the 

effect of temperature on degradation of MB. The thermal degradation study of MB in 

the presence and absence of iron ore rejects was undertaken at different temperatures 

viz.40, 60, 80 and 100°C. At 100°C the decolorization of 74% of MB is achieved. Iron 

ore rejects loading in MB followed by thermal treatment shows 82 % degradation at 

60°C. This suggests a gainful effect of temperature in the degradation of MB with iron 

ore.

Thermal degradation of MB in absence of sunlight and at neutral pH may be due to 

formation of H2O2 by Fe+2/Fe+3. When energy is supplied to the MB degradation 

process in the form of heat, there is an increase in the rate of reactions (4.6) to (4.10).
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Figure 4.24 Thermal degradation of MB by iron ore rejects at 60°C.

Thermal degradation of MB also shows formation of colourless degradation products 

all of which cannot be identified and studied due to low concentration and poor 

extractability in organic medium. Some of the generated products are similar to the ones 

seen during solar degradation of MB. All the products formed during these degradations 

are listed in Table 4.9.The spectra are compiled in figure A-12 in appendix.

Table 4.9 Products of thermal degradation of MB by iron ore rejects analyzed by 
ESI-MS.
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The presence o f a peak at m/z = 284 (C16H18N3S) in case o f thermal degradation 

corresponds to methylene blue molecular ion indicating that there is no complete 

decolourization o f MB during thermal treatment. The peak at m/z = 270 (C15H16N3S) is 

due to Azure B, the product formed with loss of a methyl group attached to the aromatic 

rings o f  MB. The peaks at m/z = 293 (C14H17N2O3S) and 279 (C13H15N2O3S) are due to 

formation o f hydroxylated product. The breaking o f MB molecule forming the products 

is revealed by the presence o f peaks at m/z = 205 (C6H9N2O4S) and 149 (C4H5O6).

The study shows that iron ore rejects rather than dumping in pits as a waste material and 

creating pollution can be used as dye degrade of industrial effluent. It has reusability. 

Presence o f  sunlight, higher temperature and alkaline medium helps in faster 

degradation. Although other chemicals present in effluent of dye industry lower the 

degradation, additives like H2O2 can be added to increase efficacy of the process.

Goa University 199



Qfuvptm 5

Summwaf,, CancCu^iem 
and

&utwte Scape



Chapter 5

Summary and Conclusions

The pollution menace has crossed all its limits in the 21st century. The very basic cause 

of environmental degradation is growing population. Because o f the rise in population 

at alarming rate there is high demand o f food, goods and energy. This has necessitated 

need o f industrialisation. Industrialisation has led to the problem o f pollution o f air, 

water and soil. The waste materials are thrown in the surroundings without processing. 

Thus it is high time to think o f ‘waste management’ , a comprehensive, integrated and 

rational approach towards maintenance of environmental quality. The processes are to 

be developed that convert the wastes to form environmental friendly products before 

passing them to surroundings. The need of the hour is that researchers should design 

methods o f treating sewage and industrial effluents and find measures to abate them. 

The methods used should involve minimum utilization o f energy.

Energy is the key ingredient for the economic growth o f the country. Power generation 

and availability o f energy decide growth of industry and agriculture. Energy is also 

required for domestic purpose and so there is geometric increase in its need. Fossil fuels 

at present are the main sources o f energy and cannot meet the growing demands. The 

energy crisis has necessitated setting up o f nuclear power plants. Enormous amount of 

energy is released from a small amount o f Fuel. Breeding o f  fuel is also done and it is 

supposed to be clean source o f energy if  utmost care is taken at every stage. Nuclear 

fission creates radioactive waste which has to be managed in proper way. It should not 

create problem for present as well as the future generations. Thus the need is to confine 

the radioactive waste in certain materials that would not leach them to the surroundings 

after geological disposal.

In the present research work, we have tried to seek some routes to tackle a few
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environmental pollutants. Metal oxides are used in the abatement o f environmental 

pollutants. The preparation o f the oxides being a chemical process puts burden on the 

energy resources. Hence, we have opted for green processes consuming less energy in 

their synthesis. The oxalate and hydrazinated oxalate precursor methods o f oxide 

formation yield materials with better morphology and better properties at much lower 

temperatures. Hydrazine also acts as scavenger o f obnoxious gases given out during 

synthesis o f  oxides. Citrate gel route is another method of preparation o f metal oxides 

which gives product oxides at much lower temperatures. The citrate gel route amongst 

the various types o f preparation methods, gives better morphology of sintered samples. 

