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CHAPTER 1

INTRODUCTION

Water is used in agriculture, construction, transport, chemical industry, and in
numerous other activities of the human beings. Most advanced industrialized nations in
the world are faced with a tremendous set of environmental problems related to the
remediation of hazardous wastes, contaminated groundwater and the control of toxic air
contaminants [1]. According to the United Nations, the first priority of poor countries
should not be financial support or technological knowledge but clean water supply to the
population [2]. One of the most vital worldwide concerns is the current deterioration of
the water supply due to economic and industrial growth. A diversity of refractory
contaminants due to human activity, from heavy metals to emerging micropollutants is
being identified in water in increasing numbers. Conventional methods for remediation of
these pollutants [3] are aeration, extraction, filtration, reverse osmosis, ion exchange,
absorption, biological treatment, chemical treatment, high-temperature incineration,
evaporation, distillation, chlorination and ozonation. However, these methods have some
disadvantages such as generation of intermediate products which requires further

processing .The removal of these by products increases the overall cost of the process.

Various chemical oxidation techniques have emerged in the last decades, in
particular for the treatment of industrial wastewaters to overcome the inconvenience of
conventional treatment methods. Among these techniques, advanced oxidation processes

(AOPs) appear to be a promising field of study which has been reported to be effective for



the degradation of soluble organic contaminants in waters and soils. Actually, they can
often provide an almost total degradation under reasonably mild conditions of temperature
and pressure [4-6]. AOPs leads to the complete mineralization of compounds, their
oxidation at very low concentration, the generation of environmentally friendly
byproducts and the low consumption of energy as compared to other conventional
methods. These processes utilize chemical reactions, electron beams and UV light or
ultrasound pulses to obtain high oxidation rates through the generation of free radicals
(mainly hydroxyl radicals). Actually, highly reactive hydroxyl radicals (HO") are thought

to be the main active species responsible for the destruction of the pollutants [7-9].

Recently the research focus on photocatalysis has shifted to use nanosized particles.
The main advantage is that nanoparticles exhibit novel properties that extensively differ
from those of corresponding bulk solid state as a result of different behaviour in terms of
small size, surface area, quantum size and macroscopic quantum tunnel effects [10]. In
recent years, metal oxide nanoparticles have been extensively studied due to their novel
optical, electronic, magnetic, thermal and mechanical properties and potential application
in catalysis, gas sensors, photo-electronic devices [11, 12]. The high proportion of
surface to bulk atoms in nanoscale materials greatly influences their properties. The very
high surface area of nanoscale particles gives rise to a number of defect sites. The
catalytic properties and the electronic structure of the nanomaterials can be tailored by

changing the cluster size, composition and structure [13, 14].

The synthesis approach must fulfill good yields and high crystallinity as the main
requirements. Nanoparticles could be obtained by two general approaches, "top down' and

“bottom up'. In “top down' methods bulk metals are mechanically ground to the nanometer



size and stabilized by using a suitable stabilizer [15]. The problem with this method is
difficulty in achieving the narrow size distribution and control over the shape of the
particles. Moreover, bimetallic nanoparticles with core shell structures cannot be obtained
by this method. In "bottom up' approach nanoparticles are obtained by starting with
molecular precursors and building-up from nature's smallest building blocks like atoms
and molecules. Precipitation and sol gel methods are related to bottom up approach. Sol-
gel preparation of solid catalysts has been reported by many research groups since 1980
[16-20]. Within the broad family of functional materials, metal oxides are particularly
attractive with respect to applications in catalysis, sensing, energy storage and conversion,
optics, and electronics [21]. In contrast to high-temperature processes, sol—-gel procedures
offer advantages such as the possibility of obtaining metastable materials, achieving
superior purity and compositional homogeneity of the products at moderate temperatures
with simple laboratory equipment, and affecting the particle morphology during the

chemical transformation of the molecular precursor to the final metal oxides [22].

In 1972, Fujishima and Honda [23] discovered that water can be photo catalytically
split into O, and H, on TiO; electrodes. Application of the heterogeneous photocatalysis
to environmental decontamination has been inspired by the TiO,-based photocatalyst
ability for the abatement of different classes of pollutants [24] and even inorganic ions
[25]. Semiconductor photocatalysis is very promising to solve the environmental
problems in the most economic way. Semiconductor photocatalysis utilizes only light and
the pollutants are completely decomposed into CO,, water and inorganic acids [26-28].

However, TiO, photocatalysis is limited for its widespread applications because of the



band gap of TiO, which absorbs light in UV region and the requirement of removal of

TiO, catalysts after their applications in case of TiO, particles in suspension.

Semiconductors such as TiO,, ZnO, Fe,03, CdS, and ZnS can act as catalysts for
light-induced redox processes due to their electronic structure, which is characterized by a
filled valence band and an empty conduction band [29]. Zinc sulfide and cadmium sulfide
are not good catalysts as they suffer from photocorrosion induced by self-oxidation [30].
The most commonly studied photocatalysts are TiO,, ZnO, CdS, WO3, ZnS, In,03, Fe304

and SrTiOs.

The general mechanism of photocatalysis is illustrated in Figure 1.1. In
heterogeneous photocatalysis, photocatalysts capture photons with energies greater than
the band gap energy of the semiconductor to create electron-hole pairs, subsequently, the
charge carriers interact with water and oxygen to produce oxidizing intermediates as
hydroxyl radicals (OH") or OH,", O,", which have the ability to oxidize pollutants to an

inorganic compound [31].

Catalyst Particle Oy, H,0,

Conduction Band Reduction

b .
& ei O,
g E| iG
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= Yo -
Valence Band Oxidation
*OH;R*

Figure 1.1 Schematic diagram of photocatalytic process initiated by photon acting on
the semiconductor
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When the semiconductors are photo excited with energy greater than their band gap
energy (Eg), electron and hole pairs are generated. These generated species can either
recombine and dissipate the energy as heat or react with oxygen or water molecules as

mentioned below:

SC+hv — SC(h*w, € ) — Recombination (1)
0, +H" ——» HO, @)
HO, +HO; — » H,0, + O, (3)
H0,+hv ————»  20H" (4)
H,O,+e ___, OH +OH (5)

The OH" radicals react with the adsorbed phenol forming the products CO, and H,0O
[32-34] where the intermediate products such as catechol, hydroquinone,

hydroxyhydroguinone and benzoquinone may be formed [35].

In this Ph.D. dissertation, an attempt was made to study the photocatalytic
degradation of organic pollutants such as toxic dyes and phenol using nano sized
semiconductor metal oxides e.g. WO3;, ZnO, NiO and noble metal doped metal oxides
synthesized. Thirty four samples (undoped and noble metal doped metal oxides) were

synthesized by these methods. The nanosized metal oxide and doped materials were



applied for removal of hazardous materials from the aqueous solutions using UV laser
irradiation. Photocatalysis gradually breaks down the contaminant molecule, no wastes of
the original material remain which reduce cost of the process tremendously. The catalyst
itself is unchanged during the process and no consumable chemicals are required. The
degradation of dyes and phenol at very low concentrations was achieved because the
contaminant is attracted strongly to the surface of the catalyst. Innovative use of

nanoparticles for treatment of polluted water is potentially a useful application.

The main challenge at present in photo-catalysis is to enhance the efficiency of
photo- catalytic process, to prohibit the e, /hy," recombination rate and to extend its light
absorption ability to the visible spectral region. These challenges could be overcome by
using the nano-scale semiconductors catalysts (ZnO, WOs3 etc) and using special doped
materials in conjunction with lasers. In Laser induced photo-catalytic process, the eq, /hyp”
recombination rate may be decreased. The photon energy, wavelength, photonic
efficiency and delivery of photon to the reaction zone can be easily controlled using laser
which is not possible with conventional setups like lamps. The efficient photo-reduction
of different organic and inorganic pollutants inside water is highly desirable. Photo-
catalytic removal of phenol and hazardous dyes was investigated. The influence of
calcination temperature, laser irradiation time, catalyst concentration, substrate

concentration and pH on the photodegradation of pollutants was also studied.

Most of the previous work on photo-catalysis has been carried out with micron size
metal oxides by using lamps having emission over broad spectral ranges. As laser

radiations have unique properties over the conventional light sources and at present the



commercial availability of tunable lasers in the visible range at moderate cost is possible,

the use of lasers in heterogeneous photo-catalysis will be very attractive.

The aim of this study was to apply nanoparticles of metal oxide catalysts (WQOs3,
ZnO and NiO) in pure and doped form for treatment of polluted water with toxic organic
compounds such as dyes and phenol. Nano metal oxides and doped materials were
synthesized using the sol gel method .The surface modification of semiconductor metal
oxides (WOs3, ZnO) was carried out by the addition of noble metals (Pt, Pd, Ag and Rh).
The Incipient wetness impregnation method was used to synthesize the noble metal doped
metal oxides. The morphology of the synthesized nanocrystalline metal oxides and
transition metal doped oxides was investigated using various analytical techniques like
XRD, FESEM and HRTEM. The photo catalytic activity of the synthesized nanomaterials
was investigated for model pollutants i.e. Phocatalytic degradation of dyes, phocatalytic

degradation of phenol.

The synthesized nanomaterials were applied to study the photocatalytic degradation
of alizarin yellow GG, safranin O, methyl red and acid red 87, cyanosine dyes and phenol.
The effect of different operational parameters on photocatalytic degradation of the dyes
like calcination temperature, laser energy, and amount of photocatalyst, the initial dye
concentration and pH was also studied. It was observed that under given experimental
conditions, the photocatalytic degradation of investigated dyes exhibited pseudo first-

order kinetics.

1.1. Overview of Dissertation

The Ph.D Dissertation consists of eight chapters.



The first chapter deals with the introduction of the advanced oxidation processes.
The study of photocatalytic degradation of dyes and phenol using nano photocatalysts
synthesized by the precipitation, sol gel and incipient wetness impregnation methods was

also discussed.

The second chapter deals with the literature review regarding the synthesis of
nanomaterials, heterogeneous photocatalysis and its applications on photocatalytic
degradation of hazardous dyes and phenol. In addition, a review on the role of noble
metals for surface modifications of semiconductor nanosized materials in photocatalysis

for various processes is presented in this chapter 2.

All the experimental details regarding synthesis of nanopaticles using different
methods such as precipitation sol gel and incipient wetness impregnation methods and

procedure to test the photocatalytic activity of photocatalysts are presented in chapter 3.

The experimental techniques which are used for the characterization of
nanomaterials and the results obtained for characterization of undoped and doped metal
oxide photocatalysts are discussed in Chapter 4. Chapter 5 presents results on laser
induced photocatalytic degradation of hazardous dyes using nanocrystalline WO3, Nano

ZnO and nano NiO and their discussion.

Chapter 6 describes the photoctalytic degradation of phenol by different nano
photocatalysts like nano ZnO and nano NiO. Discussion regarding the photocatalytic
activity after surface modification of nanosized metal oxides by noble metals is given in

Chapter 7. The conclusions and future prospects of this study are discussed in chapter 8.



1.2. Objectives

The overall objective of this dissertation is to study the photocatalytic activity of novel

nano-materials for environmental applications. However the specific objecticves are as

follows:

Synthesis of nano scale pure and transition metal doped metal oxides (WOs, ZnO)
using sol gel method locally and pretreatment of nanosized procured metal oxides
for utilization in environmental cleanup.

Characterization of the synthesized materials using SEM, XRD, TEM
Development of an experimental setup for laser-based photo-catalytic process for
removal of toxic pollutants such as hazardous dyes and phenol for waste water
treatment.

Study the effect of catalyst loading, laser energy, pH and exposure time

Analysis of products by UV Visible spectro-photometry and High Performance

Liquid Chromatography.



CHAPTER 2

LITERATURE REVIEW

2.1. Heterogeneous Photocatalysis

Studies in photocatalysis started in the early 1930s by the observation that the
pigment “titanium white” (TiO,) was responsible for fading and chalking in paints. [36-
38].The first definition of photocatalysis was then given by Plotnikow who entitled every
chemical reaction which was caused by light, a photocatalytic reaction [39]. The initial
interest in the heterogeneous photocatalysis was started when Fujishima and Honda
discovered the photochemical splitting of water into hydrogen and oxygen with TiO; in
1972 [23]. This exceptional discovery was the initial point for many investigations
concerning heterogeneous photocatalysis.

Fueled by the first oil crisis in 1973, the interests in research were mainly focused
on solar energy conversion into chemical or electrical energy. However, heterogeneous
photocatalysis became also a rapidly expanding technology for water and air treatment. In
1976 degradation of environmentally harmful polychlorobiphenyls using semiconductor
photocatalysis was discussed for the first time [40]. In the early 1980s, the oxidative
photomineralization of pollutants using titanium dioxide and UV light was observed by
Ollis et al. [41, 42]. They investigated mineralization of trichloroethylene,

dichloromethane, chloroform and carbon tetrachloride using TiO,.
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Early studies were focused on the utilization of solar energy for the production of
hydrogen as a clean fuel from water. However, various groups also found that illuminated
semiconductor particles could catalyze a wide range of interesting and useful redox
reactions of organic and inorganic substrates. In particular, such particles were found to
completely decompose a variety of organic or inorganic compounds that were known as
environmental pollutants. Thenceforth, extensive studies were initiated on the
environmental applications of heterogeneous photocatalysis [43].

Serpone et al. [44] mentioned critically that many reactions which involve
illuminated semiconductors belong to the class of photogenerated catalysis. Thereby a
photochemical transformation of a substance is due to initial photon absorption of the
photosensitizer. The general description of photocatalysis indicates that light and
photocatalyst are necessary to influence the reaction. The research on photocatalysis
changed from UV light to visible light absorbing materials. First Gréatzel developed a
photovoltaic system which uses visible light by the utilization of a dye sensitizer [45]
Recently visible light sensitization was reached by modifying TiO, with various materials
like PtCls >,[46] nitrogen or carbon[47-57]. During the last decade, practical applications
of TiO, photo catalysts have been carried out in both indoor and outdoor environments.
The photocatalytic activity of TiO, along with its excellent physicochemical properties
has propelled the development of new technologies for environmental and other
applications [58]. In recent years, it was found that the nano-material of the narrower band
gap (such as ZnO, NiO, Fe,03, and MnO,) could be used to harvest the energy in the
visible region [59].

When the semiconductor oxide photocatalyst is provided with sufficient energy

(UV radiation with above the band gap, electrons and holes are generated in the
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conduction and valence bands, respectively [60].Redox reactions at the catalytic surface
involve the formation of superoxide radical anion (O, ™) via the reduction of oxygen
adsorbed at the catalytic sites and the formation of hydroxyl radicals ("OH) via the
interaction of holes with surface hydroxyl groups. The hydroxyl radicals readily attack
organic compounds to transform their molecular structure to simpler organics, then finally
to carbon dioxide, water and other inorganic species.

Most of the earlier work on heterogeneous photo-catalysis has been carried out
with custom made setups using broad spectral lamps and TiO, semiconductor catalyst
[61-68] at micro-scale. The important factors that control the efficiency of photo-catalysis
are (a) rapid recombination of photo-generated electrons and holes in semi-conductor
particles, (b) decomposition of water into hydrogen and oxygen is an energy increasing
process, thus backward reaction (recombination of hydrogen and oxygen into water)
easily proceeds;(c) Inability to utilize visible light: The band gaps of most of the catalysts
are (2.8 - 3.2 eV) which limits the photocatalytic activity to only UV light. Since the UV
light only accounts for about 4% of the solar radiation energy while the visible light
contributes about 50%, the inability to utilize visible light limits the efficiency of solar
photo-catalytic for many of the above mentioned applications. By synthesizing special
nano materials or by doping the pure metal oxides (likeWQj3, ZnO) which are not readily
available from shelf will enhance our capability to apply a radiation source in the visible

region and eventually the use of solar radiations for commercial or field applications [69].
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2.2. Synthesis of Nanomaterials

Nanomaterials research has witnessed an exponential growth during the last
decade [70-72].In the nanometric range, metallic and small band gap semiconducting
materials exhibit fascinating quantum phenomena. Large band gap materials such as
oxides stabilize in their high temperature phases and reveal enhanced surface phenomena
like catalysis and reduced reaction barriers for solid-state reactions [73, 74]. In fact, in the
nanometric range, materials may be expected to behave quite differently from both
molecular and bulk states since the ratio of the number of surface atoms to the number of
bulk atoms is quite high. There is thus a curiosity to understand the behaviour of materials
in the nano-scale and if possible to take advantage of the new properties exhibited by
materials purely as a consequence of the small size.

Nano oxide materials have found wide range applications particularly as catalysts
and as starting materials for making advanced structural ceramics. During sintering and
shaping of oxidic materials for practical applications, use of nano- sized particles as
starting materials can be of great advantage because of the availability of large surface
areas of the nanoparticles. Therefore, several methods have been developed for the
preparation of nanomaterials [75, 76]. It was reported recently that the trend is moving
more towards preparation of ordered, crystalline nanoscale metal oxides (mono- and
mixed-metal oxides) as well as surface decoration or modification of one metal oxide on
another on an atomic scale.

Techniques for the preparation of metal nanocluster/nanoparticles can be classified
into three primary categories; condensed phase, gas phase and vacuum methods. In
condensed phase synthesis, metal and semiconductor nanoparticles are prepared by means

13



of chemical synthesis, which is also known as wet chemical preparation. In gas phase
synthesis, metal is vaporized and the vaporized atoms are condensed in the presence or
absence of an inert gas. In vacuum methods, the metal of interest is vaporized with high
energy Ar, Kr ions, or laser beam in a vacuum and thus generated metal vapor is
deposited on a support.

One of the conventional methods to prepare nanoparticles of metal oxide ceramics
is the precipitation method. This process involves dissolving a salt precursor, usually a
chloride, oxychloride or nitrate, such as AICI; to make Al,O3, Y (NO3); to make Y203,
and ZrOClI;, to make ZrO, [77]. The corresponding metal hydroxides usually form and
precipitate in water by adding a base solution such as sodium hydroxide or ammonium
hydroxide to the solution. The resulting chloride salts, i.e. NaCl or NH4CI, are then
washed away and the hydroxide is calcined after filtration and washing to obtain the final
oxide powder. This method is useful in preparing composites of different oxides by co-
precipitation of the corresponding hydroxides in the same solution. One of the
disadvantages of this method is the difficulty to control the particle size and size
distribution. In contrast to the traditional high temperature preparation of bulk metal
oxides, involving the reaction of a mixture of powders, the use of liquid-phase routes
bears the advantage that it is possible to obtain metastable materials, to achieve superior
compositional homogeneity, and to influence the particle morphology during the chemical
transformation of the molecular precursor to the final oxidic network [78].

Especially aqueous sol-gel chemistry was highly successful in the synthesis of
bulk metal oxides [79]. This synthesis involves the single-stage high-temperature
hydrolysis of the metal alkoxide precursors to obtain crystalline, uniform, organically

coated nanoparticles which are well-dispersed in an organic solvent. Other oxides like
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V05 Mo00O3;, Fe;O3, MnO;, and TiO, aerogels have also been prepared. [80-84].
Microemulsion-mediated hydrothermal method was used to synthesize TiO, .The
advantage of using this route is the significant reduction in reaction time and temperatures
as compared with the conventional hydrothermal process. The oil/water emulsion ratio
significantly affected the particle sizes of the obtained TiO, powders. The specific surface
area of TiO, powders was increased with the oil/water ratio, thereby leading to enhanced
photocatalytic activity of TiO, powders.

Xingxue Wang et. al. [85] prepared nanosized dark brown C doped TiO, which
are highly crystalline and visible-light responsive. These nanomaterials were prepared by
means of a controlled nonhydrolytic sol-gel process followed by the thermal treatment at
400 °C. C doped TiO, nanoparticles exhibit significant photo response from UV to near
infrared region in excess of 950 nm which results from the multi-type carbon doping and
the subsequent complex midgap formation. This multi-carbon doping of TiO, would be
beneficial to allow the more efficient use of sunlight in photocatalysis and
photochemistry. Nonaqueous solvothermal method was used to prepare NiFe,Oy;
Monodispersed nanoparticles of NiFe,O, have been synthesized using different
precursors, namely, Iron (111) and Nickel (1) acetylacetonates as well as Iron (Il1) and
Nickel (1) nitrates. Oleic acid is used as the surfactant to stabilize the particles.
Oleylamine provides the essential basic condition for the formation of spinel oxides. The
long chain alcohol is essential for the nucleation and growth process since it probably
makes ferric cations available] that particularly facilitate the formation of ferrites.

The results obtained by Kudo and his coworkers indicate that although the activity
of the Ni-doped ZnS photocatalyst was lower in contrast to the Cu-doped ZnS

photocatalyst, it was thermally and chemically stable than the Cu-doped ZnS
15



photocatalyst,. The Ni-doped ZnS photocatalyst can produce H, using reducing reagents
of sulfur compounds which are formed as by-products in petrochemical industries.
Therefore, the Ni-doped photocatalyst is expected to be a practically useful photocatalyst
[86]. A novel Pd/BiVO, composite photocatalysts with visible light photoactivity were
synthesized by impregnation method. The authors observed that the Pd/BiVO, composite
samples have monoclinic phase and consist of quatrefoil-like particles.

After Pd species was doped, the ability of visible light absorption is enhanced
greatly, the absorption edge of the composite powders shifts to red light It was also found
that the 1.0 wt% Pd/BiVO, sample shows the best photocatalytic activity when compared
with other samples [87]. The coupling between titanium dioxide with other semi-
conductors (MOx and MSx).mainly intend to the limitation of the charge recombination
phenomena; extend photocatalyst light response in the visible region; prepare stable,
effective materials easy to implement. Boron and Nitrogen doped TiO, nanopowders
were prepared by sol-gel method. The obtained results suggest the formation of
nanostructured powders with a high surface area, characterized by lowered crystallite
sizes and a progressive anatase to rutile phase transition upon increasing the B-doping
level. A significant enhancement in photocatalytic degradation of Methyl orange was
observed upon doping, especially when B and N species were introduced together into the

Ti0O; network [88, 89].
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2.3. Photocatalytic Degradation of Dyes

The industrial and agricultural effluents, gaseous or liquid, are harmful to the
health and general well-being of man. Because undesirable substances are present in
liquid effluents, their presence poses severe threat to the immediate recipients.
Wastewaters from various industries, factories, laboratories, etc. are serious problems to
the environment. The discharged wastes containing dyes are toxic to microorganisms,
aquatic life and human beings [90]. These deleterious effects of chemicals on the earth
ecosystems are a cause for serious concern. Several of these chemicals such as azo dyes,
herbicides, and pesticides are actually present in rivers and lakes, and are suspected of
being endocrine-disrupting chemicals (EDCs) [91-95].

