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Chapter 1

1.1. INTRODUCTION

The presence of organic pollutants (OPs) in humans has become subject of intense
research for human exposure and health risk assessment [1]. This is the reason
that, over the years, instruments to regulate and control environmental pollutants
to protect human health and environment have been created by the international
community. The most ambitious plan is the Stockholm Convention (2013), which
aim is to eliminate and, when it is not possible, regulate emissions and discharges

of persistent organic pollutants (POPs).

OPs can be defined as a set of highly toxic synthetic organic compounds, which
have a long persistence in the environment. All this is because they are resistant to
degradation and are bio-accumulative; therefore, they are incorporated in the
tissues of living organisms and can increase their concentration through the food
chain, and have the potential to be transported over long distances reaching areas
where they had never occurred. All this makes them a threat to human health and
the environment across the globe. OPs are manufactured either for a specific
purpose (e.g. pesticides or flame-retardants) or produced as byproducts (e.g. of
incinerated waste). They lead to chronic diseases such as male reproductive
problems, pregnancy complications, certain cancers, obesity and affect brain
development. Persistent organic pollutants (POPs) are toxic substances composed
of organic (carbon-based) chemical compounds and mixtures. POPs possess a
particular combination of physical and chemical properties [2], since they:

» remain intact for long periods of time (many years);

» become widely distributed throughout the environment as a result of natural

processes involving soil, water and air;

» are resisting normal processes that break down contaminants;
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» accumulate in the fatty tissue of living organisms and are found at higher
concentrations at higher levels in the food chain; and

> are toxic to both humans and wildlife.

As a result of releases to the environment over the past several decades due
especially to human activities, POPs are now widely distributed over large regions
(including those where POPs have never been used) and, in some cases; they are
found around the globe. This extensive contamination of environmental media and
living organisms includes many foodstuffs and has resulted in the sustained
exposure of many species, including humans, for periods of time that span
generations, resulting in both acute and chronic toxic effects. Even small quantities
of POPs can cause nervous system damage, diseases of the immune system,

reproductive and developmental disorders, and cancers.

Organic pollution occurs when large quantities of organic compounds, which act as
substrates for microorganisms, are released into watercourses. During the
decomposition process the dissolved oxygen in the receiving water may be used up
at a greater rate than it can be replenished, causing oxygen depletion and having
severe consequences for the stream biota. Organic effluents also frequently contain
large quantities of suspended solids which reduce the light available to
photosynthetic organisms and, on settling out, alter the characteristics of the river
bed, rendering it an unsuitable habitat for many invertebrates. Toxic ammonia is

often present.

An immense array of organic compounds is currently widely used, and many of

these are potent contaminants when they are released into freshwater ecosystems.
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In a great majority of industrial processes water is used as a solvent, reaction or
transport medium, therefore it is not surprising that many efforts in the last two
decades have been made for the abatement of pollutants from industrial aqueous
waste streams. Industrial plants generate increasing amounts of wastewater,
contaminated with toxic and hazardous organic compounds, which cause severe
problems for the environment. Wastewaters produced in many industrial
processes often contain organic compounds that are toxic and not amenable to
direct biological treatment. These industrial wastewaters must be treated in order

to meet the specifications for discharge or for recycling in the process [3].

One of the main current worldwide concerns is the growth of water pollution by
organic compounds arising from many industrial, agricultural and urban human
activities. The vast majority of these compounds are persistent organic pollutants,
owing to their resistance to conventional chemical, biological and photolytic
processes. As a result, they have been detected in rivers, lakes, oceans and even
drinking water all over the world. This constitutes a serious environmental health
problem mainly due to their toxicity and potential hazardous health effects
(carcinogenicity, mutagenicity and bactericidality) on living organisms, including
human beings [4-7]. Water is the most important natural resource for life on our
planet, and it is wusually contaminated with materials including organic
pollutants. A shortage of clean water can lead to serious problems and diseases.
[8]. Dyes, chemicals, agricultural wastes and pharmaceuticals are some of the most
common recalcitrant organic pollutants [9,10]. Most of these pollutants have
characteristic features, such as low water solubility, high lipid solubility,
semivolatility and high molecular masses, which enable their prevalence in air,

land and water sources for a long time period [11].
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1.2. DYES IN THE ENVIRONMENT

Many industries including textile, cosmetic, paper, leather, light-harvesting, arrays,
agricultural research, photoelectrochemical cells, pharmaceutical and food
produce large volumes of wastewater polluted with high concentration of dyes and
other components. As a result, about 280,000 tons of textile dyes are currently
discharged in effluents every year and introduced in the aquatic environment [12].
Moreover, 0.5-20% of dyes are lost in the dyeing process, the wastewater would
be high in coloring, chemical oxidation demand (COD), alkalinity, toxicity and
treatment difficulty [13]. Azo dyes are the largest group of synthetic colorants used
in the textile industry [14] constituting 60-70% of all dyestuffs produced [15]. A
dye is used to impart color to a material, of which it becomes an integral part. An
aromatic ring associated with a side chain usually required for resonance and thus
to impart color. Characterization of dyes is based on their chemical structure and
application. They are composed of the atoms responsible for the dye color called
chromophores as well as an electron withdrawing or donating substituent that
causes or intensifies the color of chromophores, called auxochrome [16]. Usual
chromophores are -C=C- (ethenyl), -C=0 (carbonyl), -C=N- (imino), -CH=S
(thiocarbonyl), -N=N- (azo), -N-0O (nitroso), -NOz (nitro) and usual auxochromes
are -NHz (amino), -COOH (carboxylic), -SO3H (sulphonyl) and -OH (hydroxyl) [17].
They have one or more azo groups (R1-N=N-R2) having aromatic rings mostly
substituted by sulfonate group (-S03) and hydroxyl group (-OH), etc. [18]. Dyes
often contain the complex aromatic molecular structure and are chemically stable

against natural degradation [19].
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1.3. EFFECTS OF DYE WASTEWATER

Textile wastewaters generated from different stages of textile processing contains
huge amount of pollutants that are very harmful to the environment if released
without proper treatment. The release of textile wastewater to the environment
causes aesthetic problems as the changed color of the water bodies such as lakes
and rivers, after releasing of wastewater from the industry, cannot be tolerated by
the local people. For popular organic colorants in the Color Index, azo dyes are
used the most (60-70% of the total) with potential toxic or carcinogenic products
[20]. The accumulation of color hinders sunlight penetration, disturbs the
ecosystem of receiving water and resists photochemical and biological attack [21].
Ground water systems are also get affected by these pollutants due to leaching
through the soil [22]. Harmful direct and indirect effects of textile wastewater have

been summarized in Figure 1.1.

Apart from this, several dyes and their decomposition derivatives have proved
toxic to aquatic life (aquatic plants, microorganisms, fish and mammals) [23].
Additionally, fairly intensive studies has inferred that such colored allergens may
undergo chemical and biological assimilations, cause eutrophication, consume
dissolved oxygen, prevent reoxygenation in receiving streams and have a tendency
to sequester metal ions accelerating genotoxicity and microtoxicity [24]. In a wider
sense, sporadic and excessive exposure to colored effluents is susceptible to a
broad spectrum of immune suppression, respiratory, circulatory, central nervous
and neurobehavioral disorders presage as allergy, autoimmune diseases, multiple
myeloma, leukemia, vomiting, hyperventilation, insomnia, profuse diarrhea,
salivation, cyanosis, jaundice, quadriplegia, tissue necrosis, eye (or skin) infections,

irritation to even lung edema [25]. Hence, to protect fragile ecosystems, it is
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required that these dyes must undergo thorough elimination prior to their release.

Textile wastewater discharge to
the environment ﬂ

Indirect effects Direct effects

Aesthetic problems
Killing of aquatic life (Change of colour)
such as fishes, plants,
mammals etc.

Poor sunlight penetration in
the receiving water, damage

Eutrophication

Ground water pollution
due to leaching of
contaminant through
soil

Coloured allergen
accelerates
genotoxicity and
microtoxicity

DO depletion of receiving
water; Suppression in the
streams re-oxygenation
capacity

Suppression of
immune system of
human beings

Figure 1.1. Schematic representation of the effect of textile wastewater into the

environment (Reproduced from [26] with permission from Elsevier).




Chapter 1

1.4. HERBICIDES IN THE ENVIRONMENT

Herbicides are included in a broad range of organic micro-pollutants with
ecological impact. Distinct herbicide categories have different types of effects on
living organisms, hampering generalization. Although herbicides have a soil impact,
water pollution from herbicide runoff is the main pathway causing ecological
effects [27]. In an effort to maximize crop yields, the application of pesticides has
become commonplace. Recently, the widespread use of pesticides has come under
scrutiny. For example, amitrole and atrazine are two such pesticides that have
been detected in drinking water supplies and groundwater [28]. The main sources
of water pollution by herbicides are agricultural activities, the cleaning of
herbicide containers and equipment, and wastewaters from agricultural industries
and herbicide manufacturing plants. The toxicity and persistence of herbicides
means that they pose a severe environmental challenge [29]. Herbicides have
widely variable toxicity. The acute toxicity due to exposure had led to long-term
problems and a range of health effect from skin rashes to death [30]. World health
organization estimated that at least 3 million cases of acute poisoning and 20,000
deaths occurs annually due to exposure to pesticide [31]. Figure 1.2 illustrates the

main impacts of herbicides on environment.

Amitrole is a nonflammable, colorless-to-white, crystalline solid that is odorless
when pure. It is a well-known herbicide which is often used in combination with
other active agents for weed control in agriculture and along roadsides and
railways [32,33]. It is also used as a chemical reagent in the photographic industry
and as a hardening agent in chemical resins. Good solubility of amitrole leads to its
penetration into surface and ground waters. Amitrole content in drinking water

has been monitored at a regulatory level of 0.1 pg/L in European countries [34]. It

8



Chapter 1

is non-selective and largely employed to substitute some banned herbicides.

Associated symptoms in humans include skin rash, vomiting, diarrhea and nose

bleeds can be caused by amitrole. It has also been reported as endocrine and

thyroid gland disruptors as well as possible carcinogens [35]. Amitrole is one of

the herbicides resistant to conventional treatment techniques, which raises the

question of development of alternative methods for herbicide removal from the

natural environment. Therefore, increasingly strict environmental restrictions in

the presence of amitrole in effluents and natural systems require treatment

technologies that minimize environmental risks at a reasonable cost.

INSECTICIDES

rebound ' l

Herbivores

!

Crop yield

HERBICIDES

S| A

Water contamination

release

Yield loss

Crop health

FUNGICIDES

]
bacteria

Pathogens

Figure 1.2. Schematic diagram showing the main impacts of herbicides on soil,

plant and arthropod communities. Red arrows indicate decreases and blue arrows

indicate increases; empty arrows indicate indirect effects.
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1.5. PHARMACEUTICALS IN THE ENVIRONMENT

In recent years, the presence of pharmaceuticals in the environment has become a
serious cause for concern and the problem is continuing to grow with the on-going
development of more potent and more metabolically resistant drugs [36]. There
are many classes of pharmaceuticals which include analgesics, anti-depressants,
contraceptives, antibiotics and also veterinary medicines and pesticides used in
agriculture. Endocrine disrupting chemicals (EDCs) are another class of
compounds causing further alarm and these chemicals include not only hormones
and contraceptive drugs but also a number of phenolic compounds, dioxins and
polychlorobiphenyls (PCBs) amongst others [37,38]. All of these chemicals through
various sources end up eventually in our environment and the effects of these
bioactive molecules are, as of yet, still unknown. There are a number of point-
sources for the entry of drugs to the environment [39]. At home, routes of entry
include direct flushing of unused/out-of-date pharmaceuticals down the toilet. In
the majority of cases, while on drug therapy, pharmaceuticals pass through our
bodies. These drugs can undergo transformations in the body such as oxidation,
reduction etc. or end up in a conjugated form of the original drug. In some cases
though, drugs can be mostly un-metabolized and thus, entry through human waste
(urine and faeces) is another route of entry to the environment [40,41]. Drugs that
are discarded in household rubbish will inevitably end up in landfill and can leach

into soil.

Famotidine (FMT) is a histamine H2-receptor antagonist, has been used by mixing
with various drugs [42,43]. This compound is extensively used for treating a
variety of stomach and duodenum sicknesses, connected with an excessive

secretion of H* ions. It is potently inhibiting gastric acid secretion and is generally
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used in the treatment and prevention of gastric and duodenal ulcers,
gastroesophageal reflux disease and Zollinger-Ellison syndrome [44,45]. FMT is
useful in promoting the healing of stomach and duodenal ulcers and reducing ulcer
pain [46]. It is also used for treatment of Alzheimer’s [47] and Parkinson’s diseases
[48]. In 2010, Famotidine was the 3rd (Pepcid Complete) and 4th (Pepcid AC) most
popular antacid with sales of over $105 million [49]. In patients that use FMT, it
has been documented that 65-70% of the drug is recovered unchanged in the
urine, thereby rendering this drug as one of the many that is released into the
environment on a day-to-day basis [50]. It is also discharged from the
pharmaceutical industry and partially degraded during conventional water
treatment [51]. Due to its common use, it is systematically found in wastewaters at
low, but detectable concentrations [52]. It has been reported that average
concentrations of FMT include 25 ng/L in drug production facilities, 94 ng/L in
hospitals and 14 ng/L in regional wastewater discharges [53]. Its frequent
presence in wastewaters underscores the need to study its fate in environmental

conditions.

From a chemical point of view, FMT belongs to the thiazole derivative group of
compounds. FMT is sparingly soluble in organic solvents such as chloroform,
methanol and ether. It shows hydrophilic property (logKow = -0.64) [54]. This
compound, due to the presence of an amine, thiazole and thioether groups in its
structure, displays excellent complexing properties [55]. FMT slowly hydrolyzes in
aqueous solutions (pKa in aqueous solutions 6.7) [56]. The rate of hydrolysis
depends on the pH and temperature of the solution [57]. The DTso of FMT in
solution at 25 °C has been assayed to be 43 days at pH 6.9 [58]. Taking the above

into account, FMT could be considered as a persistent contaminant in an aqueous
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environment.

Over 4000 pharmaceuticals are used across the globe for medical and veterinary
healthcare, as well as growth promotion of livestock [59]. When most medications
are consumed, parent compounds and metabolites are excreted into the
wastewater system or directly into the environment [60] (Figure 1.3). Depending
on their physico-chemical properties, compounds can be degraded, partition to
water or solid phases including biosolids (such as sewage sludge) enter the aquatic
or terrestrial environment. Ironically, some policies designed to improve the
quality of aquatic environments and sustainability of water resources might
contribute to the contamination of terrestrial ecosystems. For example, biosolids
previously dumped in the ocean are now sent to landfills, incinerated or applied to
agricultural land as fertilizer. Figure 1.3 illustrates the sources of pharmaceuticals
in the environment, dispersion into the environment and the fate of

pharmaceuticals in environments.

Aqueous sewage effluent is being used increasingly for irrigation, particularly in
water-stressed regions of the world [61]. Agricultural applications of sewage
derived biosolids containing human pharmaceuticals are currently dwarfed by the
use of livestock manure (dung and urine) containing veterinary drugs, as fertilizer
[62]. Veterinary drugs also may be released into the environment both directly (e.g.
anthelmintic ‘worming’ treatments excreted in dung and antibiotics from the
aquaculture industry) and indirectly via predation or scavenging of medicated
animals [63] (Figure 1.3). Recycled raw sewage, municipal wastewater and
biosolids are also being applied increasingly to urban green spaces such as parks

and golf courses, which is likely to result in increased environmental exposure to
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organisms occurring across a range of habitats [64]. Pharmaceuticals also have
been detected at high concentrations near drug production facilities, particularly in

countries with developing economies [65].

Landfill
sites

Rivers and
streams

Sewage
Oceans, lakes (Treatment plant)

and estuaries '
: IET

Aquatic Aquatic
plants invertebrates

Terrestrial
invertebrates

Aquatic Terrestrial
wildlife wildlife

Figure 1.3. Pharmaceuticals can disperse through the environment via multiple
and potentially complex pathways some of which are shown here. Sources of
pharmaceuticals in the environment (yellow boxes) include pharmaceutical
manufacturing, livestock, aquaculture and pets, and human patients.
Pharmaceuticals can then disperse directly into the environment or via sewage
treatment plants and landfill (red ovals). The fate of pharmaceuticals in aquatic
(blue boxes) and terrestrial (green boxes) environments can result in uptake of

pharmaceuticals into wildlife.
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1.6. ORGANIC POLLUTANTS REMOVAL TECHNIQUES

Water sustainable supplies are vital for agriculture, industry, recreation, energy
production and domestic consumption. The removal of organic pollutants is
becoming an important environmental issue and a serious threat to the long term
development of human society [66]. Among the various types of pollution, organic
wastewater has attracted the attention of some researchers. The main sources of
water contamination include the industrialization (textile, rubber, leather, paper,
plastics, coal, food, petrochemical, pharmaceutical, dye industries, etc.),
agricultural activities (the use of pesticides in agriculture, forestry, as well as
veterinary and aquaculture drugs), municipal wastewater, other environmental
and global changes [67,68]. A few hundred organic pollutants have been found to
contaminate water resources [69]. These contaminations are very dangerous due
to their various side effects and embryotoxicity, mutagenicity, teratogenicity and
carcinogenicity as well as health disorders to human beings, such as the
dysfunction of kidney, reproductive system, liver, brain, and central nervous
system [70,71]. Hence, it is necessary to provide an effective treatment for organic
wastewater. The elimination of OPs from wastes has been an important subject of
many studies in order to protect the environment and water resources. Currently,
several treatment technologies are employed to remove organic pollutants from
wastewater which include coagulation-flocculation [72], biological treatment [73],
membrane technologies [74], adsorption [75,76], advanced oxidation processes
(AOPs) [77,78], photo-Fenton treatment [79], chemical oxidation [80],
electrochemical oxidation/degradation [81], photocatalytic oxidation/degradation
[82] and combined methods. Figure 1.4 represents the various techniques used for

the removal of organic pollutants.

14



Chapter 1

Removal Techniques

Biological Treatment
# Aerobic treatment

Coagulation-Flocculation # Anaerobic treatment

Membrane Technologies Adsorption Advanced Oxidation Processes
» Microfiltration » Activated carbon »# Photo-Fenton treatment
7 Ultrafiltration 7 Clay # Chemical oxidation
# Nanofiltration # Coconut coir # Electrochemical oxidation
» Reverse osmosis » Titania # Photocatalytic oxidation

» Surfactant-modified zeolite

» Rice husk ash

Figure 1.4. Schematic diagram showing various techniques used for the removal

of organic pollutants.

1.6.1. Coagulation-Flocculation

The coagulation-flocculation process is one of the widely used methods for
purification of urban and industrial wastewaters [83,84]. It was reported that the
Egyptians were using aluminum sulfate (alum) to cause suspended particles to
settle in water as early as 1500 BC [85]. Although the early Romans were also
familiar with alum, it was not until 77 AD that its utilization as a coagulant in water
treatment was mentioned [86]. Today, the coagulation—flocculation of water is
implemented with the aim to agglomerate fine particles and colloids into larger
particles for reducing turbidity, natural organic matter as well as other soluble
organic and inorganic pollutants in the wastewater [85]. This process comprises

two distinct stages: (i) rapid mixing of dispersed coagulant into water/wastewater
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to be treated via violent agitation and (ii) flocculation for agglomeration of small
particles into well-defined flocs via gentle agitation [87]. Finally, the flocs are
allowed to settle and then removed as sludge while the treated water/wastewater
(supernatant) is transferred into subsequent treatment process or for discharge
into a watercourse. Owing to its easy operation, relatively simple design, and low
energy consumption, coagulation-flocculation has been successfully employed in
different types of industries [88,89]. Moreover, coagulation-flocculation can be
used as a pretreatment, posttreatment, or even as the main treatment of
wastewater because of the versatility of the treatment process [90]. Coagulation-
flocculation is effective for removing high concentration organic pollutants in
water and wastewater [91]. Coagulation of dye-containing wastewater has been
used for many years as main treatment or pretreatment due to its low capital cost
[92]. However, the major limitation of this process is the generation of sludge and

ineffective decolorization of some soluble dyes [93].