The compactly packed material can serve as a good material for nuclear waste disposal 

restricting the release o f radionuclides by the process o f leaching.

Chapter 2 contains study o f pyrochlore materials for nuclear waste management. 

Studies done on various host lattices to retain nuclear wastes suggest use o f the 

materials which are more resistant to amorphisation. At present borosilicate glass is 

used as host matrix for radioactive wastes which are then packed in stainless steel 

canisters buried in deep underground trenches. It can retain the material without 

leaching for about 100 years. Pyrochlore oxides are suggested as leading candidates that 

can hold the radioactive materials for millions o f years and so synthesis o f pyrochlore 

oxides is attempted successfully by oxalate, hydrazinated oxalate, citrate gel and 

ceramic route in the present studies. Pyrochlore oxide, Nd2Zr207 prepared by citrate gel 

method has a uniform morphology. When Nd2Zr2C>7 is doped with Strontium (a 

common byproduct o f nuclear fission), it tends to hold Sr in its lattice strongly on 

sintering at 1400°C. Thus the ceramic material Nd2Zr20 7 prepared by citrate gel method 

and sintered show better retention o f strontium in its lattice and can be thought as a

Goa University
201



Chapter 5

potential material for nuclear waste disposal.

Besides, a series of pyrochlore oxides Nd2ZrxTi2.x0 7 was synthesised by citrate gel 

method. In this series replacement of Zr by Ti is expected to bring a disorder in the 

lattice. The ionic conductivity study shows higher values of conductivity for 

Nd2Zr1.8Tio.2O7.This is due to disorder in the lattice and presence of Ti+3 which creates 

vacancies at oxide sites favouring diffusion of ions thereby increasing conductivity. 

Since a disordered lattice can withstand the amorphisation more readily than the 

ordered one, this material can be of use in the nuclear waste disposal. It can also be 

used in applications like fuel cells.

Chapter 3 deals with the synthesis of ZnO photocatalysts, active in the visible region of 

the electromagnetic radiation so that when they are used in the degradation of 

pollutants, no additional source of energy is required during degradation. Solar energy 

that is bountiful and available naturally can be used for the process. The hydrazinated 

oxalate method of synthesis is used in the synthesis of ZnO. It incorporates nitrogen in 

the lattice of ZnO facilitating its absorption in the visible region of the electromagnetic 

spectrum. The formation of fine sized particles and large surface area also facilitates the 

absorption process.This N-doped ZnO obtained from the hydrazinated precursor shows 

more efficient degradation of methylene blue, a model dye as compared to undoped 

ZnO. Formation of SO42', N03- and CO2 from the degraded MB solution indicates the 

mineralization of the dye. ESI-MS results indicate presence of small amount of some 

organic moieties even on complete decolourization. No loss in the efficiency of ZnO 

and ZnOi.xNx after use in degradation makes them suitable for reuse. The Zinc oxide 

and ZnOi_xNx prepared are also effective in degrading industrial effluents. ZnOi-xNx 

obtained from the hydrazinated precursor also shows an increased antibacterial property
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against bacteria E. coli. The prepared ZnO and N doped ZnO photocatalysts are active 

in degradation of NOx. Thus ZnO synthesized from hydrazinated oxalate can be used in 

degradation of dye effluents, NOx. Its antibacterial property can also be harnessed.

On doping ZnO with small amount of aluminium, the photodegradation ability 

increases. The NOx degradation ability remains the same, however the antibacterial 

activity is lost on doping with aluminium.

Spray pyrolysis of zinc nitrate in presence of hydrazine hydrate is also attempted. The 

method gives N doped ZnO with uniform particle size distribution. The set up requires 

more sophistication. The N doped ZnO obtained by the method is very effective 

inhibitor of bacteria E. coli.