Konstantinou and Albanis [96] reported that textile dyes and other industrial
dyestuffs comprise one of the largest groups of organic compounds that represent an
increasing environmental danger. About 1-20% of the total world production of dyes is
lost during the dyeing process and is released in the textile effluents [97]. The release of
those colored wastewaters in the environment is a considerable source of non-aesthetic
pollution and eutrophication.This can originate dangerous byproducts through oxidation,
hydrolysis, or other chemical reactions taking place in the wastewater phase. It should be
noted that dyes can present toxic effects and reduce light penetration in contaminated
waters [98].

Degradation of dyes in industrial wastewaters has therefore received increasing
attention and some methods of remediation have been proffered. Traditional physical
techniques (adsorption on activated carbon, ultrafiltration, reverse osmosis, coagulation
by chemical agents, ion exchange on synthetic adsorbent resins, etc.) have been used for
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the removal of dye pollutants [99].These methods only succeed in transferring organic
compounds from water to another phase, thus creating secondary pollution. This will
require a further treatment of solid-wastes and regeneration of the adsorbent which will
add more cost to the process. Microbiological or enzymatic decomposition [100],
biodegradation [101], ozonation [102], and advanced oxidation processes such as Fenton
and photo-Fenton catalytic reactions [103], H,O2/UV processes [104] have also been used
for dyes removal from wastewaters.

Forgacs E. et al. [105] noted that traditional wastewater treatment technologies
have proven to be markedly ineffective for handling wastewater of synthetic textile dyes
because of the chemical stability of these pollutants, most of the azo dyes can pass
through the activated sludge process practically untreated. Most textile dyes are photo
catalytically stable and refractory towards chemical oxidation [106], and these
characteristics render them resistant towards decolorization by conventional biochemical
and physico-chemical methods.

Adsorption techniques have potential for removing organics from water due to
their high efficiency and ability to separate a wide range of chemical compounds.
Activated carbon has been widely used as an adsorbent in wastewater treatment to remove
organic and inorganic pollutants [107]. Possessing high surface area, activated carbon
frequently exhibits high removal efficiency for most dissolved compounds. It has a good
capacity for the adsorption of many organic molecules. In spite of this it suffers from few
disadvantages. Activated carbon is quite expensive, and its regeneration produces
additional effluent and results in considerable loss (10-15%) of the adsorbent.

Over the years, waste materials from agricultural products, such as rice straw,

coconut husk, peat moss, etc., have been exploited as possible alternatives to activated
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carbon to remove hazardous chemicals from wastewater [108]. All the aforementioned
processes have a wide range of their deficiencies in the removal of dyes from
wastewaters. Recent studies [109-111] have been devoted to the use of photocatalysis in
the removal of dyes from wastewaters, particularly, because of the ability of this method
to completely mineralize the target pollutants.

Photocatalytic oxidation using a semiconductor such as TiO, as photocatalyst is
one of the various advanced oxidation processes used nowadays. As TiO; is illuminated
by light with a wavelength below 380 nm, the photons excite valence band electrons
across the band gap into the conduction band, leaving holes behind in the valence band. It
was suggested that hydrogen peroxide absorbs only UV light with a wavelength <300 nm
[112]. The holes in TiO, react with water molecules or hydroxide ions (OH") producing
hydroxyl radicals OH® .The generation of OH".depends on the solution pH. Organic
pollutants which are adsorbed on the surface of the catalyst will then be oxidized by OH’.

Photocatalytic oxidation processes can oxidize a wide variety of toxic and
persistent organic compounds to harmless inorganics such as mineral acids, carbon
dioxide and water [113]. The color of dyes results from conjugated chains or rings which
absorb light at visible wavelengths. UV degradation by the cleavage of conjugated chains
was achieved [114]. The results obtained show that the photocatalytic oxidation process is
more efficient in the removal of pollutants from pretreated wastewater.

The photocatalytic degradation of Basic Red 46 and Basic Yellow 28 was studied
using UV/TiO,/Periodate.This study demonstrated that the UV/TiO,/Periodate system
constituted an effective process for the treatment of BR46 and BY28, in a single solution
or binary mixture[115].The S-doped Zn,SnO, showed enhanced photocatalytic activity

for photodegradation of Rhodamine B (RhB) in aqueous solution under visible light
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irradiation.[116] The results obtained by Lei Ge indicate that the visible light absorption
of the Pt/BiVO, photocatalyst is greatly enhanced [117]. It was found that complete
degradation of all the solutions of the dyes (Methyl orange, Rhodamine B, Thymol blue
and Bromocresol green) was achieved more efficiently with the composition with x =
0.005 as compared to all other compositions of FexTi 1« Oy, and degussa P25. The
decolorization rate of different dyes decreases with the increase in Fe (l1I) concentration
in TiO; increases.

Sampa Chakrabarti et al. [118] observed that the experimental parameters such as
the amount of semi-conductor film (PVC-ZnO composite), intensity of UV radiation and
the amount of dye present effect greatly the photodegradation of Eosin Y .The
observations made by M.R. Sohrabi clearly demonstrate that the dye decomposition rate
increases with the TiO, suspension concentration up to 4.0 g L', and then decreases with
increasing TiO, suspension concentration for the degradation of Direct Red 23 [119].
Chung-Hsin studied for the photodegradation of Methyl orange by Sulfate-modified
titania [120]. He observed the increase in the removal of Reactive Red 198 increased with
ZnO dosage.

Analytical results obtained by Parida et. al. [121] demonstrated that TiO, is
mesoporous in nature, and sulfate modification could inhibit the phase transformation and
enhance the thermal stability of TiO,. It was also observed by him that sulfate
modification could reduce the crystallite size and increase the specific surface area of the
catalysts. Some researchers show that the photocatalytic degradation of real textile
effluents was carried out using UV/TiO»/H,0, and UV/Fe*/ H,O, systems, the
association of TiO, and H,O, was found to be the most efficient treatment for removing

organic pollutants from textile effluents.
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In spite of their efficiency, Fenton reactions based treatment proved to be slower
[122,123]. It was also observed that the catalyst loading, pH values and the initial dye
concentration affected the degradation efficiency of ZnO powders for photodegradation of
methyl orange .The photodegradation efficiency is enhanced with the increase of catalyst
loading and the reverse effect is obtained with the increase of initial dye concentration in
our experiments [124].Recent studies present the significant enhancement of the
photocatalytic activity of the Ag-TiO, under visible light irradiation which could be
ascribed to simultaneous effects of Ag deposits, which act as electron traps and enhanced
adsorption of Reactive Yellow-17 on Ag-TiO, surface. The effect of pH noted in this
study and neutral pH was found to be the best for carrying out the photocatalytic
degradation of RY-17. The addition of hydrogen peroxide and potassium per sulphate
improves the photodegradation rate [125].

The photosensitized catalytic activity of as-prepared TiO, was investigated upon
its degradation of Rhodamine B under visible light irradiation. The experimental results
demonstrate the as prepared TiO, can degrade of RhB more efficiently than TiO, P-25
under visible light irradiation due to its higher activity in both the de-ethylation and
cleavage of RhB chromophore ring structure reaction [126]. Photocatalytic degradation of
Disperse Blue 79 by Gold/iron oxide was investigated. It was observed that the
photocatalytic activity enhanced with increasing Au loading up to 8 wt%, and the activity
increase was dependent upon catalyst pretreatment. The dye degradation was accelerated
remarkably when carried out in alkaline media or in the presence of hydrogen peroxide
[127].

The Pt-TiO,—SiO, mesoporous materials were used for the degradation of Methyl

orange by Theodora Papadama et. al .which shows higher photocatalytic activity for the
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photodegradation of methyl orange in the illumination of visible light than TiO, alone.
They attributed the improved activity to the charge-transfer on the TiO,—SiO, composites
and an enhanced ability to trap photogenerated electrons on the Pt-derived states that
adsorbed on the TiO; surface [128]. The photocatalytic degradation of Acidic Black 10B
was studied using CeO,. It was found that the decolorizing rate increases with the dosage
of CeO; and the maximum decolorizing rate is obtained when the dosage is 80 mg. After
that the decolorizing rate decreases with the dosage. This might be due to the reason that
the excess catalyst leads to the decreasing transmission of the solution which makes the
photocatalytic oxidation—reduction reaction not proceed effectively [129]. It was also
observed by some researchers that TiO, and Pt-modified titania catalysts oxidize Acid
Orange 7 more efficiently than P-25 Degussa TiO, [130].

Photocatalytic degradation of Methyl Orange and Rhodamine 6G has been
investigated by means of TiO,, ZnO, SnO,, ZnS and CdS Mohamed Mokhtar and
coworkers. The results obtained indicate that the ZnO is the most active photocatalyst for
decolorization of MO and R6G. Moreover, photocatalytic activity of ZnO is greater in the
presence of solar light as compared to UV light [131]. Zhiyong et al reported that the
activity of the Zn-doped catalyst was found to be higher than of the pure Degussa P25
(TiO,) during the photodegradation of organic compounds. They also observed in this
study that the most suitable doping level of TiO, for Zn was 4 mol% during the
degradation of azo-dye Orange Il and of the transparent 2- propanol solutions [132].

Titanium dioxide nanoparticle (Degussa P-25) was applied for the removal of
Reactive Orange 107 and Reactive Red 152 by Niyaz Mohammad and his co-workers
[133]. They also investigated the effects of operational parameters such as H,O,, dye

concentration, anions (NO; ~, CI*, SO, , HCO; ~and CO; %) and pH. They found that
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Na,CO3 exhibited the strongest inhibition effect followed by NaHCOj3. The decolorization
rate for all the dyes studied goes through a maximum when the concentration of the
hydrogen peroxide increases from 0 to 300 mg L "and then it does not show appreciable
change. The photocatalytic decolorization kinetics follows a zero-order model for RO 107
and first-order model for RR 152. The significant decrease in the decolorization of Orange
Il in the presence of ZnO photocatalyst and UV light and the enhancement of
decolorization of Orange Il with increasing aeration rate was found by Muruganandham
and Swaminathan [134]. Neppolian and his coworkers [135] reported that TiO, catalyses
photodegradation of Reactive blue 4 using solar irradiation. They found that the oxidising
agents such as hydrogen peroxide and persulphate ion have major role in the degradation
efficiency of the dye. The additives such as sodium carbonate and sodium chloride were
found to hinder the rate of photocatalytic degradation.

ZnO nanopowder appears to be a suitable alternative to TiO, since its photo
degradation mechanism has been proven to be similar to that of TiO, [136]. ZnO
nanopowder has been reported, sometimes, to be more efficient than TiO,. Its higher
efficiency has been reported in the advanced oxidation of pulp mill bleaching wastewater,
the photo oxidation of 2-phenylphenol and photocatalysed oxidation of phenol [137,138].
A lot of studies have been reported on the photocatalytic degradation of refractory
organics. Degussa P-25 TiO, has been used for many systems either in suspended or in
supported forms [139,140]. In few studies, other semiconductors, such as ZnO [141] and
WO3 [142] have been used. The biggest advantage of ZnO in comparison with TiO; is it
adsorbs over a larger fraction of UV spectrum and the corresponding threshold of ZnO is
425 nm [143]. For this reason, ZnO and WO3; photocatalyst might be the most suitable for

photocatalytic degradation in the presence of sunlight.
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2.4. Photocatalytic Degradation of Phenol

Phenol and Phenolic compounds are widely used in industry and daily life. The
presence of phenol and phenolic compounds in the resulting wastewaters is an issue of
environmental concern. Their high toxicity, even at low concentration, has motivated the
search and improvement of many treatment techniques. They have caused considerable
damage and threat to the ecosystem in water bodies and human health due to their high
stability, high toxicity and carcinogenicity. Removal of phenol and phenolics in
wastewater effectively is an urgent demand.

Semiconductor photocatalysts offer huge potential for elimination of toxic
chemicals [144]. The photocatalytic degradation of organic pollutants in water and air,
using semiconductors such as TiO, and ZnO have attracted more attention due to their
unique ability in the environmental detoxification [145-147]. Traditional wastewater
treatment techniques include activated carbon adsorption, chemical oxidation and
biological digestion are not effective .More research has been focused on the
Photocatalytic degradation assisted by titanium dioxide under ultraviolet light and
modification of the catalyst, the photocatalytic principles, the factors influencing
photocatalytic rate and the reaction Kkinetics [148-150]. It was shown that
photodegradation using H,O,/TiO,/UV process was much more effective than using either
H,0,/UV or TiO,/UV process for phenol degradation [151]. Phenol degradation by NiO
was studied and it was observed that laser induced photo-catalytic process is highly
efficient in removal of phenol in water over a short period of time (in minutes) as

compared to conventional methods using lamps (hours) [152].
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TiO, was used for the removal of phenol in this study and found that
photocatalysis was capable of removing phenol toxicity, generating an effluent much less
toxic. With the highest salinity and extended irradiation periods, a virtually nontoxic
effluent was produced [153] .The results obtained using (activated sludge+TiO, ) for
phenol removal indicated that the photocatalytic step was able to add the capacities of
totally removing phenol and practically mineralizing the organic matter to the biological
treatment [154] .

Catalysts of the Zr-doped TiO, prepared by the homogenous co-precipitation
method show that catalysts annealed between 800 and 900 °C are more efficient than the
standard photocatalyst Degussa P25 for the degradation of 4-chlorophenol. The most
photoactive catalyst annealed at 900 °C contains 87 wt % of anatase and 13 wt. % of rutile
[155]. J. Arana et. al. investigated the removal of catechol, resorcinol, phenol, m-cresol
and o-cresol using TiO, Degussa P-25. The obtained results indicated that catechol
adsorption is much higher than those of the other phenolics and its interaction occurs
preferentially through the formation of a catecholate monodentate. Resorcinol and the
cresols interact by means of hydrogen bonds through the hydroxyl group, and their
adsorption is much lower than that of catechol [156].

The Pr-doped TiO, nanoparticles that were annealed at 600 °C revealed the highest
phenol photodegradation efficiency, primarily because they included both anatase and
rutile structures [157]. Phenol degradation by CdS/TiO, Nanocomposite was studied by
Zhifeng Guo and his coworkers. It was found that the surface-coated CdS and TiO,
anatase nanocomposite extends the absorption band edge in the visible region as observed
from the UV-Vis measurements. The as-synthesized nanocomposite materials exhibit

better photoactivity under visible light irradiation than that of pure TiO, [158].It was
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investigated that the photocatalytic activity of N-doped TiO, under various irradiation
conditions and found the photocatalytic activity of the N-doped TiO, with anatase phases
is higher than that of the commercial TiO, photocatalyst Degussa P25 for phenol
decomposition under visible light irradiation [159].

Comparison of photocatalytic activity of TiO, and Degussa P-25 for phenol
degradation show that under identical conditions of catalyst loading, pH and phenol
concentration the most of photocatalysts presented a global efficiency much lower than
that for a TiO,standard photocatalyst named Degussa P-25. However, two photocatalysts
prepared by different methods showed approximately the same global efficiency than the
commercial material. [160].It was shown by the author that phenol and its dihydroxy
derivatives undergo destruction in the presence of illuminated TiO, according to 1st order
kinetics. Hence, in a mixture their reactions are competitive. It is therefore proposed that
initial reaction rates should be taken into account for reaction kinetic studies. P-
benzoquinone, six hydroxylated aromatics and four aliphatic compounds have been found
to be intermediates of phenol full photocatalytic mineralisation [161].

A few studies about photooxidation of phenol reported in the literature [162,163].
Highly efficient catalysts are still needed to eliminate these toxic materials. Thus,
development of new photocatalysts for pollution treatment is of current interest [164].
Zn0O, with bang gap = 3.4 eV, has become promising in the past few years because of its
distinctive optoelectronic, catalytic, and photochemical properties [165]. The quantum
efficiency of ZnO is also significantly larger than that of TiO,. In some cases, ZnO has
revealed better activity than TiO;, [166]. The ZnO-mediated photocatalytic process has
been successfully used to degrade organic pollutants. ZnO is available at low cost and it

absorbs over a larger fraction of the solar spectrum than TiO, [167]. For this reason, ZnO
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is thought to be more suitable material for photocatalytic degradation of organic
pollutants.

Narayanasamy et al. [168] studied the photocatalytic degradation of 4-
acetylphenol by Activated Carbon —ZnO, It was observed that AC-ZnO are much higher
than bare ZnO. The higher efficiency of this photocatalyst is due to the synergistic effect
between ZnO and activated carbon. The catalyst is found to be reusable. A synergic affect
between platinisation and sulphate pretreatment of TiO, was found for the photocatalytic
activity of sol-gel prepared TiO,.The results reveal that samples simultaneously sulphated
and platinised obtained a remarkable improvement of the photocatalytic activity for
phenol degradation [169].

Comparative Photocatalytic activity of ZnO and TiO, was studied by N. Hadj
Salah et. al. They observed that ZnO presented photocatalytic activity comparable to TiO,
and Degussa P25. The Degussa P25 shows better activity than TiO, but because Degussa
P25 is formed from only one crystallite. All the grains are active that is the main reason
that it is better than the other two TiO,catalysts [170].

The application of catalytic techniques to waste treatment demands a deep
knowledge of catalyst surface features, such as surface area, hydroxylation degree,
crystallinity or pore size. Additionally, in photocatalytic processes, the proximity between
adsorption and photoactive centres also determines reaction rate [171]. For more efficient
utilization of sunlight and indoor light, visible-light-responsive photocatalysts are
indispensable. Tungsten oxide (WQ3) is a visible-light-responsive photocatalyst and an n-
type semiconductor photocatalyst for O, generation using sacrificial reagents [172,173],

but reports on the degradation of organic substances by WO3 are limited [174].
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In the present work, nano ZnO catalysts were prepared using two different
methods and characterized by XRD, FESEM and TEM, The photocatalytic activity of
catalysts was evaluated for the degradation of phenol under ultraviolet laser irradiation.
The influence of various parameters such as calcination temperature, the amount of the
catalyst, laser exposure time, initial pH and initial phenol concentration on the rat of

photocatalytic degradation of phenol using nano ZnO and UV laser was also investigated.
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CHAPTER 3

EXPERIMENTAL METHODS AND TECHNIQUES

In this chapter, all the experimental details related to synthesis of pure and noble
metal doped nanoparticles using precipitation, sol gel method and incipient impregnation
method are explained.The experimental set up design and the procedure to test the

photocatalytic activity of the synthesized samples was also discussed.

3.1. Synthesis of WO; by Precipitation Method

The WO;3 nanostructures were synthesized by precipitation technique from
aqueous solution of ammonium tungstate pentahydrate ((NH4)10 W12041.5H,0) and nitric
acid (HNO3, Merck). A pre-determined amount of the tungstate salt was dissolved in de-
ionized water and the resulting solution was heated up to 85 °C slowly. Appropriate
amount of a warm, concentrated nitric acid was dripped to this solution with continuous
vigorous stirring. The mixed solution was kept at 85 °C for 25 min under continuous
stirring conditions. The precipitate was allowed to settle for 24 hours at room temperature.
((NH4)10 W15041.5H,0) + 10HNO;  + 2H,0 — 10 WO3H,0+10 NH,"+10 NO3™ (7)

10 WO3H,O  + heat — 10 WO; (8)

The precipitate was washed by addition of a large amount of de-ionized water

followed by stirring for about 10 min and allowing the precipitates to settle down for 24
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hours before decanting the liquid. This washing procedure was carried out three times.
Finally, the precipitates were separated by ultra-filtration procedure by using a polymer
membrane (pore size = 0.2 um). Then, the precipitate was dried at 100 °C for 12 hours.
After drying, it was calcined at 500 °C for 7 hours at the rate of 1°C/minute. The
synthesized nano structure WO3 in powder form was then characterized. The flowchart

for synthesis of WOg is presented in Figure 3.1.

3.2. Sol Gel Method

Sol-gel method consists of hydrolysis and polycondensation steps.

3.2.1. Synthesis of Nano ZnO Modified Sol Gel Method

Zinc oxide nanoparticles were prepared by modified sol gel method from aqueous
precursor solutions. The conditions used for synthesis such as aging, drying temperature,
calcination time and temperatures are different. The zinc nitrate and polyvinyl alcohol
(PVA) solutions of desired molar ratio were prepared.

A stoichiometric amount of zinc nitrate hexahydrate [Zn (NO3),*6H,0] and PVA were
accurately weighed and dissolved in deionized water. The two prepared solutions mixed
in a beaker and stirred with a magnetic stirrer at room temperature for three hours.
Subsequently, the mixed solution was heated at a temperature of 80 °C for 60 hours to
obtain the gel. The obtained gel was dried at 100 °C for 24 hours then ground into a fine
powder. The temperature of the dried precursor powder was increased at the rate of 1 °C
/minute to attain the required temperature and then allowed the sample to stay at that

temperature for seven hours to obtain the final product (i.e., ZnO nanoparticles).
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Ammonium paratungstate Conc. HNO3

Heated at 85 °C

Precipitate was allowed to settle for 24 hours at room
temperature

Filtration and Drying at 100 °C

A 4

Calcination at 500°C at the rate of 1°C /min

Figure 3.1 Schematic Flowchart showing the steps for the synthesis of nano metal
oxides by precipitation method
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Thermal treatment was performed 500 °C. The ZnO powder obtained from calcination
was grounded for more than one hour to obtain homogenous nano powder. The calcined
ZnO nano powders were then characterized by micrographic techniques. The flow chart

scheme was shown in Figure 3.2.

3.2.2. Synthesis of Nano NiO by Modified Sol Gel Method

Nickel oxide nanoparticles were prepared using the following process.
Appropriate molar ratio of nickel nitrate hexahydrate [Ni (NO3),*6H,0] to citric acid
monohydrate were accurately weighed and dissolved in deionized water, respectively.
Then the two solutions were mixed in a breaker and stirred with a magnetic stirrer at room
temperature for three hours. Subsequently the mixed solution was heated at a temperature
of 80 °C for 60 hours. In this process, a green gel was formed. The gel so obtained was
dried at 100 °C for 24 hours. Finally, the precursors were calcined in a programmable
furnace at 400°C for 6 h.The temperature of the precursor was increased at the rate of 1
°C /minute to attain the temperature of 400°C and then allowed the sample at this
temperature to obtain the products (i.e., NiO nanoparticles) whose color was extremely

dark. The calcined products were then collected for further analysis.

