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1. INTRODUCTION

1.1. Background

Water is essential for life and it is abundantly available in nature. It is used by the
living beings on this earth more than any other resources for the nourishment of life. Fresh
water is essential for the sustainable growth of human and wild life around the globe.
Moreover, the clean drinking water is important to maintain healthier life. It is well known
fact that only 2.5% of total stock water is available as fresh water with the hydrosphere.
Similarly, within the available fresh water, a large fraction (68.7%) is in the form of ice and
permanent snow covered in and around the antartic and arctic regions. Fresh water in lakes
and rivers, which are essentially the main sources of water for human consumptions is just
of 0.26% of the total global fresh water resources (Gleick, 1993). However, if the rivers,
lakes, and wetlands are polluted with emerging pollutants may result in greater and global
environmental concerns. It may lead even to the serious health concerns for the living beings

dependent or bound to take such contaminated water resources.

The contamination of aquatic environment by variety of micropollutants is pervasive
and found serious global concern. This is, perhaps, due to the large-scale use of personal
care products (PCPs) (e.g., shampoos, soaps, toothpastes, creams, cosmetics, medical skin
care products, deodorants, etc.) that primarily contained with preservatives, biocides, musks
or UV-filters. These micropollutants are found to be emerging water pollutants that need to
be addressed adequately for its efficient removal/treatment in aquatic environment (Dai et
al., 2011; Heberer, 2002) since these are found to be relatively persistent and often escaped
through the existing conventional wastewater or sewage water treatment plants (Li et al.,
2010; Hirsch et al., 1999; Sassman et al., 2005; Miao et al., 2004). Therefore, these

micropollutants contained with its metabolites readily enter into the water bodies primarily
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through the wastewater treatment plants. Effluents of wastewater treatment plants (WWTPs)
are the main source of pharmaceuticals in the aquatic environment (Bartelt-Hunt et al., 2009;
da Silva et al., 2011). With the advancement of the detection technologies at low level, these
micropollutants has attracted greater attention in recent time since these compounds are
efficiently detected in the aquatic environment and shown the potential hazard to the
ecosystems (Kolpin et al., 2002; Fent et al., 2006; Jjemba, 2006). It is reported that variety
of pharmaceuticals are readily detected in the rivers or lakes (Huerta-Fontela et al., 2011).
The global production/use of antibiotics was exceeded to 70 billions of standard units (i.e.,
tablets) in 2010 (Gelband et al., 2015), and over 63,000 tonnes were administered for
livestock production (Van Boeckel et al., 2015). It is known fact that Ca. 60 — 90% of the
consumed antibiotic was excreted through the urine/or faeces hence, these compounds along
with the metabolites are found in the wastewater system (Hirsch et al., 1999; Sarmah et al.,
2006). Antibiotics are widely used in aquaculture farms in order to prevent from various
infectious diseases. Therefore, these are major sources of pharmaceuticals that enter into the
water bodies through the wastewater treatment plants (Asha et al., 2007). Antibiotics
eventually promotes the spread of antibiotic resistant genes among bacterial populations
(Chee-Sanford et al., 2001). This also induces biological responses in non-target organisms
(Daughton and Ternes, 1999). Once these resistance genes are transferred to pathogenic
bacteria, the potency of threat to human health could be increased. The antibiotics are
possessed of toxic effects towards algae or several organisms that impacted indirectly the
long-term ecological sustainability (Putra et al., 2009). Similarly, the antibiotics causes for
several chronic toxicity (Michael et al., 2013). Therefore, the presence of these
micropollutants, even at low level concentrations, impacted adversely and showed potential
risk towards human and animal health (Zhang et al., 2015). Hence, these pollutants are, in

recent time, known to be emerging water pollutants which need to be eliminated completely
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from the water bodies.

Various conventional methods for wastewater treatment is described since ancient
times (Narmadha et al.,, 2012; Avinash Shivajirao, 2012). It was observed that the
conventional wastewater treatment plants were inefficient towards the effective removal of
these persistent pollutants. Therefore, the pollutants are often detected in several aquatic
matrices and poses a serious and widespread threat to the aquatic life or even to the human
(Rodriguez-Mozaz et al.,, 2015). Moreover, as mentioned, the detection of several
pharmaceuticals and personal care products (PCPs) in water bodies is ubiquitous and
widespread (Mompelat et al., 2009; da Silva et al., 2011; Wu et al., 2012) since these are
persistent and found difficult to eliminate completely in the existing biological or physico-
chemical wastewater treatment plants. These contaminants are eventually escaped through
the wastewater treatment plants, at low level, and subsequently enter into the fresh water
system, contaminating the water bodies, viz., drinking water, surface water, or even the
river/lake waters. Based on its toxicity or prevalence to drug resistance in the environment
and human commensal microbes or due to persistence in nature, these compounds are
known as emerging water pollutants (Constantin et al., 2018; Han et al., 2017). Although the
regulatory bodies have not prescribed the permissible limit of these emerging pollutants in
the water bodies, however, based on its potential risk towards the human beings, animals or
aquatic life, it is important to eliminate effectively from aqueous solutions (Kosera et al.,

2017).