1.6.2. Biological Treatment

Biological treatment is the most common and widespread technique used in dye
wastewater treatment [94,95]. A large number of species have been used for
decolouration and mineralization of various dyes. The methodology offers
considerable advantages like being relatively inexpensive, having low running
costs and the end products of complete mineralization not being toxic. The process
can be aerobic (in presence of oxygen), anaerobic (without oxygen) or combined

aerobic-anaerobic.

1.6.2.1. Aerobic treatment: Bacteria and fungi are the two microorganism groups

that have been most widely studied for their ability to treat dye wastewaters. In

16



Chapter 1

aerobic conditions, enzymes secreted by bacteria present in the wastewater break
down the organic compounds. Aerobic wastewater treatment processes include
treatments such as activated sludge, oxidation ditches, trickling filter, lagoon-
based treatments and aerobic digestion. Equipment may include diffused aeration
systems or mechanical surface aerators, in order to maximize oxygen transfer and
minimize odors as the wastewater is treated. Aeration is one of the first stages in
the process since bacteria and other organisms require oxygen to break down
organic substances in the wastewater being treated. Activated sludge process is a
proven biological wastewater treatment widely used for the secondary treatment
of both domestic and industrial wastewater. It is particularly well suited for
treating waste streams high in organic or biodegradable content. Biological
filtration uses particular families of nonpathogenic microorganisms for aerobic
treatment. Filters of this type contain media such as plastic balls or open-profile
bio media, which have massive surface areas for the beneficial bacteria to adhere
to and colonize. It can be used on challenging chemicals such as biodegradable
organic compounds. However, biological treatment systems such as activated
sludge and biological trickling filters are unable to remove a wide range of
emerging contaminants and most of these compounds remain soluble in the

effluent [96,97].

1.6.2.2. Anaerobic treatment: The potential of anaerobic treatment applications
for the degradation of a wide variety of synthetic dyes has been well demonstrated
and established [98]. Anaerobic treatment is a process that uses bacteria to break
down organic material in an oxygen-free environment. Lagoons and septic tanks
are example implementations of these types of anaerobic treatment methods.

Typically, this treatment involves the degradation of organic matter anaerobically.
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Azo dyes are generally persistent under aerobic conditions [99]. However, under
anaerobic conditions, they undergo facile reductive fission, yielding colorless
aromatic amine compounds [100]. Azo dyes require an anaerobic and an aerobic
phase for their complete biodegradation. Combined anaerobic aerobic treatment is
therefore the most logical strategy for the complete removal of azo dyes from

wastewater.

1.6.3. Membrane Technologies

Membrane technologies which is classified into microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO) is a pressure-driven process in
which the membrane acts as a selective barrier to restrict the passage of pollutants
and allows relatively clear water to pass through [101,102]. These are considered
as some new highly effective processes and as alternative methods of removing
huge amounts of organic micropollutants [103,104]. Water/wastewater treatment
by membrane techniques is cost-effective and technically feasible and can be
better alternatives for the traditional treatment systems since their high efficiency

in removal of pollutants meets the high environmental standards [105].

MF refers to membranes that have pore diameters from 0.1 to 10 pm [106] and is
the membrane with the largest pores. It can be used to filter suspended
particulates, large colloids, bacteria and organics. The MF is also used as
pretreatment for NF and RO. UF refers to membranes that have pore diameters
from 0.001 to 0.02 microns. UF generally used for the separation of colloids up to a
range of 0.001 to 0.1 microns. It enables the concentration, purification and
fractionation of macromolecules such as proteins, dyes, and other polymeric

materials. UF is also used as a pretreatment to NF and RO processes. NF has
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membrane pore size in the range between UF and RO. Simpson et al. [107] has
defined NF as charged UF and is sometimes refers to as a low pressure RO. The NF
has the advantage of low operating pressure compared to RO, and has a high
rejection of organics compared to UF. Although NF based membrane processes are
quite effective in removing huge loads of micropollutants [108], advanced
materials and treatment methods are required to treat newly emerging
micropollutants. RO was the first membrane process to be widely commercialized.
It is a reversal of the natural process of osmosis. In RO, an external pressure
greater than osmotic pressure is applied so that the water from concentrated
solution passes into dilute solution. RO have proved to be quite effective filtration
technologies for removal of micropollutants [109]. Membrane filtration have been
considered as a promising technology for dissolve organic matter removal,
however, membrane fouling is still one of the major challenges for its application
on a large scale [110]. Furthermore, NF and RO membranes are not effective to

treat complex and complicated polluted waters [111].

1.6.4. Adsorption

Adsorption is a surface phenomenon with common mechanism for organic and
inorganic pollutants removal. When a solution containing absorbable solute comes
into contact with a solid with a highly porous surface structure, liquid-solid
intermolecular forces of attraction cause some of the solute molecules from the
solution to be concentrated or deposited at the solid surface. The solute retained
(on the solid surface) in adsorption processes is called adsorbate, whereas, the
solid on which it is retained is called as an adsorbent. This surface accumulation of

adsorbate on adsorbent is called adsorption. This creation of an adsorbed phase
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having a composition different from that of the bulk fluid phase forms the basis of

separation by adsorption technology.

In a bulk material, all the bonding requirements (be they ionic, covalent, or
metallic) of the constituent atoms of the material are filled by other atoms in the
material. However, atoms on the surface of the adsorbent are not wholly
surrounded by other adsorbent atoms and therefore can attract adsorbates. The
exact nature of the bonding depends on the details of the species involved, but the
adsorption process is generally classified as physicsorption (characteristic of weak
Van Der Waals forces) or chemisorption (characteristic of covalent bonding). It
may also occur due to electrostatic attraction. As the adsorption progress, an
equilibrium of adsorption of the solute between the solution and adsorbent is
attained (where the adsorption of solute is from the bulk onto the adsorbent is
minimum). The adsorption amount (ge, mmol/g) of the molecules at the
equilibrium step was determined according to the following Eq. (1.1) [112]:

ge = V(Co-Ce)/M (1.1
where V is the solution volume (L), M is the mass of monolithic adsorbents (g), and

Co and Ce are the initial and equilibrium adsorbate concentrations, respectively.

Other definition of adsorption is a mass transfer process by which a substance is
transferred from the liquid phase to the surface of a solid, and becomes bound by
physical and/or chemical interactions. Large surface area leads to high adsorption
capacity and surface reactivity [113]. Adsorption is one of the most effective
processes of advanced wastewater treatment which industries employ to reduce
hazardous organic pollutants present in the effluent [114]. Due to validity,

simplicity, inexpensiveness, ease of operation, flexibility, insensitivity to toxic
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pollutants, as well as high efficiency and effectiveness, the adsorption is considered
to be an attractive method for organic pollution purification [115]. Moreover,
adsorption can also remove soluble and insoluble organic pollutants without the
generation of hazardous by-products [116]. Various adsorbents have been
developed for the removal of organic pollutants (e.g, dyes, pesticides,
pharmaceuticals/drugs and phenols) from water [117,118]. In recent years,
several materials and their activated carbon like clay [119], tree leaves [120],
coconut coir [121], titania [122], surfactant-modified zeolite [123], rice husk ash
[124], wheat straw [125] etc. have been evaluated as adsorbents for the removal of
dyes and other pollutants from wastewaters. Among them, activated carbon is one
of the most popular adsorbents used widely in different types of industries for
removal of toxic pollutants, ions, non-biodegradable wastewaters regarding its
excellent adsorption capacity and lower cost [126]. However, it has certain
shortcomings that include limited availability, low adsorption capacity and difficult

recovery.

1.6.5. Advanced Oxidation Processes (AOPs)

The concept of “advanced oxidation processes” was established by Glaze et co-
workers in 1987 [127]. Advanced oxidation processes (AOPs) have following
advantages (i) complete mineralization, (ii) no waste disposal problem, (iii) no
expensive oxidants needed, (iv) low cost and (v) only mild temperature and
pressure are necessary [128]. AOPs are one of the most promising ways for the
effective degradation of many organic pollutants [129]. AOPs are found to be the
most effective in the treatment of wastewater from different industries such as
textiles [130], colour and pigments [131], dyes [132], pharmaceutical [133] and

petroleum [134]. AOPs involve the generation of the hydroxyl radical (*OH), which
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is a strong oxidizing agent (standard oxidation potential of 2.8 V) and can
completely mineralize pollutants to CO2, H20 and oxides of inorganic compounds.
Depending on the nature of the organic species, the generated hydroxyl radical can
attack the organic compound by radical addition, hydrogen abstraction, electron
transfer and radical combination [135]. However, their success depends upon the
rate of production of hydroxyl radicals and the effective utilization of these
radicals for mineralization. The various factors affecting the performance of AOPs
include: types and concentration of contaminants, mechanism of production of
oxidizing agents and their concentration, initial pH of the wastewater, temperature
and pressure [136]. Four different methods are employed in Advanced Oxidation
Processes (AOPs) to generate hydroxyl radicals and treat wastewater, namely (i)
ozone treatment, (ii) electrochemical processes, (iii) direct decomposition of water
and (iv) photocatalysis [137]. Figure 1.5 displays the advanced oxidation

technologies for hydroxyl radical generation.
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Figure 1.5. Advanced oxidation technologies for hydroxyl radical generations

(Reproduced from [137] with permission from Elsevier).
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1.6.6. Photo-Fenton Treatment

The Fenton process is cost effective, environmentally friendly, and increasingly
used for wastewater treatment [138]. The oxidation power of Fenton reagent is
due to the generation of hydroxyl radical (*OH) during the iron catalyzed
decomposition of hydrogen peroxide in acid medium. This process involves a
simple reaction between H20; and ferrous salts in an aqueous solution at ambient
conditions to generate *OH radicals [139]:

Fe2++ H,02 — Fe3* + OH- + *OH (1.2)
Hydroxyl radical with a high oxidation potential (2.8 eV) attacks and completely
destroys the pollutants in Fenton process. The Fe species can be recycled via Eq.
(1.3):

Fe3+ + H,02 = Fe2+* + HO>~ + H* (1.3)
Despite being a chemically efficient process for the removal of organic pollutants,
the Fenton reaction slows appreciably due to the slow conversion of ferric ions to
ferrous salts (Eq. 1.2). The degradation of pollutants can be considerably improved
by using UV-radiation. This is due to the generation of additional hydroxyl radicals

[140].

The combination of Fenton reaction in UV light, the so-called photo-Fenton
reaction, had been shown to enhance the efficiency of the Fenton process [141].
Photo-Fenton processes are reported to be effective in removing several classes of
contaminants, such as pesticides [142], dyes [143], insecticides [144],
pharmaceuticals [145], nitrobenzene [146], chlorophenols [147] and
polychlorinated biphenyls [148]. Furthermore, the possibility of employing solar
energy in photo—Fenton processes helps improving their economic and

environmental sustainability. However, the application of such processes implies
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some drawbacks including the need to operate in a narrow pH range (2.8-3.5). A
strict pH control is substantially required to ensure that Fe(II) and Fe(IlI) species
exert their catalytic role, thus avoiding any precipitation of inactive iron
oxyhydroxides and maximizing the concentration of photoactive species. To this
purpose, real applications include addition of acidifying reagents and final
neutralization with relevant environmental and economic disadvantages [149].
Furthermore, the Fenton reaction produces substantial amounts of iron sludge due
to the loss of iron ions and hydroxyl radicals are consumed by hydrogen peroxide
due to the radical scavenging of hydrogen peroxide, limiting its application for

wastewater treatment [150,151].

1.6.7. Chemical Oxidation

Chemical oxidation is one half of a redox reaction, which results in the loss of
electrons. One of the reactants in the reaction becomes oxidized, or loses electrons,
while the other reactant becomes reduced, or gains electrons. Oxidizing
compounds that give electrons away to other compounds in a reaction are used to
change the contaminants into harmless compounds. Chemical oxidation is a
process involving the transfer of electrons from an oxidizing reagent to the
chemical species being oxidized. Chemical oxidation has been effectively applied
for several decades for the remediation of groundwater and aquifers [152].
Recently, it has become a popular technology for the remediation of organic
contaminants in water and wastewater systems. Various kinds of oxidizing agents
such as permanganate, ozone (03), hydrogen peroxide (H202), persulfate alone or
in combination with other oxidants have been used for degradation of organic
compounds [153,154]. H202 is the most commonly used oxidant for the selective

degradation of organic contaminants in wastewater systems. Similarly, persulfate
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and SO4*- radicals have been applied in the degradation of organic compounds and

wastewater treatment [155].

1.6.8. Electrochemical Oxidation/Degradation

In electrochemical techniques, the main reagent is the electron, called the “Clean
Reagent,” which degrades all the organics present in the effluent without
generating any secondary pollutant or by-product/sludge. The electrochemical
technique offers high removal efficiencies and has lower temperature
requirements compared to nonelectrochemical treatment. [156]. Electrochemical
oxidation has been considered a promising method for biorefractory organic
pollutants pollution control due to its environmental friendly, high energy
efficiency, removal efficiency and strong controllability [137,158]. It has been
applied in kinds of wastewater treatment, including pharmaceutical wastewater
[159], printing and dyeing wastewater [160] and pesticide wastewater [161]. In
the electrochemical oxidation process, the solutions are decontaminated through
the direct reaction of pollutants with *OH radicals formed at the anode surface
[162] during the electrolysis process.

M + H,0 > M(*OH) + H* + e- (1.4)

The electrode material, as a key part of electrolysis process, plays an important
role in the electrochemical oxidation of pollutants [163]. Many electrode materials,
such as Pt, graphite, SnOz2, IrO2, PbO2 and boron-doped diamond (BDD) electrodes
[164,165], have been employed to the electrochemical degradation of different
pollutants. Among the electrode materials, BDD is the best known material for
electrochemical oxidation due to its excellent physical and chemical properties,

which include high wide potential window, high stability in various solution and
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extraordinarily well resistance to corrosion. Especially, the superior features of
high oxygen evolution potential and high stability endow the BDD electrode with
potential widely electrochemical application in wastewater treatment, and the
degradation of different pollutants has been studied on BDD electrodes including
phenols, surfactants, antibiotics and medical intermediate, pesticides, pigment and
dyes, and so on [166]. The PbO; electrode has also been successfully used in
wastewater treatment processes for its low cost and good electrochemical stability
[167]. Nevertheless, the main drawbacks of electrochemical techniques are high
electricity cost and sludge production and also pollution from chlorinated organics,

heavy metals due to indirect oxidation.

1.6.9. Photocatalytic Oxidation/Degradation

The term photocatalysis consists of the combination of photochemistry and
catalysis [168]. It implies that light and a catalyst are necessary to bring about or to
accelerate a chemical transformation. In other words, photocatalysis can be
defined as “acceleration of a photoreaction in the presence of a catalyst”.
Photocatalysis involved a photochemical reaction at a metal oxide semiconductor's
surface, which must be at least two reactions occurring simultaneously, the first
reaction involving oxidation, from photo-induced positive holes, and the second
reaction involving reduction, from photo-induced negative electrons [169]. In a
heterogeneous photocatalysis system, photoinduced molecular transformations or
reactions take place at the surface of a catalyst. This photocatalysis system has
attracted great interest from science community as the most promising way to
solve the environmental problems such as air purification, water disinfection,
hazardous waste remediation and water purification [170,171]. In recent years,

interest in photocatalysis has focused on the use of semiconductor materials as
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photocatalysts for the removal of organic pollutants from water. Such
semiconductors are increasingly used for oxidation or degradation of organic dyes
and other contaminants particularly in industrial wastewater. The basic
mechanism for this remediation is primarily based on the oxygen defects on the
surface of the semiconducting materials which when activated by photon
irradiation are used to destroy the organic contaminants [172]. Semiconductor
photocatalysts have wide range of advantages for water treatment such as:
[173-177].

» Capable of complete removal of pollutants

Possible treatment for Non-biodegradable waste water

Expensive chemicals are not required

Low operational and installation cost

No sludge treatment cost

Unprofessional and unmanned operation

Simple pre-processing

Recycle and reuse of photocatalyst

Small amount of catalyst can treat large amount of water

Potential to utilize solar energy

vV Vv VvV ¥V ¥V V¥V VYV VYV V V

Negligible toxicity
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Semiconductor photocatalysts are capable candidates to provide a sustainable
solution for environmental pollution, through efficient degradation of pollutants
[178]. Semiconductor photocatalysts play an important role in the process of the
photodegradation of organic pollutants with light illumination (visible or UV light)
[179,180]. The common semiconductors used in photocatalyst process are shown

in Table 1.1.

Table 1.1

Common semiconductors used in photocatalysis processes [181].

Band Wavelength Light Valence Conduction

Semiconductor gap (nm) absorption band (V band (Vvs
(eV) vs NHE) NHE)

TiO2 3.2 387 uv +3.1 -0.1

ZnO 3.2 387 uv +3.0 -0.2

Sn0> 3.8 318 uv +4.1 +0.3

ZnS 3.7 335 uv +1.4 -2.3

W03 2.8 443 Visible +3.0 +0.4

CdS 2.5 496 Visible +2.1 -0.4

CdSe 2.5 729 Visible +1.6 -0.1
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1.7. TITANIUM DIOXIDE (TiOz)

Among various types of semiconductors, the traditional semiconductor titanium
dioxide (TiOz) has been widely studied for the degradation of various organic
compounds because it is nontoxic, highly efficient, stable, environmentally friendly,
and inexpensive [182-184]. TiO2 exists as three natural allotropes: brookite
(orthorhombic, 3.2 eV), anatase (tetragonal, 3.2 eV) and rutile (tetragonal, 3.0 eV).
Anatase and rutile have been proven as the most effective photocatalysts, with
anatase showing higher photocatalytic efficiency over rutile [185]. Degussa
(Evonik) P25, Aeroxide TiO2 P25, is a titania photocatalyst that is used widely
because of its relatively high levels of activity in many photocatalytic reaction
systems. It is well known that P25 is composed of anatase and rutile crystallites,
the reported ratio being typically 70:30 or 80:20. The co-presence of anatase and
rutile crystallites in P25 induces the high level of photocatalytic activity; transfer of
photoexcited electrons and positive holes between interconnecting anatase and
rutile particles may enhance charge separation and hence improve the efficiency of
utilization of electron-hole pairs [186]. Titanium dioxide (TiO2), has been
extensively used on environmental applications, self-cleaning, deodorizing and
sterilizing applications owing to its abundant resource, excellent photocatalytic
performance, high refractive index, resistance to photocorrosion and high chemical
stability against photodegradation (Figure 1.6). As an excellent catalyst, it has been
proven to be a promising catalyst for water and air pollutant remedy or
purification. Its excellent performance in pollutants destruction is mainly ascribed
to the strong oxidation potential of the photogenerated valence band holes in TiO>

(Eve =+2.7 Vvs. NHE at pH 7) [187,188].
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Figure 1.6. Applications of TiO2 photocatalysis (Reproduced from [189] with

permission from Elsevier).
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1.8. ZINC OXIDE (ZnO)

In the field of photocatalysis today, ZnO has emerged as the leading candidate as an
efficient and promising candidate in green environmental management system
because of its unique characteristics, such as direct and wide band gap in the near-
UV spectral region, strong oxidation ability and good photocatalytic property [190].
ZnO has received much attention in the degradation and complete mineralization
of environmental pollutants [191]. ZnO has well-defined crystal structures which
are commonly in rocksalt, wurtzite or cubic (zinc blende) structure. A rocksalt
structure of ZnO can be yielded under high pressure thus ZnO in this structure is
quite rare. The ZnO wurtzite structure has the highest thermodynamic stability
among the three structures. It is the most common structure of ZnO [192]. The
wurtzite structure comprises of two interpenetrating face-centered cubic (fcc)
lattices of zinc and oxygen [193]. ZnO has large exciton binding energy of 60 meV
and transparency in the visible region [194]. This fascinating property of ZnO has
made it a potential material in the field of photocatalysis [195]. Since ZnO has
almost the same band gap energy as TiOz (3.2 eV), its photocatalytic capability is
anticipated to be similar to that of TiO2. Moreover, ZnO is relatively cheaper
compared to TiO2 whereby the usages of TiO; are uneconomic for large scale water
treatment operations [196]. The greatest advantage of ZnO is the ability to absorb
a wide range of solar spectrum and more light quanta than some semiconducting
metaloxides [197]. ZnO is one of the many naturally occurring oxygen deficient
metal oxides that decomposes complex organic molecules in the presence of

solar/UV illumination [198,199].