3.2.3. Incipient Impregnation Method for Doping of Noble Metals

The Pt, Pd, Ag and Rh doped semiconductor metal oxide (WQO3, ZnO and NiO)
photocatalysts were prepared by incipient wetness impregnation method. The required
amount of metal precursor salt was dissolved in de-ionized water to obtain an incipient

volume of solution. Then the calculated amount metal oxide to be impregnated was added
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Calcination at 500 ° C for 6 hours

Figure 3.2 Schematic Flowchart showing the steps for the synthesis of nano metal
oxides by sol method
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Mixing at room
WV temperature

Pore saturated powder
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Drying at 100° C

v
Calcination at 500 ° C for 6 hours
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Figure 3.3 Incipient Impregnation Method for doping of noble metals
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under continuous mixing. After drying at 100 °C over night, sample was calcined at 500
°C for 6 h and then cooled to room temperature to obtain the final catalyst. The schematic

diagram is shown in Figure 3.3.

3.3 Characterization Techniques

3.3.1 X Ray Diffractrion Studies

The X-ray diffraction (XRD) measurements were performed using a Bruker X-ray
diffractometer in the range of 10— 80, 2 e. The crystalline structures of the synthesized
product were identified with a powder X-ray diffractometer (BDX3200, operated at 36

kV, 20 mA), employing Cu Ka radiation (A =0.15418 nm).

3.3.2. Scanning Electron Microscope (SEM) and Transmission Electron Microscope

(TEM)

Scanning Electron Microscope (SEM) and Transmission Electron Microscope
(TEM) are powerful tools for the characterization of objects on a very fine scale. The
basic steps for imaging a sample comprise formation of an electron beam, interaction
between sample and beam, gathering information of the sample and formation of an
image. The incident electron beam comes to the surface of the sample and strikes onto it.
Various photon and electron signals are generated after the interaction with the sample as
shown in the Figure 3.4. The darker areas of the image represent thicker or denser areas of

the sample that fewer electrons were transmitted or vice versa.
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Figure 3.4 Electron-sample interaction and signals emitted from the sample
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Figure 3.5 Schematic diagram of the experimental set up for removal of toxic pollutants
from waste water
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3.3.3. UV-Visible Spectrophotometry

UV-Visible spectra measurements were carried out on a Perkin Elmer spectrophotometer
in the 200-800 nm wavelength range. The baseline was recorded using a Holmium oxide
Reference. The Cintra 303 was also used for UV analysis of the samples. The Cintra 303
is a research grade spectrometer with enhanced sensitivity in the UV range. It has a
variable slit width for best sensitivity and resolution, with improved stray light, noise, and
drift specifications. The Cintra 303 accepts the full range for its wavelength range of 190

to 900 nm. All spectra were taken under atmospheric conditions.

3.3.4 High Performance Liquid Chromatography

High performance liquid Chromatograph (Waters 2996 Photodiode Array Detector,
Waters 1525 Binary HPLC pump and Waters 717 plus Autosampler) was used to analyse
the laser irradiated samples. High performance liquid Chromatograph (Waters 2996
Photodiode Array Detector, Waters 1525 Binary HPLC pump and Waters 717 plus
Autosampler) was used to analyse the laser irradiated samples. The stationary phase
consisted in a Purospher Star RP-18 endcapped column (250mmx4.6mm, Jum particles)
working at room temperature. The mobile phase was a mixture of water and methanol

with a isocratic concentration at a flow rate of 1.0 mL min ™.

3.4. Laser Based Photocatalytic Reactor

A laser based photo-catalytic reactor was used for the removal of pollutants. This setup

will essentially consist of a Pyrex cell, a laser system. Excimer laser and the third
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harmonic from Nd: YAG laser was employed for excitation of aqueous solutions
containing the pollutants. Figure 3.5 depicts the schematic of the experimental setup
designed locally for the study of removal of dye and phenol from water using laser

induced photocatalysis process.

3.5. Photocatalytic Degradation of Dye under UV Laser Irradiation

Stock solutions of the dye containing desired concentrations were prepared in water. For
irradiation experiments, 100 mL solution of desired concentration of the dye was taken
into the reaction vessel and the required amount of photocatalyst was added and the
solution was stirred for at least 15 min in the dark to allow equilibration of the system so
that the loss of compound due to adsorption can be taken into account. Irradiations were
carried out using a 355 nm wavelength high power laser beam generated from the third
harmonic of the Spectra Physics Nd: YAG laser (Model GCR 250), with a pulse width of
~8 ns. In order to avoid the destructive effect of radiation, laser beam diameter was
expanded to 1.0 cm. To study the effect of different pH on photocatalytic degradation of
the dyes and phenol, the pH of the reaction mixture was adjusted by adding a dilute
aqueous solution of HNO3; or NaOH. Samples (4.0 mL) were collected before and at
regular time intervals during the irradiation. The catalyst was removed through filtration
(0.2 um) before the UV analysis. The degradation was monitored by measuring the
absorbance at absorption maxima (Amax) Of each dye by UV-Vis spectrophotometer. The
absorbance Therefore, the degradation of the substrate was estimated at this wavelength

as a function of irradiation time. To monitor the removal process of dye form water, the
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changes in the absorption spectra of substrate at different laser irradiation times were

recorded with a UV-Vis spectrophotometer in the wavelength range from 200 to 800 nm.

3.6. Photocatalytic Degradation of Phenol under UV Laser Irradiation

Photocatalytic activity of the synthesized photocatalysts was evaluated using aqueous
solution of phenol under ultraviolet laser (266 nm) irradiation. The experiments were
carried out in locally designed photocatalytic reactor with quartz window for illumination
of UV laser irradiation. The stock solution of phenol containing 100 mg L™ was prepared
in deionized water. The photoreactor was loaded with 120 mL of aqueous suspension of
nano ZnO in phenol. The suspensions were irradiated with UV light at constant stirring
speed and laser energy. Irradiations were carried out using YAG laser (model no.,
266nm). Samples were regularly withdrawn from the reactor and filtered using nano
syringe filters prior to analysis for separation of any suspended solid. High performance
liquid Chromatograph was used to analyse the laser irradiated samples. The mobile phase
was a mixture of water and methanol with an isocratic concentration at a flow rate of 1.0

mL min . The concentration remaining after time t was calculated by peak area method.
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CHAPTER 4

CHARACTERIZATION OF PHOTOCATALYSTS

This chapter deals with the characterization of the pure and doped nanophotocatalysts
synthesized by different methods. The results obtained for the characterization of these

nanomaterials using XRD, FESEM and TEM techniques were also described.

4.1. X-Ray Powder Diffraction Studies of Photocatalysts

The nanoparticles of nano WO3, nano ZnO, nano NiO and doped metal oxides were
synthesized using different methods. The x ray diffraction studies of these undoped and
doped metal oxides were performed to determine the crystal structure and to calculate

the particle size of nanomaterials synthesized.

4.1.1. X Ray Diffraction Pattern of Nano WOj3 and Noble Metal Doped Nano WOs3

Crystal structure and particle size was studied using an X-ray diffractometer. The XRD
spectrum for the samples prepared using different concentration of metals is shown in
Figure 4.1. XRD spectrum for our synthesized nanocrystalline tungsten oxide and noble
metal (Pt, Pd, Ag and Rh) doped tungsten oxides are displayed in Figure 4.2. All the main
peaks can be indexed to hexagonal WO3 (JCPDS card 35-1001) which are consistent with
general features of nanomaterials. No characteristic peak of noble metals in XRD was

investigated this shows that the metal paticles are bound to the surface of metal oxides.
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Table I Particle size of WO3; doped and undoped estimated using Scherrer equation
from XRD analysis

S.No. Catalyst 20 d-Val FWHM Intensity Estimated
particle
size (nm)

1 WOs; 243715 3.64930 0.2622 2343 31.0

2 })/VO3 calcinedat 300 23.7881 3.73746 1.3463 474 6.0

3 })/%/03 calcinedat 400 23.7869 3.73765 1.5088 715 5.4

4 })/%/03 calcinedat 500 23.4254 3.79450 0.8530 1151 12.8

5 })/%/03 calcinedat 550 24.3184 3.65715 0.3227 1329 25.2

6 })/%/03 calcinedat 600 24.3567 3.65148 0.2399 1624 33.9

7 })/%/03 calcinedat 650 24.3968 3.64557 0.2366 1735 34.3

8 })/%/03 calcinedat 700 23.1011 3.84703 0.2263 1858 35.8

9 1coi)Pt-W03 23.4023 3.79819 0.8489 1284 9.5

10 1%Pd-WO; 23.6800 3.75428 1.2646 1015 6.4

11 1%Ag-WO3 245004 3.63039 0.2291 1779 35.4

12 1%RhWO3 23.4424 3.79179 0.9220 1136 8.8

13 2%Pt-WO3 23.4456 3.79128 0.857/8 1313 9.5

14 3%Pt-WO3 23.6628 3.75697 0.3961 1327 28.0

15 5%Pt-WO3 242748 3.66362 0.3356 938 24.2

16 ZnWO, 30.6195 2.91739 0.5485 2930 15.0

17 NiWO, 242754 3.66353 1.2709 573 6.4
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Figure 4.1 X ray diffractogram for WO3 with different dopant concentrations
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Figure 4.2 XRD pattern of WO3 and (Pt, Pd, Ag and Rh) doped WO3
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As the dopant concentration increases the intensity of the significant peaks decreases. It
was also observed that the peaks became broad. This may be due to the fact that dopant
metal particles transform the crystal structure of the nanocrystalline. Particle morphology
was also examined using scanning electron microscope. The crystallite size was
calculated from peak broadening (in nm) using the Scherrer approximation [175], which
is defined as
t=[0.91/B cos 0] 9)

where A is the wavelength of the X-ray (0.15418 nm), B is the full width at half
maximum (FWHM, radian) and 0 is the Bragg angle (degree). The value of FWHM was
obtained by performing profile fitting using an XRD pattern processing software. The
crystallite size was 31.0 nm for WO; (as-prepared). The average particle size for pure
WO3;, WO;3 calcined at different temperatures, noble metals such as (Pt, Pd, Ag and Rh)
doped WO3 and different amuont of Pt varying from (300 °C to 700 °C) was estimated
using Scherrer Equation. .The results obtained are depicted in Table I. The diffractogram
reveal that the experimental method used in the synthesis of WOj3 yielded crystals with
high purity and uniformity.

The average particle size as estimated for doped and undoped nanomaterials is
presented in Table I. The XRD diffractogram of all the samples is depicted in Figures 4.1
to 4.4. The surface modification of WO3 was carried out using noble metals as dopants.
XRD pattern for our synthesized pure and doped metal oxides were displayed in Figures
4.1 to 4.4. All the main peaks are consistent with general features of nano metal oxides
Figures 4.1 to 4.4 show the XRD patterns of metal oxide semiconductos (before and after

the loading of noble metals) and at different calcinination temperatures.
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44



18000 -

16000 -
WO3; 700 °C
% 14000 - S
= WO; 650°C
c
> 12000 - - ~
Qo W05 600°C
K 10000 A
2 H 1 WO; 550°C
© 8000 A
B M 1 WO3 500 °C
£ 6000 -
’“‘ WO; 400 °C
4000 A
WO3 300 °C
2000 -
0 "AAI_A'ﬁ_‘F_"‘ T T 1
20 30 40 50 60 70 80
2 Theta (deg)
Figure 4.4 XRD pattern of WO3 at different calcination temperature

45




It was observed that the incorporation of transition metals into metal oxides may decrease
the intensities of the main peak. The XRD reflections are determined to be almost at the
same location.One more interesting point is that no peak associated with noble metals
could be detected. This indicates that these metal ions are incorporated into the metal

oxide structure.

4.1.2 Characterization of Nano ZnO and Noble Metal Doped Nano ZnO

Crystal structure and particle size was studied using an X-ray diffractometer. The
particle size estimated for undoped, doped ZnO and nano ZnO calcined at different
temperatures are shown in Table I1. XRD pattern for our synthesized nano ZnO and noble
metal (Pt, Pd, Ag and Rh) doped nano ZnO are displayed in Figure 4.5 and Figure 4.6. All
the main peaks can be indexed to nano ZnO (JCPDS card 35-1001) which are consistent
with general features of nanomaterials. No characteristic peak of noble metals in XRD
was investigated this shows that the metal paticles are bound to the surface of metal
oxides. Crystal structure and particle size of modified ZnO was studied using an X-ray
diffractometer. The X-ray diffraction patterns of the Nano ZnO without calcination,
calcined at 300 °C and 500 °C are presented in Figure 4.6.

It shows that ZnO samples have some diffraction peaks of ZnO with 20 at 31.86°
(100), 34.54 ° (002), 36.32 ° (101), 47.62 ° (102), 56.66 ° (110), 62.96 ° (103), 68.04 °
(112), and 69.18 ° (201). Diffraction peaks in Figure 4.5-4.7 could be readily indexed as
hexagonal phase of ZnO, the lattice parameters of which were all consistent with reported
values (corresponding to the JCPDS-ICDD 36-1451 card of ZnQO). The diffractograms

reveal that the nano ZnO yielded crystals with high purity and uniformity.
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Figure 4.5 X-ray diffractrogram for nano ZnO and doped ZnO
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Table Il Particle size of ZnO and ZnO doped and undoped estimated using Scherrer
equation from XRD analysis

S.No. Catalyst 20 d-Val FWHM Intensity Estimated
particle
size (nm)

1 ZnO(Com.) 36.3055 0.1932 43.2

2 ZnO(Com.)WH 36.3125 2.47200 0.2097 5539 40.0

3 ZnO(Com.)300Deg  36.3153 2.47182 0.2043 5666 41.0

4 gnO(Com.)SOO 36.3085 2.47227 0.1980 5951 43.0

5) ﬁﬁign% Zn0O ppt 36.3908 2.46687 0.4698 2606 17.8

6 Nano ZnO 400 °C 36.2866 2.47371 0.1900 5790 44.0

7 Nano ZnO 500 °C 36.2841 2.47387 0.1772 6088 47.1

8 Nano ZnO 550 °C 36.2800 2.47414 0.1725 6431 48.4

9 Nano ZnO 600 °C 36.3413 2.47011 0.1699 6997 49.2

10 Nano ZnO 700 °C 36.2834 2.47392 0.1645 7039 50.8

11 1%Pt ZnO 36.4658 2.46196 0.1770 10770 47.2
12 1%Pd ZnO 36.2554  2.47577 0.1631 9559 51.2
13 1%Ag ZnO 36.3777 246772 0.1722 10270 48.5
14 1%Rh ZnO 36.2639 2.47521 0.1635 9032 51.1
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Scherer’s equation leads to an estimated average particle size of 40, 41 and 43 nm for the
ZnO without calcination, calcined at 300 °C and 500 °C respectively. Although it is
evident that the change in crystalline size of nano ZnO is not significant by calcining it at
500 °C but the particles might be agglomerated after calcination. The commercial nano
ZnO is particulated and the mean dimension values are <100nm as reported by
Aldrich.Nano ZnO particles were also synthesized by sol gel method and the average

particle size was estimated and found to be ranging from 15 nm to 50 nm.

4 .1.3. Characterization of Nano NiO and Noble Metal Doped Nano NiO

The purity and crystallinity of the as-synthesized NiO nanoparticles were examined by
using powder X-ray diffraction (XRD). Xray diffractogram of NiO and doped NiO are
shown in Figure 4.8.The particle size of doped and undoped NiO using Scherrer equation
was presented in Table Ill. Figure 4.8 shows XRD patterns of the products obtained after
the precursors have been calcined. The peaks positions appearing at 2 e = 37.20¢, 43.20°,
62.87°, 75.20° and 79.38° can be readily indexed as (1 1 1),(200),(220),(311),and (2
2 2) crystal planes of the bulk NiO, respectively. The peak positions and lattice
parameters of all these diffraction peaks depicted in Figure 4.8 are well consistent with
that of the standard JCPDS Card No. 04-0835 for the standard spectrum of pure and cubic
NiO. The results indicate that the products are nano-NiO crystal of cubic structure with
high purity. The mean particle size of the as-synthesized products is calculated according

to this at about 6.5 nm.
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4.2. Morphology of Nano Metal Oxides

In this study, Nova Nano SEM Ultra-High Resolution was used to study the
morphology and composition. The field emission electron source was used. The image
types obtained are secondary electron and backscattered electron images. The electrons
interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography, composition and other properties such
as electrical conductivity. The electron beam, which typically has an energy ranging from
0.5 keV to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm to
5 nm in diameter. The beam passes through pairs of scanning coils or pairs of deflector
plates in the electron column, typically in the final lens, which deflect the beam in the x
and y axes so that it scans in a raster fashion over a rectangular area of the sample surface.
The energy dispersive X ray spectrometry (EDX) analysis was employed to determine the
composition of the semiconductor pure and doped metal oxide.

Transmission electron microscope (Philips EM 301 model) was used in order to
study the particle morphology. Transmission electron micrograph gives directly the size
and shape distributions. Also, it furnishes details about the crystalline nature of the
cluster. The powder samples are examined under the transmission electron microscope.
The powders are dispersed in acetone by stirring in an ultrasonic tank for 15 minutes. A
drop of the liquid is placed on a carbon film supported on a 3 mm microscope grid. The
solvent is allowed to evaporate followed by mounting the grid on the specimen holder of

the transmission electron microscope operating at 100 KV.
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Table 111 Particle size of NiO doped and undoped estimated using Scherrer equation
from XRD analysis

S.No. Catalyst 20 d-Val FWHM Intensity Estimated
particle
size (nm)

1 Nano NiO-A 445573 2.03186 0.2093 5270 41.0

2 Nano NiO SG 43.3604 2.08513 0.7084 3109 12.0

3 1%Pt NiO 43.4559 2.08077 0.2817 7124 30.3

4 1%Pd NiO 43.5125 2.07819 0.2927 6741 29.2

5 1%Rh NiO 43.6399 2.08114 0.2873 6932 29.8

mag | HY WD —— 19 (O g 15 1
200 000 x | 5.00 kV [ 4.8 mm KHWW-1

Figure 4.9 SEM micrograph of as prepared WO3
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4.2.1 SEM and TEM Images of Nanocrystalline WO3; and Doped WO;

The morphologies of the synthesized nanoparticles were characterized using transmission
electron microscopy (TEM, JEM 200CX, 120 kV) and scanning electron microscopy
(SEM, Hitachi S-4700 II, 25 kV). SEM images of the synthesized WO3; nanopowder
(doped, undoped and calcined at different temperatures) are depicted in Figure (4.9-4.22).
The mean particle size of nano 6.7- 50 nm as investigated by SEM.The energy dispersive
spectrometry (EDS) analysis was employed to determine the composition of the doped
tungsten oxide and metal tungstates. As is clear from the results given in Figure (4.23-
4.30), only oxygen and tungsten elements existed in the nanoparticles of WO3 with molar
ratio of about 3 (O/W). An EDX elemental analysis showed that the WO3, ZnO and NiO
particles calcined at temperatures greater than 500 °C were composed of mainly W, Zn,
Ni and O elements respectively.The elemental composition for doped WO3 determined
using EDX analysis are consistent with the dopant weight % used for synthesis of these

samples.

4.2.2 SEM and TEM Images of Nano ZnO and Doped ZnO

The morphology of zinc oxide prepared at different conditions has been analyzed by
means of microscopes such as SEM, TEM. Most SEM images show that the as-prepared
ZnO consists of mainly individual particles sized around 40 nm in diameter with a narrow
size distribution. The results are presented in Figure (4.30-4.43).Various parameters and

experimental conditions that could affect the morphology of ZnO are investigated.
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Figure 4.10 SEM micrograph of Pt-doped WO3
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Figure 4.11 SEM micrograph of Pd-doped WO3
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Figure 4.12 SEM micrograph of Ag- doped WO3
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Figure 4.13 SEM micrograph of Rh-doped WO3
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Figure 4.15 SEM micrograph of as prepared ZnWQO,
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Figure 4.16 SEM micrograph of as prepared NiWO,
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Figure 4.17 SEM micrograph of as prepared CuWO,
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Figure 4.19 SEM micrograph of Nanoccrystalline WO; calcined at 300 °C
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Figure 4.20 SEM micrograph of Nanoccrystalline WO;3; calcined at 400°C
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Figure 4.21 SEM micrograph of Nanoccrystalline WO; calcined at 600 °C
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Figure 4.22 SEM micrograph of Nanocrystalline WO; calcined at 700 °C
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Figure 4.23 EDX spectrum of WQO3
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Figure 4.24 EDX spectrum of Pt WO;
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Figure 4.25 EDX spectrum of as prepared PdWQO3;
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Figure 4.26 EDX spectrum of as prepared AgWOs;

cliedaxi2\genesis'genspe.spc 04-Apr-2010 10:35:36

KHW-5
6.8 —

5.4

41 -

HCnt

2.7

1.4

LSecs : 50
w

L N L

1 1 1 1 1 1
1.00 2.00 3.00 4.00 5.00 6.00
Energy - ke

Figure 4.27 EDX spectrum of as prepared RhWO;
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Figure 4.28 EDX spectrum of ZnWO,
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Figure 4.29 EDX spectrum of NiWO,
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4.3 Effect of Calcination Temperature on Morphology of WO; and ZnO

The morphology of zinc oxide prepared at different conditions has been checked
by means of FESEM and TEM. The surface morphology and crystallite structure of
calcined powders were analyzed using FESEM (model: Nova NanoSEM Ultra-High
Resolution, 30 kV). The SEM images validate that ZnO exists in single homogeneous
phase with narrow size distribution. The energy dispersive X ray spectrometry (EDXS)
analysis was employed to determine the composition of the ZnO. Energy dispersive X-
ray spectrum (EDXS) of ZnO -500 shows peaks corresponding to Zn and O, no trace
amount of other impurities could be seen in the detection limit of the EDXS.