The existing urban WWTPs are seemingly reported the main source of releasing the
antibiotics in the terrestrial environment since these plants are not adequately designed to
eliminate completely the antibiotics from aqueous wastes. The widespread and ubiquitous

presence of these emerging water contaminants poses a serious environmental challenge to
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tune better the existing wastewater treatment technologies to eliminate these contaminants
effectively. Hence, there is an emergent concern to upgrade the existing treatment plants in
order to eliminate completely the emerging and important class of water pollutants in a cost-
effective and environmental benign way. Efforts are made and suggested to couple the
existing wastewater treatment plants with advanced oxidation processes (AOPs) (De la Cruz
et al., 2013; Liu et al., 2014; Sousa et al., 2012). Advanced oxidation process integrated
with TiO, photocatalyst is an effective method to degrade the stable and potentially
emerging micropollutants. The process includes with in situ generation of highly reactive
radical species that are predominantly responsible for the degradation/or even mineralization
of micropollutants from wastewaters. The treatment is based on the ‘no-waste’ concept and
the nonreactive and chemically stable TiO, catalyst enhances the useful applications in the

area of high catalytic activity and wastewater treatment strategies (Babic et al., 2017).
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1.2. Micropollutants and Dyes in Aquatic Environment
1.2.1. Micropollutants

1.2.1.1. Tetracycline (TC)

Tetracycline (TC) is one of the commonly used antibiotics which enters into the
aquatic environment through various sources (Tolls, 2001). It is relatively cheaper antibiotic,
hence, widely used in developing countries having with limited health care budgets. The
drug is sometimes abused due to the self—prescription, which is rife in this part of the world
(Farombi et al., 2008). Tetracycline is the second most produced and consumed antibiotics
in the world, while on top of the ranking is China (Xie et al., 2010; Cheng, 2005). Each year
thousands tons of tetracyclines are produced worldwide (Michalova et al., 2004).
Tetracycline exhibits antimicrobial activity against variety of bacteria and is often used in
human therapy and livestock industry (Thrile-Bruhn, 2003). Tetracycline is employed in the
treatment of leptospirosis, actinomycetes, rickettsial, mycoplasma, acne vulgaris, skin
disorders, etc. Hence, it is known to be a broad-spectrum antibiotic (Moellering, 1979; Oka
et al., 2000; Farombi et al., 2008). Tetracycline possessed relatively high aqueous solubility

associated with long environmental half-life (Li et al., 2010).

It was reported that Ca. 5500 tons of tetracycline is consumed every year in the
United States and Europe (Hirsch et al., 1999). Similarly, the Animal Health Institute
reported that the usage of tetracyclines in China was estimated to be 6950 tons in the year
2013 (Zhang et al., 2015). Tetracycline is stable and biorefractory, and their removal by
conventional water treatment methods is ineffective (Liu et al., 2013). Tetracycline is an
important widely used as steatogenic drugs. The biochemical actions of tetracycline showed
micro vesicular steatosis and broadly connected to: (i) impairing mitochondrial fatty acid-

oxidation (Letteron et al., 1996); (ii) inhibiting hepatic VLDL secretion (Labbe et al., 1991)
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due to the inhibition of microsomal triglyceride transfer protein activity (Letteron et al.,
2003). Several biochemical dysfunctions are induced by the excessive intake of tetracycline,
e.g., hepatotoxicity causes fatty infiltration of the liver (George and Crawford, 1996; Asha et
al., 2007) and liver parenchymal cell damage due to the tetracycline toxicity (Navaro and
Senior, 2006). This also induces the hyperglycemia (Storozhuk and Shamsutdinova, 1976)
and injuries to the pancreas (Asha et al., 2007). In addition, other effects of tetracycline
include superinfection, liver toxicity, tetracycline stained teeth, renal toxicity,
gastrointestinal reactions and allergic reactions (Pico and Andreu, 2007; Kasik and
Thompson, 1970). A small fraction of tetracycline is absorbed in metabolism process once
administered, however, a greater fraction, i.e., Ca. 50 — 80% is released via feces and urine

(Sarmah et al., 2006).