31



Chapter 1

Titanium oxide (TiO2z) and zinc oxide (ZnO) have been considered to be of greater
importance as they have the capacity to remove organic contaminants due to their
physical and chemical properties, environmental friendliness and stability.
However, their photocatalytic activity is triggered only by UV irradiation. This is a
major setback to carry out the degradation of industrial effluent under natural
solar light. The solar spectrum consists of only 5-7% of UV region and 45% of
visible region. Achieving photocatalytic process in the visible region has greater
significance in the minimization of the environmental issues [200]. Many efforts
have been made in the last two decades in order to overcome this limitation.
Several methods have been investigated to modify photocatalysts surface in order
to extend the photo response range to visible spectral region. These include band
gap modification, surface modifications and use of composite materials. Band gap
modification can be done by doping with metal cations, nonmetal ions, nonmetal,
transition metal, noble metal and metalloid [201,202]. Surface modification can be
done via coupling organic materials and semiconductors e.g. by dye—sensitization;
surface-complex assisted sensitization; polymer sensitization; and semiconductor
coupling with co-catalysts, dye-sensitization and capping of photocatalysts etc.
Among them, the two main approaches are dye-sensitization [203] and doping

with impurities [204].
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1.9. DYE-SENSITIZATION

The dye-sensitization technique has been reported as an innovative technology
that could play an important role in developing efficient and cost-effective
semiconductor photocatalyst in the near future [205]. It can extend the light
absorption range, enhance photon harvesting efficiency, provide extra excited
electron pairs from a dye and accelerate charge transfer, leading to a high
efficiency of photoelectric conversion [206]. Dye-sensitized TiOz has been widely
and successfully applied to the degradation of pollutants. The photocatalytic
activity of TiO2 under visible light could be enhanced by coupling of organic and
inorganic dyes to TiO; surface [207]. Besides, the photochemical properties of dyes
and the interfacial transfers of electrons between dyes and TiO; are very important
parameters to ensure high photocatalytic efficiency [208]. The physical adsorption
of dyes occurs through the weak van der Waals interaction between dye molecule
and the TiO2 surface. The extent of dye adsorption depends on the initial
concentration of dye, the nature of dye, the surface of the photocatalyst and the pH
of the solution [209]. The photochemical process is initiated by photoexcitation of
dye molecules upon illumination by visible light, followed by the transfer of the
electrons from the excited dye to the conduction band of TiOz. Subsequently, in the
presence of suitable electron donors (e.g. EDTA, organic acids, water, alcohols, etc.),
the oxidized dye is regenerated. The injection of electron into the conduction band
of TiO; is favorable due to the more negative potential of the lowest unoccupied
molecular orbital (LUMO) of the dye molecules as compared to the potential of the
TiO2 conduction band [207]. The electrons injected by dye molecules to the surface
of titania are scavenged by molecules of oxygen to promote the generation of
superoxide radical *O;~ and hydrogen peroxide radical *OOH. These radicals attack

the aromatic rings of organic pollutants forming intermediates and mineralizing
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them to carbon dioxide and water. Figure 1.7 illustrates the principle of dye-

sensitized TiO2 under visible light illumination.

H+ HOO* — H202 e *OH

HOMO

v S

Figure 1.7. Schematic diagram illustrating the dye-sensitized TiO2 pathway under

visible light illumination.
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1.10.DOPING PROCESSES

In doping processes, the rapid charge recombination is retarded and visible light
absorption is enabled by defect states created in the band gap. In the first case,
recombination is inhibited and the interfacial charge transfer is enhanced by the
trapping of VB holes or CB electrons in the defect sites. In the second case,
electronic transitions from the defect states to the CB or from the VB to the defect
states are allowed under sub-band gap irradiation. Metal ions (transition metals
and noble metals) and non-metal ions are the two main categories of dopants.
[210]. The doping process shifts the optical absorption of ZnO into the visible
region, expanding the excitation wavelength of the semiconductor as such
increasing applications areas and improving its photocatalytic activity [211].
Different elements as Sn [212], Al [213], Mn [214], Mg [215], Ag [216], S [217] and
N [218] are used in doping ZnO. Doped ZnO particles show remarkable
characteristics compared to undoped ZnO such as reduced bandgap energy due to
inter band formation between the CB and VB. Doping of Ag metal into the ZnO
lattice can lead to changes in the electrical, optical and magnetic properties of ZnO.
Besides, it reduces band gap energy of ZnO, improves charge separation between
electron and hole by forming electron traps and, enhances photocatalytic activity
of ZnO [219]. Especially Ag can trap the photogenerated electrons from the
semiconductor and allow the holes to react with the surface-bound H20 or OH- to
produce hydroxyl radicals (*OH) that result in the degradation reaction of organic
species present [220]. Additionally, Ag also has the highest electrical and thermal
conductivity among all metals, which makes it an ideal component for electrical
interconnection [221]. As shown in Table 1.2, several researches have focused on
photocatalytic activity by Ag modified ZnO under UV light irradiation and a few

under visible and solar light irradiation using model organic pollutants.
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Table 1.2

List of recently investigated photocatalytic activity of Ag/Zn0O system.

Samples Organic pollutants Light source Ref.
Ag-loaded ZnO Phenol Simulated solar light [222]
Ag/7Zn0 Methyl orange UV light [223]
Ag/Zn0O Methylene blue Visible light [224]
Zn0/Ag Metamitron UV light [225]
Metribuzin
Ag/7Zn0 Reactive Black GR Sunlight [226]
Metronidazole Visible light
Ag/7Zn0 Methyl Orange UV light [227]
Phenol Visible light
Zn0-Ag Rhodamine B UV light [228]
Solar light
Visible light
Ag-doped ZnO Methyl violet UV light [229]
Ag-doped ZnO Bisphenol A UV light [230]
Nonylphenol
Ag-7Zn0 Methyl orange UV light [231]
Ag/Zn0 Methylene blue UV light [232]
Ag/7Zn0 Rhodamine 6G UV light [233]
Visible light
Ag/7Zn0 Rhodamine B UV light [234]
Ag/Zn0 Methyl orange UV light [235]
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1.11.PHOTOCATALYTIC DEGRADATION MECHANISMS

1.11.1. Photocatalytic Oxidation

Removal of contaminants from water by heterogeneous photocatalysis has
attracted constant research since its beginning as a great number of excellent
reviews and books devoted by many researchers [236,237]. Although there are
many types of photocatalysts and various applications, the basic principle in
photocatalysis is mostly similar. Two or more phases are typically involved in a
photocatalytic reaction: (a) a light source and (b) a semiconductor material are
used to initiate the photoreaction while the catalyst system can simultaneously
carry out oxidation and reduction reactions using UV light as well as sunlight.
Under light illumination, photons with energies greater than the band-gap energy
(AE) can result in the excitation of valence band (VB) electrons which leads to the
promotion of electron from valence band to conduction band causing the
formation of positive hole in the valence band and negative electron in the
conduction band [238]. Figure 1.8 illustrates the mechanism of the photocatalytic
oxidation of organic compounds under UV light [239]. The reactions for the

photocatalytic process are as follows [240-243]:

TiO2 + hv (UV) —= TiO2 (ecg~+ hvs*) (1.5)
TiO2 (ecg™+ hve*) — TiO2 + heat (1.6)
TiO2 (hys*) + H20 — TiO2 + H* + *OH (1.7)
TiO2 (hvg*) + OH- - TiO2 + *OH (1.8)
TiO2 (ecg™) + 02 = TiOz + *O2~ (1.9)
*O2- + H* - HO3* (1.10)
HO2* + HO2* — H202 + O2 (1.11)
TiO2 (ec™) + H202 — *OH + OH- (1.12)
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H202 +*02- = *OH + OH- + O2 (1.13)
Organic compound + *OH — degradation products (1.14)
Organic compound + TiOz (hvs*) — oxidation products (1.15)
Organic compound + TiO2 (ecs~) — reduction products (1.16)

The charges carriers, hyg* and ecp-, can recombine, or hyg* can be scavenged by
oxidizing species (e.g., H20, OH-, organic compound), and ecs-, by reducing species
(e.g, 02) in the solution. These combinations lead mainly to the formation of
hydroxyl radicals (*OH) as well as superoxide radical anions (*O27) and
hydroperoxyl radicals (HOO*) on the surface of TiOz, which are able to destroy a
large variety of organic compounds (toxic and non-toxic) and biological agents

[244-246].

0, hu2Eg
+«— ¢ Band gap energy (Eg)
e/h+ CB
H202 < 0'2 “

v

+

Organic compound VB h_ H,0,0H

Ti02 OH" + Organic compound!|

/

Degradation products ,
OH' oH: Degradation products
\ /
CO2and H20
Figure 1.8. Schematic diagram illustrating the principle of TiO; photocatalysis

(Reproduced from [239] with permission from Elsevier).
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1.11.2. Photosensitized Oxidation

The mechanism of photosensitized oxidation (called also photo-assisted
degradation) by visible radiation (A > 420 nm) is different from the pathway
implicated under UV light radiation. The mechanism suggests that excitation of the
adsorbed dye takes place by visible light to appropriate singlet or triplet states,
subsequently followed by electron injection from the excited dye molecule onto
the conduction band of the TiO2 particles, whereas the dye is converted to the
cationic dye radicals (Dye**) that undergoes degradation to yield products as

follows [247-252]:

Dye + hv (VIS) — 1Dye* or 3Dye* (1.17)
1Dye* or 3Dye* + TiO2 — Dye** + TiO2 (ecs™) (1.18)
TiO2 (ece™) + 02 = *02~ + TiO2 (1.19)
Dye*+ — degradation products (1.20)

The cationic dye radicals readily react with hydroxyl ions undergoing oxidation via
reactions 1.21 and 1.22 or interacts effectively with *02-, HO2* or HO* species to

generate intermediates that ultimately lead to CO2 (Eqgs. 1.23-1.27).

Dye*+ + OH- - Dye + *OH (1.21)
Dye + 2 *OH — H20 + oxidation products (1.22)
*O2- + H* - HO3* (1.23)
HO2* + H* + TiO2 (ecs~) — H202 + TiO2 (1.24)
H202 + TiO2 (ecs™) = *OH + HO- + TiO2 (1.25)
Dye** + *02~ = DO — degradation products (1.26)
Dye** + HO2* (or *OH) — degradation products (1.27)
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In experiments that are carried out using sunlight or simulated sunlight
(laboratory experiments) it is suggested that both photooxidation and
photosensitizing mechanism occurred during the irradiation, and both TiO2 and
the light source are necessary for the reaction to occur. In the photocatalytic
oxidation, TiOz has to be irradiated and excited in near-UV energy to induce
charge separation. On the other hand, dyes rather TiO; are excited by visible light
followed by electron injection onto TiOz conduction band, which leads to
photosensitized oxidation. It is difficult to conclude whether the photocatalytic
oxidation is superior to the photosensitizing oxidation mechanism, but the
photosensitizing mechanism will help to improve the overall efficiency and make

the photobleaching of dyes using solar light more feasible [253].
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1.12.OBJECTIVES OF THIS RESEARCH

Although extensive research works have been conducted for the removal of

organic pollutants from wastewater using various techniques as discussed before,

an efficient and cost effective treatment technique is yet to be established.

Therefore, continued research is going on in this area. In this circumstance, this

study has focused on the photocatalyst for the removal of organic pollutants from

contaminated water in order to develop more efficient, economical and

appropriate technique with the following main objectives:

» To investigate the optimization of solar photocatalytic degradation conditions
of aqueous amitrole solution using TiOz and the mineralization of amitrole.

» To study the photocatalytic degradation and reaction mechanism of dye in
water with self-dye-sensitized TiOz and ZnO under visible light irradiation.

» To evaluate the photocatalytic activity and reaction mechanism of dye-
sensitized TiOz in the degradation of Famotidine under visible light irradiation.

» To study the photocatalytic degradation of Famotidine with Ag-doped ZnO
under UV light irradiation and the optimum Ag-doping amount, calcination

temperature and time.
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2.1. INTRODUCTION

The active use of herbicides in agriculture leads to an increase of both productivity
and environmental contamination. Amitrole (3-amino-1H-1,2,4-triazole, M.W. =
84.08 g/mol, Figure 2.1) is a widely employed herbicide with strong estrogenic
activity. Due to its low volatility (b.p. = 260 °C) and good solubility in water (280
g/L) [1], amitrole can be found in surface waters and contribute to ground-water
contamination (for instance: 1.1 pg/L) via leaching [2]. Poisoning of several species
by amitrole is characterized by increased intestinal peristalsis, fluid in the lungs
and hemorrhages of various organs [3-5]. Hence, it is very important to urgently
develop the treatment technology for high concentration amitrole solution before

releasing the waste herbicide solution into the environment.

Figure 2.1. Molecular structure of amitrole.
Since absorption spectrum of amitrole does not overlap with solar emission
spectrum, it is stable to photodegradation under nature relevant conditions. Direct
UV-photolysis (254 nm, low pressure mercury lamp) of amitrole was shown to be
ineffective, owing to its low molar absorption [6]. Catastini et al. [7] described the
photochemical degradation of amitrole from aqueous solutions at pH 3.4, using
iron(IIl) aqua complexes under solar and UV radiation, and the complete removal
was achieved at 10 h of irradiation. Therefore, in the method of photo Fenton
remediation, there were disadvantages because the treatment was used in only
acidic area. On the other hand, the photocatalytic treatment can be applied into
wide pH ranges [3,8,9]. Much attention has been focused in the past three decades
on the photocatalytic degradation of organic pollutants with titanium dioxide

(TiO2) in aqueous suspension solution under UV irradiation [10]. In this process,
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the TiO2 semiconductors is excited with UV light of wavelengths less than 380 nm
to form conduction band electrons (e-) and valance band holes (h*) which are
capable of initiating the photocatalytic oxidation and reduction reactions,
respectively. The photocatalytic remediation of environmental pollution on bare
TiO; in water under sunlight irradiation by using the UV range, that is, a small
fraction of solar light is possible, although it takes long time for the photocatalytic

treatment.

Among the large variety of pesticides degraded by photocatalysis, the degradation
of several organic compounds containing nitrogen rings has been successfully
performed: Tebuconazole [11], triazolidine [12], amitrole, 3,5-diamino 1H-1,2,4
triazole, 1H-1,2,4 triazole [3], thiabendazole [13], pyridazine, pyrimidine, pyrazine
[14] and Pyrimethanil [15]. A study has reported the photocatalytic degradation of
amitrole using an artificial light source such as an Hg-Xe lamp [3,8,9]. The artificial
lamp device is particularly expensive in the local and undeveloped areas. There is
little information on the photocatalytic degradation of amitrole in water with TiO>
under sunlight illumination. Previous research has investigated the photocatalytic
remediation of amitrole in aqueous solution [16]. In the photocatalytic degradation
system, amitrole could be degraded in aqueous TiO: dispersion under sunlight

illumination.

In this chapter, the optimal conditions for photocatalytic degradation of amitrole in
water with TiO2 were studied, and the final degradation product was determined
in order to evaluate the mineralization of amitrole. On the basis of the evidence of

data, the kinetics and mineralization was discussed.

75



Chapter 2

2.2. MATERIALS AND METHODS

The amitrole used in this study was purchased from Wako Pure Chemical
Industries, Ltd. (HPLC grade > 98%, pesticide residue analysis). Amitrole aqueous
solutions were prepared with ultrapure water, which was purified by an ultrapure
water system (Advantec MFS, Inc., Tokyo, Japan) resulting in a resistivity >18 M(}
cm. A 30 mL aqueous solution containing 20 mg/L amitrole was put into a Pyrex
reaction vessel (50 mL capacity). TiO2 powder (anatase, purity 99.9%, diameter
230 nm, surface area 8.7 m2/g, Wako Pure Chemical Industries, Ltd., Figure 2.2)
was added to the solution to produce a concentration of 6.7 mg/mL. The pH of the
solution was 9.0. The temperature was kept constant at 25 to 85 °C with a water
bath. The detailed experimental conditions were shown in Table 2.2. The TiO:
suspension containing amitrole was irradiated under sunlight illumination. In this
case, the short ultraviolet radiation (A < 300 nm) was filtered out by the vessel wall.
The intensity of light was measured by a UV radio meter (UVR-400, Iuchi Co.,

Osaka, Japan). The variations of sunlight intensity for 60 min were less than 10%.

After illumination, the amount of amitrole in the aqueous solution was measured
using a high-performance liquid chromatograph equipped with a Hitachi L-4000
UV optical detector and a separation column RSpak DE-413L (SHOWA DENKO
K.K). The elution was monitored at 210 nm. The eluent used was a mixed solvent of
acetonitrile and water (7/3, v/v). The flow rate of the mobile phase was 0.7

mL/min. The photodegradation system is presented in Figure 2.3.
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Figure 2.2. UV-Vis DRS patterns of TiO>.

Table 2.1

Experimental conditions.

Amitrole

TiO2
Temperature
pH

Light source
Light intensity

[llumination time

5-20 mg/L (volume: 30 mL)
0-300 mg (10 g/L)

5-85°C

1.8-11

Sunlight

0-2 mW/cm?

30 and 60 min
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Figure 2.3. Schematic reactor for photocatalytic degradation of amitrole.

The intermediate products were extracted by means of solid-phase extraction. The
extraction disk (C18 disk, 3M Empore) was placed in the conventional filtration
apparatus and washed with 10 mL of solvent mixture, dichloromethane and ethyl
acetate (1:1), 10 mL of methanol and 10 mL of ultrapure water. Then, the sample
was percolated through the disk with a flow rate of 5 mL/min under vacuum. The
compounds trapped in the disk were collected by using 4 x 5 mL of solvent mixture,
dichloromethane and ethyl acetate (1:1), as eluting system. The fractions were
evaporated under a gentle stream of nitrogen to 50 pL into conical vials, and 1 pL
was injected into gas chromatography and mass spectrometry (GC-MS) instrument

in splitless mode. For the analysis of intermediate products, a Shimadzu Gas
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Chromatograph and Mass Spectrometry (GC-MS 5050A) equipped with an HP-5
capillary column (30 m x 0.25 mm i.d.) was used at the following chromatographic
conditions: injector temperature 270 °C, column temperature program 40, 40-
200 °C (5 °C/min), 200-210 °C (1 °C/min), 210-270 °C (20 °C/min) and 270 °C (3
min). Helium was used as the carrier gas at 1.5 mL/min. The interface was kept at
270 °C. Qualitative analyses were performed in the electron-impact (EI) mode, at

70 eV using the full scan mode.

Chemical oxygen demand (COD) in the sample solution was measured by
potassium permanganate acidic method (JIS, 2003). The formation of ammonium

and nitrate ions was measured by ion chromatography.
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2.3. RESULTS AND DISCUSSION

In the primary experiments, the complete disappearance of amitrole was observed
in <3 h, working with moderate amounts of TiOz (6.7 g/L) under sunlight
illumination [16]. Since it was found that the solar photocatalytic purification of
water containig amitrole was possible in TiOz aqueous suspensions, the

degradation parameters were optimized in the present study.

2.3.1. Effect of Photocatalyst Dosages

The amount of catalyst is one of the main parameters for the degradation studies.
In order to avoid the use of excess catalyst, it is necessary to find out the optimum
loading for efficient removal of amitrole molecule. Several authors have
investigated the reaction rate as a function of catalyst loading in photocatalytic
degradation process [17-20]. The effect of the catalyst amount on the
photocatalytic degradation has been carried out in the range of 0 to 300 mg (10
g/L) of the catalyst for 30 mL of solution. The results are shown in Figure 2.4. The
degradation efficiency increased with increasing the amounts up to 200 mg (6.7
g/L), and then the efficiency was nearly flat. The increase in the efficiency seems to
be due to the increase in the total surface area, namely number of active sites
available for the photocatalytic reaction, as the dosage of photocatalyst increased.
However, when TiO2 was overdosed, the number of active sites on the TiO, surface
may become almost constant because of the decreased light penetration, the
increased light scattering, and the loss in surface area occasioned by agglomeration
(particle-particle interactions) at high solid concentration [21]. Therefore, 200 mg
(6.7 g/L) of TiO2 was selected as the optimal amounts of photocatalyst for the

sequential experiments.
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Figure 2.4. Effect of TiO2 amount on the solar photocatalytic degradation of
amitrole in water. Amitrole: 20 mg/L; illumination time: 30 min; light intensity: 1.6

mW /cm?Z; temperature: 25 °C; pH: 9.