The results obtained regarding the effect of the calcination temperature on the
particle size is depicted in Figure 4.37- Figure 4.40. The decrease in the surface area and
the increase in the particle size of the calcined particles are due to the growth and
sintering of nanoparticles. The particle size of ZnO increased rapidly when the calcination
temperature increased from 600 to 700 °C. The samples were calcined for 7 hour at their
respective temperature. The mean particle size was obtained from the images by the
statistic method. The results show that the particle size increases with temperature. It is
noted that the size determined by Scherer formula are different as compared to the size
observed from FESEM except at higher temperatures (600 °C, 700 °C). As calcination
temperature increases, crystallites tend to agglomerate originating bigger crystal particles

with the subsequent decreasing in the surface area of the solids.
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Figure 4.32 SEM micrograph of nano ZnO calcined at 500°C
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Figure 4.33 SEM micrograph of Pt-doped ZnO

68



¢ én

mag \/ — 500 nm
200 000 x | 5.00 kV | 4.9 mm KHZ-7

mag

2| 350 000 x [ 500 kV [ 4.9 mm

Figure 4.35 SEM micrograph of Ag-doped ZnO
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Figure 4.36 SEM micrograph of Rh-doped ZnO

Figure 4.37 SEM micrograph of nano ZnO calcined at 300°C
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Figure 4.38 SEM micrograph of nano ZnO calcined at 400°C
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Figure 4.39 SEM micrograph of nano ZnO calcined at 600°C
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Figure 4.41 EDX spectrum of Pt doped ZnO
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Figure 4.42 EDX spectrum of Pd doped ZnO
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Figure 4.43 EDX spectrum of Ag doped ZnO
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Figure 4.44 EDX spectrum of Rh doped ZnO
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4.4 SEM and TEM Images of Nano NiO and Doped NiO

The morphology of NiO prepared at different conditions has been analyzed by means of
microscopes such as SEM, TEM. Most SEM images show that the as-prepared NiO
consists of mainly individual particles sized around 7.0 nm in diameter with a narrow size
distribution. The results are presented in Figure (4.45-4.66). It can be seen from Figure
4.45 that the NiO nanoparticles had spherical shapes and were well dispersed with smooth
surface and uniform size. Few small particles aggregate into secondary particles because
of their extremely small dimensions and high surface energy. Figure 4.66 shows the
representative Transmission Electron Microscopic image of NiO nanoparticles. TEM
analysis of the products provided information on the size and morphology of NiO
nanoparticles and their state of agglomeration. Figure 4.66 shows a TEM micrograph of
the NiO nanoparticles. The results of SEM and TEM observations further confirmed and

verified the relevant results obtained by XRD as mentioned above.
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Figure 4.45 SEM micrograph of nano NiO

rmag ‘ WD — 19 8 N A 181

% | 200 000 x

5.00 kV [ 4.8 mm KHMN-4

Figure 4.46 SEM micrograph of Pt-doped NiO
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Figure 4.48 SEM micrograph of Ag-doped NiO
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Figure 4.49 SEM micrograph of Rh-doped NiO
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Figure 4.50 EDX spectrum of nano NiO
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Figure 4.51 EDX spectrum of Pt doped NiO
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Figure 4.52 EDX spectrum of Pd doped NiO
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Figure 4.53 EDX spectrum of Ag doped NiO
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Figure 4.54 EDX spectrum of Rh doped NiO
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Figure 4.55 TEM micrograph of as prepared WO3
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Figure 4.56 TEM micrograph of Pt doped WO3
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Figure 4.58 TEM micrograph of Ag doped WO3
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Figure 4.59 TEM micrograph of Rh doped WO;
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Figure 4.60 TEM micrograph of as prepared ZnWQO,
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20 nm

Figure 4.61 TEM micrograph of as prepared NiWO,
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Figure 4.62 TEM micrograph of as prepared CuwQ,
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Figure 4.64 TEM micrograph of for nano ZnO calcined at 400 °C
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20nm

Figure 4.65 TEM micrograph of for nano ZnO synthesized by ppt method
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Figure 4.66 TEM micrograph of nano NiO
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4.5 UV-Visible Characterization of Pure and Noble Metal Doped Metal

Oxides

When a photocatalyst is irradiated with photons with energies greater than that of
the semiconductor’s band gap, Eg (eV), an electron is transferred to the conduction band,
leaving behind a positive hole in the valence band. The pair of photoexcited charges that
occurs within a particle is called an electron-hole pair (EHP).The energy of a
semiconductor’s band gap is equal to the difference in energy between the conduction
band edge and the valence band edge.

Knowledge of band-edge positions is useful when creating and analyzing
semiconductor photocatalysts because they indicate the thermodynamic limitations for the
photoreactions that can be carried out by the charge carriers. For example, if the oxidation
of an organic compound is desired by the photocatalyst, then the valence band edge of the
semiconductor must be positioned favorably relative to the oxidation potential of the
organic compound. On the other hand, if the reduction of a molecule such as O, is
required, then the conduction band edge of the semiconductor must be positioned
favorably relative to the reduction potential of the O, molecule. Quantum size (Q-size)
effects also must be considered when determining electronic properties of semiconductors
such as the energy positions of the valence and conduction band edges. Quantum effects
occur when the size of the semiconductor particle is close to or smaller than the Bohr
radius of the first excitation state causing the particle to possess properties characteristic

of both its bulk and molecular phases.
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Quantum effects are common for colloidal solutions and particles with sizes close
to or smaller than 10nm. The most dramatic influence of Q-size effects is that it can be
used to tailor the band gap and band-edge positions of Q-size semiconductor nanoparticles
for sensitive applications. As a nanoparticle size decreases, its band gap increases
primarily with an increase in conduction band energy levels and also a slight decrease in
valence band energy levels.

A classical semiconductor exhibits minimal optical absorption for photons with
energies smaller than the band gap and high absorption for photons with energies greater
than the bandgap. As a result, there is a sharp increase in absorption at energies close to
the band gap that manifests itself as an absorption edge the UV-Vis absorbance spectrum.
Optical absorption spectrum of the pure and doped metal oxides nanoparticles are
represented in Figure 4.67- Figure 4.70. From the curves we can calculate the band gap
(Eg) energy of the sample by the following equation [176]

(ahv) "= (hv - EQ) (1)
in which hv is photon energy, a is absorption coefficient, and n is either 2 for a direct
band gap material or 0.5 for indirect band gap materials. Using equation (1) and taking
the value n = 2, the band gap of synthesized photocatalysts are determined. In all cases, a

red shift was observed for the noble metal doped nanomaterials.
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CHAPTER 5

LASER INDUCED PHOTOCATALYIC DEGRADATION
OF SOME SELECTED DYES IN AQUEOUS SUSPENSIONS

OF NANOCRYSTALLINE METAL OXIDES

The results related to the photocatalytic degradation of dyes such as Safranin O,
Alizarin yellow GG, Acid Red 87 and Cyanosine using nanocrystalline WO3, nano ZnO
and nano NiO synthesized are included in this chapter. The effect of different
experimental parameters such as laser energy, catalyst concentration, pH, substrate
concentration on photocatalytic degradation of dyes was also studied. The
photodegradation rates were found to be strongly influenced by all the above parameters.
The results obtained are discussed in this chapter.

The commercial azo dye Safranin O, obtained from Colour Chem, Pondicherry,
was used without further purification. The commercial azo dye Alizarin yellow GG, C.I.
14025 was purchased from Fluka and used without further treatment. Acid Red 87 was
obtained from BDH Chemicals Ltd. (minimum dye content ~ 88%). Methyl red,
Cyanosine and Phenol were purchased from Fluka. The structure of the dyes is shown in

Figure 5.1.
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Figure 5.1 Structures of organic dyes used in this study: (A) Alizarin Yellow GG, (B)
Safranin O (C) Acid Red 87 (D) Methyl Red (E) Cyanosine

5.1. Photocatalyic Degradation of Safranin O by Nanocrystalline WO,

Since some dyes are photo-degraded by direct UV irradiation. Therefore, the
removal of Safranin O was studied under UV laser irradiation without the presence of
catalyst. For this purpose, blank experiments were carried out for the dye solution without
catalyst. No significant degradation of safranin O (less than 5.0 %) was observed without

the catalyst. The results shown in Figure 5.6 indicated that 94.0% degradation was
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achieved within very short laser irradiation time (10 minutes) using 355 nm laser and
nanocrysralline WOs;. It was observed that both UV light and photo-catalyst are essential

for the effective removal of the dye.

5.1.1. Effect of Incident Laser Energy on Photodegradation Process

The influence of laser energy on the rate of dye decolorization was examined at
constant initial dye concentration (Co = 5.7*10*M) and catalyst loading (WO; = 1.0 g
L™1). The effect of incident laser energy on the photodegradation of Safranin O (SO) was
investigated and the results are depicted in Figure 5.2. The results indicate that the
degradation of the dye was significantly influenced by the laser energy and
photodegradation rate of SO was increased almost linearly with the increase in laser
energy up to a certain energy level as given in Table IV. When 140 mJ of laser energy
was applied, 94.0% degradation was recorded within 10 min of irradiation and a further
increase in the laser energy was not found to be more advantageous for the degradation of
the dye. This phenomenon may be explained in terms of the fact that when laser energy is
increased, incident photon flux increases in the solution exciting more and more catalyst
particles which increases the degradation of the dye. The dependency of photocatalytic
property on the light intensity observed in this study followed similar trend as explained
by Hoffmann et.al. [177] in which, it was concluded that there is a linear relationship

between the rate and the light intensity up to a certain level.

5.1.2. Influence of Initial pH on Dye Removal Process
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Table IV Laser induced photocatalytic degradation of Safranin O in aqueous
suspensions of nanocrystalline WO3; under different operational parameters.

S.No.  Parameters Rate constant Photodegradation rates
(min™) (mM-min™)

1 Initial pH
5.0 0.169 0.096
8.0 0.246 0.140
10.0 0.314 0.179
11.6 0.012 0.007

2. Energy (mJ)
40 0.0128 0.0073
70 0.0515 0.0294
100 0.173 0.0986
140 0.256 0.1459
170 0.405 0.2308
200 0.701 0.3996
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The solution pH appears to play an important role in the photocatalytic process of various
pollutants.The effect of pH on the photodegradation of Safranin O was investigated in the
pH range 5.0-11.6. The pH of the solution was adjusted before irradiation and it is not
controlled during the course of the reaction. It was found that the degradation efficiency
increases with increase in pH from 5.0 to 10.0 and then decreases with further increase in
pH as shown in Figure 5.3. At acidic pH range the removal efficiency was less and it
might be due to the dissolution of WO3;. So the optimum pH for efficient Safranin O
removal was found to be 10.0. The values of degradation rates obtained are listed in Table
IV. The photocatalytic degradation rate was found to increase with the increase in reaction
pH and maximum photocatalytic degradation was achieved at 10.0 pH as shown in Figure
5.3.

The possible reason for the different reaction rates at different pH values may be
correlated to the generation of active hydroxyl radicals and occupancy of active sites of
catalyst surface for the production of OH’ radicals by intermediate products. Values of
solution pH can alter the degradation route and lead the formation of different
intermediate products [178]. The isoelectric point (pHIEP) corresponds to the zeta
potential equal to zero. The surface of photocatalyst was charged positively under pH <
pHIEP. The dye used in this study was cationic dye and was positively charged under
experimental conditions. Accordingly, electrostatic interactions between the photocatalyst
surface and dye cation lead to the formation of little adsorption at low pH range. Some
researchers [179] observed the same trend for the photocatalytic degradation of phenol
using nanocrystalline TiO,. This phenomenon might occur because of the cationic nature
of the dye. OH radical formation might be suppressed at more alkaline pH and the

degradation rate of the dye is decreased.
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Figure 5.2 Effect of laser energy on photocatalytic degradation of Safranin O (Basic
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Figure 5.3 Effect of pH on photocatalytic degradation of Safranin O (Basic red 2) as a
function of laser irradiation time for nano-structured WO;
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Because several reaction mechanisms can contribute to dye degradation, including
OH radical attack, direct oxidation by the positive holes, and direct reduction by the
electrons, the effect of pH on degradation efficiency differs from that of photo catalysts

and photodegradation of model substrates.

5.1.3. Effect of Catalyst Loading on Dye Removal Process

The effect of photocatalyst concentration was studied by varying catalyst
concentration from 1.0 to 8.0 g/L for dye solutions of 0.57mM at natural pH. The
degradation efficiency for various catalysts loading for Safranin O has been depicted in
agreement with recent reports. when the concentration of the catalyst increases above the
optimum value, the degradation rate decreases due to the interception of the light by the
suspension. The degradation efficiency for various catalysts loading for Safranin O has
been depicted in Figure 5.4. The results reveal that the rate constant increase greatly by
increasing catalyst loading from 1.0 to 4.0 g/L for the dye, the rate of photodegradation
remains almost constant for the higher catalyst loading. This can be explained on the basis
that optimum catalyst loading is found to be dependent on initial solute concentration
because with the increase of catalyst dosage, total active surface area increases, hence

availability of more active sites on catalyst surface.

The photocatalytic destruction of other organic pollutants has also exhibited the same
dependency on catalyst dose [180,181]. At the same time, due to an increase in turbidity
of the suspension with high dose of photocatalyst, there will be a decrease in penetration
of UV light and hence photo activated volume of suspension decreases [182]. This limit,

therefore, depends on the nature and concentration of organic contaminants and the
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working conditions of photo reactor. When the catalyst concentration is very high, the
efficiency of the catalyst is hindered by the turbidity of suspension which decreases the
penetration of light in the reactor. Thus it could be concluded that higher dose of catalyst
may not be useful both in view of aggregation as well as reduced irradiation field due to

light scattering. Therefore the catalyst dose 1.0 g/L was fixed for further studies.

5.1.4. Effect of Substrate Concentration

It is important both from mechanistic and application points of view to study the
dependence of the photocatalytic reaction rate on the substrate concentrations. In order to
investigate the influence of initial dyes concentration on the degradation rate, the various
initial dye concentrations were used and the correlation between inverse of k and Cy was
also being studied. In all cases, 100 mL of dyes solutions containing 1.0 gL * of
naocrystalline WO3 were irradiated. The initial concentration of the Safranin O (SO) was
varied from 2.85%10* M to 1.425*10° M. In all cases, 100 mL of the dye solutions
containing 1.0 gL * of naocrystalline WO; were irradiated. The observed data were
plotted as the experimental rate constant versus initial dye concentration as depicted in
Figure 5.5. The results presented in Table V are in agreement with recent reports. It was
observed that for this range of concentrations the reaction rate gets slower as the initial
concentration of the dye in solution increases. As the concentration of SO increases, more
reactant and reaction intermediates are adsorbed on the surface of the photocatalyst,
therefore, the generation of hydroxyl radicals will be reduced because only a fewer active

sites are available for adsorption of hydroxyl anions.
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Figure 5.4 Effect of catalyst concentration photocatalytic degradation of Safranin O
(Basic red 2) as a function of laser irradiation time for nano-structured WO3
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Figure 5.5 Effect of initial dye conc. on photocatalytic degradation of Safranin O
(Basic red 2) as a function of laser irradiation time for nano-structured WO3
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The removal rate decreases with the increase in concentration of the dye. Similar
results have been reported for the photocatalytic oxidation of other dyes [183]. Increase in
the concentration of dye from 2.85*10* M to 1.425*10° M decreases the rate constant
from 0.5737 to 0.0355 min™* in 10 min. The linearity of the function with high values of r?
was observed for all investigated dyes but only in the limited range of their Cy, .The rate
constant varies considerably with the increase in the initial dye concencentration. It was
found that when the initial concentration of the dye was high, their k were significantly
lower as compared to the lower concentration of the dye. The possible explanation for this
behavior is that as the initial concentration of the dye increases, the path length of the
photons entering the solution decreases and in low concentration the reverse effect is
observed, thereby increasing the number of photon absorption by the catalyst in lower
concentration. At high concentration of dye, the dye molecules may absorb a significant
amount of light rather than the catalyst and this may also reduce the catalytic efficiency

[184,185].

5.1.5. Kinetics of Photocatalytic Degradation

The degradation rate for the decomposition of the dye under investigation was
calculated [186] using the formula given below,
—d[C)dt=kC" (10)
where C = concentration of Safranin -O remaining after time t, k = rate constant and n =
order of reaction. Figure 5.6 shows the change in absorption intensity as a function of
laser irradiation time of an aqueous solution of Safranin O in the presence of nano-

structured WO3. The concentration of safranin O (0.57 mM) was used.
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Table V Effect of dye conc. on photocatalytic degradation of Safranin O using
nanocrystalline WO3 prepared by ppt method

Initial dye k(min™) r? Photodegradation
conc.*10* mol L™ rate*10 mol L™
2.85 0.5737 0.9790 16.35

5.70 0.2483 0.9633 14.15

8.55 0.0609 0.9801 5.21

114 0.0479 0.9860 5.46

14.25 0.0335 0.9811 4,77

2.5 1

Absorbance

200 300 400 500 600
Wavelength (nm)

Figure 5.6 Typical UV-Visible spectra showing the change in absorption intensity as a
function of laser exposure time for an aqueous solution of Safranin O (Basic red 2) in
presence of WOs3.
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A plot of In Co/C versus laser irradiation time for an aqueous solution of Safranin
O in presence of nanocystalline WO3 and curve fit data for the first order degradation
kinetics of Safranin O is depicted Figure 5.7. The least square fit, r> = 0.9649 and rate
constant = 0.2566 min™ was estimated from Figure 5.7. This photodegradation rate could
be considered very high as compared with the reported values using conventional setups
using broad band spectral sources like lamps. As is clear from the results shown in Table
V, almost 94.0 % removal of Safranin O was achieved during only 10 minutes laser
irradiation using nanocrystalline WO3; semiconductor catalyst which is very high in this
short span of time. The results indicate that the percentage degradation of Safranin O
increases with the increase in laser irradiation time. This increase in degradation of
Safranin O with time could be due to the fact that with increase in the laser irradiation
time, the number of absorbed laser photons increases, producing more amount of -OH

radicals, thereby facilitating more degradation of the dye.
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Figure 5.7 Plot of In Cy/C as a function of laser exposure time for an aqueous solution

of Safranin O in presence of WO3 and curve fit data for the first order degradation
Kinetics

Table VI Effect of recycling on the photocatalytic activity of WO3 synthesized by ppt
method for the degradation of Safranin O

Number of cycle  k(min™) re Degradation rates
(mM-min™)
0 0.2614 0.9875 0.1489
Ist cycle 0.2473 0.9922 0.1409
2 nd cycle 0.2314 0.9939 0.1319
3rd cycle 0.2102 0.9875 0.1198
4™ cycle 0.1822 0.9752 0.1038
51 cycle 0.1751 0.9867 0.0998
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5.1.6. Recycling of Nanocrystalline WO3 using Safranin O as a Pollutant

Reusability of nanocrystalline WO3; synthesized by precipitation method was
evaluated for the photocatalytic degradation of Safranin O. The photocatalytic
degradation studies were carried out under the identical conditions as applied for the
evaluation of photocatalytic activity of the catalyst for the degradation of the dye under
investigation in order to assess the recyclability of WOj3; prepared by ppt method. The
concentration of Safranin O (0.57 mM) was used in this study.The amount of catalyst
used for this purpose was 1.0 g L™ . After the completion of the reaction (cycle 1), the
WO; catalyst was collected and utilized for the second and third cycle under the similar
conditions. The photocatalytic efficiency of WO3 was found to decrease after every cycle.

The solutions resulting from the photocatalytic degradation of Safranin O was
filtered, washed and the photocatalyst was dried at 200 °C. The dried photocatalyst was
used for the degradation of Safranin O, employing similar experimental conditions. The
results obtained are presented in Table VI. The percentage reduction in the rates of
photocatalysis mediated by WQO; after five cycles for the degradation of Safranin O was
found to be 33%. The decrease in photocatalytic activity was also observed by some othe
authors [187]. After completion of the fifth cycle, a decrease of approximately 33 % was
observed in the photocatalytic activity of the catalyst.The decrease in photocatalytic
activity might be attributed to the loss in amount of catalyst during filtration, washing and

other processes involved in the recycling.

106



5.2 Photocatalytic Degradation of Acid Red 87 by WO;

Blank experiments were carried out by irradiating the aqueous solution of the dye
derivative in the absence of WO3 Almost 20% degradation of the dye degradation was
observed without catalyst. Figure 5.9 depicts typical UV absorption spectrum representing
the trend of removal of Acid Red 87 dye for WOj; at different times (0- 12 minutes) under
laser irradiation. It can be seen from the results given in Table VII that ~ 95% degradation
was achieved within very short laser exposure time (12 mins.) using 355 nm laser

radiations.

5.2.1. Effect of Incident Laser Energy on Degradation Process

The effect of incident laser energy on the degradation of the dye was investigated
and the results shown in Table VII. It is obvious from the table that the degradation of the
dye was significantly influenced by the laser energy and degradation was found to
increase almost linearly with the increase in laser energy upto a certain energy level.
When 150 mJ of laser energy was applied, maximum 95% degradation was recorded
within 8 mins of irradiation and a further increase in the laser energy was not valuable for
the degradation of dye.

This phenomenon may be explained in terms of the fact that when higher laser
energy is employed, incident photon flux increases in the solution exciting more and more
catalyst particles which, in turn, increases the degradation of the dye derivative. The

dependency of photocatalytic property on the light intensity observed in this study
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followed similar trend as explained by Ollis et. al. [188], in which, it was concluded that

there is a linear relationship between the rate and the light intensity up to a certain level.

5.2.2 Effect of Catalyst Concentration on Dye Removal Process

The effect of photocatalyst concentration on the degradation kinetics of Acid Red
87 was studied employing different concentrations of WOj3 varying from 0.5 gL™ to 7.0
gL™ (Table VII). As expected, the degradation rate for decomposition of the model
compound under investigation was found to increase with the increase in catalyst
concentration up to a certain catalyst loading (5.0 gL™) and reaches to saturation limit
which is in agreement with a number of studies reported earlier [189,190]. At lower
catalyst loading much of light may be transmitted through the solution.

However, higher reaction rates at higher amount of catalyst loading may be
explained in terms of complete utilization of incident photons striking on the catalyst
surface and/or availability of active sites at the surface i.e., higher adsorption of incident
light can lead the formation of high photoactivated volume in suspension thereby
increasing the efficiency of the system. It has been found that above a certain
concentration, the reaction rate levels off and becomes independent of the catalyst
concentration. N. Daneshwar et. al. observed that the optimum catalyst loading for the
best degradation is 160 mgL™. In another study, the optimum catalyst concentration was
found to be 1.0 g L™ and moreover, the effect of higher dose was not investigated.
Similarly, the nature of the organic molecules under investigation can also affect the

optimum catalyst loading.
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Table VII Photocatalytic degradation of Acid Red 87 in aqueous suspensions of WOs3
under different conditions.