In chapter 4, study of one more pollutant in the local scenario is reported. The iron ore 

rejects stored in the pits create pollution in agricultural areas. The oxides present in ore 

are used as technologically important material in dye degradation which gives value 

addition to these rejects. The iron ore rejects usually thrown away during mining are 

used directly to oxidize organic dyes. Addition of iron ore shows immediate fading of 

the colour of methylene blue. It also effectively degrades MB in sunlight and even 

thermally. MB degradation by iron ore rejects at alkaline pH in sunlight is similar to 

photo Fenton reaction. Formation of SO42’, NO3" and CO2 from the degraded MB 

solution indicates the mineralization of the dye. ESI-MS results indicate presence of 

some organic moieties even on complete decolourization. No loss in the efficiency of 

iron ore reject is observed after three runs, rather the efficiency increases due to 

formation of Fe+2. Thus iron ore tailings may be recommended to be used as a bed to 

treat dye effluents in industry before passing it to the surrounding.
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Future Scope

Citrate gel method of synthesis yields oxides at much lower temperature of 900°C 

compared to conventional ceramic method of obtaining oxides at 1400°C. Use of 

Hydrazine hydrate lowers the temperature of decomposition of precursors and also 

reduces the particle size in case of synthesis of ZnOi.xNx. These methods can be used 

for the synthesis of other strategic materials.

Leaching studies of Strontium from neodymium zirconate lattice can be performed by 

sintering the matrix at still higher temperatures (1600°C) to further minimize the 

leaching of Sr from the lattice of neodymium zirconate.

Photodegradation of dyes and other organics on ZnO, ZnOi.xNx and iron ore rejects can 

be optimized so as to carry out complete mineralization of organic moiety to carbon 

dioxide and water.

The antibacterial properties of ZnO and ZnOi-xNx can be made use of in textiles, 

medicated bandages, sterile dressings etc. The antibacterial studies can be carried out on 

other strains of bacteria.

NOx determination can be carried out quantitatively to estimate and enhance the 

photocatalytic activity of the photocatalysts.

The oxidation property of iron ore rejects can be utilised for environment friendly 

applications. The iron ore tailings may be used as a bed to treat dye effluents coming 

out from industries before sending it to the surroundings. The work carried out and 

results obtained for the representative organic dye is relevant to degradation of 

pesticides and other organic effluents also. A bed of iron ore tailings may be formed 

around the fields so that excess pesticides and fertilizers which get washed away in the 

water bodies present around fields get degraded and do not leach in the water bodies.
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APPENDIX - 1

Table A-l : d values calculated by XRD for zirconates prepared by oxalate and 
hydrazinated oxalate

Gd22r207 (oxalate) Gd2Zr20 7 (OxH) Gd2ZrCe07(ox) Gd2ZrCe07(0xH)
2 0 d 2 0 d 2 0 d 2 0 d

28.71 3.1074 28.63 3.1159 29.0 3.080 28.50 3.1332
30.17 2.9598 30.18 2.9583 29.60 3.019 29.00 3.080
33.37 2.6829 34.99 2.5623 34.00 2.638 33.7 2.6608
47.96 1.8951 47.87 1.8986 49.20 1.8526 48.40 1.8793
50.35 1.8110 50.35 1.8110 56.50 1.6295 56.90 1.6189
56.68 1.6225 56.63 1.6240 58.00 1.5908 59.21 1.5593
60.07 1.5389 59.59 1.5501

Nd2Zr207 (ox) Nd2Zr207 (OxH
2 0 d 2 0 d

14.40 6.1461 14.48 6 . 1 1 1 1

28.99 3.0771 29.07 3.0639
30.81 2.8997 30.87 2.8941
33.61 2.6639 33.59 2.6655
48.23 1.8852 48.27 1.8838
50.65 1.8007 49.39 1.8437
57.15 1.6103 57.24 1.6081
60.08 1.5388 60.06 1.5390

Table A-2: Crystallite sizes of zirconates prepared by oxalate and hydrazinated oxalate 
methods (calculated by Scherer’s formula)

Compound Particle size in nm
Gd2Zr2 0 7 (oxalate) 16.11
Gd2Zr20 7 (Hydrazinated oxalate) 20.63
Gd2ZrCe07(oxalate) 13.92
Gd2ZrCe07(Hydrazinated oxalate) 11.46
Nd2Zr2 07(oxalate) 28.70
Nd2Zr207(Hydrazinated oxalate) 28.70
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Figure A -l: XRD patterns of as prepared (i) Nd2Zr1.3Tio.2O7 and (ii) Nd2Zr1.0Ti1.0O7 
(citrate gel method)