2.3.2. Effect of Initial Substrate Concentration

It is very important, from the application point of view, to study the dependence of
the photocatalytic degradation on the substrate concentration. The effect of initial
substrate concentrations on the solar photocatalytic decomposition using TiO2 was
investigated, and the results are given in Figure 2.5. It is found that with increasing
initial substrate concentrations the degradation efficiency decreased gradually
[22,23]. In this study, 20 mg/L amitrole solution was used for evaluating the solar
photocatalytic degradation, in view of the practical wastewater with high

concentration of amitrole.
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Figure 2.5. Effect of initial substrate concentration on the solar photocatalytic
degradation of amitrole in water using TiO2 TiO2: 200 mg; amitrole: 5-20 mg/L;

light intensity: 1.6 mW/cm?; temperature: 25 °C; pH: 9.

2.3.3. Effect of Temperature

Little information on the temperature effect on the photocatalytic degradation of
pollutants in water with TiOz has been presented [22,23]. Therefore, the effect of
temperature on the solar photocatalytic degradation of amitrole in water using
TiOz was investigated in the range of 5-85 °C. The results are shown in Figure 2.6.
The degradation efficiency of amitrole gradually increased as the temperature
increased. In the photocatalytic degradation of imazaquin in an aqueous
suspension of titanium dioxide [24], the effect of temperature was studied in the
range 20-40 °C, and the rate constants increased with increasing temperature.
Ishiki et al. [25] have investigated the photocatalytic degradation of imazethapyr

herbicide at TiO2/H20 interface. In their works, the temperature effect was studied
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using a suspension between 20 and 40 °C, and the herbicide was more easily
degraded at lower temperatures in the TiO2 suspension, due to the decrease in the
physisorption between the TiO2 surface and the imazethapyr molecules. By
plotting the natural logarithm of the rate constant as a function of reciprocal
absolute temperature, a linear behavior was obtained in the temperatures below

about 60 °C with the correlation coefficient 0.96, as drawn in the insert figure in

Figure 2.6.
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Figure 2.6. Effect of temperature on the solar photocatalytic degradation of
amitrole in water using TiOz. Inset figure: plot of Ln(k) versus 1/T. TiO2: 200 mg;

amitrole: 20 mg/L; light intensity: 1.6 mW/cm?; illumination time: 60 min; pH: 9.
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The activation energy (Ea) was relatively low and was estimated to become 6.73
kJ/mol. It was reported in the TiO; photocatalytic degradation of benzene [26],
naphthalene [27], imazaquin [24] and Chloramphenicol [28] that the activation
energy (E.) was 3.2, 22, 24.8 and 33 kJ/mol, respectively. Since the photoactivation
process is irrelevant to thermal activation, the activation energy found is only
apparent. Consequently, all subsequent illuminations were performed at 25 °C

because of the operating cost for the photodegradation system.

2.3.4. Effect of Initial pH

The amphoteric behavior of most semiconductor oxides influences the surface
charge of the photocatalyst. Therefore, the role of initial pH on the degradation
efficiency of amitrole was investigated in the pH range 1.8-11, as shown in Figure
2.7. It is found that degradation efficiency increased with increase in pH up to 5.4.
Then the degradation efficiency of amitrole gradually decreased as the pH
increased. The zero-point charge (zpc) pHz of TiO2 particles is around 6 [29].
TiO2 surface is positively charged in acidic media (pH < 6) whereas it is negatively
charged under alkaline condition (pH > 6). Generally, the pH changes can have a
non-insignificant result not only on the mode of adsorption of the amitrole
substrate on TiO2 surface, but also on the selectivity of the photodegradative
reaction occurring on the particle surface since redox reactions are very sensitive
to changes in the surface potential [30]. In acidic media (pH < 4) and alkaline
media (pH > 10) the nonpolar amitrole may be scarcely adsorb onto the TiO2
surface, and in neutral condition (4 < pH < 10), the adsorption can occur easily.
Consequently, pH 9 was selected for the optimal experimental conditions, because

of the unnecessary of chemical treatment including neutralization process.
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Figure 2.7. Effect of initial pH on the solar photocatalytic degradation of amitrole
in water using TiOz. TiOz: 200 mg; amitrole: 20 mg/L; illumination time: 60 min;

light intensity: 1.6 mW/cm?; temperature: 25 °C.

2.3.5. Effect of Light Intensity

The influence of light intensity on the solar photocatalytic destruction of amitrole
in water with TiO; was studied, as illustrated in Figure 2.8. The degradation
experiments were performed during different periods of time with various light
intensities on sunny and cloudy days. The degradation efficiency increased rapidly
with increase in the light intensity up to 0.53 mW/cm? and then the efficiency
increased gradually. Since the catalyst powders are suspended in a stirred solution,
the light intensity will affect the degree of absorption of light by the catalyst
surface. Ollis et al. [31] reviewed the effect of light intensity on the kinetics of
photocatalysis and stated that (i) at low light intensities, the rate would increase

linearly with increasing light intensity; (ii) at intermediate light intensities, the rate
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would depend on the square root of the light intensity; and (iii) at high light
intensities, the rate is independent of light intensity. Therefore, the results
obtained in the solar photocatalytic degradation of amitrole in aqueous TiO:

suspension were reasonable.

c/c,

0.0 T T T “
0 0.5 1 1.5 2

Light intensity (mW/cm?)

Figure 2.8. Effect of light intensity on the solar photocatalytic degradation of
amitrole in water using TiOz. TiO2: 200 mg; amitrole: 20 mg/L; illumination time:

60 min; temperature: 25 °C; pH: 9.

2.3.6. Kinetic Analysis
The heterogeneous photocatalytic degradation of amitrole with TiO2 obeys
apparently pseudo-first-order kinetics at low initial substrate concentration, and

the rate expression is given by the equation:

r=——=kC (2.1)
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where k is the pseudo-first-order rate constant. Amitrole is adsorbed onto TiO;
surface and the adsorption-desorption equilibrium is reached. After the
adsorption, the equilibrium concentration of amitrole solution is determined and it

is taken as the initial amitrole concentration for kinetic analysis.

Integration of the above equation with the limit of C = Coat t = 0 with Co being the

equilibrium concentration of the bulk solution gives the following equation:
c

Ln— =kt (2.2)
Co

where (o is the equilibrium concentration of amitrole and C is the concentration at
time t. The primary degradation reaction is estimated to follow a pseudo-first-
order kinetic law, according to Eq. (2.2). In order to confirm the speculation,
Ln(C/Co) was plotted as a function of illumination time. A linear relation between
amitrole concentration and irradiation time has been observed for solar light
degradation as shown in Figure 2.9. The values of rate constants have been
determined from the slope. As shown in Table 2.2, the rate constant values
decreased with increasing the amitrole concentration, when other parameters kept
unchanged. Therefore, the degradation reaction was pseudo-first-order in the
tested amitrole concentration ranges. A’lvarez et al. [9] have reported the
photocatalytic degradation of amitrole (25 mg/L) with TiO2 under medium
pressure mercury vapor lamp, and the rate constant values k was 0.0289 min-1. In
the present work, the rate constant values (0.029~0.087 min-1) were the same or

better compared with that obtained by A'lvarez et al. [9].

In recent years, the Langmuir-Hinshelwood (L-H) rate expression has been used

successfully for heterogeneous photocatalytic degradation describing the
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relationship between initial degradation rate ro and initial concentration Co [32]. A
linear expression can be conveniently obtained by plotting reciprocal initial rate

against reciprocal initial concentration [33].

11, 1
o~ kT ke (2.3)

where k is the reaction rate constant (mg/L min) and K is the adsorption
coefficient of the reactant (L/mg). On the basis of the data put into Table 2.2, the
reciprocal of initial rate (1/ro) is plotted against reciprocal of initial concentration
of amitrole (1/Co) as drawn in the insert figure in Figure 2.8. According to the L-H
kinetics equation shown in Eq. (2.3) and fitted in the insert figure in Figure 4.6, a
straight line with an intercept of 1/k and a slope of 1/kK is obtained. The values of
K and k obtained for solar light photocatalytic degradation are found to be 0.324
L/mg and 0.699 mg/L min, respectively. It was reported in the TiO; photocatalytic
degradation of toxic dyes that K and k values of 0.024 L/mg and 7.2307 mg/L min
for reactive red, 0.0136 L/mg and 8.2781 mg/L min for methylene blue, and
0.0184 L/mg and 4.7125 mg/L min for rhodamine B [34]. Kaneco et al. [22] have
described that K and k values for thiram were 0.025 L/mg and 2.1 mg/L min,
respectively. Kaneco et al. [23] have investigated the photocatalytic degradation of
dibutyl phthalate in TiO2, and k value was 0.152 mg/L min. From the results
achieved, it was viewed that k > K, which suggested that a surface reaction, where

the amitrole was absorbed, was the controlling step of the process.
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Table 2.2
Photocatalytic degradation kinetic parameters (pseudo-first-order rate constant,

correlation coefficient, substrate half-life values and initial reaction rate).

Concentration Rate Correlation Half-life, Initial reaction
of amitrole, Co constant, k coefficient, Rz t1,2 rate, ro
(mg/L) (min-1) (min-1) (mg/L min)
5 0.087 0.93 7.9 0.435
10 0.057 0.96 12.1 0.570
20 0.029 0.99 23.9 0.580
3.5
.
-T]
% 2.5 - ®5mg/L
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= 1.5 1
s 20 mg/L
5 0.5 : :
o 0 0.1 0.2 ®
‘5’ 2 1/C, (L/mg)
1
1 .
O ’ ¥ T T T 1
0 15 30 45 60

Time (min)

Figure 2.9. Plot of Ln(C/Cy) versus illumination time. Inset figure: plot of 1/ro
versus 1/Co. TiO2: 200 mg; amitrole: 5-20 mg/L; light intensity: 1.6 mW/cm?;

temperature: 25 °C; pH: 9.
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2.3.7. Intermediate Product and Photodegradation Mechanism

The intermediate products formed in the solar photocatalytic degradation of
amitrole in the aqueous TiO suspension for 30 min was investigated by GC-MS
analysis. One product was identified by the molecular ion and mass fragment peak.
The intermediate product from amitrole exhibited a peak at m/z = 69 by the loss of
the amino group, corresponding to triazole that is explained by the characteristic

cleavage of the C-N bond.

In the photodegradative process with TiO2 particulates, the absorption of light
with an energy greater than 3.2 eV (wavelengths below 387 nm) generates
electron/hole pairs that upon separation yield conduction band electrons and
valence band holes is given by Eq. (2.4) [35]. Migration of these carriers to the
surface in competition with a variety of other decay channels leads to trapping of
the holes by OH- groups or by H20 to produce *OH radicals which is expressed by
Eq. (2.5) and trapping of the electrons by TilV and/or by the ubiquitous oxygen
molecules at the particle surface to yield the superoxide radical anion, *02-, which

forms the hydroperoxide radical *OOH on protonation is shown by Eq. (2.6).

TiOz — TiO2 (ecg™+ hvs*) = ecs™ + hyg* (2.4)
hyg* + OH- (or H20)surf = *OH + H* (2.5)
ecs"+ 02— 02+ H* - *O0H (2.6)
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2.3.8. Transformation Products

The mineralization rate is a very important parameter since wastewater
mineralization is the main goal of the treatment irrespectively of the configuration.
Oh and Jenks [36] have recently reported that apparently cyanuric acid can be
photodegraded in fluorinated-TiO2 aqueous dispersions at low pH values and by
the Fenton process. The mineralization of amitrole appeared after 25 h irradiation

period is shown in Figure 2.10.
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Figure 2.10. Formation of ions in the solar photocatalytic degradation of amitrole
in water using TiOz. TiO2: 200 mg; amitrole: 20 mg/L; light intensity: 1.6 mW/cm?;

temperature: 25 °C; pH: 9.
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It is found that the photocatalyzed mineralization of the endocrine disruptor
amitrole in TiO2-based photocatalysis, about 25% of the nitrogen was converted to
NH4* and NO3- ions. The remaining 75% nitrogen indicate that only NH2 group is
converted to NH4* and NOs3~ ions and no cleavage happen in the amitrole ring. The
remaining 75% nitrogen load remains in the nondegradable organic intermediates

produced under the experimental conditions.

The formation of intermediate species triazole and 5-hydroxy-amitrole was
converted to the urazole byproducts, as illustrated in Figure 2.11. The chemical
oxygen demand (COD) test is widely used as an effective technique to measure the
organic strength of wastewater. The test allows the measurement of waste in
terms of the total quantity of oxygen required for the oxidation of organic matter
to CO2 and water [37]. In this study, the amitrole solution (30 mL) and 200 mg of
TiO2 were taken in the reactor and exposed to sunlight for 20 h. During the
irradiation period the COD values of initial and treated amitrole solutions were
measured. From the results, the COD was almost constant over the irradiation
period. This is also confirming that the ring structure of the amitrole could not be
broken. Watanabe et al. [3] have described that after cleavage of the triazole ring,
the various intermediate fragments recombine to yield ring-expanded triazine
intermediate, which slowly degrade to give the refractory cyanuric acid, during the
photocatalyzed mineralization of amitrole at UV-irradiated TiO2/H:0 interfaces. In
the present work, cyanuric acid may be formed during the photocatalytic

degradation of amitrole in water with TiOx.
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Figure 2.11. Proposed solar photocatalytic degradation pathway of amitrole.
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2.4. CONCLUSIONS

The optimization of solar photocatalytic degradation conditions of amitrole in
water using titanium dioxide was investigated. Typical optimum degradation
conditions were as follows: photocatalyst loading: 6.7 g/L, temperature: 25 °C and
pH 9. The kinetic behavior was described in terms of the Langmuir-Hinshelwood
model. The activation energy (E.) was estimated to become 6.73 k]J/mol. Nitrate
(NO3-) and ammonium (NH4*) ions were detected as the end products. Triazole
was identified as the intermediate products. Since the artificial lamp device for
photocatalytic degradation is particularly expensive in the nonexclusive areas, the
solar photocatalytic degradation technology developed may be available in those

areas.
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CHAPTER 3

PHOTOCATALYTIC DEGRADATION OF DYE WITH SELF-
DYE-SENSITIZATION UNDER FLUORESCENT LIGHT

IRRADIATION
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3.1. INTRODUCTION

Titanium dioxide (TiO2) and zinc oxide (ZnO) have drawn great attention, because
they become one of the most effective photocatalysts in the mineralization of toxic
organic substances, owing its virtue of low cost, highly chemical stability and
nontoxicity [1,2]. However, these catalysts can only be excited by the irradiation of
UV light, due to their wide band gaps. The artificial light source, for instance an Hg-
Xe lamp, is particularly expensive, whereas the fluorescent lamp is cheap, has a
longer life time and use less energy. The UV region occupies only a small fraction of
fluorescent lamp. This problem can be solved only by improving the light
absorption capacity of photocatalysts [3,4]. The photocatalysts can be modified in
order to expand their photoresponse to the visible region for pollutant
degradation with several ways, including the doping with cations/anions or the
coupling with another small band gap material [5]. Most of these methods,
however, are time-consuming and quite expensive. Dye sensitization, on the other
hand, is a simpler method that can extend catalysts activation to longer
wavelengths compared with those corresponding to its band gap. Dye-
sensitization begins with electron injection into the conduction band (CB) of
photocatalyst from the excited dye, followed by interfacial electron transfer [6,7]

(Figure 3.1).

The dye-sensitization technique has been reported as an innovative technology
that could play an important role in developing efficient and cost-effective
semiconductor photocatalyst in the near future [8]. It can extend the light
absorption range, enhance photon harvesting efficiency, provide extra excited
electron pairs from a dye and accelerate charge transfer, leading to a high

efficiency of photoelectric conversion [9]. The photo-sensitized mechanism of the
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dye-adsorbed TiO2 under the visible light illumination can be simply expressed as
follow: (i) the adsorbed dye is effectively excited to generate the electron/hole pair
by the light illumination because of its narrower band gap in comparison with TiO>
and (ii) the photo-excited electrons are injected from the lowest unoccupied

molecular orbital (LUMO) of adsorbed dyes into the conduction band (CB) of TiO>

[10-13].
Fluorescent light
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Figure 3.1. Schematic self-dye-sensitization pathway under fluorescent light

illumination.
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Recently, the self-sensitized degradation of dye under visible light irradiation has
been investigated. Park et al. [14] reported the dye-sensitization can be applied for
the self-degradation of dyes. Wu et al. [15] studied self-photosensitized oxidative
decolorization of rhodamine B under visible light irradiation in TiO2 dispersions
with halogen lamp and cutoff filter. The photosensitized degradation of a textile
azo dye with TiO; using visible light with fiber optic illuminator was reported by
Vinodgopal and Kamat [16]. Xing et al. [17] studied the enhanced self-sensitized
degradation of colored pollutants under visible light with mercury lamp and filter.
The photocatalytic performance of ZnO for self-sensitized degradation of
malachite green under solar light was investigated by Saikia et al. [18]. Shang et al.
[19] studied the photocatalytic degradation of rhodamine B by dye-sensitized TiO-
under visible light irradiation. According to our knowledge, there is little
information on the photocatalytic decolorization of dye in water with self-dye-
sensitized photocatalysts under room fluorescent light irradiation with very week

intensity.

This chapter deals with photocatalytic decolorization of dye in water with self-
dye-sensitized TiOz and ZnO under room fluorescent light irradiation. The radical
scavenger studies are also carried out to investigate the active species involved in
the photodegradation of orange II (OIl) and rhodamine B (RhB) with self-
sensitized TiO2 under the visible light irradiation (A > 400 nm) and the possible

mechanism is discussed based on radical trapping experiments.
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3.2. MATERIALS AND METHODS

3.2.1. Chemicals and Materials

All reagents were of analytical grade and were used without further purification.
Orange 11, methyl orange and rhodamine B used in this study were purchased from
Nacalai Tesque Inc., Kyoto, Japan (grade>99%). Ascorbic acid (AA), di-ammonium
oxalate (AO) and tert-butyl alcohol (TBA) were obtained from Wako Pure
Chemicals. TiO; powder (Degussa P25, purity 99.9%) was obtained Wako Pure
Chemical Industries, Ltd. Photocatalyst ZnO was purchased from Sigma-Aldrich.
Ultrapure water (18 MQ cm) was prepared by an ultrapure water system
(Advantec MFS Inc., Tokyo, Japan). The detailed experimental conditions were

shown in Table 3.1.

3.2.2. Characterization of Photocatalyst

In order to record the diffraction patterns of photocatalysts (TiO2 and ZnO), the
powder X-ray diffractometer (XRD, RIGAKU Ultima IV, sample horizontal type)
was used in the condition of Cu Ka radiation of wavelength 0.15406 nm with tube
current of 50 mA at 40 kV in 20 angle range from 10° to 80° with a scan speed of
4°/min and a step size of 0.02°. Figure 3.2 shows the X-ray diffraction (XRD)
pattern of TiO2. Because P25 is a mixture of 20% rutile and 80% anatase, XRD
pattern shows both anatase and rutile lines [20]. Figure 3.3 illustrates the XRD of
Zn0. Three main distinct peaks at 31.76°, 34.42° and 36.26° are observed in the
patterns, which are indexed to the (100), (002) and (101) diffractions of the
wurtzite ZnO, respectively [21]. The particle size of the TiO2 and ZnO have been
obtained from the full width at half maximum (FWHM) of the most intense peaks
of the respective crystals using the Scherrer equation, D = 0.91/fcos 6, where A is

the X-ray wavelength, D the average crystallite size, 6 the Bragg diffraction angle
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and B the full width at half-maximum. The crystal size of TiOz and ZnO could be

estimated as ~21 and ~38 nm, respectively.

Table 3.1

Experimental conditions.

Samples Orange II (5 mg/L,30 mL)
Methyl orange (5 mg/L, 30 mL)
Rhodamine B (5 mg/L, 30 mL)

Photocatalysts P25 TiO2 (20 mg)

Aldrich ZnO (20 mg)

Temperature Room temperature (25 °C)
pH ~6
Light source 450 nm LED light (5.14 mW/cm?)

Fluorescent light (0.034 mW/cm?)