Parameters Degradation rates (M min™ * 10°®)

40.00 0.0075

Energy (mJ) 70.00 0.0148
100.0 0.0378

130.0 0.0460

150.0 0.0501

180.0 0.0523

200.0 0.0529

3.10 0.0450

4.80 0.0378

Reaction pH 7.20 0.0285
9.20 0.0250

12.3 0.0196

0.10 0.0114

Substrate concentration (mM) 0.15 0.0167
0.25 0.0378

0.40 0.0293

0.50 0.0190

1.00 0.0378

2.00 0.0535

Catalyst concentration (gL ™) 3.00 0.0715
4.00 0.0790

5.00 0.0805

6.00 0.0812

7.00 0.0809
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In a recent study, it has been found that the initial reaction rate increases with
increase in catalyst concentration up to 5.0 gL™ for the 1, 2 diphenylhydrazine. In
contrast, under identical reaction conditions, the best degradation of benzidine was
achieved at 2.0 gL™ catalyst concentration and a further increase in catalyst concentration
led a decrease in rate. This limit, therefore, depends on the geometry and working
conditions of the photoreactor, concentration and nature of organic contaminants, and a
defined amount of catalyst in which all the particles, i.e. the entire surface exposed, are
totally illuminated. When the catalyst concentration is very high, after traveling a certain
distance on an optical path, turbidity impedes further penetration of light in the reactor

lowering the efficiency of the system.

5.2.3 Effect of Solution pH on the Dye Removal

The effect of solution pH of dye derivative was studied in the range of 3 —-13 and
the results are listed in Table VII. The photocatalytic degradation was found to decrease
with the increase in reaction pH and the best result for photocatalytic degradation for acid
red 87 was obtained at pH 3.2. Similar results have been reported for the
photodegradation of other dyes [191,192].

The decrease of photodegradation rate with increasing reaction pH may be due the
surface charge of catalyst and its relation to the adsorption tendency of dye. In this study,
it was found that the dye tend to adsorb slightly on the surface of catalyst more in acidic
environment as compared to basic i.e., the higher is the adsorption, the higher is the
degradation. The result depicts the trend of adsorption versus the solution pH. The

adsorption of the dye on the surface of photocatalyst was investigated by stirring the
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aqueous solution in the dark at different pH such as 3.2, 4.6, 7.6, 9.7, and 12.1. After
removing the catalyst, analysis of the samples with UV spectrophotometer indicates some
loss of the compound as shown by the change in absorption intensity as a function of
solution pH.

Another possible reason for the different reaction rates at different pH values may

be correlated to the generation of active hydroxyl radicals and occupancy of active sites of

catalyst surface for the production of *OH radicals by formed intermediate products.

Values of solution pH can alter the degradation route and lead the formation of different

intermediate products [193]. Based on the photocatalytic mechanism, the active *OH

radicals are produced on the surface of catalyst by the reaction of h* and adsorbed OH™.
During the course of photocatalytic reactions, formation of some negatively charged
species (e.g., intermediate products) can occur and compete with OH  for occupancy of

catalyst surface. This competition reduces the possibility of adsorption of OH on the
surface of catalyst which, in turn, affect the generation of active *OH thereby decreasing

the efficiency of the process.

5.2.4. Effect of Dye Concentration on Dye Removal Process

The photocatalytic degradation of Acid Red 87 with different concentration

svarying from 0.10 to 0.40 mM was investigated.
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Figure 5.8 Effect of substrate conc on photodegradation rate of Acid red 87 by WOs3
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Figure 5.9 Typical UV-Visible spectra showing the change in absorption intensity as a
function of laser exposure time for an aqueous solution of Acid red 87 in presence of
WO:s.
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The results reported in Table VII demonstrate that the degradation rate increased with the
increase in substrate concentration from 0.10 to 0.25 mM and a further increase in the
concentrations of the substrate led to a decrease in the degradation rate. The decrease in
degradation rate at higher concentration of the dye may be rationalized in terms of the fact
that as the initial concentrations of the dye increases, the color of the irradiating mixture
becomes more and more intense which prevents the penetration of light to the surface of
the catalyst. Therefore, the generation of relative amount of reactive species on the surface
of the catalyst decreases as the intensity of light, laser irradiation time and concentration
of the catalyst are constant. Consequently, the degradation of the dye decreases as the dye

concentration exceeds the optimum limit [194-195].

5.2.5. Kinetics of Photocatalytic Degradation of Acid Red 87

The photocatalytic removal of acid red was studied usig different dye
concentrations.The photodegradation rates are shown in Table VII. It was observed that
initially, the degradation of the dye was very fast and it became slower with the increase
in irradiation time. This may be due to the fact that as oxidation proceeds, less and less of
the surface of the WO3 particle is covered as the pollutant is decomposed. In a previous
study based on the photocatalytic removal of Acid Red 87 or Eosin Y using a 16 W UV
lamp, it has been reported that only ~ 90% degradation of dye was observed even after 2
hr irradiation [196]. Moreover, they removed 50 ppm dye concentration, while in the
present study, ~ 95% degradation was achieved using 150 ppm within 12 minutes of laser
irradiation using 100 mJ energy. In this study, it is proved experimentally that laser-based

heterogeneous photocatalysis could be an efficient and effective method for waste water
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treatment for removal of dye derivatives as compared to conventional UV lamp based

methods.

5.3. Photocatalyic Degradation of Alizarin Yellow GG by

Nanocrystalline Tungsten Oxide

5.3.1. Effect of Laser Irradiation and Photocatalyst on Degradation of the Dye

Blank experiments were performed for the photocatalytic degradation of the dye (AYGG)
without laser irradiation and using UV laser irradiation without the presence of catalyst.
No appreciable degradation was observed without the catalyst. The results are ddepicted
in Figure 5.10. These observations reveal that both UV light and photo-catalyst are
essential for the effective removal of the dye (AYGG). The influence of incident laser
energy on the degradation efficiency has been examined at constant dye concentration
(100 mg L™) and catalyst loading (3.0 gL™). It was experimentally demonstrated that the
percentage of decolorization and photodegradation increases with the increase in laser
energy. As the incident laser energy increases, more and more photons are absorbed by
WO; catalyst. These more photons excites more electrons to be transferred from the
valence band to the conduction band of a semiconductor photocatalyst hence more
hydroxyl radicals are produced. As more hydroxyl radicals are generated by more incident
laser energy, more degradation of the dye takes place and by this way the rate of
degradation process increases.

The catalyst concentration in irradiated suspensions has a significant role on the

photocatalytic degradation rate. In order to determinate the optimum nano WO;3;
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concentration under similar conditions applied in our studies, the degradation rate of
AYGG (0.323mM) was determined at different WO5 concentrations, from 0 to 4.0 g L™
while keeping all the other parameters (laser irradiation time, laser energy, stirring rate
etc) constant. With an increased catalyst loading from 1.0g L™ to 3.0 gL the percentage
degradation increased linearly for 20 min irradiation time. After that the increase in
catalyst loading did not affect the degradation rate significantly. Thus, the catalyst loading
for maximum degradation of 100 mg L * of AYGG was 3.0 g L™ under our experimental
conditions .

The increase in the amount of catalyst increased the number of active sites on the
photocatalyst surface, which in turn increased the number of hydroxyl, and super oxide
radicals [197]. When the concentration of WO3 catalyst was increased above the limiting
value, the degradation rate decreased due to an increase in the turbidity of the suspension
and a decrease in UV light penetration as a result of increased scattering effect. The
plateau, which was observed after addition of a certain amount of WO3; may be due to the
decrease of light penetration into the solutions [198]. Based on these results, the optimum
catalyst concentration was estimated as 3.0 g L *. This concentration was used in further

experiments in this study.

5.3.2. Effect of Initial Dye Concentration

It is important both from the mechanistic and application point of view, to study the
dependence of the photocatalytic reaction on the substrate concentration. The effect of
various initial dye concentrations on the photocatalytic degradation has been investigated

from 3.23x10* to 1.62x10 " mol/L using WOs,
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Figure 5.10 Percentage degradation of Alizarin Yellow GG in presence of WO3
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Figure 5.11 Effect of initial dye concentration on photocatalytic degradation of Alizarin
Yellow GG as a function of laser irradiation time for nano-structured WO4
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The results obtained are presented in Figure 5.11- Figure 5.13. The results indicate that
rate of photocatalytic degradation is decreased as the initial dye concentration is
increased.With the increase in the initial dye concentration, more and more dye molecules
are adsorbed on the surface of nanocrystalline WO3; causing the decrease in rate of
photodegradation.The large amount of adsorbed dye has an inhibitive effect on the
reaction of dye molecules with photogenerated holes or hydroxyl radicals, because of the
lack of any direct contact between them. The increase in dye concentration also causes the
dye molecules to absorb light and the photons never reach the photocatalyst surface, thus
the photocatalytic degradation efficiency decreases. The study of the effect of initial
concentration of the dye is indicate that the data obey the the Langmuir-Hinshelwood
model.

When the dye concentration increases the amount of dye adsorbed on the catalytic
surface increases. This affects the catalytic activity of WOs3. The increase in dye
concentration also decreases the path length of photon entering into the dye solution.

At high concentration of dye, the dye molecules may absorb a significant amount of light
rather than the catalyst and this may also reduce the catalytic efficiency [199]. The
photocatalytic degradation of AY dye containing WOj3 obeys pseudo-first-order kinetics.

In all cases, 100mL dyes solutions containing 3.0 gL * of WO3 were irradiated.

5.3.3. Kinetics of Photocatalytic Degradation Process of Alizarin Yellow GG

It was found from the results depicted in Figue 5.14 that the photocatalytic

removal of Alizarin Yellow GG follows the pseudo first order rate constants.

117



O 80
>
< 70 A
"5 60 - —— 100 ppm

i —-200 ppm
g 50 —300 ppm
< 40 A 400 ppm
'% 30 - —500 ppm
> 20 -
yo) -
S 10

0 # T T T T 1
0 <) 10 15 20 25

Time (min)
Figure 5.12 Percentage degradation showing the effect of initial dye concentration on

photocatalytic degradation of Alizarin Yellow GG as a function of laser irradiation time
for nano-structured WOz

300 -
250 - ®
200 -
150 -
100 A
50 -

0 S 2 . . !

0 0.5 1 1.5 2

1/ kapp

Initial dye conc. (mM)

Figure 5.13 Effect of initial dye concentration on photocatalytic degradation of Alizarin
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It can be seen from the Figure that ~ 85 % degradation was achieved within very short
laser irradiation time (~20 minutes) using 355 nm laser a coherent UV irradiation source.

A typical plot of InCo/C versus time is depicted in Figure 5.15 for dye degradation. The
least square fit, R? = 0.8798 and rate constant was estimated from Figure 5.15.The pseudo

first order rate constant for WOs calculated was 0.1077 min™.

C,-C
AYGG Degradation (%):{ OC t><100} (11)

0

Where C, = initial concentration of AYYG, C; = concentration of AYYG at any time‘t’

As is clear from Figure 5.14, almost 83 % removal of alizarin yellow GG was
achieved during first 15 minute laser irradiation using nanostructured WQO3 semiconductor
catalyst which is reasonably high in this short span of time. It was observed that with the
increase in laser irradiation time, the percentage of alizarin yellow GG degradation
increases. This increase in alizarin yellow GG degradation with time could be due to the
fact that with increase in the irradiation time, the number of absorbed laser photons
increases, producing more amount of OH" radicals, thereby facilitating more degradation

of alizarin yellow GG.
5.4. Photocatalyic Degradation of Methyl Red by Nanocrystalline WO;

The photocatalytic activity of WO3; was checked using Methyl red as a model pollutant.

5.4.1. Effect of Laser Irradiation and Photocatalyst on Degradation of Methyl Red

The degradation of Methyl red under UV laser irradiation without the presence of the

catalyst was studied.
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Figure 5.14 Typical UV-Visible spectra showing the change in absorption intensity as a
function of laser exposure time for an aqueous solution of Alizarin yellow GG in
presence of WO3
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Figure 5.15 A plot of In Cy/C as a function of laser exposure time for an aqueous
solution of Alizarin yellow GG in presence of WOz and curve fit data for the first order
degradation kinetics
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For this purpose, blank experiments were carried out for the dye solution. No significant
degradation of Methyl red was observed without the catalyst. Figure 5.14 shows the
change in absorption intensity as a function of laser irradiation time of an aqueous
solution of Methyl red in the presence of nano-structured WQOs3.The results depicted in
Figure 5.15 demonstrate that 90.0% degradation was achieved within very short laser
irradiation time using 355 nm laser. It is clear from the results that both UV light and

photo-catalyst are essential for the effective removal of the dye.

5.4.2. Kinetics of Photocatalytic Degradation Process

The results of photocatalytic degradation of Methyl red under laser UV irradiation
over nanocystalline WO3; are shown in Figure 5.16. The degradation rate for the
decomposition of the dye under investigation was calculated using the formula given
below,

—d[C)dt=kC" (12)
where C = Concentration of Methyl red remaining after time t, k = rate constant and n =
order of reaction.

A typical plot of In Co/C versus laser irradiation time is depicted in Figure 5.17 for
dye degradation. The least square fit, r* = 0.9649 and rate constant = 0.2566 min™ was
estimated from Fig 6.2. This photodegradation rate could be considered very high as
compared with the reported values using conventional setups using broad band spectral
sources like lamps. The results indicate that the percentage degradation of Methyl red

increases with the increase in laser irradiation time.
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Figure 5.16 Typical UV-Visible spectra showing the change in absorption intensity as a
function of laser exposure time for an aqueous solution of Methyl red in presence of
WO:s.
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Figure 5.17 Percent degradation of an aqueous solution of Methyl red in presence of
WO3
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This increase in degradation of the dye with time could be due to the fact that with
increase in the laser irradiation time, the number of absorbed laser photons increases,

producing more amount of OH. radicals, thereby facilitating more degradation of the dye.

5.4.3. Influence of Calcination Temperature on Photocatalytic Activity of

Nanocrystalline WO;

The effect of calcination temperature on the grain size and photocatalytic activity
of WO3; was investigated in this study. The results obtained are depicted in Figure 5.109.
Depending on the method of the preparation and the end usage of the metal oxide
semiconductor or doped photocatalysts, calcination temperatures have prominent
influence on the activity of the prepared photocatalysts. The nanocrystalline WO3 samples
were subjected to various calcination temperatures ranging from 300 to 700 C.

The results of their investigations revealed that the photocatalytic activity of the
prepared photocatalysts increased with increase in temperature from300 to 500 "C. At 500
‘C, it reached the maximum. However, the catalytic activity of the WO;3; decreased with
further increase of calcination temperature from500 to 700 “C.

This was also found to be consistent with their SEM analysis and XRD data which
showed that at 600 ‘C and above, particle size has been increased because of
agglomeration of the sample. Yu et al. [200] prepared nitrogen-doped TiO, nanoparticle
catalyst and analyzed its catalytic activity under visible light.He also observed the similar

effect of calcination temperature.
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Figure 5.18 A plot of In Cy/C as a function of laser exposure time for an aqueous
solution of methyl red in presence of WO3 and curve fit data for the first order
degradation kinetics

o 100 A WO3 500 °C WO3 550 °C
= WO 400 °C
© 80 WO3 600 °C
S WO5 300 °C
'g WO3 650 °C
© 60
3 WO3 700 °C
I
|} —
(@)]
S 40
©
o
S 20
0 ; , : .

0 2 4 6 8

Time(min)

Figure 5.19 Percent degradation as a function of laser exposure time for an aqueous
solution of methyl red in presence of WO3 calcined at different temperatures
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5.5. Comparison of Photocatalytic Activity of Nanocrystalline WO; for

Degradation of Four Dyes

The photocatalytic degradation of four dyes with different structure and containing
different substitutent groups have been investigated using nanocrystalline WOj3; as
photocatalyst in aqueous suspension under UV laser irradiation. The photodegradation
rate of the dye was detected. The results are given in figure 5.20. The photodegradation
rate for the photocatalytic degradation of the dyes such as Safranin O, Acid Red 87,
Alizarin Yellow GG and Methyl Red using WOj3 are as follows:

Safranin O > Acid Red 87 > Alizarin Yellow GG > Methyl Red

It was observed that different experimental parameters effect the degradation of
the dyes significantly. The results obtained demonstrate that the rate of degradation also
depends upon the nature of the dyes.It was observed that the photodegradation rate was
increased with the increase in laser energy and increase in laser exposure time.It was also
found that as the amount of photocatalyst increases, the rate increases until certain limit,
then starts decreasing with further increase of the amount of the catalyst. This is the
characteristic behaviour of heterogeneous photocatalysis. The rate of photocatalytic
degradation of these four dyes under investigation decreases as the initial concentration of
the dye increased. The degradation of the catioinic dyes increase significantly in basic pH
while acidic pH facilitates the degradation of the other dyes used in this study.The
interpretation of pH effects on the efficiency of dye photodegradation process is a very

difficult assignment because of its multiple roles.
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Figure 5.20 Plot of In Cy/C as a function of laser exposure time for an aqueous solution
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First, it is related to the ionization state of the surface according to the following
reactions,
MOH + H* = MOH, *
MOH + OH =MO +H,0

pH changes can thus influence the adsorption of dye molecules onto the
photocatalyst surfaces, an important step for the photocatalytic oxidation to take place.
Second, hydroxyl radicals can be formed by the reaction between hydroxide ions and
positive holes. The positive holes are considered as the major oxidation species at low pH,
whereas hydroxyl radicals are considered as the predominant species at neutral or high pH
levels. It was stated that in alkaline solution, «OH are easier to be generated by oxidizing
more hydroxide ions available on metal oxides surface, thus the efficiency of the process
is logically enhanced.

Similar results are reported in the photocatalyzed degradation of acidic azo dyes
and triazine containing azo dyes [201]. Although it should be noted that in alkaline
solution there is a coulombic repulsion between the negative charged surface of
photocatalyst and the hydroxide anions. This fact could prevent the formation of ‘OH and
thus decrease the photoxidation. Third, it must also be noted that metal oxide particles
tend to agglomerate under acidic condition and the surface area available for dye
adsorption and photon absorption would be reduced. The degradation rate of some azo
dyes increases with decrease in pH.

The mechanism of the photocatalytic reaction in the presence of metal oxide
consists of a free radical reaction initiated by UV light. The mechanism may depend on
the ability of the degraded compound to be adsorbed on the surface of the catalyst. The

extent of such adsorption depends on many factors, and one of it is the charge of the
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degraded compound. It was found that in photocatalytic degradation, the adsorption level
on unmodified TiO; is higher for dyes with a positive charge (cationic) than for those with
a negative charge (anionic) [202]. As the charge depends on the pH of a given solution, it
follows that both pH and the nature of a particular dye influence the photocatalyst
activity. The experimental results indicate that four dyes could be degradated effciently at

different levels.

5.6. Photocatalytic Degradation of Alizarin Yellow GG by Nano ZnO

The photocatalytic removal of Alizarin Yellow GG using nano ZnO was investigated. The

effect of different parameters was also studied.

5.6.1. Effect of Laser Irradiation and Photoatalyst on Degradation of the Dye

Since some dyes are photo bleached or degraded by direct UV irradiation without catalyst.
Therefore, prior to study the photocatalytical removal, it is required to examine to what
extent the dye (AYGG) is degraded under UV laser irradiation without the presence of
catalyst. Blank experiments were carried out for the dye solution without catalyst. No
significant degradation (almost 9.0 %) was observed without the catalyst. Laser induced
photocatalytic degradation of AYGG using nano ZnO was studied. The change in
absorption intensity as a function of laser irradiation time of an aqueous solution of
AYGG in the presence of nano-structured ZnO is shown in Figure 5.22. It was observed
that almost 90% degradation was achieved within very short laser irradiation time using
355 nm laser, a coherent UV irradiation source. These results indicate that both UV light
and photo-catalyst are essential for the effective removal of the dye (AYGG).

128



5.6.2. Effect of Catalyst Loading

It is known that catalyst concentration in irradiated suspensions has a significant role in
the studies concerning the photocatalytic degradation rate [203]. In order to determine the
optimum nano ZnO concentration under conditions used in our studies, the degradation
rate of AYGG (0.323 mM) was investigated at different ZnO concentrations, from 0 to
40 g LY The volume of irradiated samples was 100mL.The results obtained are
presented in Figure 5.23 It is also interesting to determine the minimum amount of
catalyst required to degrade the maximum amount of dye at a particular experimental
condition. It was found that the increase in amount of ZnO enhances the initial
degradation rate of dye achieving the maximum rate at the nano ZnO concentration equal
3.0g L . It was also observed that an increased catalyst loading from 1.0g L *to 3.0gL*
increases the rate of degradation. After that the increase in catalyst loading decreases the
degradation rate. Thus, the catalyst loading for maximum degradation of 100 mg L of
AYGG was 3.0g L * under the experimental conditions specified. The increase in the
amount of catalyst increased the number of active sites on the photocatalyst surface,
which in turn increased the number of hydroxyl, and super oxide radicals [204].