Table A-3: Calculated d values for Nd2ZrxTi2.x07 prepared by Ceramic method

Nd2zrl.8Tio.207 Nd2Zr1.6Tio.4O7 Nd2Zrj ̂ Tio.eO? Nd2Zr1.2Tio.8O7 Nd2Zr1.0Ti1.0O7

20 d 20 d 20 d 20 d 20 d

14.38 6.1544 14.52 6.0953 14.50 6.1037 14.62 6.0538

27.82 3.2042 28.08 3.1751 28.04 3.1795 28.22 3.1597 28.20 3.1618

29.06 3.0702 29.36 3.0395 29.30 3.0456 29.18 3.0579 29.48 3.0274

33.70 2.6574 34.04 2.6316 33.94 2.6391 33.82 2.6482 34.16 2.6226

36.82 2.4390 37.08 2.4225 37.08 2.4225 37.08 2.4225 37.34 2.4062

41.54 2.1721 41.80 2.1592 41.98 2.1503 41.44 2.1772 41.12 2.1933

44.32 2.0421 44.74 2.0239 44.70 2.0256 44.40 2.0386 44.82 2.0205

48.40 1.8791 48.86 1.8625 48.76 1.8660 48.60 1.8718 48.82 1.8639

50.76 1.7971 51.38 1.7769 50.40 1.8091 50.96 1.7905 50.40 1.8091

57.48 1.6020 58.10 1.5863 57.94 1.5903 57.70 1.5964 58.32 1.5809

60.30 1.5336 60.42 1.5308 60.26 1.5345 60.54 1.5821 60.12 1.5378
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Table A-4: Calculated d values for Nd2ZrxTi2-x07 prepared by citrate gel method.

Nd2zrl.8Tio.207 Nd2Zr1.6Tio.4O7 Nd2Zr1.4Tio.6O7 Nd2Zr1.2Tio.sO7 Nd2Zr1.0Ti1.0O7
20 d 20 d 20 d 20 d 20 d
14.46 6.1205 14.42 6.1374 14.50 6.1037 14.58 6.0704 14.54 6.0870
27.84 3.2019 27.86 3.1997 27.92 3.1929 28.14 3.1684 28.12 3.1707
29.02 3.0744 29.14 3.0620 29.18 3.0578 29.38 3.0375 29.46 3.0294
33.64 2.6619 33.78 2.6512 33.84 2.6467 34.06 2.6301 34.12 2.6256
36.78 2.4416 36.92 2.4326 36.98 2.4288 37.20 2.4150 37.40 2.4025
41.60 2.1691 41.64 2.1672 41.66 2.1662 41.74 2.1622 41.52 2.1735
44.18 2.0483 44.44 2.0369 44.96 2.0145
48.38 1.8812 48.54 1.8740 48.62 1.8711 48.94 1.8596 49.10 1.8539
50.72 1.7984 50.90 1.7925 50.92 1.7918 51.32 1.7788 50.52 1.8051
57.40 1.6040 57.66 1.5974 57.72 1.5959 58.10 1.5863 58.28 1.5819
60.22 1.5354 60.48 1.5295 60.56 1.5276 60.68 1.5249 61.28 1.5114

A-5 Crystallite size calculated by Scherer’s method for the Nd2ZrxTi2-x07 series

Compound Citrate gel method (nm) 
As prepared Sintered

Ceramic method 
(nm)

Nd2 Zr207 40 188.2 132.9
Nd2Zr 1 gT io.yOy 39 188.2 188.3
Nd2Zr 1 e,T io. 4 0 7 34 158.4 188.4
Nd2Zr 1 4T ioftOy 39 188.3 188.4
Nd?Zr 1 2T io.gOy 39 188.4 188.3
Nd2Zr1.0Ti1.0 O7 33 188.5 188.4

A-2 SEM images of pyrochlore samples prepared by citrate gel method.

(x700 and x2700)
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fyim ’ ' 2mrT

B) Nd2Zr1 5 Ti0  4O7(x700 and x2700)

"9Mm 1 1 2jjm

C) Nd 2 Zri.4 Tio.6 0 7 (x 7 0 0  and x2700)

9(jm 1 1 9jJin

d) Nd2 Zri,2 Tio.8 0 7 (x 7 0 0  and x2700)

Figure A-3: SEM images o f  pyrochlore samples prepared by ceramic method (x 700). 

A)Nd 2 Zr2 C>7 B) Nd 2 Zri ^Tio^O? C) Nd2 Zr1.4 Tio.6 O7 d) Nd2 Zri ̂ Tio.sO?