LED lamp with cut filter (5.3 mW/cm?2)
Amax Orange II (485 nm)

Methyl orange (464 nm)

Rhodamine B (554 nm)

[llumination time 6h
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Figure 3.3. XRD patterns of Aldrich ZnO.
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The diffuse reflectance spectra (DRS) of photocatalysts were checked over a range
of 200-800 nm using a Shimadzu UV-2450 UV/vis system equipped with an
integrating sphere diffuse reflectance accessory with the reference material BaSOs4.
The diffuse reflectance spectra of the TiO; and ZnO samples were studied, as
shown in Figures 3.4 and 3.5. The reflectance data was converted to
Kubelka-Munk equation which is expressed as F(R) = (1-R)2/2R. The optical band
gap of TiO2 was deduced by extrapolating the straight linear portion of the plot of
[F(R)hv]%> versus the photon energy (hv) to the phonon energy axis, which is
shown in the interior of Figure 3.3. The band gap of ZnO was estimated from Tauc
plot of [F(R)hv]? versus photon energy, which is presented in the interior of Figure

3.4.

100
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Figure 3.4. UV-Vis DRS patterns of TiO:. Inset figure: Tauc plot of [F(R)hv]%>

versus photon energy.

107



Chapter 3

100 -
120

80 1 100 -
g ~ 80 -
(] _ >
g 60 5 60 4
S T
S = 40 -
[r= 40 -
& 20 -

0 1 T T
20 G ‘ 2 3 4 5 6
hv (eV)
0 T T T
200 400 600 800

Wavelength (nm)

Figure 3.5. UV-Vis DRS patterns of ZnO. Inset figure: Tauc plot of [F(R)hv]? versus

photon energy.

3.2.3. Evaluation of Photocatalytic Activity

The photodegradation system is illustrated in Figure 3.6. The photocatalytic
activities of TiO2 and ZnO were checked by the decolorization of two typical azo
dyes, orange II (OIl) and methyl orange (MO), under 450 nm LED light and
fluorescent light irradiation. The photocatalytic reactions were performed in a
Pyrex glass reactor. The catalyst powder (20 mg) was suspended in 30 mL of dye
solutions with 5 mg/L without adjustment of pH. The luminous intensities were
measured by a LI-COR light sensor (LI-250A), and were 5.1 mW /cm? for LED lamp
and 0.034 mW/cm? for fluorescent light, respectively. The adsorption experiment
was conducted with aluminum foil coverage to block the impact of radiation. Prior
to light illumination, the catalyst suspension was dispersed by a magnetic stirrer
for 30 min in the dark, to achieve adsorption equilibrium. During irradiation, the

catalyst was kept in suspension state by a magnetic stirrer.

108



Chapter 3
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TiO, or ZnO o e e Stirring bar
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Figure 3.6. Schematic reactor for photocatalytic degradation of dye.

After the illumination, the catalyst was separated through the Advantec membrane
filter 0.45 pm. The catalysts could be almost removed by the filtration. The
concentration of dye was measured using a UV-visible spectrometry (UV-1650PC,
SHIMADZU Co., Tokyo, Japan). According to Beer-Lambert law, the relative
concentration (C/Co) of the OII solution was calculated by the relative absorbance
(A/Ao) at 485 nm, where Ao and A are the absorbance of the OII solution at the
beginning time (to) of photocatalytic treatment and at time ¢, respectively. The
photodegradation of OII under fluorescent light irradiation was similar to that
under visible light irradiation except for the light source. The photodegradation of
MO (5 mg/L) was similar to that of OIl except that the detection wavelength was

464 nm.
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3.2.4. Detection of Reactive Oxygen Species

Radical scavenger studies were carried out to investigate the active species
involved in the photodegradation of dye. The scavenging experiments of reactive
oxygen species were evaluated by the degradation of OIl and RhB with TiOz under
visible light irradiation at ambient temperature. The sample solution was
irradiated with a LED lamp (990 W, Ushio Electronics) in conjunction with a UV cut
filter (Y—44, HOYA), which was positioned on the side of the reaction cell. The light
intensity of the LED lamp was 5.3 mW/cm?2. Three scavengers were selected,
namely, tert-butyl alcohol (*OH radical scavenger), di-ammonium oxalate
monohydrate (hole scavenger) and ascorbic acid (*02- radical scavenger). Different
quantity of tert-butyl alcohol, di-ammonium oxalate monohydrate [22] and

ascorbic acid [23] were added into the dye solution prior to addition of catalysts.
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3.3. RESULTS AND DISCUSSION

3.3.1. UV-Visible Analysis

The temporal absorption spectral changes during the photocatalytic decolorization
of OIl and MO with TiOz and ZnO under fluorescent and 450 nm light illuminations
were investigated, as shown in Figure 3.7 (a, b) and Figure 3.8 (a, b), respectively.
As they can be seen, the intensities of the peak at 485 and 464 nm progressively
decreased with increasing irradiation time up to 360 min. The well-defined
absorption bands decreased after irradiation for 360 min, indicating that OIl and
MO had been decolored in the presence of TiO; and ZnO with fluorescent light and
450 nm LED light irradiation. Therefore, the self-dye-sensitization was very
effective for the decolorization of OIl and MO under fluorescent and 450 nm light
illuminations. The UV-visible spectra of aqueous solutions of OIl and MO before
and after treatment under fluorescent light and 450 nm LED light are illustrated in

Figure 3.8 (a) and (b), respectively.
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Figure 3.7. UV-visible spectra of aqueous solutions of OII for 0 min and 360 min

using (a) TiOz and (b) ZnO under fluorescent light and 450 nm LED light,

respectively.
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Figure 3.8. UV-visible spectra of aqueous solutions of MO for 0 min and 360 min

using (a) TiOz and (b) ZnO under fluorescent light and LED light, respectively.
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Figure 3.9. UV-visible spectra of aqueous solutions of (a) OIl and (b) MO before

and after treatment under fluorescent light and 450 nm LED light.
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3.3.2. Photocatalytic Decolorization of OIl and MO with TiO:

The effect of irradiation time on photocatalytic decolorization of dye (OIl and MO)
was performed by measuring the percentage of dye removal at different periods
under fluorescent and 450 nm LED lights, as shown in Figure 3.10 (a) and (b),
respectively. The percentage of OIl and MO removal increased with an increase in
irradiation time, and reached up to about 61% and 24% for fluorescent light and
about 88% and 41% for LED light after 6 h, respectively. The adsorption (removal)
percentage of OIl on TiO; particles was large up to 30 min, whereas MO adsorption
was very little. There was little change in the OIl and MO solutions during
photolysis. The photocatalytic decolorization processes of both dyes under LED
light were more effective compared with those obtained under fluorescent light
radiation. These facts may be due to the light intensity, because the amounts of

electron-hole pair are dependent on them [24].
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3.3.3. Photocatalytic Decolorization of OIl and MO with ZnO

Figure 3.10 (a) and (b) show the percentage of dye (OIl and MO) in the presence of
Zn0 nanopowders under fluorescent light and 450 nm LED light. About 57% and
28% degradation of OIl and MO took place at 6 h under fluorescent light, whereas
about 43% and 10% was eliminated under 450 nm LED light. Negligible
decolorization occurred in the presence of fluorescent light and 450 nm LED light
without any catalyst, as shown in Figure 3.9 (a, b). Without the presence of either
photocatalysts (TiO2 and ZnO) or the light (fluorescent and 450 nm) radiation,
little change in the absorbance values was observed. The adsorption (removal)
percentage of OII on TiO2 and ZnO particles was large, whereas adsorption of MO
on the same photocatalyst was very little in the time range. This weaker
adsorption process of methyl orange compared to the OII dye could be due to it
that the MO molecule has the only one (—S03) group while the OIl molecule has one
(-SO3) and one (—OH) groups. These observations revel that visible light and

photocatalyst are needed for effective decolorization of dye.
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Figure 3.11. Time courses of concentration of orange II (a) and methyl orange (b).
Photolysis: ¢, ZnO dispersions: under dark =, under fluorescent light irradiation 4
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3.3.4. Kinetic Analysis

The photocatalytic oxidation process for many organic contaminants has often
been modeled with the Langmuir-Hinshelwood (L-H) equation, which also covers
the adsorption properties of the substrate on the photocatalyst surface. This model

was developed by Turchi and Ollis [25] and expressed as Eq. (3.1):

dc _ kKC
dt ~ 1+KC

ro=-— (3.1)

where rois the degradation rate of the reactant, k is the reaction rate constant and
K and C are the adsorption equilibrium constant and concentration for the reactant,
respectively. If the concentration of reactant is very low, i.e. KC << 1, the L-H
equation (Eq. (3.1)) simplifies to a pseudo-first-order kinetic law (Eq. (3.2))

where kops is being the apparent pseudo-first-order rate constant.

— 2 = kKC = kopC (3.2)

Integration of the above equation with the limit of C = Coat t = 0 with Co gives the

following equation:
c

—Ln— = Kgpst (3.3)
Co

The primary degradation reaction is estimated to follow a pseudo-first-order
kinetic law, according to Eq. 3.3. In order to confirm the speculation, Ln(C/Co) was
replotted as a function of illumination time for OIl and MO shown in Figure 3.12
and 3.13, respectively. Because the linear plots were observed as expected, the
kinetics of OIl and MO in the TiO2 suspension solution followed the first-order
degradation curve, which agreed with the L-H model resulting from the low

coverage in the experimental concentration range (5 mg/L).
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Figure 3.12. Kinetic plot of Ln(C/Co) versus irradiation time for the photocatalytic

degradation of orange II (a) TiOz, (b) ZnO.
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The photocatalytic decolorization kinetic parameters such as pseudo-first-order
rate constant, correlation coefficient and substrate half-live are shown in Table 3.2.
The values of rate constants have been determined from the slope of these plots.
As shown in Table 3.2, the rate constant values kobs (min-1) were lower in

fluorescent light compared with that under LED light for both dyes.

Table 3.2
Rate constants, correlation coefficient and half-life values of OIl and MO dyes
using TiOz and ZnO.
Rate constant, Correlation Half-life,
Light
Catalysts kobs (min-1) coefficient, RZ  t1/2 (min)
source
o1l MO o1l MO o)1 MO
Fluorescent TiO: 0.0019 0.00067 0.80 0.97 367 1029
light Zn0O 0.0019 0.00083 0.93 0.96 346 866
LED light TiO2 0.0055 0.0013 0.97 0.98 125 525
Zn0O 0.0013 0.00023 0.88 0.88 533 3465

3.3.5. Radical Scavenger Studies on TiOz Using OII

To determine the possible degradation mechanism of Orange II by TiOz, different
scavengers were introduced to quench the relevant active species. In this study,
tert-butyl alcohol (TBA), di-ammonium oxalate monohydrate (AO) and ascorbic
acid (AA) were adopted to be the scavengers of hydroxyl radicals (*OH),
superoxide radical (*02-) and holes (h*), respectively. As shown in Figure 3.14, the
photocatalytic degradation efficiency of OII (5 mg/L) with TiO; was about 100%
after 6 h under visible light irradiation. The photodegradation of OII over the TiO>

was affected slightly by the addition of TBA, demonstrating that *OH active species
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played a small role in the photocatalytic degradation of OIl. However, the
photocatalytic degradation efficiency of OII decreases significantly in the presence
of AA, which indicates that *O- is an important active species in the process of OII
degradation. In addition, the photocatalytic activity of the TiO2 was completely

suppressed by AO, suggesting that h* can be also involved in the process of OII

degradation.
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Figure 3.14. Effects of different radical scavengers on OIl degradation in presence

of TiO2 under visible light irradiation.

3.3.6. Radical Scavenger Studies on TiO2 Using RhB

In order to investigate the active species involved in photodegrading RhB,
scavenger studies were also carried out on TiO2. As shown in Fig. 3.15,
photocatalytic degradation of RhB over TiO2 was retarded with the presence of di-

ammonium oxalate monohydrate (AO) and ascorbic acid (AA). The results strongly
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indicated that h* and *O2~ were the active species involved in the photodegradation
of RhB. However, *02- was more dominant in photodegrading RhB, with h* as the
most important active species. As aforementioned, the enhanced photocatalytic
degradation of RhB was contributed by the photosensitizing of RhB toward TiO-.
The electron ejected from HOMO to conduction band of TiO2 could have been
utilized for the reduction of surface adsorbed oxygen to produced *O;- [26]. The
photocatalytic degradation of RhB was retarded most significantly with the
presence of AO, conveying that oxidation reaction occurred mainly via
photogenerated holes, not via hydroxyl radical [27]. Therefore, the presence of
holes scavenger has decreased the most the photocatalytic degradation of RhB.
The presence of TBA had little effect on the decolorization rate, indicating that RhB

was almost not degraded by *OH.
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Figure 3.15. Effects of different radical scavengers on RhB degradation in

presence of TiOz under visible light irradiation.
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3.3.7. Reaction Mechanism

TiOz and ZnO cannot absorb visible light energy directly due to the band gap 3.2 eV
[28] (Figure 3.4 and 3.5). On the contrary, when a colored organic compound is
present, a sensitized photocatalytic process is possible. Huang et al. investigated
dye sensitized photodegradation which follows the radical mechanism [29]. In dye
sensitization, a dye absorbing visible light excites an electron from the HOMO
(highest occupied molecular orbital) of a dye to the LUMO (lowest unoccupied
molecular orbital) [30]. The HOMO and LUMO levels and band gap energy of OI],
MO and RhB were obtained from literatures and the values are presented in Table

3.3.

Table 3.3

HOMO and LUMO levels and energy gaps (eV) of dye molecules and Anax (nm).

Molecules HOMO LUMO Energy gaps  Amax Ref.
oIl 0.17 -1.86 2.03 485 [31]
MO 0.84 -2.43 3.27 464 [32]
RhB 0.95 -1.42 2.37 554 [33]

Figure 3.15 demonstrates the valence band (VB) and conduction band (CB) levels
and the energy gaps of catalyst vs NHE reference electrodes. It is observed that the
LUMO levels of OIl, MO and RhB are more negative relative to the conduction band
edge potential of TiO2 and ZnO. Otherwise, due to the more negative potential of
lowest unoccupied molecular orbital (LUMO) level for dye relative to the
conduction band (CB) of catalyst [33], the electron transfer from the LUMO of dyes

to the CB of catalyst is feasible. It is reported the redox potential of 02/°0;~ is -0.33
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V vs NHE [34], which is more positive than conduction band potential of TiO2 and

Zn0 (-0.5 Vvs NHE) [35,36].
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Figure 3.16. Schematic energy level diagram of TiOz and ZnO with respect to

potential of 02/°02- and the HOMO-LUMO levels of dye.

Under visible light irradiation, a dye-sensitized mechanism has been depicted in
Figure 3.17. Upon irradiation of visible light, a dye absorbs the light to create an
electron and hole in the conduction and valence bands (LUMO and HOMO) of the
dye [37]. The electron in the LUMO then transfers to the CB of TiO2. The adsorbed
molecular oxygen on the catalyst captures electron from the CB of TiOz to form *O;-.
The oxidant (*O2-) radical reacts with adsorbed dye to degrade it. The holes in the

HOMO react with adsorbed OH- species to form °*OH radical. However, the
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formation channel to *OH is minor under visible light [37], which is similar with
the result shown in Figures 3.14 and 3.15. According to the results of the radical
scavengers, Ol and RhB were attacked by the super oxide, *O2- and holes, h* and
finally completed the degradation of dye. A possible degradation reaction

mechanism is described below.

Dye + visible light — dye (ecs~ + hyp*) (3.4)
Adsorbed dye (ecg™ + hvg*) + TiO2 — TiOz (ecs”) + dye (hvs*) (3.5)
TiO2 (ecs™) + adsorbed 02 = TiO2 + *O2- (3.6)
Adsorbed dye + dye (hvs*) — degradation (3.7)
*02- + adsorbed dye — degraded or mineralized products (3.8)

Degraded
products

oo

_______________ 02/.02_ =-0.33

Potential (V vs. NHE)

Degraded
products

Figure 3.17. Schematic mechanisms of self-sensitized TiOz reaction of superoxide

radical (*Oz-) and holes (h*) formation under visible light irradiation (A > 400 nm).
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3.3.8. Proposed Decolorization Pathway of Dye

The peak corresponding to the azo group of dyes decreased after 360 min of
irradiation (Figure 3.7 (a), (b) and Figure 3.8 (a), (b)). This may be attributed to
the fact that azo bonds are more reactive than the aromatic part of the molecule.
They are easily oxidized by the photogenerated *Oz-, h* and *OH radicals. The
cleavage of the azo (-N=N-) bond leads to decolorization of dyes [38]. According to
the previous studies, a possible decolorization pathway of OII [39], MO [40] and

RhB [41,42] was proposed in Figure 3.18.
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Figure 3.18. Proposed decolorization pathway of (a) OIl, (b) MO and (c) RhB

N
(CzH5);N N(CzH5),

under visible light.
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3.4. CONCLUSIONS

The photocatalytic activity of self-dye-sensitized TiO2 and ZnO in the degradation
of OIl and MO was studied under fluorescent light irradiation. The percentage of
degradation of OIl and MO increased with an increase in irradiation time under
fluorescent light for TiO2 and ZnO catalyst. The photocatalytic activity of ZnO
nanoparticles were better than that of TiO; for MO, and were the same activity of
ZnO and TiO; for OII photodegradation under fluorescent light. The kinetics of OII
and MO photodegradation followed the pseudo-first-order rate law, and could be
described in terms of Langmuir-Hinshelwood model. The quenching effects of
different scavengers displayed that the reactive h* and *0;- radicals play the major
role in the dye decolorization under visible light irradiation, while the *OH radical
played a minor role in the oxidization process. The photocatalytic degradation of
waste dye in water with self-dye-sensitized TiO2 and ZnO under fluorescent light

irradiation will become a promising technique.
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4.1. INTRODUCTION

Pharmaceutical compounds in surface waters are an emerging environmental
concern due to their biological activity and consequently provide a new challenge
to drinking water and wastewater treatment systems [1]. Most of the
pharmaceuticals administered to patients are not entirely metabolized in the
human body, and unmetabolized amounts are excreted to water effluents to be
treated at wastewater treatment plants. The persistence of their residues in
surface waters is of great concern [2]. Numerous studies have documented that
both metabolized and non-metabolized pharmaceutical residues are speculated to
have adverse effects on human health and the safety of ecosystems [3-5].

NH, s
HZN)\NAI}VSWN>S<NHZ
NH,O0 O

Figure 4.1. Molecular structure of Famotidine.

Famotidine (FMT, M.W. = 337.44 g/mol, Figure 4.1) is chemically 3-[({2-
[(diaminomethylidene)-amino]-1,3-thiazol-4-yl}methyl)sulfanyl]-N"-sulfam-

oylpropanimidamide. This compound is extensively used for treating a variety of
stomach and duodenum sicknesses, connected with an excessive secretion of H*
ions. Its bioavailability is about 40-45%. FMT creates stable complexes with
palladium, copper, cobalt and nickel. Previous research reports have proved the
stability of FMT in the environment and water bodies [6]. Taking the above-
mentioned issues into account, one can argue that FMT should be considered as
persistent contaminants in an aqueous environment which are frequently found in

wastewater at various detectable concentrations. The frequent presence of these
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pharmaceuticals in wastewater underscores the necessity of removing them from

water matrices before they are discharged into the environment.

Titanium dioxide (TiO2) has drawn great attention since they are one group of the
most promising photocatalysts in water splitting and the mineralization of toxic
organic substances owing its virtue of nontoxicity, highly chemical stability and
low cost [7,8]. However, TiO; can only be excited by the irradiation of UV light,
which merely occupies about 4% of total solar energy [9]. This problem can be
solved only by extending the light absorption capacity of those catalysts. Dye
sensitization is a simpler method that can extend catalysts activation to
wavelengths longer than those corresponding to its band gap. Dye-sensitization
begins with electron injection from the excited dye into the conduction band (CB)
of TiO, followed by interfacial electron transfer [10-14]. Chatterjee et al. [15]
investigated the visible light assisted photodegradation of halocarbons on the dye
modified TiO: surface using visible light with Xe lamp and UV filter. Chowdhury et
al. [16] reported the visible solar light driven photocatalytic degradation of phenol
with dye sensitized TiO; using solar simulator. Xing et al. [17] studied the
enhanced self-sensitized degradation of colored pollutants under visible light with
mercury lamp and filter. According to our knowledge, there is little information on
the photocatalytic degradation of famotidine in water with dye-sensitized

photocatalysts under visible light irradiation.