When the concentration of ZnO catalyst was increased above the limiting value, the
degradation rate decreased due to an increase in the turbidity of the suspension and a
decrease in UV light penetration as a result of increased scattering effect [205]. Based on
these results, the optimum catalyst concentration was estimated as 3.0 g L™ This
concentration was used in further experiments in this study to see the effect of other

parameters like laser energy, laser irradiation time and pH.
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Figure 5.23 Effect of catalyst concentration on photocatalytic degradation of Alizarin
Yellow GG as a function of laser irradiation time for nano ZnO
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5.6.3. Effect of Laser Energy

The influence of laser energy on the degradation efficiency has been investigated at
constant dye concentration (100 mg L™) and catalyst loading (3.0 g L™). The intensity of
laser was varied in the range (2.2 -6.0)*10 ® w/cm?. The laser energy was measured with a
calibrated energy meter manufactured by Ophir, USA. It is evident that the percentage
decolorization and photodegradation of the dye increases with the increase in laser energy
as depicted in Figure 5.24. Because the laser UV irradiation generates the photons
required for the electron transfer from the valence band to the conduction band of a
semiconductor photocatalyst and the energy of a photon is related to its wavelength and
the overall energy input to a photocatalytic process is dependent on light intensity. The
rate of degradation increases when more radiations (more photons) fall on the catalyst
surface and hence more hydroxyl radicals are produced [206,207]. It was found
experimentally that the percentage of decolorization and photodegradation increases with
the increase in laser energy. As the incident laser energy increases, more and more
photons are absorbed by ZnO catalyst. These more photons excites more electrons to be
transferred from the valence band to the conduction band of a semiconductor
photocatalyst hence more hydroxyl radicals are produced. As more hydroxyl radicals are
generated by more incident laser energy, more degradation of the dye takes place and by

this way the rate of degradation process increases.
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Figure 5.25 Effect of pH on photocatalytic degradation of Alizarin Yellow GG as a
function of laser irradiation time for nano ZnO
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5.6.4. Effect of pH

The photocatalytic removal of Alizarin yellow GG by nano ZnO in aqueous solutions of
different pH levels is depicted in Figure 5.25. The effect of pH on photocatalytic
degradation was observed for the range (5.0 -12.2) in this study. As is clear from the
results given in Figure 5.25 that the photodegradation rate decreases with the increase in
pH. The kinetic behavior of photocatalytic decomposition can be explained by Langmuir—
Hinshelwood rate equation described in Equation 6. Because of the amphoteric behaviour
of most of the semiconductor oxides, an important parameter in the reaction taking place
on the semiconductor particle surface is the pH of dispersions, since it influences the
surface charge properties of photo-catalyst. The zero point charge (zpc) is 8.9 for ZnO
[208]. The results shown in Figure 5.25 that the degradation of the AYGG decreases with
the rise of pH. Because the anionic dye molecule is negatively charged, so low pH favors
adsorption on the catalyst surface. The photocatalytic decomposition of AYGG using ZnO
was favored to occur in acidic conditions and exhibited a minimum decomposition rate in
more alkaline solutions (at pH= 12.2). The results indicate that the adsorption of AY GG

on catalyst surface is preferred at lower pH, and thus promotes the photocatalytic reaction.

5.6.5. Effect of Initial Dye Concentration

The study of the effect of initial concentration of the dye is also important for the
Langmuir-Hinshelwood model. The effect of initial AYGG concentration on
photocatalytic degradation efficiency is depicted in Figure 5.26. The results given in table
1 also indicate that rate of photocatalytic degradation is decreased as the initial dye

concentration is increased. With the increase in the initial dye concentration, more and
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more dye molecules are adsorbed on the surface of ZnO nanopowder causing the decrease
in rate of photodegradation [209]. The large amount of adsorbed dye has an inhibitive
effect on the reaction of dye molecules with photogenerated holes or hydroxyl radicals,
because of the lack of any direct contact between them. The increase in dye concentration
also causes the dye molecules to absorb light and the photons never reach the

photocatalyst surface, thus the photocatalytic degradation efficiency decreases.

5.6.6. Kinetics of Photocatalytic Degradation Process

The initial Alizarin Yellow GG concentration was varied from 50 to 250 mgL . Results
showed that for this range of concentrations the reaction rate gets slower as the initial
concentration of the dye in solution increases. As AYGG concentration increases, more
reactant and reaction intermediates are adsorbed on the surface of the photocatalyst,
therefore, the generation of hydroxyl radicals will be reduced since are only a fewer active
sites for adsorption of hydroxyl anions.
The kinetic behavior of photocatalytic decomposition of Alizarin Yellow GG can be
described by Langmuir—Hinshelwood’s rate equation which is further simplified to a
pseudo-first order rate equation with respect to the low dye concentrations studied in this
research.

rate = -dC/dt = KKC/1 + KC = Kqp,C (13)

1/Kapp = 1/keK + Colke (14)
Where C, = initial concentration of AYYG

C; = concentration of AYYG at any time‘t’
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Figure 5.26 Effect of initial dye concentration on photocatalytic degradation of Alizarin
Yellow GG as a function of laser irradiation time for nano ZnO
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Figure 5.27 Typical UV-Visible spectra showing the change in absorption intensity as a
function of laser exposure time for an aqueous solution of Alizarin Yellow GG in
presence of nano ZnO
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k, K, kc and kapp are the rate constant, the equilibrium adsorption constant, the kinetic
rate constant of surface reaction and the apparent pseudo-first order rate constant
respectively. The author used micro ZnO for photocatalytic degradation of phenol and
observed that 70 % degradation of phenol was achieved within one hour of irradiation.

Dutta and Chakrabarti [210] proposed a rate equation based on Langmuir—Hinshelwood
model for photocatalytic degradation of two textile dyes in wastewater using ZnO as
catalyst. The reported values of Langmuir—Hinshelwood equation constants of Methylene
Blue and Eosin Y are 0.0345 and 0.0859 (mg L %) *, respectively. A plot of 1/kapp versus
initial dye concentration is presented in Figure 10. The adsorption equilibrium constant, K
=0.0214 (mg L-1) * and kinetic rate constant of surface reaction kc = 1.27 mgL* min™*
were determined. Photocatalytic activity of nano ZnO and ZnO were studied. The results
are shown in Figure 5.27 and Figure 5.28 .These results provides a comparison between
commercial micro sized ZnO oxide and modified nano-ZnO procured for this study. The
observed rate constant of photocatalytic degradation of the dye by nano ZnO was 0.062
min which is four times higher than values using microstructure ZnO. The results

indicate that the data obey the Langmuir-Hinshelwood model.
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Figure 5.28 Determination of the adsorption equilibrium constant, K and the second
order rate constant, kc for the Langmuir—Hinshelwood kinetic model.
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5.7. Photocatalytic Degradation of Cyanosine by Nano ZnO

Preliminary photocatalytic studies were carried out by the nano ZnO containing solution
in the dark. Decrease in absorbance of dye in absence of laser UV light was very slow.
Presence of nano ZnO only does not catalyze the degradation of the dye. It was found that
only a minor loss of the dye adsorption was observed in the absence of both NiO and
laser, while better results were observed when small amount of ZnO is added to the
solution in the presence of UV light.The photocatalytic degradation of cyanosine was
monitored by change in absorption intensity as a function of laser irradiation time of an
aqueous solution of the dye in the presence of nano-structured ZnO .It was observed that
almost 94 % degradation was achieved within very short laser irradiation time using 266
nm laser irradiation. A plot of In Co/C vs laser exposure time was shown in Figure 5.29.
The rate constant calculated from the graph was 0.124 min™ which is very high as

compared to bulk or conventional setup.

5.7.1. Effect of Amount of Photocatalyst

The rate of photocatalytic reaction is affected by concentration of the
photocatalyst. The optimum catalyst concentration was determined to avoid excess
catalyst and ensure total absorption of efficient photons. The effect of photocatalyst
concentration on the photodegradation rate of the Cyanosine was studied by employing

different concentrations of ZnO ranging from 1.0 g L*to 6.0g L%
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Figure 5.29 Effect of catalyst concentration on photocatalytic degradation of Cyanosine
as a function of laser irradiation time for nano ZnO
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Figure 5.30 Effect of pH on photocatalytic degradation of Cyanosine as a function of
laser irradiation time for nano ZnO

139



Figure 5.29 represents the amount of ZnO vs. rate constant graph for the photocatalytic
degradation of 1.2x10™* M cyanosine. A small but significant increase in the rate of the
degradation observed with an increase in the catalyst weight up to an optimum loading.
The optimum amount of catalyst loading was found to be in the range of 1.0-3.0 g L %.
Further increase in the catalyst amount resulted in the decrease of the reaction rate. But at
the catalyst weight above optimum loading there is a decrease in UV light penetration due
to screening effect of excess catalyst particle in the solution.

The increase in the amount of catalyst increases the number of active sites on the NiO
surface which in turn increases the number of ‘OH and O, radicals. Although the rate
constant increases with increasing the amount of catalyst from 1.0 to 3.0 1.0 gL™* but the
reasonable rate of photocatalytic degradation of the dye was achieved with 1.0 gL™. Due

to this reason, 1.0 gL *was used for further studies.

5.7.2. Effect of Solution pH

The role of pH on the rate of photocatalytic degradation of cyanosine was studied in the
pH range 5.0-11.0 at the dye conc. (1.2x10*M) was studied. The photocatalytic
degradation of Cyanosine was studied at different pH values as it is an important
parameter for reaction taking place on the particulate surface. The role of pH on the rate
of photocatalytic degradation of cyanosine was studied in the pH range 5.0-11.0 at the
dye conc (1.2x10*M) was studied. The results are represented in Figure 5.30.

The zero point charge (zpc) is 8.9 for ZnO. Because the anionic dye molecule is
negatively charged, so low pH favors adsorption on the catalyst surface [211]. The

degradation of the dye increases with the increase in adsorption’
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Figure 5.31 Effect of initial dye conc. on photocatalytic degradation of Cyanosine as a
function of laser irradiation time for nano ZnO
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Figure 5.32 Typical UV-Visible spectra showing the change in absorption intensity as a
function of laser exposure time for an aqueous solution of Cyanosine in presence of
nano ZnO

141



The photocatalytic decomposition of the dye using NiO was favored to occur in acidic
conditions and exhibited a minimum decomposition rate in more alkaline solutions (at
pH= 11.0). The results indicate that the adsorption of the on catalyst surface is preferred at

lower pH, and thus promotes the photocatalytic reaction.

5.7.3. Effect of Initial Dye Concentration

The photocatalytic degradation of different concentrations of cyanosine has been
investigated in aqueous suspension of ZnO as a function of irradiation time. The results
obtained are depicted in Figure 5.31. The rate of photodegradation of cyanosine dye was
studied by varying the substrate concentrations from 6.0x10° M to 3.0x10 3 M. The
experiment was carried out at initial pH=7.5 and catalyst concentration = 3.0 g L. It was
found that the photocatalytic degradation of cyanosine over ZnO obey apparently the first-

order kinetics model, when the initial dye concentration was less than 1.2x10™* M.

5.7.4. Kinetics of Photocatalytic Degradation Process

The photocatalytic degradation of different concentrations of cyanosine has been
investigated in aqueous suspension of ZnO as a function of irradiation time Figure 5.32.
The rate of photodegradation of cyanosine dye was studied by varying the substrate
concentrations from 6.0x10° M to 3.0x10"° M. The experiment was carried out at initial
pH=7.5 and catalyst concentration =1.0 g L™. The influence of initial dye concentration
on the photocatalytic rate and apparent rate constant was also investigated, as shown in
Figure 5.31. It is known that the Langmuir—Hinshelwood model is usually used to express

the degradation rate descriptions in terms of the removal of compounds or the formation
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of CO,. It was found that the photocatalytic degradation of cyanosine over ZnO was
apparently the first-order kinetics model, when the initial dye concentration was less than
1.2x107* M.,
It was noted that when the initial dye concentration was >1.2x10* M, the first order
kinetics relationship was not pronounced.This can be explained by the fact that higher
initial dye concentrations increase the percentage of UV photons absorbed by the dye
molecules rather than by photocatalyst particles resulting in lower catalyst efficiency.
According to the Langmuir-Hinshelwood model, which ignores the effect of the
intermediate product, the photocatalytic reaction rate (r) can be expressed briefly as:

rate = —dC/dt = K; K,Co /(1 + K,Co) (15)
where K; refers to the apparent rate constant, K, is the adsorption equilibrium constant
and Cy is the initial concentration. If K,Cy <1, this expression can be further simplified to:

rate = K/K;Co (16)

This simplified expression suggests that the first-order kinetics will become not
important when the initial concentration was high. On the other hand, apparent rate
constant (k) was determined to be 0.16 min*, 0.124 min?, 0.098 min*, 0.06 min* and
0.046 min* for initial concentrations of dye concentration of 6.0x10° M, 1.2x10™* ,
1.8x107*%, 2.4x10 * and 3.0x10 2 M respectively. Therefore, the k value increases with the
decreasing concentration. The adsorption performance and the intermediates are also
parameters which will influence the kinetic performance.

Thus, the initial concentration was important to the k value of the photocatalytic n
reaction. The k value can be increased through decreasing the initial dye concentration.
Other authors have reported similar results [212] by using different catalysts. It is

considered that if the concentration of the organic compound is relative low, the reaction
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between the photo-generated hole (or hydroxyl radical ‘OH) and the compounds
determine the whole photocatalytic process. It was found that photocatalytic degradation
rate decreases from 6.0x10 > M to 3.0x10 2 M, because for a fixed catalyst concentration
active sites remaining the same, the number of substrate ions accommodated in the inter
layer space increases so that the degradation decreases.

This may be due to the fact that with increase in initial concentration of the dye,
more dye molecules are adsorbed on the surface of ZnO.  Thus, increase in the number
of substrate ions accommodating in inter layer spacing inhibit the action of catalyst, which
thereby decreases the reactive OH" andO," free radicals attacking the dye molecules and
photodegradation efficiency [213].

Figure 5.33shows a typical UV-visible spectrum representing the change in
absorption intensity as a function of laser exposure time for an aqueous solution of
Cyanosine in the presence of ZnO. This increase in Cyanosine degradation with time
could be due to the fact that with increase in the irradiation time, the number of absorbed
laser photons increases, producing more amount of OH" radicals. Hence, it facilitaties
more degradation of alizarin yellow GG.The results indicate that the data obey the first

order rate law kinetics.

5.8. Photocatalyic Degradation of Cyanosine by Nano NiO

NiO has better photocatalytic activity for photodegradation of Cyanosine than
nano ZnO.It was also observed that NiO performance is better for the removal of phenol.
Preliminary photocatalytic studies were carried out by the NiO containing solution in the

dark. Decrease in absorbance of dye in absence of laser UV light was very slow. Presence
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of NiO only does not catalyze the degradation of the dye. It was found that only a minor
loss of the dye adsorption was observed in the absence of both NiO and laser, while better
results were observed when small amount of NiO is added to the solution in the presence

of UV light.

5.8.1. Effect of Catalyst Concentration

The effect of photocatalyst concentration on the degradation kinetics of cyanosine
was investigated employing different concentrations of the nano NiO varying from 1.0 to
6.0 g L™ Figure 5.33. Photodegradation of cyanosine increases rapidly with increasing the
amount of NiO from 1.0 g L-1 to 3.0 g L-1 for dye concentration 1.2x10 *M. The increase
in the amount of catalyst increases the number of active sites on the NiO surface which in
turn increases the number of *OH and O, radicals. It was observed that 3.0 g L-1 of NiO
is the optimum dose for efficient degradation of cyanosine dye. Figure 5.5 represents the
amount of NiO vs. rate constant graph for the photocatalytic degradation of 1.2x10™* M

cyanosine (pH 8.0).

5.8.2. Effect of pH

The photocatalytic degradation of Cyanosine was studied at different pH values as
it is an important parameter for reaction taking place on the particulate surface. The role
of pH on the rate of photocatalytic degradation of cyanosine was studied in the pH range
5.0-11.0 at dye conc was studied. The results are shown in Figure 5.34. It was observed
that the degradation rate increased with an increase in pH. Similar results were reported

earlier for the acid blue 40 dye degradation [245].
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Figure 5.33 Effect of catalyst concentration on photocatalytic degradation of Cyanosine
as a function of laser irradiation time for nano NiO

3.5 T
3.0 A
2.5 -
2.0 -
1.5 -
1.0 -
0.5 -
0.0 =+ T T 1

0 10 20 30

Time(min)

InCdC

Figure 5.34 Effect of pH on photocatalytic degradation of Cyanosine as a function of
laser irradiation time for nano NiO
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This effect may be attributed to more efficient generation of hydroxyl radicals by NiO
with an increasing concentration of hydroxide ion.It is apparent that the rate of
degradation of cyanosine with increase in the pH values upto 11.0 and beyond this the rate
of photodegradation becomes constant. This may be due to the fact that as the pH
increases onwards 11.0 the repulsion of the dye anion by negatively charged NiO surface

would result in reduction in efficiency of photodegradation of cyanosine dye.

5.8.3. Effect of Substrate Concentration

The photocatalytic degradation of different concentrations of cyanosine has been
investigated in aqueous suspension of NiO as a function of irradiation time Figure 5.35.
The rate of photodegradation of cyanosine dye was studied by varying the substrate
concentrations from 6.0x10 > M to 3.0x10 > M. The experiment was carried out at fixed
pH 8 and catalyst concentration 3.0 g L™. It was found that photocatalytic degradation
decreases from 6.0x107° M to 3.0x10™° M.

5.8.4. Kinetics of Photocatalytic Degradation of Cyanosine using Nano NiO

The photocatalytic degradation of different concentrations of cyanosine has been
investigated in aqueous suspension of NiO as a function of irradiation time Figure 5.35.
The rate of photodegradation of cyanosine dye was studied by varying the substrate
concentrations from 6.0x10° M to 3.0x10° M. It was found that the photocatalytic
degradation of cyanosine over NiO was apparently the first-order kinetics. According to
the Langmuir-Hinshelwood model, the photocatalytic reaction rate (r) can be expressed
briefly as:
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Figure 5.36 Change in absorption intensity as a function of laser exposure time for an
aqueous solution of Cyanosine in presence of nano NiO
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The apparent rate constant (k) was determined to be 0.16 min %, 0.124 min*, 0.098 min™?,
0.06 min * and 0.046 min* for initial concentrations of dye concentration of 6.0x10° M,
1.2x10* | 1.8x10 % 2.4x10* and 3.0x10 > M respectively. Therefore, the k value
increases with the decreasing concentration. It was found that photocatalytic degradation
rate decreases from 6.0x10 °> M to 3.0x10 2 M, because for a fixed catalyst concentration
active sites remaining the same, the number of substrate ions accommodated in the inter
layer space increases so that the degradation decreases. This may be due to the fact that
with increase in initial concentration of the dye, more dye molecules are adsorbed on the
surface of NiO. Thus, increase in the number of substrate ions accommodating in inter
layer spacing inhibit the action of catalyst, which thereby decreases the reactive OH" and

O," free radicals attacking the dye molecules and photodegradation efficiency.
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CHAPTER 6

LASER INDUCED PHOTOCATALYTIC DEGRADATION
OF PHENOL IN AQUEOUS SUSPENSIONS OF PURE Zn0O

AND NiO

In industry and daily life, phenolic compounds are widely used. The use of phenol and
phenolic compounds in industrial processes and their presence in the resulting
wastewaters is an issue of environmental concern. Their high toxicity, even at low
concentrations, has motivated the search and improvement of many treatment techniques.
In this sense, photocatalysis can yield feasible, convenient methods for the treatment of
phenolic wastewaters. As they have high stability, high toxicity and a carcinogenic
character, they have caused considerable damage and threat to the ecosystem in water
bodies and human health. To eliminate phenolics in wastewater effectively is an urgent
demand. The phenolic compounds are usually used as the basic industrial, commercial
and medical raw materials and thus are common pollutants found in industrial
wastewaters. Since phenolic compounds contain the OH group, they are more soluble in
water than other organic pollutants that do not contain the OH group. Hence, phenolic
compounds are more capable of moving and transforming in the environment to cause

added serious environmental problems and adverse impact.
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The results related to photocatalytic degradation of phenol using different photocatalysts

synthesized in our own laboratotory are presented in this chapter.

6.1. Photocatalytic Degradation of Phenol by Nano ZnO

The photocatalytic degradation of phenol was studied using nano ZnO synthesized by sol
gel method.The aqueous suspension of ZnO containing phenol was irradiated at 266
nm.The concentration of the pollutant remaining after time t was calculated using the peak
area method after analyzing on HPLC.It was observed that almost90% degradation

was achieved within one hour. Photocatalytic studies are carried out by the nano ZnO
containing solution in the dark. Decrease in concentration of phenol in absence of laser
UV light was not significant. Presence of nano ZnO only does not catalyze the
degradation of the dye. It was found that only a minor loss of phenol adsorption was
observed in the absence of both ZnO and laser, while almost 86 % degradation was
achieved within very short time when small amount of ZnO is added to the solution in the

presence of UV light.

6.1.1. Effect of Calcination Temperature on Photocatalytic Activity of Nano ZnO

Photocatalytic efficiency of ZnO depends upon morphology and particle size. The
photocatalytic activity of ZnO catalysts obtained by modified sol-gel method at different
calcination temperature was evaluated for the photo degradation of phenol under UV laser
irradiation.

The effect of calcination temperature on the photocatalytic degradation of phenol is also

investigated. Plot of In Co/C vs laser exposure time for the catalysts is depicted in Figure
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6.1 (Experimental conditions: laser energy=50 mJ (266nm), laser exposure time= 60 min.,
amount of catalyst=2.5 g-L™* and phenol conc.=1.064 mM). The observed rate constants
are found to be 0.028 min™, 0.0391 min™, 0.0308 min™, 0.0224 min™and 0.0195 min™
corresponding to the photocatalysts nano ZnO-400, nano ZnO-500, nano ZnO-550, nano
Zn0O-600 and nano ZnO-700.The results reveal that the photocatalytic efficiency
decreases with increasing calcination temperature from 400 °C to 500 °C and then the
degradation rate decreases with further increase in calcination temperature as is clear from
the Figure 6.1. Nano ZnO-500 is found to be the most active catalyst for the
photodecomposition of phenol under UV laser light. The deterioration of photocatalysis
efficiency is attributed to particle segregation after calcination at higher temperature
[215,216]. Thus, nano ZnO-500 was used as catalyst in order to optimize key parameters

of the photodegradation of phenol under UV light.

6.1.2. Effect of Catalyst Concentration on Photocatalytic Degrdation of Phenol using

Nano ZnO

In order to avoid an ineffective excess of catalyst and to ensure a total absorption of
efficient photons, the optimum mass of catalyst needs to be found.The effect of
photocatalyst concentration on the photodegradation rate of the Phenol was studied by
employing different concentrations of ZnO ranging from 0.8 g L to 5.0 g L ™*. The
photocatalytic degradation rate of the phenol was found to increase and then decrease

with the increase in the catalyst concentration. The results are shown in Figure 6.2.
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Figure 6.1 Effect of calcination temperature on photocatalytic degradation of phenol as
a function of laser irradiation time for nano ZnO
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Figure 6.2 Effect of catalyst concentration on photocatalytic degradation of phenol as a
function of laser irradiation time for nano ZnO
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This is a general characteristic of heterogeneous photocatalysts and our results are
in agreement with earlier reports [217]. It was observed that the initial rate of phenol
degradation is not affected further by a progressive increase in ZnO concentration above
0.5 g L* of ZnO. This phenomenon may be due to the aggregation of ZnO particles at
high concentrations, causing a decrease in the number of surface active sites. However, it
is known that there exists a practical limit of the scattering light above which the
degradation rate will decrease due to the reduction of the photonic flux within the
irradiated solution.The photodegradation rate was found to increase with the increase in
mass of catalyst up to an amount of 3.0 g L%, as shown in Table VII1 .This behavior could
be associated to an increment of the active sites available for phenol adsorption and

degradation.