Goa University 227



Appendix I

Figures A-4: Impedance plots at 700°C (973K) for

a) Nd2Zr207, b) Nd2Zr1.8Tio.2O7 prepared by ceramic method,

2000 4000 eooo

T  (ohm)

c) Nd2Zr1.6Tio.4O7 (citrate gel method), d) Nd2Zri.6Ti0 .4O7 (ceramic method),

e) Nd2Zr[ 4Ti0 .6O7 (citrate gel method), f)Nd2Zr1 4 Ti0 .6O7 (ceramic method),
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g) Nd2Zr,.oTi1.o07(citrate gel method), h)Nd2Zri.oTi1.o07(ceramic method)

Table A-6: Calculated d values for ZnO and ZnOi.xNx prepared by oxalate and 
hydrazinated oxalate method.

ZnO (Zincite) 
5-664

ZnO (Oxalate) ZnO(OXH Equilibration) ZnO(OXH Solution)

20 d I/Io 26 ‘d’ 20 ‘d’ 20 ‘d’
31.74 2.816 71 31.95 2.7981 31.59 2.8290 31.59 2.8290
34.42 2.602 56 34.56 2.5919 34.19 2.6198 34.34 2.6083
36.24 2.476 100 36.42 2.4637 36.21 2.4781 36.21 2.4781
47.52 1.911 29 47.56 1.9096 47.49 1.9121 47.34 1.9180
56.52 1.626 40 56.67 1.6222 56.45 1.6281 56.45 1.6281
62.84 1.477 35 62.99 1.4738 62.81 1.4777 62.67 1.4806
66.36 1.407 06 66.51 1.4042 66.28 1.4085 66.28 1.4085
67.89 1.379 28 68.01 1.3768 67.86 1.3794 67.86 1.3794
69.04 1.359 14 69.13 1.3572 69.03 1.3589 68.87 1.3616

Figures A-5: Thermograms of hydrazinated oxalate precursors

200 400 600 800 1000

i) for 0.0005% Al doped ZnO (S= solution method) (E=equilibration method)
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£O

ii) for 0.002 % A1 doped ZnO (S= solution method) (E=equilibration method)

200 400 600 800 1000

iii) for 0.003% Al doped ZnO (S= solution method) (E=equilibration method)
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Table A-7: Calculated d values for aluminium doped ZnO prepared by hydrazinated 
oxalate (i) Equilibration and (ii) Solution method.

ZnO(Zincite)
5-664

5E IE 2E 3E

20 d I/Io
20 ‘d’ 20 ‘d’ 20 ‘d’ 20 ‘d’

31.74 2.816 71 31.85 2.8059 31.85 2.8059 31.86 2.8057 31.66 2.8222
34.42 2.602 56 34.48 2.5981 34.48 2.5981 34.48 2.5981 34.48 2.5981
36.24 2.476 100 36.24 2.4761 36.24 2.4761 36.24 2.4761 36.24 2.4761
47.52 1.911 29 47.47 1.9130 47.47 1.9130 47.47 1.9130 47.47 1.913C
56.52 1.626 40 56.59 1.6245 56.59 1.6245 56.59 1.6245 56.59 1.6245
62.84 1.477 35 62.91 1.4755 62.91 1.4755 62.91 1.4755 62.91 1.4755
66.36 1.407 06 66.42 1.4058 66.43 1.4058 66.43 1.4058 66.43 1.4058
67.89 1.379 28 68.01 1.3768 68.01 1.3768 68.01 1.3768 67.82 1.3802
69.04 1.359 14 69.05 1.3586 69.05 1.3586 69.05 1.3586 69.05 1.358e

ZnO(Zincite)
5-664

5S IS 2S 3S

20 d I/Io
20 ‘d’ 20 ‘d’ 20 ‘d’ 20 ‘d’

31.74 2.816 71 31.85 2.8059 31.85 2.8059 31.86 2.8057 31.86 2.8059
34.42 2.602 56 34.48 2.5981 34.48 2.5981 34.48 2.5981 34.48 2.5981
36.24 2.476 100 36.41 2.4650 36.41 2.4649 36.24 2.4761 36.24 2.4761
47.52 1.911 29 47.64 1.9066 47.64 1.9066 47.64 1.9066 47.64 1.9066
56.52 1.626 40 56.78 1.6195 56.78 1.6195 56.59 1.6245 56.59 1.6245
62.84 1.477 35 62.91 1.4755 62.91 1.4755 62.91 1.4755 62.74 1.4791
66.36 1.407 06 66.42 1.4058 66.43 1.4058 66.60 1.4026 66.43 1.4058
67.89 1.379 28 68.01 1.3768 68.18 1.3738 68.01 1.3768 67.82 1.3802
69.04 1.359 14 69.24 1.3554 69.24 1.3554 69.24 1.3554 69.05 1.3586
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Figure A-6 :ESI-MS spectra of i)MB and ii) its major ion on application of high energy
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Figure A-7:ESIMS of MB on photodegradation by i)ZnO and ii) ZnOi-xNx