In this chapter, we intended to investigate the photocatalytic degradation of
famotidine in water with dye-sensitized TiO2 under visible light irradiation (A >

400 nm).
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4.2. MATERIALS AND METHODS

4.2.1. Materials

All reagents were of analytical grade and were used without further purification.
Famotidine, orange II, bromophenol blue, acid red 88 and rhodamine B used in this
study were purchased from Nacalai Tesque. Ascorbic acid (AA), di-ammonium
oxalate (AO) and tert-butyl alcohol (TBA) were obtained from Wako Pure
Chemicals. P25 TiO2 was purchased from Degussa. Ultrapure water (18 M(1) was

prepared by an ultrapure water system (Advantec MFS Inc.).

4.2.2. Characterization

The UV-visible diffuse reflectance spectra of the photocatalysts (TiO2 and dye
adsorbed TiO2) were recorded using a Shimadzu UV-2450 spectrophotometer
equipped with an integral sphere assembly. The analysis range was from 200 to

800 nm, and BaSO4 was used as a reflectance standard.

4.2.3. Photocatalytic Activity and Detection of Reactive Oxygen Species

The photocatalytic activities of dye (Orange II, Bromophenol blue, Acid red and
Rhodamine B) sensitized TiO: (label as: TiO2-0lI, TiO2-BPB, TiO2-AR88 and TiO;-
RhB) were evaluated by the degradation of famotidine under visible light (A > 400
nm) irradiation at ambient temperature. Typically, 30 mL of famotidine solution,
20 mg of photocatalyst and sensitizer (5 mg/L) were added to a 35-ml Pyrex glass
cell. The initial concentration of famotidine in all experiments was 2 mg/L and 5
mg/L and the famotidine solution containing the appropriate quantity of the
photocatalyst powder was magnetically stirred before and during irradiation.
Before irradiation, the photocatalyst suspension containing famotidine was

allowed to equilibrate for 30 min in the dark. The sample solution was irradiated
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with a LED lamp (990 W, Ushio Electronics) in conjunction with a UV cut filter (Y-
44, HOYA), which was positioned on the side of the reaction cell. The luminous
intensity was measured by a UV radio meter (UVR-300, UD-400, 360-490, Iuchi
Co., Osaka, Japan). The light intensity of the LED lamp was 5.3 mW/cm?2. The

photodegradation system is described in Figure 4.2.

Tio, ﬁ///////////////////// Reaction cell

Famotidine + Dye

LED Lamp [

Cut filter
(A <400 nm)

Stirring bar

Magnetic stirrer

Figure 4.2. Schematic reactor for photocatalytic degradation of Famotidine.

After the desired irradiation time, the photocatalyst was separated by the
centrifugation. The amount of the remnant famotidine in the aqueous solution was
measured using a high-performance liquid chromatograph (HPLC, GL-7400),
equipped with a HITACHI L-3000 optical detector and an Inertsil ODS-3 column
(GL Science, Japan). The elution was monitored at 276 nm. The mobile phase was a

mixture of acetonitrile and water (1/1, v/v), and was pumped at a flow rate of 1.0
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mL/min. The concentration of dye was measured by UV-vis spectrophotometer.
Radical scavenger studies were carried out to investigate the active species
involved in the photodegradation of FMT. The scavenging experiments of reactive
oxygen species were similar to the photodegradation experiments. Three
scavengers were selected, namely, tert-butyl alcohol (*OH radical scavenger), di-
ammonium oxalate monohydrate (hole scavenger) and ascorbic acid (*O2~ radical
scavenger). Different quantity of tert-butyl alcohol, di-ammonium oxalate
monohydrate [18] and ascorbic acid [19] were added into the dye solution prior to

addition of catalysts.

4.2.4. Calculation of Photocatalytic Efficiency
The degradation efficiency of FMT in the reaction process was calculated using the

following formula:

Degradation rate = c£ (4.1)
0

where C is the concentration of famotidine at time t, and Co is the initial

concentration of famotidine (2 and 5 mg/L) at the start of the reaction.
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4.3. RESULTS AND DISCUSSION

4.3.1. UV-Vis DRS Analysis

Figure 4.3 shows the diffuse Reflectance spectra of the dye adsorbed TiO:
materials in the 200-800 nm range, as %R [20]. The semiconductor photocatalysis
with dyes is known largely to occur through dye adsorption on the surface of the
photocatalyst, followed by e—h* generation on photoexcitation and oxidative
breakdown of the dye molecule on action of reactive species generated [21]. It is
cleared from UV-vis DRS (Figure 4.2) that the dye molecules adsorbed onto TiO>
semiconductors were excited under visible light irradiation and then injected
electrons into the conduction band (CB) of TiO; particle. However, the significant
adsorption of dye onto the TiO2 surface decreased with increasing time due to
degradation of dye by self-sensitization. The UV-vis DRS for all four dyes adsorbed

TiO2 show absorption edges were not changed.
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Figure 4.3. UV-Vis DRS patterns of TiO2 and dye adsorbed TiO; (a) TiO2-0lII, (b)

TiO2-BPB, (c) TiO2-AR88 and (d) TiO2-RhB at different time irradiation.
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4.3.2. Photocatalytic Efficiency of Dye-Sensitized TiO: in Famotidine
Degradation

Photocatalytic activity of dye-sensitized TiO. photocatalysts was evaluated
through photocatalytic degradation of Famotidine (2 and 5 mg/L) under visible
light irradiation (A > 400 nm) for 8 and 24 h, respectively. Figure 4.4 shows the
degradation efficiency of famotidine (2 mg/L) with reaction time using only bare
TiO2 and TiO: in the presence of Oll, BPB, AR88 and RhB. The degradation of
Famotidine rapidly increased with increasing irradiation times, reaching almost
48%, 67%, 49% and 70% degradation after 8 h in the presence of OIl, BPB, AR88
and RhB, respectively. Under the same conditions, the percentage of Famotidine
degradation with TiO; catalysts was only 33%. This clearly showed it that under
visible light the dye-sensitized TiO2 exhibited higher catalytic activity in the

degradation of famotidine compared with those obtained with P25 TiO-.
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Figure 4.4. Time courses of Famotidine concentration (2 mg/L) in the dispersions
containing dye (OIl, BPB, AR88 and RhB) sensitized TiOz under A > 400 nm

radiation.

142



Chapter 4

In order to compare the photodegradation performance of different concentrations
of Famotidine, the TiO; in the presence of OIl, BPB, AR88 and RhB were applied
into 5 mg/L of Famotidine under visible light irradiation (A > 400 nm) in 24 h.
Figure 4.5 shows the photocatalytic degradation of Famotidine (5 mg/L) as a
function of irradiation time for the different systems investigated. The
photodegradation of FMT with TiO; in the presence of OIl, BPB, AR88 and RhB
catalysts were about 60%, 74%, 75% and 85% after 24 h irradiation under visible
light, respectively. The case of only TiO: achieved about 36% adsorption of
Famotidine after 24 h under the same conditions. Hence, the results for all of dye
sensitized TiO2 samples are significantly better than that observed with TiO;. The
improvement of the catalytic activities may be due to the sensitized TiO2 in the
presence of dye. TiO2 with RhB exhibited the highest activity of FMT elimination

from water.

—6— FMT +TiO, —@— FMT+TiO,+Oll
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== FMT + TiO,+ RhB
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Figure 4.5. Time courses of Famotidine concentration (5 mg/L) in the dispersions
containing dye (OIl, BPB, AR88 and RhB) sensitized TiOz under A > 400 nm

radiation.
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4.3.3. Adsorption of Famotidine with TiO2 in the Presence of Dyes

The adsorption of Famotidine with TiO; in the presence of OIl, BPB, AR88 and RhB
was carried out shown in Figure 4.6. The adsorption (removal) percentage of FMT
on TiO2 particles was found to increase up to 30 min for four dyes, and after the
time the appreciable change was not observed until 4.5 h. Photolysis experiment of

FMT in absence of photocatalyst under visible light was performed.
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Figure 4.6. Time courses of Famotidine concentration (5 mg/L) in the dispersions

containing TiOz and dye (OlI, BPB, AR88 and RhB) under dark.
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4.3.4. Photolysis of Famotidine

As shown in Figure 4.6, the FMT degradation efficiency by photolysis was
approximately 5% after 24 h under visible light irradiation. The adsorption of FMT
in the presence of bare TiO; was carried out under dark (Figure 4.7). The efficiency

increased up to 30 min, and then adsorption increased slowly with increasing time.
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Figure 4.7. Time courses of Famotidine concentration (5 mg/L) in the dispersions

containing TiO2 under dark and visible light photolysis.

4.3.5. Photocatalytic Degradation of Dyes

The degradation efficiency of sensitizer (OIl, BPB, AR88 and RhB) was also
evaluated under visible light irradiation. The concentration of sensitizer in the
treatment decreased with increasing time shown in Figures 4.8-4.11. Thus, the dye
may be firstly excited by absorbing visible light, and then degraded through a self-

sensitized mechanism.
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Figure 4.8. Time courses of dye (OIl, BPB, AR88 and RhB) concentration in the

dispersions containing Famotidine (2 mg/L) with TiO2 under A > 400 nm

irradiation.
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Figure 4.9. Time courses of dye (Oll, BPB, AR88 and RhB) concentration in the
dispersions containing Famotidine (5 mg/L) with TiO2 under A > 400 nm

irradiation.
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4.3.6. Kinetic Analysis
The photocatalytic oxidation kinetics of many organic compounds has often been
modeled with the Langmuir-Hinshelwood (L-H) equation (This information

already discussed in Chapter 3).

The primary degradation reaction is estimated to follow a pseudo-first-order
kinetic law, according to Eq. (3.3). In order to confirm the speculation, Ln(C/Co)
was plotted as a function of illumination time for famotidine 2 mg/L and 5 mg/L
shown in Figure 4.12 (a) and (b), respectively. Since the linear plots were observed
as expected, the kinetics of famotidine in the TiO; suspension with dye solution
followed the first-order degradation curve which was consistent to the L-H model
resulting from the low coverage in the experimental concentration range (2 and 5
mg/L). The photocatalytic degradation kinetic parameters such as pseudo-first-
order rate constant, correlation coefficient and substrate half-live are shown in
Table 4.1. The values of rate constants have been determined from the slope and
intercept of these plots. As shown in Table 4.1, the rate constant values kobs (h~1) of
FMT (2 and 5 mg/L) were better for dye-sensitized TiO; than that observed with

bare TiOa.
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Figure 4.12. Kinetic plot of Ln(C/Co) versus irradiation time for Famotidine (a) 2

mg/L and (b) 5 mg/L.

149



Chapter 4

Table 4.1
Rate constants, correlation coefficient and half-life values of FMT (2 and 5 mg/L)

using TiOz and dye-sensitized TiO3.

Rate constant, Correlation Half-life,

kobs (h™1) coefficient, Rz t1/2 (h)
Catalysts

FMT FMT FMT FMT FMT FMT

(2mg/L) (5mg/L) (2mg/L) (5mg/L) (2mg/L) (5mg/L)
TiO: 0.0275 0.0112  0.89 0.98 25.2 61.9
TiO2-OlIlI 0.0572 0.0397 0.98 0.91 121 17.5
TiO2-AR88 0.0606 0.0546  0.86 0.98 11.4 12.7
TiO.-BPB  0.1522 0.0656  0.92 0.93 4.5 10.6
TiO-RhB  0.1687 0.0839  0.98 0.94 4.1 8.3

4.3.7. Detection of Reactive Species

The radical and holes trapping experiments (scavenger tests) with different
scavenger molecules were carried out to elucidate the photocatalytic degradation
mechanism of FMT under visible light irradiation over dye-sensitized TiOx.
Generally, the reactive species such as, hydroxyl radicals (*OH), superoxide radical
anions (*0O27) and holes (h*) are expected to be involved in the photocatalytic dye
degradation processes [22]. In this study, tert-butyl alcohol (TBA), di-ammonium
oxalate monohydrate (AO) and ascorbic acid (AA) were adopted to be the
scavengers of hydroxyl radicals (*OH), superoxide radical (*0z-) and holes (h*),
respectively. As shown in Figure 4.13, the photocatalytic degradation of FMT over
the RhB sensitized TiO2 was affected slightly by the addition of TBA, demonstrating
that *OH active species played a small role in the photocatalytic degradation of FMT.

However, the photocatalytic degradation efficiency of FMT decreases significantly
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in the presence of AO. Moreover, the photocatalytic activity of the RhB sensitized
TiO2 was completely suppressed by AA. This indicates that h* and *O;~ are playing
a dominant role in the photocatalytic degradation of FMT over RhB sensitized TiO>

under visible light.
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Figure 4.13. Effects of different scavengers on the degradation of Famotidine (5

mg/L) with TiO; in the presence of RhB at 24 h under visible light irradiation.

In order to investigate the active species involved in photodegrading FMT,
scavenger studies were also carried out on dye-sensitized TiO at 24 h as shown in
Figure 4.14. The photocatalytic degradation of FMT over TiO; was retarded with
the presence of AA and AO. The results strongly indicated that h* and *O2~ were the
active species involved in the photodegradation of FMT. However, h* was more
dominant in photodegrading FMT, with *O2- as the most important active species.

The presence of TBA had little effect on the decolorization rate, indicating that

151



Chapter 4

FMT was almost not degraded by *OH.
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Figure 4.14. Effects of different scavengers on the degradation of Famotidine (5
mg/L) with TiOz in the presence of various dyes at 24 h under visible light

irradiation.

4.3.8. Reaction Mechanism

TiO2 cannot absorb visible light directly due to the band gap 3.2 eV [23,24], but
when a colored organic compound is present, a sensitized photocatalytic process is
able to operate. In dye sensitized photocatalysis, a dye absorbing visible light
excites an electron from the HOMO (highest occupied molecular orbital) of a dye to
the LUMO (lowest unoccupied molecular orbital). The HOMO and LUMO levels and
band gap energy of OIl, BPB, AR88 and RhB were obtained from literatures and the

values are presented in Table 4.2.
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Table 4.2

HOMO and LUMO levels, and energy gaps (eV) of dye molecules and Amax (nm).

Molecules HOMO LUMO Energy gaps Amax (nm) Ref.
)1 0.17 -1.86 2.03 485 [25]
BPB 2.13 -2.73 4.86 590 [26]
AR88 -4.34 -4.57 0.23 506 [27]
RhB 0.95 -1.42 2.37 553 [21]
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Figure 4.15. Schematic energy level diagram of TiO2 with respect to potential of

02/°02~ and the HOMO-LUMO levels of dye.
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Figure 4.15 demonstrates the valence band (VB) and conduction band (CB) levels
and the band gap energy of TiO2 vs NHE reference electrodes. It is observed that
the LUMO levels of OIl, BPB, AR88 and RhB are more negative than the conduction
band edge potential of TiO2. Otherwise, as the more negative potential of dye of
lowest unoccupied molecular orbital (LUMO) level than the conduction band (CB)
of TiO2 [28,29], the electron transfer from the LUMO of dyes to the CB of TiO: is
feasible. It is reported the redox potential of 02/°02 is -0.33 V vs NHE [30], which

is less negative than conduction band potential of TiO2 (-0.5 V vs NHE) [31].

Under visible light irradiation, a dye sensitized mechanism has been depicted in
Figure 4.16. Upon irradiation of visible light, a dye absorbs the light to create an
electron and hole in the conduction and valence bands (LUMO and HOMO) of the
dye [32]. The electron in the LUMO then transfers to the CB of TiO2. The adsorbed
molecular oxygen on the catalyst captures electron from the CB of TiO2 to form *0>~.
Thus the FMT could be efficiently degraded by the aid of high oxidizing-power of
the *02- for the formation of S-oxide of Famotidine [33]. The oxidant (*O2-) radical
also reacts with adsorbed dye to degrade it. The holes in the dye (HOMO) react
with adsorbed OH- species to form *OH radical. However, the formation channel to
*OH is minor under visible light [32], which is similar with the result shown in
Figure 4.13 and 4.14. The holes of dye react with adsorbed FMT to form the
degraded products and to regenerate of dye molecules for the next dye-
sensitization process [16,32]. According to the results of the radical scavengers,
FMT was attacked easily by the holes for the degradation of FMT in aqueous
solution. Therefore, the TiO2-dye-sensitized degradation of FMT under visible
light irradiation could be mainly attributed to the oxidization by h* and °O3-

radicals, while the °*OH radicals played only a relatively minor role in the
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oxidization process. On the basis of the photodegradation results with a scavenger,

a possible degradation reaction mechanism is described below.

Dye + visible light — dye (ecs™ + hvs*) (4.2)
Adsorbed dye (ecg™ + hyg*) + TiO2 = TiO2 (ecs™) + dye (hvs*) (4.3)
TiO2 (ecg™) + O2 = TiO2 + 02~ (4.4)
*02~ + FMT - S-oxide of FMT (4.5)
Dye (hvg*) + FMT — FMT degraded products + dye (4.6)
*02- + dye — dye degraded products (4.7)
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Figure 4.16. Schematic mechanisms of dye-sensitization directed

photodegradation of Famotidine with TiO2 under visible light irradiation.
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4.4. CONCLUSIONS

In summary, the photocatalytic activity of dye-sensitized TiOz in the degradation
of famotidine under visible light irradiation (A > 400 nm) was investigated. The
TiO2 in the presence of RhB exhibited excellent photocatalytic performance for
famotidine degradation, displaying a considerably higher photocatalytic activity
compared with that of TiO:. Investigation of the photocatalytic mechanism showed
that the TiO2-dye-sensitized degradation of Famotidine under visible light
irradiation could be mainly attributed to the direct oxidization by h* and °O2-
radicals, while the °*OH radicals played only a relatively minor role in the
oxidization process. The kinetics of FMT photodegradation was found to follow the
pseudo-first-order rate law and could be described in terms of Langmuir-
Hinshelwood model. The present work may provide deep insight into the
photosensitization induced photocatalytic mechanism, and also offer new
opportunities for their industrial application in the elimination of Famotidine and

dye pollutants from wastewater.
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5.1. INTRODUCTION

Zinc oxide (ZnO0) is a wide band-gap (3.2 eV) semiconductor with large exciton
binding energy of 60 meV at room temperature. [1]. It is known as one of the
important active photocatalysts due to its advantages, including the large initial
rates of activity, many active sites with high surface reactivity, low price and
environment safety [2]. However, ZnO have several disadvantages such as a rapid
recombination of photoexcited electron and hole pairs which inhibits its
photocatalytic efficiency. To improve the photocatalytic activity of ZnO, surface
charge transfer processes should be enhanced and the recombination rate of
electron and hole should be decreased. Several methods have been applie to
reduce electron-hole recombination and increase the surface charge transfer [3-8].
One of these methods is to dope transition metal into ZnO photocatalysts. Doping
of transition metals into the ZnO lattice can lead to changes in the electrical, optical,
and magnetic properties of ZnO. Besides, it reduces band gap energy of ZnO,
improves charge separation between electron and hole by forming electron traps
and, enhances photocatalytic activity of ZnO [9]. Different transition or noble
metals such as Ag, Cu, Fe, Mn, and Ni have been widely used for doping of ZnO.
Among them, Ag is the cheapest noble metal and has potentials in industrial
productions [10-12]. The wide band gap ZnO semiconductor shows only photo-
absorption under UV irradiation whereas silver metal acts as electron sink, which
effectively trapped photo-excited electrons from ZnO surface and preventing the
recombination of electron-hole [13-15]. The photo-generated holes and metal
trapped electrons have effectively produced the hydroxyl radicals and super oxide
radicals. The generated hydroxyl and superoxide radicals are strong oxidant

species which can degrade the Famotidine molecule.
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In this chapter, the various proportions of Ag/Zn0O nanocomposites were prepared
by mechanochemical combustion method. This method has several advantages
such as low-temperature preparation, accurate control of the stoichiometry, easy
to handle, one-step reaction and great variety of crystalline metal oxides. The
synthesized nanophotocatalysts were characterized by XRD, SEM, EPMA, TEM, BET,
XPS, PL and UV-vis spectrophotometer. The target molecule Famotidine (FMT) for
degradation is a histamine HZ-receptor antagonist, which may induce altered
mental status in older adults, especially in those with chronic kidney disease [16].
FMT displays excellent complexing properties and could be considered as a
persistent contaminant [17,18]. Hence, it is very important to develop the
treatment technology for FMT urgently to complete removal from wastewaters,
preventing its hazardous accumulation in future. The photocatalytic activities of
Zn0 and Ag/Zn0O were investigated by degrading FMT in water under UV light

irradiation.
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5.2. MATERIALS AND METHODS

5.2.1. Chemicals and Materials

Zinc acetate dehydrate (C4He04Zn-2H20), oxalic acid dehydrate (C:H204:2H20),
silver acetate (C2H302Ag) and pure water (resistivity >18 M cm) were used for
the synthesis of the sample. Famotidine (CsH15N702S3) was used for photocatalytic
studies. Ascorbic acid (CeHgOs), tert-butyl alcohol (C4H100) and di-ammonium
oxalate monohydrate (C2H10N20s5) were selected as scavengers. All the reagents are

of analytical grade and used without further purification.