However, an increase on the catalyst loading to 6.0 g L™* resulted in a decrease in
the rate constant, which can be attributed to a screening effect due to the redundant
dispersion of UV radiation caused by the substantial amount of suspended
photocatalyst.Furthermore, in these conditions, particles tend to agglomerate, making a
significant fraction of the catalyst to be inaccessible to either adsorbing the molecules or
absorbing the radiation, with consequent decrease in the active sites available to the
catalytic reaction. Following these observations, it was decided to keep the amount of
nano ZnO at the optimum value of 3.0 g L™* in subsequent photocatalytic degradation

experiments.
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Table VIII Effect of experimental parameters on photodegradation rate of phenol
using nano Zn0O-500

Parameters. k(min™) r° Photodegradation
rate(uM-min™)

Amount of — — —

catalyst(g L™)

0.83 0.0224 0.9124 23.83

1.67 0.0357 0.8994 37.98

2.5 0.0391 0.9789 41.60

3.33 0.018 0.9957 19.15

5.0 0.0198 0.9900 21.07

Solution pH — — —

5.0 0.0697 0.9817 74.16

6.5 0.0398 0.9743 42.35

9.0 0.0286 0.9845 30.43

11.0 0.0079 0.9573 8.41

# Nano ZnO (C) represents the commercial nano ZnO

®Nano ZnO(ppt) designate the sample synthesized by precipitation method

 Nano Zn0-400, Nano Zn0O-500, Nano ZnO-550, Nano Zn0O-600 and Nano ZnO-700 represents the
photocatalysts synthesized at calcination temperatures ranging from 400-700°C

5 -
¢ pH=5.0
4 - M pH=6.5
A pH=9.0
% 3 7 BpH=11.0
@)
£ 54
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Figure 6.3 Effect of pH on photocatalytic degradation of phenol as a function of laser
irradiation time for nano ZnO
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6.1.3. Effect of pH on Photocatalytic Degrdation of Phenol using Nano ZnO

The pH of the suspensions was varied in order to study its effect in the photocatalytic
degradation of phenol. Reactions were performed at different pH values using ZnO as a
photocatalyst. The role of pH in the photodegradation of phenol was studied in the pH
range of 5.0-11.0 at a 1.064 mM of phenol concentration and 3.0 g L™ * catalyst loading.
First order kinetic rate constants were found to be of 3.98 x1072 min *and 6.97x102
min * at pH =7.0 and pH= 5.0 respectively.

The photocatalytic degradation of phenol depended on the initial pH of the solution used
in the reaction as shown in Figure 6.3. Nano ZnO showed amphoteric behavior in aqueous
media. The zero point charge for ZnO is 8.9, and above this value, the ZnO surface is
predominantly negatively charged when the pH is higher than the ZnO isoelectric point.
Thus, the electrical property of the ZnO surface varies with the pH of the dispersion
[218]. At pH higher than pHpzc nano ZnO surface is negatively charged and ZnO™ appears
to be the predominant form. For lower pH values, nano ZnO surface is in the protonated
form (ZnOH*"). Electric charge properties of both, catalyst and substrate, are found to
play an important role on adsorption process. Under aqueous media, phenol shows a pKa
of 9.9 (at 25 °C), which means that for pH<pKa, it is in the molecular form (C¢HsOH) and
at pH> pKa the molecule undergoes deprotonation becoming negatively charged
(CeHsO).

However, at pH 11.0 the photoefficiency of the process decreases and phenol removal
becomes very slow, with a k of 7.90x10® min™t. Under these conditions, both catalyst
and substrate are negatively charged, developing repulsive forces between them, thus

decreasing substrate adsorption.
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6.1.4. Comparison of Photocatalytic Efficiency of Different ZnO Catalysts for Phenol

Degradation

Comparative  study of photocatalytic activity of Micro ZnO, nano ZnO
(Commercial), nano ZnO (ppt) and nano ZnO-500 was investigated .The results obtained
are depicted in Figure 6.4. It is evident from photodegradation rates shown in tablel that
the nano ZnO prepared by modified sol gel method calcined at 500 °C showed the best
efficiency for phenol degradation as compared to the photocatalytic efficiency of nano
ZnO synthesized by precipitation method and other photocatalysts used in this study. Both
of the catalysts synthesized in our laboratory has almost 4 to 5 fold photocatalytic activity
than either nano ZnO (commercial) or micron size ZnO.

The results depicted in Table 1X could be correlated with the particle size and
homogeneity of the ZnO. Studies performed with different ZnO powders that presented
different morphologies indicated that particle size as well as the crystallinity played the
key role. It was reported that complete disappearance of phenol (more than 95% of
conversion) was observed in about 6 h of UV irradiation for neat TiO,. Similar results are
obtained by using commercially available TiO, P25 under the same reaction condition
[219]

The ZnO powder having smaller size and more uniform particles has better
activity than the bigger, non uniform counterpart. The photodegradation efficiency was
enhanced because the amount of the dispersion particles per volume in the solution

increases with the decrease in the size of ZnO particles.
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Table IX Comparison of photocatalytic activity of different catalysts for degradation

of phenol
S.No. Photocatalyst k(min™) r’ Photodegradation
rate(uM-min™)
1 — 0.0018 0.6740 1.915
2 Micro ZnO 0.0063 0.9141 6.703
3 Nano ZnO(C)? 0.0098 0.9666 10.43
4 Nano ZnO(ppt)° | 0.0240 0.9859 25.54
5 Nano ZnO-500° 0.0391 0.9789 41.60
6 Nano ZnO-400 ¢ 0.028 0.9742 29.79
7 Nano ZnO-550 ¢ 0.0308 0.9691 32.77
8 Nano ZnO-600 ¢ 0.0224 0.9905 23.84
9 Nano ZnO-700° | 0.0195 0.9933 20.75
19 —0—Without catalyst
- 0.9 A
Q
(F.)' 0.8 - —B—Micro ZnO
E 07 =
2 0.6 1 —A—Nano
o 05 - ZnO(commercial)
o
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Figure 6.4 Photodegradation of phenol using different ZnO catalysts
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Figure 6.6 Photonic efficiency of different ZnO Photocatalysts
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The electron-hole recombination was also suppressed. Furthermore, the surface area of
ZnO photocatalyst was increased which increased the adsorption of more dye molecules
on the surface.

In this study, we estimated the photonic efficiency (PE) for the photo-degradation
of phenol using four catalysts. The plots of PE as a function of laser exposure time for
phenol removal for all four catalyst are depicted in Figure 6.6 For all the catalysts, the
photonic efficiency initially increases and then decreases. This is due to the fact that
initially more OH radicals are produced but with the rise in laser irradiation time
recombination process increases [220,221] due to which the absorbed photons are not able
to generate desired products and triggers the decrease in photonic efficiency.

Maximum photonic efficiency was recorded for WOj3 catalyst. This is due to the
suitability of band-gap of WOj3; with the applied laser wavelength (355 nm) which initially
supports to enhance the degradation process and with the rise in laser irradiation time the

recombination process decreases the photonic efficiency.

6.1.5. Effect of Concentration on Photocatalytic Degradation of Phenol using Nano

Zn0O

The initial phenol concentration was varied from 50 mg L ! to 250 mg L™
Results showed that for this range of concentrations the reaction rate gets slower as the
initial concentration of phenol in solution increases Figure 6.7. The first-order apparent
rate constant obtained for the reaction with the 100 mgL™ phenol solution was of
9.32x10°% min~" while for the higher initial concentration 250 mgL™" a kap, of 2.04x107

min ' was obtained. As phenol concentration increases, more reactant and reaction
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intermediates are adsorbed on the surface of the photocatalyst, therefore, the generation of
hydroxyl radicals will be reduced since are only a fewer active sites for adsorption of
hydroxyl anions. The dependency of the photocatalytic reaction rate on the concentration
of the organic substrate has been generally well described by a Langmuir-Hinshelwood

kinetic model.

6.1.6. Kinetics of Phenol Degradation using Nano ZnO

The reaction mechanism usually considered for heterogeneous photocatalyzed
reactions consist in two main steps: fast adsorption of the reactants on the catalyst surface
and a slow step of reaction in the adsorbed phase of the organic compound and a
photogenerated hydroxyl radical. It has been recognized that kLH and KLH are light
intensity-dependent [222]. The Langmuir-Hinshelwood model is commonly used to
describe the Kkinetics of photocatalytic reactions of organic compounds in agueous
solutions. It relates the degradation rate r and the concentration of organic compound C,

and is expressed as follows:

rate = —dC /dt = krKadC /1 + KadC = kgp,C (18)

where k; is the intrinsic rate constant and K,y is the adsorption equilibrium
constant. When the adsorption is relatively weak and the concentration of organic
compounds is low, the factor KadC is insignificant, and the equation can be simplified to
the first-order kinetics with an apparent rate constant (Kapp = k;Kaq), which gives
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Figure 6.7 Effect of phenol concentration on photocatalytic degradation of phenol as a
function of laser irradiation time for nano ZnO
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Figure 6.8 Proposed mechanism for degradation of phenol
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Plotting of In (Co/C) versus reaction time t yields a straight line, where the slope is the
apparent rate constant. Figure shows the lineal plot of phenol photodegradation, which
adjusts well to a pseudo-first-order kinetic behavior.

As photon flow increases, the number of photogenerated HO® radicals rise up
accelerating the oxidation of the substrate molecules. Simultaneously, the increase of
surface active species such as electrons, holes and HO" radicals lead to a decrease in the
available sites for adsorption of the primary molecule and therefore a decrease in KLH.
The results revealed that photocatalytic oxidation of phenol follow a pseudo-first order

kinetic model.

6.1.7. Identification of Intermediates

An attempt has been made to identify the intermediates of the phenol degradation
and to confirm the analyte identities. The sample drawn from the reactor during the
degradation experiment has been fed into the HPLC and gas chromatograph/mass
spectrometer (GC/MS). Initially the phenol photodegradation proceeds with the formation
of reaction intermediates that are subsequently converted to CO,, H,O and HCI. Four
significant intermediate compounds such as benzoquinone, hydroquinone, catechol and
(E)-2-butenedioic acid have been identified through HPLC and GC /MS analysis from the
reaction medium sampled at the beginning of the degradation experiment. As the laser
irradiation time increases, a decrease in the concentration of these intermediate products
was observed. The amount of intermediates remainining after time‘t’ are depicted in
Table X. After 70 min of laser irradiation, they might be converted to gaseous products

like CO,, water and inorganic acids. The results are shown in Figure 6.12- Figure 6.20.
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Sobezynski et al. [223] proposed a reaction mechanism to illustrate the photocatalytic
procedure of decomposing phenolic compounds. lliev, V. et. al also observed that the
main intermediates of phenol degradation under ultraviolet illumination are 2-hydroxy-
propaldehyde, hydroxy-acetic acid, 3-hydroxy-propyl acid, glycerol, catechol, (E)-2-
butenedioic acid, resorcinol, hydroquinone and 1, 2, 3-benzenetriol. The formation of
glycerol, hydroxyaldehyde and hydroxyacid showed that besides ‘OH, ‘H is also an
important active free radical in the degradation. [224]. The photocatalytic degradation of
phenol is the hydroxylation of the phenyl ring the hydroxyl radicals are generated either
through the combination of water molecule and valence band holes or that of adsorbed
oxygen and conduction band electrons. In aqueous solutions, the holes are scavenged by
surface hydroxyl groups to generate the strong oxidizing hydroxyl radical (OH) which

can promote the oxidation of organic compounds as decribed in Figure 6.8.

6.1.8. Calibration Curves of Intermediates of Phenol

The samples containing suspension of nano ZnO and phenol were irradiated by 266 nm

laser.The aliquot of sample was taken after regular interval and were analyzed for the

qualitative and quantitative determination of the significant intermediate products.It was

observed that the main by products are benzoquinone,Hydroquinone and Catechol. The

calibration curves for these intermediates were shown in Figure 6.9- Figure 6.11. A linear

relation was observed by plotting a graph between peak area versus concentration. For

quantitative analysis of the intermediate products, peak area method was used using the

calibration curves depicted in Figure 6. 9 - Figure 6.11. . The results obtained are presented in

Table X.
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Table X The concentration of by-products remaining after laser irradiation

Laser irradiation Product Name  Peak Area  Concentration(mM)

time (min)

0 min Phenol 718791 2.66
10 min Benzoquinone 43423 0.284
Hydroquinone 27934 0.061

Phenol 521559 1.93

20 min Benzoquinone 113536 0.742
Hydroquinone 38876 0.085

Catechol 13803 0.020

Phenol 440583 1.63

25 min Benzoquinone 130941 0.856
Hydroquinone 73174 0.160

Catechol 31754 0.047

Phenol 422970 1.565

30 min Benzoquinone 209894 1.373
Hydroquinone 63813 0.139

Catechol 35478 0.052

Phenol 329494 1.219

40 min Benzoquinone 135034 0.883
Hydroquinone 46305 0.101

Catechol 22376 0.033

Phenol 242802 0.898

50 min Hydroquinone 42938 0.093
Catechol 20068 0.0296

Phenol 154638 0.572

60 min Benzoquinone 44978 0.294
Phenol 86102 0.318

70 min Benzoquinone 25221 0.165
Phenol 65745 0.243
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6.2. Photocatalytic Degradation of Phenol by Nano NiO

Photocatalytic degradation of phenol was investigated without NiO catalyst as
well as in the absence of laser UV light. Only nano NiO without UV laser irradiation
could not catalyze the degradation of the phenol. It was observed that phenol degradation
was not significant in the absence of laser or nano NiO. The results indicate that both the
catalyst and light are essential for efficient phenol degradation.

Photocatalytic degradation of phenol was investigated without NiO catalyst as well as in
the absence of laser UV light. Only nano NiO without UV laser irradiation could not
catalyze the degradation of the phenol. It was observed that phenol degradation was not
significant in the absence of laser or nano NiO. The results indicate that both the catalyst
and light are essential for efficient phenol degradation.

The results demonstrate that almost 97% of phenol was degraded within 60 minutes using
laser irradiation by nano NiO catalyst. The results obtained demonstrate that the

percentage of phenol degradation increases with the increase in laser irradiation exposure

time, This increase in phenol degradation might be due to increase in the amount of ' OH

radicals with time.

6.2.1. Effect of Catalyst Amount on Photocatalytic Degradation of Phenol using

Nano NiO

The optimum amount of catalyst needs to be found in order to avoid ineffective excess of

catalyst and to ensure a total absorption of efficient photons.
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Figure 6.22 Effect of catalyst concentration on photocatalytic degradation of phenol as
a function of laser irradiation time for nano NiO
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In this study, the weight of nano NiO in the suspension was varied from 1.0 to 6.0 g L.
An increase in the catalyst loading up to an amount of 6.0 g L * resulted in a decrease in
the rate constant as shown in Figure 6.22 which can be attributed to a screening effect due
to the redundant dispersion of UV radiation caused by the ample amount of suspended
photocatalyst. In addition, particles tend to agglomerate, making a significant fraction of
the catalyst to be inaccessible to either adsorbing the molecules or absorbing the radiation,
with consequent decrease in the active sites available to the catalytic reaction [225].The
results given in Table 1 indicate that the photodegradation rate decreases as the amount of
catalyst increases from 1.0 to 6.0 g L ™. Following these observations, it was decided to
keep the amount of nano NiO at the optimum value of 1.0 g L™ in subsequent

photocatalytic degradation experiments.

6.2.2. Effect of pH on Photocatalytic Degradation of Phenol using Nano NiO

The pH of the suspension was varied in the range (5.0-11.0) to study its effect on
the photocatalytic degradation of phenol. The plot of pH vs In Co/C is depicted in Figure
6.23. It is evident from the results that the rate photocatalytic degradation was increased
when pH was decreased from natural to pH to 5. It is clear from the results that the
photoefficiency of the process decreases and phenol removal becomes slow with a k of
1.15x10 " min* at pH 11. Similar behaviour of photocatalysts was also observed by some
researchers during their studies [226].

Nano NiO shows amphoteric behavior in aqueous media. Electric charge
properties of both, catalyst and substrate, are found to play an important role on

adsorption process.
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Figure 6.24 The diagram showing the effect of initial dye concentration on
photocatalytic degradation rate of phenol by nano NiO
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The point of zero charge (pzc) of nano NiO i.e. the point at which the surface
charge density is zero, determined by Lewis and was found to be of 10.5 [227]. At pH
higher than pHpzc nano NiO surface is negatively charged and NiO "~ appears to be the
predominant form. For lower pH values, nano NiO surface is in the protonated form (Ni
OH?"). Phenol shows a pKa of 9.9 (at 25 °C) under aqueous media. If pH<pKa, phenol is
in the molecular form (CsHsOH) and at pH> pKa the molecule undergoes deprotonation
becoming negatively charged (C¢HsO ). Under these conditions, both catalyst and
substrate are negatively charged, developing repulsive forces between them.
Consequently, the phenol adsorption is decreased and hence decreasing the degradation of

it.

6.2.3. Effect of Concentration on Photocatalytic Degradation of Phenol using Nano

NiO

The effect of initial phenol concentration was investigated varying the
concentration from 0.532 mM to 2.66 mM . Results showed that for this range of
concentrations the reaction rate gets slower as the initial concentration of phenol in
solution increases as depicted in Figure 6.24. The reason for this behavior is attributed to,
as the initial concentration increases, more and more organic substances are adsorbed on
the surface of NiO, therefore, the generation of hydroxyl radicals will be reduced since
there are only a fewer active sites for adsorption of hydroxyl ions and the generation of
hydroxyl radicals. Further, as the concentration of a substrate increases, the photons get
intercepted before they can reach the catalyst surface, hence the absorption of photons by

the catalyst decreases, and consequently the degradation percent is reduced [228].
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As phenol concentration increases, more reactant and reaction intermediates are
adsorbed on the surface of the photocatalyst, therefore, the generation of hydroxyl radicals
will be reduced since are only a fewer active sites for adsorption of hydroxyl anions. The
photodgradation rate decreases with the increase in phenol concentration. The dependency
of the photocatalytic reaction rate on the concentration of the organic substrate has been

generally well described by a Langmuir-Hinshelwood kinetic model.

6.2.4. Kinetics of Photocatalytic Degradation of Phenol

The kinetic behavior of photocatalytic degradation of phenol can be described by
Langmuir— Hinshelwood equation, which was developed and can be expressed as Eq.

rate = -dC/dt = KKC/1 + KC = KgppC 9)

1/kapp = 1/kcK + Colk (10)
where Cy = initial concentration of phenol
C = concentration of phenol at any time‘t’
k, K, kc and kapp are the rate constant, the equilibrium adsorption constant, the kinetic rate
constant of surface reaction and the apparent pseudo-first order rate constant respectively.
The reaction mechanism usually considered for heterogeneous photocatalyzed reactions
consist of two main steps: fast adsorption of the reactants on the catalyst surface and a
slow step of reaction in the adsorbed phase of the organic compound and a
photogenerated hydroxyl radical .The results reported in the literature show that k. and K

are light intensity-dependent .
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The photodegradation of phenol in aqueous solution as a function of laser irradiation time
in the presence of nano-structured NiO is shown in Figure 6.25. The percentage
degradation of phenol was calculated using the following relation:

Phenol degradation (%) = [Co-Ci/Co]*100 (8)

A plot of 1/kapp versus initial dye concentration is presented in Figure 6.26. The
adsorption equilibrium constant, K = 0.0722 (mM) ~* and kinetic rate constant of surface
reaction k. = 0.18 mM min* were determined. Dutta and Chakrabarti reported similar
results using Langmuir—-Hinshelwood model for photocatalytic degradation of two textile
dyes in wastewater using ZnO as catalyst.

In photo-induced reactions, the number of active catalyst sites is much fewer than
the total surface adsorption sites. The results demonstrate that photocatalytic oxidation of
phenol follow a pseudo-first order kinetic model. As photon flow increases, the number of
photogenerated HO" radicals rise up accelerating the oxidation of the substrate molecules.
Simultaneously, the increase of surface active species such as electrons, holes and HO’
radicals lead to a decrease in the available sites for adsorption of the primary molecule

and therefore a decrease in K.
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CHAPTER 7

PHOTOCATALYIC DEGRADATION OF DYES AND
PHENOL IN AQUEOUS SUSPENSION OF DOPED METAL

OXIDES

The photocatalytic efficiency of noble metal doped WO3, ZnO and NiO for degradation of
dyes and phenol was investigated. The results obtained are discussed in this chapter.The
basic mechanism for the decomposition of organic compounds is the same, although
variations exist in the photocatalyst characteristics that are critical to the reaction such as
the number and strength of surface acid sites and the redox potentials of the photocatalyst
relative to that of the organic and inorganic reaction species.

The following reactions describe the formation of hydroxyl radicals and organic

peroxides, which are significant species for the oxidation of organic molecules.

MO +hy —— hvo © + €cp (20)
0% +e® — 0;" (21)
0, +H —» HO," (22)
HO,  +HO,” —» H20, + O, (23)
0, "+ HOy , HO,™ + O, (24)
HO, + H" — H20, (25)
H202 + hv —_ 2 OH (26)
O,” +dye—» dye' OO (27)
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OH+dye —» degradation of dye (28)

M + 2 e- (ch) _— MY (29)

In this work, the photocatalytic oxidation of dyes and phenol catalyzed by WOs;,
ZnO, NiO was studied.The photocatalytic activity of corresponding noble metals
(Pt,Pd,Ag and Rh) modified materials, Pt/WQOj3, Pd/ WO3; Ag/ WOz and Rh/ WO3 was
compared with pure metal oxide semiconductor under UV laser irradiation. The metal
oxides photocatalysts (WO3, ZnO, and NiO) were synthesized by precipitation and sol gel
methods. The surface modification was carried out by noble metals such as Pt, Pd, and Ag
and Rh for the preparation of the doped nanomaterials using wet incipient impregnation
method.The Photocatalytic activity of the doped WO3 catalysts was tested using methyl
red solution as a model pollutant. The effect of noble metals on the photocatalytic activity
of nanostructured metal oxides was elucidated. The influence of the amount of dopant on
the photocatalytic efficiency of doped material for the degradation of the dye was also
investigated.