Figure A-8:ESIMS of MB on degradation by photolysis in sunlight
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m/z (atnu)

Figures A-9 diffuse reflectance and absorbance spectra of

i) ZnO prepared by oxalate method.
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ii) ZnOi.xNx prepared by hydrazinated oxalate (equilibration) method.

iii) ZnOi.xNx prepared by hydrazinated oxalate (solution) method.
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Appendix I

Figure A-10 : Degradation of industrial effluents on ZnO and ZnOj_xNx photocatalysts.
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200 300 400 500 €00 700 800
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Figure A-l 1 : Degradation of MB on i) Fe203 and ii) y- Fe2C>3 prepared from ore rejects
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Figure A-12:ESI-MS spectra of MB on degradation by iron ore rejects, i)Solar and ii) 
Thermal.
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APPENDIX-II

LIST OF PUBLICATIONS

A. International Journals
1. Rajashri S. Karmali, Amruta Bartakke, Vrinda P. Borker , Koyar S. Rane, Bactericidal 
action of N doped ZnO in sunlight, Biointerface research in applied chemistry 1:2(2011).

2. R. Karmali, V. P. Borker, K. S. Rane, S. K. Deshpande, Citrate gel route for synthesis of 
dense pyrochlores, Materials chemistry and physics, 129:3(2011) 1116-1120.

3. Rajashri Karmali, Vrinda Borker, Koyar Rane & Chandrakant G. Naik,

Value addition to the low grade iron ore rejects, accepted for publication in The journal of 
solid waste technology and management.

LIST OF PAPERS PRESENTED

A. International Conference

1. Rajashree Karmali, Vrinda Borker, KS.Rane, A.KTyagi, Low Temperature Synthesis of 
Pyrochlore Oxides,Nd2ZrxTi2-xOy , presented at Crystal growth and Crystal Technology, 
sendai, Japan 2008.

2. Rajashree Karmali, Vrinda Borker, Koyar Rane, Zirconate pyrochlores as matrix for 
nuclear waste disposal, at International Conference on synthetic and structural chemistry at 
Mangalore University, Mangalore, India, December 8-10, 2011.

B. National Conference

1. Rajashree S. Karmali, Vrinda P. Borker,, A. K. Tyagi, Low Temperature Synthesis of 
Neodymium Zirconate, in the Fourth National Symposium and 
Conference on Solid State Chemistry and Allied Areas (ISCAS-2005) at Goa University on
Dec 1-3, 2005.

2. Rajashree karmali, V. P. Borker, K S Rane, A. K. Tyagi, Ionic conductivity of 
Neodymium Zirconate prepared by precursor method, in two day national seminar on the 
role of Material science in Electronic Industry & Information Technology sponsored by UGC 
at DM’s college on 9-10th March 2006.

3. R. Karmali, V. P. Borker, C. G. Naik, KS.Rane, Advanced oxidation of organic wastes using 
semiconductor oxides” at Dr. A. V. Baliga college of Arts and Science, Kumta in one day 
National Seminar on “Water Chemistry for society, industry and its present scenario for domestic 
use” on 6th December 2010.
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4. R. Karmali, V. Borker, K.S.Rane, Leaching of Strontium from strontium doped pyrochlore for 
Nuclear waste disposal studies, in the National Conference on Science, Technology and 
applications of Rare Earths 2011, Munnar, Kerala state, India August 19- 20, 2011.

5. Rajashri Karmali, Vrinda Borker,K. S. Rane, Significance of morphology, particle sizes, 
structure and material properties of ZnO in tackling the environmental problems, in the 7th 
Biennial National symposium and conference on solid state chemistry and allied areas(ISCAS- 
2011) November 24-26,2011.

6. Rajashree Karmali, Vrinda Borker and K.S.Rane , Synthesis and Characterisation of N 
doped ZnO and its use as photocatalyst in dye degradation in National Seminar on 
Nanomaterials: Synthesis, Characterisation and applications organized by Smt. Parvatibai 
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