5.2.2. Preparation of Photocatalyst

Ag/7Zn0 was prepared by the mechanochemical combustion technique with
controlled combustion method (Figure 5.1). In a typical synthesis, 2.195 g of zinc
acetate dihydrate and 2.521 g of oxalic acid dihydrate were taken in agate mortar,
and the mixture was ground for 10 min in order to obtain a paste of zinc oxalate
dihydrate and acetic acid. The existence of acetic acid was confirmed by its typical
smell. The loss of acetic acid byproduct in the form of fumes became a driving force
for the reaction. Silver acetate was added to the above paste as a source of silver,
and the grinding process was continued for the next 10 min to obtain zinc oxalate-

silver oxalate precursor.

The Ag-doped zinc oxide crystallites were obtained by calcination of precursor
powders at the temperature of 300-700 °C under an air atmosphere. The undoped
Zn0 was also synthesized by calcination of a paste of zinc oxalate and acetic acid

for the comparison.
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Zn(CH,C00),.2H,0 CH,COOAg

Ground for 10 min

paste of zinc oxalate
dihydrate and acetic acid

Ground for 10 min

zinc oxalate with Ag

Calcination 500 °Cfor3 h

Figure 5.1. Schematic representation of the synthesis process of Ag/ZnO.

5.2.3. Characterization of Photocatalyst

The powder X-ray diffractometer (XRD, RIGAKU Ultima IV, sample horizontal
type) was used in order to record the diffraction patterns of photocatalysts
employing Cu Ka radiation of wavelength 0.15406 nm with tube current of 50 mA
at 40 kV in 20 angle range from 10° to 80° with a scan speed of 4°/min and a step
size of 0.02°. The specific surface areas of catalysts were determined by the three
points BET method with N; adsorption-desorption isotherms (BELSORP-mini I-
MSP-PS, BEL Japan, Inc.). X-ray photoelectron spectroscopy (XPS) measurements
were carried out with PHI Quantera SXM photoelectrom spectrometer using Al Ka
radiation. A Hitachi S-4000 scanning electron microscope (SEM) was employed to
observe the morphologies of oxides. The particle size was observed by

Transmission electron microscopy (TEM, JEOL, JEM-1011) working at 100 kV. The
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elemental mappings were recorded using electron probe micro-analyzer (EPMA,
JEOL, JXA-8530F). The diffuse reflectance spectra (DRS) of photocatalysts were
recorded over a range of 200-800 nm with a Shimadzu UV-2450 UV /vis system
equipped with an integrating sphere diffuse reflectance accessory using the
reference material BaSO4. Photoluminescence (PL) spectra of oxide powders were
measured at room temperature using a Shimadzu RF-5300PC system equipped

with solid sample holder.

5.2.4. Photocatalytic Activity

The photodegradation system is displayed in Figure 5.2. The photocatalytic
activities of Ag/Zn0O were investigated by degradation of FMT aqueous solution
under UV light irradiation. In the degradation, 10 mg of catalyst was dispersed into
30 mL of 10 mg/L FMT solution. Before irradiation, the suspension was
magnetically stirred to equilibrate for 30 min in the dark. A black lamp (TOSHIBA,
EFD15BLB-T, 15 W, 365 nm) was used as the light source which was positioned on
the side of the reaction cell. Samples were taken at regular intervals and
centrifuged to remove the photocatalyst before analysis. The amount of FMT was
measured using a high-performance liquid chromatograph (HPLC, GL-7400),
equipped with a HITACHI L-3000 optical detector and an Inertsil ODS-3 column
(GL Science, Japan). The elution was monitored at 276 nm. The flow rate of the

mobile phase (acetonitrile and water (1/1, v/v)) was 1.0 mL/min.

The progress of mineralization of FMT was monitored by measuring the total
organic carbon (TOC). The TOC was measured with a Shimadzu TOC analyzer

(TOC-VEg) based on CO2 quantification by non-dispersive infrared analysis after
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high-temperature catalytic combustion. Fifty pL of the sample solution was

injected into the TOC analyzer.

%///////////////////% Reaction cell

Ag/Zn0
. Famotidine
Black Lamp — % e °
A=365nm .
Bt e . Stirring bar

Magnetic stirrer

Figure 5.2. Schematic reactor for photocatalytic degradation of Famotidine.

5.2.5. Detection of Reactive Species

To investigate the active species responsible for photodegradation of FMT, various
scavenger tests were carried out in the same way as mentioned in the activity
experiment. For this purpose, tert-butyl alcohol, di-ammonium oxalate

monohydrate [19] and ascorbic acid [20] were selected as *OH, h* and *O;~ radical

scavenger, respectively.
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5.3. RESULTS AND DISCUSSIONS

5.3.1. Structural Analysis

The structural properties of the synthetic samples were analyzed by X-ray
diffraction (XRD). Figure 5.3 shows the XRD patterns for the ZnO and Ag/ZnO
composites with different Ag contents. Three main distinct peaks at around 31.82°,
34.50° and 36.32° are observed in above patterns, which are indexed to the (100),
(002) and (101) diffractions of the wurtzite ZnO (JCPDS no. 36-1451) [21]. From
Figure 5.4, it can be seen that Ag/Zn0O composite samples had four major peaks at
38.16°, 44.34°, 64.48° and 77.42°, which were readily assigned to the (111), (200),
(220) and (311) planes of face-center-cubic (fcc) structure of Ag (JCPDS card no.
04-783), respectively [22]. In addition, the diffraction intensities and angles of ZnO
do not show remarkable change after adding Ag content. The diffraction peak of Ag
(111) becomes much stronger and sharper with the increase in the amount of Ag
content. This indicates the formation of metallic silver along with ZnO [23].
Additionally, no other peaks and remarkable shifts with increase amount of Ag
indicate it that no solid solution of ZnO and Ag is formed or lattice expansion and

shrinkage of Ag/Zn0 should be negligible.
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Figure 5.3. XRD patterns of undoped ZnO and Ag/ZnO composites.

The particle size of the oxides has been obtained from the full width at half
maximum (FWHM) of the most intense peaks of the respective crystals using the

Debye-Scherrer’s equation:

_ ka
- B cos@

(5.1)

where D is the average crystallite size, A is the X-ray wavelength, 6 is the Bragg
diffraction angle, and f is the full width at half-maximum. The crystal size of Ag-

doped ZnO was smaller compared with those of the undoped one (Table 5.1).

The lattice parameters for hexagonal ZnO nanoparticles were estimated from the

equation:
1 _ 4 h%+hk +Kk® 12
Z2=3Ca Itz (5.2)
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where a and c are the lattice parameters and h, k and [ are the Miller indices and
dni is the interplaner spacing for the plane (h k [). This interplaner spacing can be
calculated from Bragg’s law:

2d sin@ = ni (5.3)

The volume (V) of the unit cell for hexagonal system and the number of unit cells
(n) in the particle (considering it to be spherical in shape) have been calculated

from the following equations:

V=0.866 xa*xc (5.4)
4

= 5.5

3n(y) (55)

where D is the average particle size. Significant extent of strains are associated
with nanoparticles because they are known to have a number of surface atoms
which have unsaturated in co-ordinations. We have estimated and compared the

strains in Ag/Zn0 nanoparticles using the Williamson-Hall (W-H) equation [24]:
kA .
B cosO = > T 4¢ sin 0 (5.6)

where € is the strain associated with the nanoparticles. Eq. (5.6) represents a
straight line between 4 sin 6 (X-axis) and S cos 6 (Y-axis). The slope of line gives
the strain (&) and intercept (kA/D) of this line on Y-axis gives grain size (D). The
lattice parameters and cell volume value calculated from the XRD data are shown

in Table 5.1.
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Table 5.1

Summary of physical parameters.

20 for Crystalline Lattice parameters (A) Volume
Catalysts )

(101) size (nm)  a,dna (101) ¢, dna (002) (A3)
Zn0 36.24 32.15 3.250 5.212 47.67
0.5%Ag/Zn0  36.30 30.96 3.245 5.201 47.43
2%Ag/Zn0 36.22 32.15 3.254 5.201 47.69
3%Ag/Zn0 36.28 32.15 3.247 5.201 47.49
4%Ag/Zn0 36.26 33.44 3.249 5.204 47.57
6%Ag/Zn0 36.34 32.16 3.243 5.201 47.37
12%Ag/Zn0 36.24 32.15 3.250 5.212 47.67

The crystal strains of doped ZnO were obtained from the slope (1) of the W-H plot,

as shown in Figure 5.4. Positive slopes were observed for ZnO and Ag/Zn0O except

for 0.5 wt.% Ag/ZnO0, suggesting the tensile strain for crystal ZnO. From the Table

5.1, it is found that a slight decrease in the a and c lattice parameters, which can be

explained by the formation of Ag nanocollection and the part substitution of Ag*

ions at the ZnO lattice, respectively. The substitution did not cause any increase in

the lattice parameters via very small percentage of silver doping. Consequently, the

Ag-doping influences showed the following rough characteristics: (i) broadening

of XRD peaks, (ii) degradation in the crystallinity, (iii) reduction in crystallite size,

(iv) smaller particle size and (v) tensile strain.
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Figure 5.4. Williamson-Hall plots of undoped ZnO and Ag/Zn0O composites.
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Figure 5.5 displays XRD analysis of 6 wt.% Ag/ZnO composites synthesized at
different calcination temperatures from 300 °C to 700 °C. The major peaks of ZnO
at 26 values of 31.7, 34.4, 36.2, and 47.5° could be indexed to (100), (002), (101)
and (102) crystal planes and characteristic ZnO peaks become obvious at
calcination temperatures above 300 °C. It should be noted that the formation of the
crystalline phase of ZnO begins at about 400 °C [25]. From Figure 5.5, it can be
seen clearly that the half peak widths of characteristic peaks gradually reduce with
increasing calcination temperatures. The fact suggests that ZnO particle sizes
increase with calcination temperature. The diffraction intensities and angles of Ag
did not any sugnificantly change with increasing calcination temperatures. The
average crystallite size (D) was found to be 19 and 46 nm at calcination

temperature of 400 °C and 700 °C, respectively.
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Figure 5.5. XRD patterns of 6 wt.% Ag/Zn0O synthesized at different calcination

temperatures.
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Figure 5.6 illustrates XRD analysis of 6 wt.% Ag/ZnO composites at different
calcination times from 0.5 h to 4 h. The diffraction intensities and angles of ZnO

and Ag did not remarkable shift with increasing calcination time.
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Figure 5.6. XRD patterns of 6 wt.% Ag/ZnO synthesized at different calcination

times.
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5.3.2. Morphology

Figure 5.7 shows SEM and TEM micrographs of the undoped ZnO and Ag/Zn0O
nanocomposites. The spherical ZnO particles were in the 100-200 nm size range.
SEM characterizations reveal that the microstructures are assembled by spherical
multipods with the rod shape branches of building blocks. No appreciable change
either in morphology or in size of the ZnO particles could be observed on Ag-
doping. The elemental mapping of the Ag/Zn0O composites recorded using electron
probe micro-analyzer (EPMA), indicates it that Ag are not uniformly distributed on
the surface of ZnO. The Ag nanoparticles are distributed locally on the surface of
ZnO0. In these images, the products are almost exclusively composed of discrete
Zn0 nanoparticles agglomerated with Ag. The prepared composites showed the

microstructure even at high Ag content onto the surface of ZnO.
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Ag doping TEM Zn mapping Ag mapping

0.5%Ag/Zn0

2%Ag/ZIn0

3%Ag/Zn0

4%Ag/In0

6%Ag/Zn0

12%Ag/Zn0

200 nm
S—|

Figure 5.7. SEM and TEM images of undoped ZnO and Ag/ZnO, and Zn and Ag
elemental mappings.
Zn and Ag elemental mapping area: The element content increases according to

the following orders: (low) black < green < yellow < red (large).
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5.3.3. Percentage of Ag from EPMA and Area of Ag from XPS

Figure 5.8 displays the percentage of Ag from EPMA analysis verses percentage of
Ag from XPS spectra for Ag/Zn0O nanocomposites. From the Figure 5.8, it is found
that Ag percentage increase linearly from 0.5-12 wt.% of Ag/Zn0O composites. This
may be due to the localization of Ag in higher contentment of Ag/ZnO

nanocomposites.

%Ag content from XPS analysis

0 T T T T T
0 2 4 6 8 10 12

%Ag content from EPMA analysis

Figure 5.8. Comparison of EPMA analysis with XPS one for Ag contents in the

composite.
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5.3.4. BET Analysis

Figure 5.9 exhibits N2 adsorption-desorption isotherms of pure ZnO and various
Ag/Zn0 samples. All of nanocomposites showed typical type IV isotherm according
to the IUPAC classification. Table 5.2 summarizes the BET parameters of ZnO, 4
wt.% Ag/Zn0 and 6 wt.% Ag/Zn0O composites. The pure ZnO showed a BET surface
area of 7.3 m2/g with a mean pore diameter and a cumulative pore volume of 40.1
nm and 0.0732 cm3/g, respectively. The surface area, mean pore diameter and
total pore volume of 6 wt.% Ag/ZnO were 10.7 m?/g, 50.4 nm and 0.134 cm3/g,
respectively. Thus, it is found that the introduction of Ag increased the surface area
and the pore diameter, which in turn the number of active sites of the catalyst, and

is beneficial for the enhancement of the photocatalytic activity.
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Figure 5.9. N; adsorption/desorption isotherms of undoped ZnO, 4 wt.% Ag/Zn0O

and 6 wt.% Ag/ZnO.

Table 5.2.

BET Parameters of undoped ZnO, 4 wt.% Ag/Zn0O and 6 wt.% Ag/Zn0O Composites

BET surface area

Pore diameter

Pore volume

Catalysts

(m?/g) (cm3/g)
Zn0 7.30 0.0732
4%Ag/Zn0 8.17 0.118
6%Ag/Zn0 10.7 0.134
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5.3.5. DRS Spectra

The electronic properties of materials significantly influence their photocatalytic
performance. Therefore, the spectra of undoped ZnO and various Ag/Zn0O samples
were measured by UV-Diffuse reflectance spectroscopy (Figure 5.10). The
absorption peaks at UV region corresponds to the absorption of ZnO. The zinc
oxide-silver nanocomposite materials display strong absorption in UV region and
small absorption in visible region which is related to Ag/Zn0O [26]. The absorption
band intensity in visible region for Ag nanoparticles was increased with increase in
Ag percentage in the composite. The obtained results confirmed that the Ag/Zn0O
composites effectively absorbed the UV. It can be found that the 6 wt.% Ag/Zn0O
shows apparently enhanced UV-Vis absorption intensity, demonstrating the
presence of Ag® nanoparticles on ZnO surface [27]. The reflectance data was
converted to Kubelka—Munk equation which is expressed as F(R) = (1 - R)2/2R.
The band gap of the oxides was deduced from Tauc plot of [F(R)hv]2 versus photon

energy (Figure 5.11), and their values are presented in Table 5.4.
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Figure 5.10. UV-Vis DRS patterns of undoped ZnO and (0.5-12) wt.% Ag/ZnO.
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Figure 5.11. Tauc plot of [F(R)hv]? versus photon energy for undoped ZnO and

(0.5-12) wt.% Ag/ZnO.
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The optical property of the 6 wt.% Ag/ZnO composites synthesized at different
calcination temperatures was studied by DRS (Figure 5.12). The maximum
absorption intensity for Ag/ZnO composite was obtained at the calcination
temperature of 500 °C. The values of the band gap energy were obtained from the
Tauc plots (Figure 5.13). A slight decrease in the band gap for Ag/Zn0O was
obtained at 500 °C calcination temperature, compared with those observed at

other temperatures

The effect of different calcination times on the optical property of Ag/ZnO was
investigated by DRS (Figure 5.14). The base absorption intensity of Ag/ZnO
composite was obtained for 3 h of calcination time. The Tauc plots were shown in

Figure 5.15.
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Figure 5.12. UV-Vis DRS patterns of 6 wt.% Ag/ZnO at different calcination
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Figure 5.13. Tauc plot of [F(R)hv]? versus photon energy for 6 wt.% Ag/Zn0O

synthesized at different calcination temperatures.
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5.3.6. Photoluminescence Study

The room temperature photoluminescence (PL) spectra of undoped ZnO and
Ag/7Zn0 composites were recorded over the wavelength range 350-600 nm. Figure
5.16 illustrates the PL spectra at excitation wavelengths. In the PL spectra for ZnO,
typically there are emission bands in the ultraviolet (UV) and visible (green, yellow,
blue and violet) regions [28-30]. The ZnO and Ag/ZnO composites shows strong
emission peak at around 389 nm in the UV region which is attributed to near band
edge emission and also related with electron-hole charge recombination process
[31,32]. The weak emission at 400-600 nm is corresponding to the intrinsic or
extrinsic defects in ZnO and oxygen vacancies. It is estimated that the blue band
emission is due to the transition from extended interstitial Zn states to the valence
band [29]. The usual band-edge emission could not be obtained at the high
excitation energy (330 nm) for Ag/Zn0O composites. The band-edge and blue band
emissions could be observed for the use of low excitation energy at 335~360 nm,

respectively.

In Ag/ZnO composite, the Ag metal acts as electron trapper which effectively
captures photoexcited electrons from ZnO as well as prevents the rate of electron
and hole recombination, hence the emission intensity was quenched [33,34]. The
photoluminescence emission intensity is quenched with increase of Ag percentage
in the Ag/ZnO composites (Figure 5.16). According to the above analysis, Ag
incorporation with ZnO effectively captured electrons from ZnO surface and has
attributed to a higher electron-hole charge separation. The photogenerated charge
carriers possess a longer lifetime. Thus, the existence of Ag nanoparticles in

Ag/7Zn0 may finally improve its photocatalytic activity significantly [35].
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Figures 5.17 and 5.18 present the PL of ZnO and Ag/ZnO synthesized at different
calcination temperatures and times. The peak position of the blue emissions was
almost the same for the samples obtained at 300-700 °C calcination temperatures,
and the usual band-edge emission in the UV could not be obtained at 330 nm
excitation (Figure 5.17a). At excitation energies for 335~360 nm, the usual band-
edge and deep-level emission in the blue band can be seen, as shown in Figures
5.17 (b-g). The dependence of the intensity of UV and blue emissions on
calcination temperatures could be clearly associated in Figure 5.19. The rapid
increases of intensity at 390 nm and 467 nm using 340 nm excitation are well

demonstrated with increasing calcination temperatures.

The peak positions of the blue emissions were almost the same for the composites
obtained for calcination times (Figure 5.18). Figure 5.20 shows the calcination
times dependence of the intensity of UV and blue emissions using 340 nm
excitation for Ag/Zn0. The blue emissions intensity at 468 nm were almost flat for

all of calcination times.
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5.3.7.XPS spectra

XPS is a sensitive technique for investigating the chemical composition of the
surface of a material. The surface compositions and chemical states of the pure
Zn0 were determined with XPS. Figure 5.21a displays the fully scanned spectrum
ZnO0. In Figure 5.21b, the peak of Zn 2p1,2 and Zn 2p3,2, located at 1044.1 and
1021.0 eV, respectively [36]. At 373.6 eV (Ag 3ds,2) and 367.6 eV (Ag 3ds/2), the
peaks was not detected in undoped ZnO (Figure 5.21c) [37]. The O1s spectra of
Zn0O are shown in Figure 5.21d. The 529.6 eV peak belongs to the crystal lattice
oxygen (OL) in ZnO, while the 531.2 eV peak can be assigned to the oxygen of

surface hydroxyl (Ou) on the catalyst surface [38].
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Figure 5.21. (a) Full range XPS spectra of ZnO; (b-d) High resolution XPS spectra

of Zn 2P, Ag 3d and O 1s for ZnO.
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The surface components and chemical states of Ag/ZnO are investigated by XPS
analysis. Figures 5.22a-5.27a show the scan survey spectra for the representative
Ag/Zn0 composites. All of the peaks on the curve can be ascribed to Ag, Zn, O and C
elements and no peaks of other elements were observed (Figure 5.26). The
presence of C mainly comes from the hydrocarbon contaminants that commonly
exist for XPS [39]. Therefore, it can be concluded that the sample is composed of Ag,

Zn and O only. These results are agreement with the XRD patterns.