Blank experiments were perfomed to study the degradation of methyl red under
UV laser irradiation without the presence of catalyst. It was found that the degradation of
Methyl red without the catalyst was not significant. It was also observed that the
adsorption of the dye in the dark using only photocatalyst was negligible.Hence; both the

photocatlyst and UV laser are required for the removal of the pollutant.
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7.1 Effect of Noble Metal Doping on Photocatalytic Activity of

WO;

The main purpose of doping WOj3 with transition metals or other dopants is to shift
light absorption into the visible and to enhance the photocatalytic efficiency of the
catalyst. The Photocatalytic degradation of Methyl red was investigated using the doped
(Pt, Pd, Ag and Rh) WO3 and the effect of different concentration of the doped materials
were also studied. Red shift was observed in case of doped WO; studied. The shift in
wavelength towards the visible region increased with the concentration of the dopant. The
presence of dopant ion results (Figure 7.1) in a large red shift of the absorption onset. This
spectral behavior is indicative of the preservation of the semiconductive nature of the
noble metal doped material. The spectral red shift originates from excitation of 3d
electrons from metal ions into the conduction band of the semiconductor .It was observed
that the optimum dopant either mol% or wt% vary from catalyst to catalyst. The contents
of different dopants at various ratios also exerted different effects on the photocatalytic
activity of the prepared photocatalyst.

A decrease in the degradation of the dye was observed as the dopant content
increased from 1.0 to 5.0 wt % Pt. The results indicate that the maximum photocatalytic
degradation of methyl red was obtained with 1.0 wt% doping content. The decrease in

photodegradation rate could be rationalized as follows:
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a) As the concentration of dopants increases, the surface barrier becomes higher and the
electron—hole pairs within the region are efficiently separated by the large electric field.
Due to the difference in electron negativity between W and M, the W—O-M formed via
metal cation could promote the charges to transfer, resulting in an increase of
photocatalytic activity.

b) The noble metal ion doping might cause a lattice deformation and produce defects in
the crystal. The defects could inhibit the recombination of electron—hole pairs and
ultimately, enhance the activityof the photocatalyst.

The dopant content was increased from 1.0 to 5.0 wt %. The excess dopant decreases the
specific area of metal oxide inhibits the photocatalytic activity. Excess amount of dopant
also could notably screen the UV light and inhibit the interfacial electron and hole to
transfer which would result in a low photo-activity.

The photocatalytic activity of 1% Pt/WO3, 1% Pd/ WO3 1% Ag/ WO3and 1% Rh/
WO; was tested using methyl red under UV laser irradiation. The results obtained are
depicted in Figure 7.2- Figure 7.2. They reveal that the photocatalytic degradation of
Methyl red under UV light was more favored in the presence of 1% Pt doped WO3 than
the presence of other three noble metal doped materials. The increase in the photocatalytic
activity could be attributed to decrease in the e / h* recombination rate.

Some researchers [229, 230] offered explanation for the continuous increase in
activity of photocatalyst with increase in dopant content until it reaches the optimum.
Some researchers support the idea that cationic dopants of higher valence than Ti**
increase photocatalytic efficiency while cationic dopants of lower valence (like the

present ones) have adverse effects on photocatalysis [231].
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On the other hand, It was found that the decrease of photodegradation efficiency in
the presence of dopants may be due to the following reasons: (1) electron-hole
recombination at dopant sites; (2) loss of crystallinity in the presence of dopants other
possible reasons such as population of lower lying dopant energy states and decrease of

electron reductive capacity.

7.2. Effect of Noble Metal Doping on Photocatalytic Activity of

ZnO using Cyanosine

The photocatalytic activity of ZnO and surface modified ZnO photocatalysts was
investigated using Cyanosine (toxic dye) as a model pollutant. The photodegradation of
Cyanosine in aqueous solution as a function of laser irradiation time in the presence of
nano-structured ZnO is shown in Figure 7.5. The degradation of the dye increases with the
increase in laser irradiation time. The results indicate that the percentage degradation of
Methyl red increases with the increase in laser irradiation time. This increase in
degradation of the dye with time could be due to the fact that with increase in the laser
irradiation time, the number of absorbed laser photons increases, producing more amount
of OH' radicals, thereby facilitating more degradation of the dye.

A plot of In Cy/C as a function of laser irradiation time for an aqueous solution of
Cyanosine in presence of doped ZnO is shown in Figure 7.5. The rate constants as
obtained from the results given in Table XI for the photocatalytic degradation of phenol
are 0.0909, 0.1445, 0.1291, 0.1538, and 0.1759 min™ for ZnO and (Pt, Pd, Ag and Rh)
doped ZnO respectively. The photocatalytic efficiency follows the order:

RhZnO> AgZnO > PtZnO >Pd ZnO > ZnO
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Table XI Effect of dopant on photocatalytic activity of ZnO for cyanosine

degradation

Cyanosine ZnO

Time(min) A
0 2.18
2 1.987
4 1.541
6 1.171
8 0.984
10 0.739
15 0.623
20 0.369

Pt- doped ZnO

0 2.2
2 1.59
4 1.087
6 0.762
8 0.541
10 0.414
15 0.22
20 0.182
Pd- doped ZnO

0 2.268
2 1.425
4 0.963
6 0.698
8 0.612
10 0.53
15 0.327
20 0.256

C
0.1205
0.109832
0.085179
0.064727
0.054391
0.040848
0.034436
0.020397

0.1205
0.087089
0.059538
0.041737
0.029632
0.022676

0.01205
0.009969

0.1205
0.075711
0.051165
0.037085
0.032516
0.028159
0.017374
0.013601

In(Co/C)
0
0.092699
0.346893
0.621467
0.795454
1.081782
1.252534
1.776284

0
0.324723
0.705036
1.060266
1.402793
1.670347
2.302585
2.492206

0
0.464727
0.8566
1.178435
1.309921
1.453777
1.936693
2.181476

k
0.0909

0.1445

0.1291

r2

0.9759

0.9388

0.8408
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Table (cont...)

Ag- doped ZnO

Time(min) A
0 2.469
2 1.348
4 0.988
6 0.724
8 0.553
10 0.393
15 0.3
20 0.152
Rh- doped ZnO
0 2.538
2 1.519
4 0.737
6 0.56
8 0.478
10 0.287
15 0.21
20 0.12

C
0.1205
0.065789
0.04822
0.035335
0.776023
0.840826
0.878493
0.938437

0.1205
0.07212
0.034992
0.026588
0.022695
0.013626
0.00997
0.005697

In(Co/C)
0
0.605191
0.915886
1.226777
1.49621
1.837759
2.107786
2.787688

0
0.513324
1.236544
1.511195
1.669521
2.179649
2.492024

3.05164

k
0.1538

0.1759

r2

0.8987

0.8592
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The enhancement in the rate of photodegradation for doped ZnO of cyanosine was found
to be higher as compared to undoped ZnO.This could be attributed to the band gap
suitability of the doped metal oxides. Molecular oxygen, adsorbed on the surface of the
Ag doped ZnO photocatalyst, prevents the hole-electron pair recombination process.
Recombination of hole-electron pairs decreases the rate of photocatalytic degradation. It
was observed that superoxide may be the source of hydroxyl radicals.

Although charge transfer to adsorbate species is the desired fate of electron-hole
pairs (EHPSs), the vast majorities recombine, creating a loss in photocatalytic efficiency
often greater than 90%. This recombination process between the photoexcited electron
and hole can occur either in the volume of the semiconductor particle or on the surface of
the particle with a byproduct of heat release [232]. The EHP recombination process itself
results when the electron-hole recombination time is shorter than the time it takes for the

carrier to diffuse to the surface.

7.3. Effect of Noble Metal Doping on Photocatalytic Activity of

ZnO using Phenol

The photocatalytic activity of surface modified ZnO photocatalysts was studied using
phenol as a model pollutant. As metal ions are incorporated into the catalyst lattice
impurity energy levels in the band gap of catalyst are formed. In addition to that the
electron (hole) transfer between metal ions and the catalyst can alter electron hole

recombination. Carrier transferring is as important as carrier trapping for photocatalytic
reactions. Photocatalytic reactions can occur only if the trapped electron and hole are

transferred to the surface.
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A qualitative analysis in investigating the effects of doping noble metal ions (Pt, Pd, Ag,
and Rh) on photocatalytic activity of ZnO was carried out. Photocatalytic oxidation of
phenol was employed to evaluate the effects of different metal ion doping. Enhanced
photocatalytic activities and red shift of photo-response were observed at certain doping
content. Plantinum as dopant ions were found to be most effective in enhancing the
photocatalytic activity due to its highest ability to transfer charge carriers to the interface.
The results are shown in Figure 7.6 and Table XII. The rate constants for the
photocatalytic degradation of phenol were found to be 0.0391, 0.054, 0.0447, 0.0416, and
0.0473. The photocatalytic efficiency could be shown in decreasing order:
RhZnO > PtZnO >Pd ZnO > AgZnO >Zn0O

Metal-semiconductor modifications are wused primarily to inhibit charge
recombination and increase the selectivity of a particular product. The addition of metals
to a semiconductor surface changes the efficiency of photocatalytic processes by changing
the surface properties of the semiconductor. The contact between a semiconductor and
metal generally involves a re-distribution of charges and the formation of double layers at
metal-semiconductor interfaces.

The improvement in the rate of photodegradation of phenol for doped ZnO was
found to be higher as compared to simple metal oxides.This could be attributed to the
band gap suitability of nano ZnO and doped ZnO photocatalysts. As the size of the
particle decreases approaching approximately 10-15 nm, EHP recombination decreases
since the diffusing charge carriers can quickly reach the surface of the particle. If the
particle size decreases below this optimal particle size leading to quantum sizes, however,

EHP recombination again increases due to the close proximity of the charges [233].
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Table XII Effect of dopants on photocatalytic activity of ZnO for phenol degradation

Nano ZnO

SG

Time(min)  Area C(mM) InCo/C k(min™) r°

0 727347 1.064 0 0.0391 0.9789
5 562742 0.82321 0.25658

10 448879 0.65664 0.48265

15 363969 0.53243 0.69233

20 308021 0.45059 0.85924

30 225494 0.32986 117111

Pt-doped

Zn0O

0 38774 1.064 0 0.0447 0.7814
5 25168 0.69064 0.43218

10 19665 0.53963 0.67891

15 17070 0.46842 0.82043

20 14904 0.40898 0.95612

30 12752 0.34993 1.11206

Pd- doped

Zn0O

0 727347 1.064 0 0.0416 0.9901
5 602742 0.881722 0.187914

10 498879 0.729785 0.37704

15 403969 0.590946 0.588066

20 308021 0.450589 0.859236

30 205494 0.300607 1.263987
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Ag- doped
ZnO
Time

10
15
20
30
Rh- doped
Zn0O
0

5

10
15
20

30

Height
40068
26396
21017
17332
15075

11547

38159
24396
17357
15172
12195

9289

C

1.064

0.700942

0.558103

0.460249

0.400314

0.306629

1.064

0.68024

0.48397

0.42305

0.34004

0.25901

InCo/C

0
0.417366
0.645246
0.838024
0.97754

1.244152

0

0.44734
0.78777
0.92231
1.14074

1.41293

k

0.0473

0.054

r.2

0.8854

0.8803
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7.4. Effect of Noble Metal Doping on Photocatalytic Activity of

NiO for Degradation of Cyanosine

The photocatalytic degradation of Cyanosine using NiO and surface modified NiO
photocatalysts was studied.The results are presented in Figure 7.7. Peng et al. [234]
investigated that doping the metal ions near the surface was beneficial for charge carrier
transferring, while deep doping led to poor performance.For a semiconductor to have high
guantum efficiency, its photoinduced charges must freely migrate to the surface of the
particle so that they can participate in reactions with adsorbed species. The migration of
electrons to the surface is not only in competition with EHP recombination but also with
trapping by coordination defects at the surface and by lattice defects in the particles bulk.

The photogenerated electrons that are able to migrate to the surface are primarily used in

the reduction of O,, other reactive species such as the superoxide radical O, ~ or the

singlet oxygen, which can in turn stimulate other radical chain reactions involving H,O,
or Os. The positively charged photogenerated holes that are able to migrate to the surface
can either directly oxidize organic species with lower oxidation potentials.

The results depicted in Table X111 which shows that the photodegradation rates for
removal of phenol by doped NiO photocatalysts are 0.1771, 0.1648, 0.1693, 0.135 and
0.1199. The trend observed in photocatalytic efficiency was given below:

Rh NiO > Pt NiO > Pd NiO > Ag NiO

The trend observed could be correlated with the band gaps of these doped materials.
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Table X111 Effect of dopants on photocatalytic activity of NiO for removal of

Cyanosine
nano NiO
Time A C InCo/C k(mint)  r
0 1.7 0.121 0 0.1199 0.992
2 1.336 0.095092  0.240948
4 1.064 0.075732  0.468593
6 0.792 0.056372  0.763822
8 0.639 0.045482  0.978479
10 0.469 0.033382  1.287781
15 0.306 0.02178 1.714798
Pt doped
NiO
0 1.86 0.121 0 0.1648 0.9736
2 1.204 0.078325 0.434927
4 0.869 0.056532  0.760989
6 0.592 0.038512 1.144825
8 0.469 0.03051 1.377729
10 0.327 0.021273 1.738372
15 0.191 0.012425 2.276058
Pd doped
NiO
0 1.76 0.121 0 0.1693 0.9764
2 1.258 0.086488 0.335791
4 0.809 0.055619 0.77727
6 0.604 0.041525 1.069495
8 0.408 0.02805 1.461802
10 0.275 0.018906 1.856298
15 0.172 0.011825 2.325575
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Ag doped
NiO
Time

o o A~ DN

10

15

Rh doped
NiO

0

o oo A~ DN

15

A
1.75
1.284
0.954
0.753
0.536
0.433
0.261

1.98

1.094
0.779
0.584
0.411
0.306
0.188

C

0.121
0.088779
0.065962
0.052065
0.037061
0.029939
0.018046

0.121
0.066856
0.047606
0.035689
0.025117
0.0187
0.011489

InCo/C

0
0.309636
0.606707
0.843306
1.183237
1.396633
1.902851

0
0.593256
0.932841
1.220951
1.572259
1.867267
2.35441

k (min™)
0.135

0.1771

r2

0.9865

0.9322
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Figure 7.7 Effect of doped ZnO on degradation of phenol
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Figure 7.8 Effect of doped NiO on degradation of Cyanosine
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Table X1V Effect of dopant on photocatalytic activity of NiO for degradation of

phenol
Nano NiO
Time  Retention  Area C(mM)  InCo/C  k(min?) r2
0 4609 806053  1.064 0 0.0565  0.9662
10 4.603 625338 0.825454 0.253857
15 4,607 456789  0.602967 0.567928
20 4579 312993  0.413155 0.945969
25 4,588 236633  0.312359 1.225639
30 4591 198072  0.261458 1.403519
40 4.604 70652 0.093262 2.434383
50 4577 38643 0.051009 3.037784
60 4,569 24450 0.032274 3.495519
Pt NiO
0 4,609 806143 1.064 0 0.0621 0.9897
10 4.603 505338 0.666978 0.467034
15 4.607 356789  0.470913 0.815117
20 4579 262893 0.346983 1.120514
25 4,588 176633  0.233132 1.518187
30 4591 96072 0.126802 2.127163
40 4.604 65652 0.086652 2.507893
50 4577 35643 0.047044 3.118708
60 4,569 20450 0.026991 3.674278
Pd NiO
0 4.609 806343 1.064 0 0.0595 0.9842
10 4.603 482438 0.636595 0.513657
15 4.607 346789  0.457601 0.843793
20 4579 282876  0.373266 1.047501
25 4,588 186733  0.246401 1.462829
30 4591 98072 0.12941  2.106807
40 4.604 65652 0.08663 2.508141
50 4577 47643 0.062867 2.828773
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60 4.569

Ag NiO
Time
0 4.609
10 4.603
15 4.607
20 4,579
25 4.588
30 4591
40 4.604
50 4.577
60 4.569
Rh NiO
0 4.609
10 4.603
15 4.607
20 4.579
25 4.588
30 4.591
40 4.604
50 4.577
60 4.569

23675

Retention
time
814678
452438
306780
191875
106433
87072
58652
38623
18673

824658
412438
255780
121875
76433
47052
20652
11623
8673

0.03124

Area

1.064
0.590901
0.400666
0.250596
0.139005
0.113719
0.076602
0.050443
0.024388

1.064
0.532141
0.330015
0.157247
0.098616
0.060708
0.026646
0.014996

0.01119

3.52809

C(mM)

0
0.588142
0.976662
1.445949
2.035277
2.236058
2.631171
3.048945
3.775714

0
0.692883
1.170651
1.911973
2.378554
2.863715
3.687157
4.261983
4.554754

InCO/C
0.0655

0.0846

k( min™)
0.9722

0.9695
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7.5 Effect of Noble Metal Doping on Photocatalytic Activity of

NiO for Degradation of Phenol

The photocatalytic activity of surface modified NiO photocatalysts was studied
using phenol as a model pollutant. A plot of In Co/C as a function of laser irradiation time
for an aqueous solution of phenol in presence of doped NiO is shown in Figure 7.9.

The rate constants for the photocatalytic degradation of phenol using NiO and noble metal
doped NiO were observed and shown in Table XIV.These k have the values 0.0846,
0.0655, 0.0621, 0.0595 and 0.0565. The photocatalytic efficiency obeys the order as

shown below:

Rh NiO > Ag NiO >Pt NiO > Pd NiO > NiO
The photocatalytic activity was in coincidence with the band gaps of doped NiO.
Phenol adsorbed by the photocatalysts could be decomposed mainly by the valence band
holes and radicals induced by holes. Therefore, the mechanism involved in transferring
these photogenerated holes to the interface is of vital importance in the photocatalytic

efficiency.
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Figure 7.9 Effect of doped NiO on photodegradation of Phenol

201

60



CHAPTER 8

CONCLUSIONS AND FUTURE PROSPECTS

8.1 Conclusions

e Nanometer sized metal oxide catalysts were synthesized successfully by sol-gel
and precipitation methods.

e Impregnation of nansized metal oxides was carried out using noble metals (Pt, Pd,
Ag and Rh) as dopants.

e The morphology of the synthesized nanoparticles was studied using XRD, FESEM
and HRTEM.

e Metal oxide ( WO3, ZnO and NiO) and noble metal (Pt, Pd, Ag and Rh) doped
nanoparticles having high purity, well-dispersed and narrow size distribution
ranging from 7 to 50 nm were obtained.

e The particle size as estimated from XRD using Scherrer Equation was compared
with the particle size obtained by FESEM.

e The morphology was verified by HRTEM and percentage composition of doped
materials was copmared by the EDX.

e Band gap of doped and undoped nanoparticles was measured using UV-Visible
spectrophotometry and a red shift was observed in almost all of our doped

nanomaterials.
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The effect of calcination temperature on particle morphology ranging from 300 °C
to 700 °C was studied. The particle size increases because of agglomeration of
particles.
The photocatalytic activity was found to increase with the increase in calcination
temperature till 500 °C and then decreases.
The rate of the laser induced removal of the pollutants by nanocrystalline WO3
and other nanomaterials is very high as compared to the conventional UV lamps.
Experimental results demonstrate that the maximum degradation of the dye was
achieved at pH=10.0 for Safranin O. The removal of the dye was achieved with a
degradation rate = 1.46 * 10* M min™* .
The various operational parameters were optimized to achieve the maximum
degradation efficiency. It was observed that the photodegradation rate of the
pollutant increased as catalyst concentration increased. After an optimum
concentration, the rate was found to decrease.
The degradation rate was decreased with the increase of pollutant concentration.
Alkaline pH favours degradation of dyes investigated except the degradation of
acid red 87.
The rate constants of photocatalytic degradation of the dyes such as Safranin O,
Acid Red 87, Alizarin Yellow GG and Methyl Red using WQO3 are as follows:

SO > AR87 >AYGG > MR
The photocatalytic activity of Pt/WO; catalyst with respect to the amount of
dopant was in the following order :

1% Pt/WO3> 2% Pt/WO3 > 3% Pt/WO3; > 5% Pt/WO;

203



The photocatalytic activity of WO3; and doped WO3; was evaluated for the
degradation of methyl red and the rate constant was in the following order:

Pt/WO3; > Pd/WO3 > Ag/WO3 > Rh/WO3 > WO;
The rate constants for photocatalytic degradation of cyanosine using ZnO, Pt/Zn0O,
Pd/ZnO, Ag/ZnO and Rh/ZnO are 0.0909 min™, 0.1445 min®, 0.1291 min™
0.1538 min™ and0.1759 min™.
The Rh doped ZnO showed better photocatalytic activity for the degradation of
dyes and phenol as compared to metal oxides.
Similar trend as mentioned above was observed for NiO and noble metal doped

NiO for the degeadation of dyes and phenol.

8.2 Future Prospects

Photocatalysis is still in the developing stage and big challenges in this process are:

One of the major challenges for the scientific community involved in
photocatalytic research is to increase the spectral sensitivity of photocatalysts to
visible light, which composes the largest part of solar radiation.

It is desirable to have a semiconductor that could meet the requirements of band
gap, chemical stability and photocatalytic activity together for environmental
applications.

Utilization of semiconductors, which can absorb visible light, to capture solar
energy for production of hydrogen from water splitting.

The mixed semiconductor photocatalysts (nanocomposites) should continue to be

explored to obtain inexpensive and visible light absorbing alternatives.
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Physical properties such as charge transfer mechanisms, the critical nature of
catalyst particle size, and the role of crystal structure of photocatalyst might also
be thoroughly investigated.
Effort is needed to to enhance the photocatalytic activities under visible light of
anion-doped photocatalysts.
Many interesting composite materials could be obtained using the soft chemical

approach for photocatalytic applications in future.
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