The positions of Zn 2p3,2 peak for all Ag/ZnO composites (Figures 5.22b-5.27b)
are nearly same value, compared with that of the prepared undoped ZnO
nanoparticles (Table 5.3), which confirms that Zn element exists mainly in the
form of Zn2+ chemical state on the sample surfaces. The difference between the two
bonding energies of Zn 2p1,2 and Zn 2p3z,2 for all Ag/Zn0 samples is 23.1 eV, which

also suggests that the Zn is in a +2 oxidation state [40].

Figures 5.22c-5.27c illustrate the Ag 3d XPS spectra for all Ag/ZnO samples. Table
5.3 shows that the difference between the peaks of Ag 3ds,2 and 3d3,2 for all of the
composites is 6.0 eV, indicates the presence of metallic Ag and Ag-Zn-0 ternary
compounds, respectively [41,42]. It should be noted here that, in general, the
binding energy value of zero valence metallic atom is smaller than that of metal
cation (Binding energy value of Ag® and Ag* is about 368.2 and 367.2 eV,

respectively. However, Ag is exceptional [43].
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Figure 5.22. (a) Full range XPS spectra of 0.5 wt.% Ag/Zn0; (b-d) High resolution
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Figure 5.25. (a) Full range XPS spectra of 4 wt.% Ag/ZnO; (b-d) High resolution
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Figure 5.27. (a) Full range XPS spectra of 12 wt.% Ag/ZnO; (b-d) High resolution

XPS spectra of Zn 2P, Ag 3d and O 1s for 12 wt.% ZnO/Ag composite.
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The high resolution spectra of O 1s are shown in Figures 5.22d-5.27d. The
quantitative analysis of O 1s XPS data has been carried out and the results are
summarized in Table 5.3. O 1s profile is asymmetric, which can be attributed to the
lattice oxygen of ZnO and physical adsorbed oxygen, respectively [39]. Several
researchers reported the existence of two different types of O species (O and On)
in ZnO and Ag/Zn0 samples [44,45]. However, Patil et al. mentioned only Oy, in the
O 1s spectrum of the Ag-ZnO sample at a binding energy of 529.75 eV [46]. The
data was similar to our synthesized Ag/Zn0O composites and no Oy peak is present
at the binding energy of about 531.2 eV (Figure S22d-S27d). This suggests that the
oxygen presence of surface hydroxyl Oy formation may be depended on the

synthesis methods used for the preparation of Ag/Zn0O samples.

Table 5.3
Calculation results for Zn 2P, Ag 3d and O1s XPS spectra of Ag/Zn0O with different

Ag contents.

Peak center (eV)
Catalysts
In 2p1;2 ZIn2p3.2 Difference Ag3ds,z Ag3ds,; Difference O1ls

Zn0 1044.1 1021.0 23.1 - - - 529.6
0.5%Ag/Zn0  1044.1 1021.0 23.1 372.9 366.9 6.0 529.8
2%Ag/Zn0 1044.7 1021.7 23.0 3735 367.5 6.0 530.3
3%Ag/Zn0 1044.2 10211 231 373.0 367.0 6.0 529.7
4%Ag/Zn0 1044.6 1021.5 231 373.3 367.3 6.0 530.1
6%Ag/7Zn0 1045.1 1022.0 231 373.8 367.8 6.0 530.8
12%Ag/Zn0 1044.5 1021.4 23.1 373.2 367.2 6.0 530.2
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5.3.8. Effect of Ag-doping Amount on the Photodegradation of FMT

The influence of silver doping amounts on the photocatalytic FMT degradation was
studied in the aqueous solution. The results are depicted in Figure 5.28. The
degradation rate increased with increase in silver percentage upto 6 wt.% in the
composite, and exceeding this silver percentage results decreased photocatalytic
activity. The possible reason may be attributable to the tradeoff between the
decrease in particle size and the deterioration in crystallinity for ZnO [47]. An
optimal amount (6%) of silver deposition on ZnO surface is desirable for higher
photocatalytic activity, which leads better charge separation at ZnO surface and

efficient electron transfer to Ag metal.
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Figure 5.28. Effect of Ag-doping amount on the photocatalytic degradation of
Famotidine with Ag/ZnO under UV light irradiation. Calcination temperature

500 °C; calcination time 3 h.
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5.3.9. Effect of Calcination Temperature on the Photodegradation of FMT

Figure 5.29 shows the effect of calcination temperature on the photocatalytic FMT
degradation with Ag/ZnO for 60 min. The optimum calcination temperature for
Ag/7Zn0 was 500 °C. Above 500 °C, the photocatalytic FMT degradation decreased
with the calcination temperatures. It was reported previously that the crystallite
size of the oxides increased with increasing the calcination temperatures [48-51].
Therefore, the reason for the decrease in the photocatalytic FMT degradation may

be due to the larger particle size of ZnO.
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Figure 5.29. Effect of calcination temperature on the photocatalytic degradation of
Famotidine with Ag/Zn0O under UV light irradiation. Calcination time 3 h; Ag

doping 6 wt.%.

199



Chapter 5

5.3.10. Effect of Calcination Time on the Photodegradation of FMT

The effect of calcination time on the photocatalytic FMT degradation was evaluated
using Ag/Zn0 (Figure 5.30). As the calcination time increased up to 3 h, the FMT
degradation with Ag/ZnO increased gradually. Over the calcination time of 3 h, the

photocatalytic FMT degradation turned from increase to decrease.
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Figure 5.30. Effect of calcination time on the photocatalytic degradation of
Famotidine with Ag/ZnO under UV light irradiation. Ag doping 6 wt.%; calcination

temperature 500 °C.
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5.3.11. Role of the Reactive Species in the Photocatalytic Process

The role of the reactive species in the photocatalytic process was studied by using
different quenchers. The quenchers used to scavenge the relevant reactive species
were: tert-butyl alcohol (TBA), di-ammonium oxalate monohydrate (AO) and
ascorbic acid (AA). The effect of different scavengers on the FMT degradation over
Ag/7Zn0 heterojunction is presented in Figure 5.31. It was observed that by using
AA, TBA and AO as scavenger, the photocatalytic activity significantly reduced
from 88% (no scavenger) to 18% (due to *02), 33% (due to *OH), and 46% (due to
h+), respectively. Hence, it was concluded that all the reactive species (*O2-, *OH
and h*) contributed in the photodegradation process. However, *02- was the main
reactive species in the photodegradation process as maximum reduction in

photocatalytic activity was found by using AA as scavenger.
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Figure 5.31. Effects of different scavengers on the degradation of Famotidine with

6 wt.% Ag/Zn0O under UV light irradiation.
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Figure 5.32. Valence band XPS spectra of (a) ZnO and (b-g) Ag/ZnO.
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5.3.12. Determination of Energy Levels

The photocatalytic activity of the heterostructure is closely related to its alignment

of energy levels, which is determined by the results of UV-vis absorption spectra

and valence band XPS. The respective bandgap of ZnO and Ag/ZnO composites

were calculated according to the UV-vis absorption spectra (Figure 5.32) and

presented in Table 5.4. The binding energy of onset edge in the valence band XPS

spectrum reveals energy gap between the valence band maximum and Fermi level

(Er).

Table 5.4

Determined band gaps, valence band XPS and conduction band XPS, and calculated

valence band edge and conduction band edge for ZnO and Ag/ZnO.

Determined values (eV)

Calculated values (eV)

Catalysts Energy Valence Conduction Valence Conduction
band band band, band band edge,
gap, E; XPS, Evg Ecs edge, Evg Ecs

Zn0O 3.23 +2.20 -1.03 +2.90 -0.33

0.5%Ag/Zn0 3.27 +2.18 -1.09 +2.92 -0.35

2%Ag/Zn0 3.27 +2.59 -0.68 +2.92 -0.35

3%Ag/Zn0 3.27 +2.36 -0.91 +2.92 -0.35

4%Ag/Zn0 3.25 +2.38 -0.87 +2.91 -0.34

6%Ag/Zn0 3.23 +2.77 -0.46 +2.90 -0.33

12%Ag/Zn0 3.23 +2.14 -1.09 +2.90 -0.33
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5.3.13. Calculation of Conduction and Valence Band Positions

The migration direction of the photogenerated charge carrier depends on the band
edge positions of the two semiconductors. There are three methods to determine
the band edge positions: experiments based on photoelectrochemical techniques,
spectroscopic methods and predicting theoretically from the absolute (or
Mulliken) electronegativity [52]. The first one is not always easy to handle, and the
second one cannot obtain the absolute energy of band edges with respect to
vacuum and always has large discrepancies between calculated and measured
values. The third one is a simple approach with reasonable results for many oxides
photocatalysts [53]. The conduction and valence band positions of the
semiconductor at the point of zero charge can be calculated by the following
formula [54,55]:

Eyg = x —E. + 0.5E, (5.7)

Ecg = Eyg — E; (5.8)
Where Evg is the potential of the valence band, y is the electronegativity of the
semiconductor which was the geometric mean of the electronegativity of the
constituent atoms. Both of electronegativity values for ZnO and Ag/Zn0O were 5.79
eV [53]. The E. was the energy of free electrons on the hydrogen scale (4.5 eV) and
E; was the band gap energy of the ZnO and Ag/Zn0O nanocomposites. The Evg and

Ecg were calculated as presented in Table 5.4.
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5.3.14. Mechanism of Degradation

As shown in Figure 5.33, the work function and the first electron affinity of ZnO is
about 5.2 eV and 4.3 eV, respectively, whereas the work function of Ag is about
4.26 eV. Thus, the Fermi energy level of ZnO (Ef) is lower than that of Ag (Efm)
because of the larger work function of ZnO. This results in the transfer of electrons
from Ag to ZnO until the two systems attain equilibrium and form the new Fermi
energy (Ef) [56-58]. Due to it that the equilibrium Fermi energy level (Ef) of Ag
nanoparticles is lower than the bottom energy level of the conduction band (CB) of
pure ZnO, most photogenerated electrons will transfer from ZnO to Ag
nanoparticles driven by the potential energy, while the holes can be remained on
ZnO surface because of the Schottky barrier formed at the interface between Ag
and ZnO particles [59]. After UV irradiation of Ag/ZnO nanocomposite, the
electrons are excited from valence band to the conduction band (CB) and the holes
are generated at valence band (VB) of ZnO (Figure 5.33). Then the photo-excited
electrons are transferred from ZnO to Ag metal nanoparticle because Ag metal act
as electron sink. The trapped electrons react with surface adsorbed 02 and
produce superoxide radical [60]. Moreover, the photo-induced holes can also
readily react H20 to generate hydroxyl radical. The generated hydroxyl and
superoxide radicals are strong oxidant species which can degrade the FMT
molecule. The Ag metal incorporated in ZnO is responsible for reducing photo-
induced electron-hole charge recombination and prolongs the lifetime of
photoexcited electrons. On the other hand, the better separation of electrons and
holes in the Ag/ZnO heterostructure is confirmed by PL emission spectra, since it
is found that Ag/Zn0O exhibits much lower fluorescence emission intensity than

Zn0, indicating that the recombination of photogenerated electron and hole is
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inhibited greatly. The possible mechanistic pathway of Ag/ZnO nanocomposites

for degradation of FMT can be proposed as follows [17]:

ZnO + hv (UV) - ZnO (ecs™ + hys*) (5.9)
ecg™+ 02 — 02~ (5.10)
hyg* + OH- - *OH (5.11)
*02~ + FMT - S-oxide of FMT (5.12)
hyg* + FMT — degraded products (5.13)
*OH + FMT — degraded products 5.14
g
. _.—"'Jr ------- pemmmmTTTITNT
I”’ I”‘
Eac==="1""""" b.=5.2 eV Eppermmm===""""
=4.26 eV CB
CB elee e e e e
0, €
G| 9¢v N ¢
E, I AN NS SR N E ceceeclel ||l __ E
Sl e g e E,
02_ w
OH-
VB h*h* h* h* h* h*
ve *OH

Figure 5.33. (a) Band structures of Ag and ZnO junction and the Fermi energy
level equilibrium without UV irradiation, and (b) proposed charge separation
process and the photocatalytic mechanism of Ag/Zn0O nanocomposites under UV

irradiation.
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5.3.15. Stability of the Ag/Zn0O

The stability of 6 wt.% Ag/Zn0 was evaluated by recycled degradations. During the
first run, the suspension of the Ag/Zn0O and FMT in water was irradiated with UV
light 90 min. The composites were naturally dried and then analyzed using X-rays
diffractometry. The XRD patterns of Ag/ZnO before and after treatment are
illustrated in Figure 5.34. It can be seen that both of them show similar X-ray
diffraction patterns, demonstrating that the photocatalyst was stable and metal Ag

was not change into oxides.

- Before treatment

= After treatment

Intensity (a.u.)

20 30 40 50 60 70 80

20 (degree)
Figure 5.34. XRD patterns of 6 wt.% Ag/Zn0O before and after treatment of FMT

under UV light for 90 min.
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5.3.16. Reusability of the Ag/Zn0O

The reusability of Ag/Zn0O was tested by utilizing the same composite for 3 cycles
of FMT degradation reactions. The results of the reactions were shown in Figure
5.35. The graph clearly illustrates that, up to 3rd cycle the photocatalytic activity of
the Ag/Zn0O remains almost consistent, highlighting the stability and reusability of

Ag/Zn0.

100

80

60 -

Removal of FMT (%)

20 A

1st run 2nd run 3rd run

Figure 5.35. Photocatalytic degradation of FMT using recycled 6 wt.% Ag/Zn0O

under UV irradiation for 90 min.
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5.3.17. TOC Analysis

The total organic carbon (TOC) was measured because of the evaluation of
mineralization in the FMT degradation. The TOC removal in the FMT solution
under UV irradiation is shown in Figure 5.36. The TOC decreased slowly with the
irradiation time. After 24 h irradiation with Ag/ZnO, 24% reduction of TOC is
observed for the mineralization of FMT. Murphy has reported the photocatalytic
degradation of FMT, in which the reaction intermediate (mass number: 311)
released diaminomethylideneamino function from FMT molecule was formed [61].
The facts for reported intermediate product and the remaining 76% carbon
indicate it that the bond cleavage in FMT molecule may occur either at both a and ¢

positions or at b position (Figure 5.37).
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Figure 5.36. Photocatalytic degradation of FMT using 6 wt.% Ag/ZnO under UV

irradiation over time, express as TOC removal.

Figure 5.37. Proposed cleavage of the FMT molecule during photocatalysis.
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5.4. CONCLUSIONS

Ag-doped ZnO photocatalysts were successfully synthesized at different Ag
contents (0-12 wt.%) through simple, effective, high yield and low cost
mechanochemical combustion technique, with addition of silver acetate to a zinc
acetate and oxalic acid mixture. The synthesized materials were characterized by
XRD, EPMA, XPS, SEM, TEM, BET surface area analysis, UV-DRS and PL. It was
shown that all samples were composed of metallic Ag and wurtzite ZnO. The Ag-
doped ZnO was applied into the photocatalytic degradation of FMT in aqueous
medium under UV irradiation. The optimum calcination temperature and time
were 500 °C and 3 h, respectively. The best Ag-doping amount was 6 wt.%. The
maximum photocatalytic activity for FMT degradation on Ag/ZnO was more than
two times better compared with undoped ZnO. The developed system may provide
a strategy for the design of stable and inexpensive technologies for highly efficient
photocatalytic FMT degradation. The effect of different scavengers on the FMT
degradation over Ag/Zn0O means it that all the reactive species (*O2-, *OH and h*)
contributed in the photocatalytic degradation process. However, *02~ was the main

reactive species in the photodegradation system.
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Chapter 6

6.1. THESIS CONCLUSIONS

The presence of organic pollutants in humans has become subject of intense
research for human exposure and health risk assessment. One of the main current
worldwide concerns is the growth of water pollution by organic compounds
arising from many industrial, agricultural and urban human activities. Organic
pollutants have been detected in rivers, lakes, sea and even drinking water in
Bangladesh. Although continued efforts for their remediation have been made, an
effective and efficient organic pollutants removal method has not been developed
yet. This work was devoted to explore the highly efficient and cost effective organic
pollutants removal techniques. Organic pollutants removal was evaluated by the
heterogeneous photocatalytic treatment with TiOz, the dye-sensitized TiO; and

Zn0, and Ag-doped ZnO.

In chapter 1, the organic pollutants sources and the effect of organic pollutants on
human health and on environment, and the photocatalytic degradation mechanism
were discussed. A few hundred organic pollutants have been found to contaminate
water resources. These contaminations are very dangerous due to embryotoxicity,
mutagenicity, teratogenicity and carcinogenicity as well as health disorders to
human beings, such as the dysfunction of kidney, reproductive system, liver, brain
and central nervous system. Various techniques such as coagulation—-flocculation,
biological treatment, membrane technologies, adsorption, advanced oxidation
processes and combined methods etc. have been reported for organic pollutants
removal. Among various organic pollutants removal methods, photocatalytic

treatments have become the promising techniques.
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In second chapter, the optimization of solar photocatalytic degradation conditions
of amitrole in water using titanium dioxide was investigated. Typical optimum
degradation conditions were as follows: photocatalyst loading: 6.7 g/L,
temperature: 25 °C and pH 9. The photocatalytic degradation under sunlight
irradiation was very effective for amitrole solution. The primary photocatalytic
decomposition reaction followed a pseudo-first-order kinetic law. The activation
energy (Ea) was estimated to become 6.73 kJ/mol. Nitrate (NO3~) and ammonium
(NH4*) ions were detected as the end products. Triazole was identified as the
intermediate products. The solar photocatalytic degradation treatment for the

wastewater including amitrole is simple, easy handling and low cost.

In third chapter, the dye-sensitization technique was applied to effective catalysts,
TiOz and ZnO, under fluorescent light irradiation for orange Il and methyl orange
degradations. The percentage of degradation of orange II and methyl orange
increased with an increase in irradiation time under fluorescent light for TiO2 and
ZnO catalyst. The photocatalytic activity of ZnO nanoparticles were better than that
of TiO2 for methyl orange, and were the same activity of ZnO and TiO2 for orange Il
photodegradation under fluorescent light. The quenching effects of different
scavengers displayed that the reactive h* and *02- radicals play the major role in
the dye decolorization under visible light irradiation, while the *OH radical played

a minor role in the oxidization process.

In fourth chapter, the photocatalytic activities of dye (orange II, bromophenol blue,
acid red 88 and rhodamine B) sensitized TiO2 were evaluated by the degradation
of famotidine under visible light irradiation (A > 400 nm) at ambient temperature.

The TiOz in the presence of rhodamine B exhibited excellent photocatalytic
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performance for famotidine degradation, displaying a considerably higher
photocatalytic activity compared with that of TiO;. Investigation of the
photocatalytic mechanism showed that the TiO:-dye-sensitized degradation of
famotidine under visible light irradiation could be mainly attributed to the direct
oxidization by h* and *02- radicals, while the *OH radicals played only a relatively
minor role in the oxidization process. The present work may offer new
opportunities for their industrial application in the elimination of Famotidine and

dye pollutants from wastewater.

In fifth chapter, Ag-doped ZnO photocatalysts were successfully synthesized at
different Ag contents (0-12 wt.%) through simple, effective, high yield and low
cost mechanochemical combustion technique, with addition of silver acetate to a
zinc acetate and oxalic acid mixture. The synthesized materials were characterized
by XRD, EPMA, XPS, SEM, TEM, BET surface area analysis, UV-DRS and PL. It was
shown that all samples were composed of metallic Ag and wurtzite ZnO. The Ag-
doped ZnO was applied into the photocatalytic degradation of Famotidine in
aqueous medium under UV light irradiation. The optimum calcination temperature
and time were 500 °C and 3 h, respectively. The best Ag-doping amount was 6
wt.%. The maximum photocatalytic activity for famotidine degradation on Ag/ZnO
was more than two times better compared with undoped ZnO. The effect of
different scavengers on the Famotidine degradation over Ag/ZnO is presented that
all the reactive species (*O2-, *OH and h*) contributed in the photocatalytic
degradation process. However, *O2~ was the main reactive species in this oxidation

process.
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