The mass production of tetracycline in pharmaceutical industry makes a large
amount of residual tetracycline in the wastewater and the concentration of tetracycline in
wastewater effluents greatly varied from 0.15 pg L™ to 2.37 pg L™ (Tao and Mai, 2002;
Pena et al., 2010; Deblonde et al., 2011). Therefore, tetracycline is often detected in surface
water, groundwater, and even drinking water, which causes harmfulness to environment and
human health (Miao et al., 2004). Residues of tetracycline discharged from municipal
wastewater treatment plants and agricultural runoff are often detected in municipal sewage
(Liu et al., 2009a; Prado et al., 2009), surface water, ground water (Miao et al., 2004;
Karthikeyan and Meyer, 2006), soils (Andreu et al., 2009) and sediments (Simon, 2005).
Luo et al. (2011) reported that the average concentrations of tetracycline in the Haihe river
(Tianjin, China) and its sediment is around 26 ng/L and 600 ng/kg, respectively (Luo et al.,
2011). The agricultural application of livestock manures directly introducing it into the soil

environment which greatly impacting the ecological safety (Halling-Sorensen et al., 1988).
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Therefore, the fate and transport of tetracycline in the environment has received special

attention in recent time.

Tetracycline showed serious concerns due to its toxic effects associated with
enhanced antibiotic resistance of microorganisms (Hamscher, 2009; Thevenon et al., 2012).
The escaped tetracycline residue through the existing wastewater treatment plants induces
significantly the resistant microorganisms and poses severe threat to the human health. In
addition, tetracycline residue in drinking water will directly harm the health of human body.
So it has been considered to be a serious environmental pollutant (Locatelli et al., 2011; Liu

etal., 2013a).

1.2.1.2. Triclosan (TCS)

Triclosan (TCS) is commonly employed antimicrobial and preservative chemical
which is often used in wide range of consumer products such as toothpastes, antiseptic
soaps, detergents, cosmetics, plastic kitchenware, socks, carpets, toys, etc., (Bedoux et al.,
2012; Reiss et al., 2002; Singer et al., 2002). The global demand of triclosan is increased
significantly and a rough estimate indicated that Ca. 350 tons of triclosan is consumed every
year in Europe itself (Halden and Paull, 2005; Pintado-Herrera et al., 2014; Young et al.,
2008). Further, global demand of triclosan as active ingredient of personal care products is
approximately 1500 tons (Chen et al., 2011a). This was estimated further that Ca. 96% of
triclosan is discharged into the sewerage system and eventually entered into the aquatic

environment (Gao et al., 2014).

The widespread use of triclosan in variety of personal care products for last 5
decades has caused massive discharge of triclosan through the wastewater treatment plants

(WWTPs) which eventually enters into the surface waters (Halden and Paull, 2005; Pintado-
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Herrera et al., 2014). Triclosan is widely detected in wastewater (8.05 ug/L) (Lozano et al.,
2013), sludge (1956 npg/kg) (Yang et al., 2016a), river (0.282 ug/L), groundwater (0.03
ug/L) (Sorensen et al., 2015) and sediments (41.7 pg/kg) (Peng et al., 2017). Because of its
hydrophobic nature, with relatively high octanol-water partition coefficients (log Koy) of
4.86, triclosan is likely to accumulate in aquatic and terrestrial organisms which ultimately
threatens the safety of organisms. It is indeed detected even in human samples (e.g., urine,
plasma and breast milk) (Dann and Hontela, 2011). Triclosan is partly removed
(approximately 72 — 93%) by the conventional wastewater treatment plants (McAvoy et al.,
2002; Heidler and Halden, 2007; Ying and Kookana, 2007). This causes the occurrence of
triclosan in surface water and drinking water is inevitable and is found to be 4.9 ng/L in US
to 5.16 pg/L in India (Kolpin et al., 2002; Singer et al., 2002; Morrall et al., 2004; Nishi et
al., 2008; Fair et al., 2009; Zhao et al., 2010; Ramaswamy et al., 2011). Triclosan currently
ranks among the important and emerging water contaminants showed greater concerns

worldwide (Kolpin et al., 2002; Ohe et al., 2012).

Triclosan is a potential endocrine disrupting compound (Gee et al., 2008). Several
studies showed the biochemical effects of triclosan. It causes to decrease the estrogen levels
in the placenta during pregnancy. It changes the testosterone levels disordering the sperm
production, endocrine modifications, decrease of viability and survival of neural stem cells
and increase of body mass index (Marques et al., 2017). Triclosan is known to be highly
toxic towards the aquatic species, viz., green algae, the water flea Daphnia magna, and fish
(zebrafish, fathead minnows, bluegill sunfish) (Chen et al., 2014; Dann and Hontela, 2011).
It affects to the earth worms (Eisenia fetida) (Lin et al., 2010) or the Japanese medaka fish
(Nassef et al., 2010). Triclosan causes the endocrine disruption towards rats and a prolonged

exposure causes breast cancer cells in human (Zorilla et al., 2009; Gee et al., 2008).
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Triclosan inhibits bacterial growth through blocking the lipid biosynthesis in bacteria
(Adolfsson-Erici et al., 2002). Triclosan impaired muscle contraction in mice and swimming
behavior of fish (Cherednichenko et al., 2012; Fritsch et al., 2013). Triclosan also induces

the microbial resistance in human (Dhillon et al., 2015).

The other studies also indicated that triclosan had caused to bacterial resistance, skin
irritation, endocrine disruption (Brausch and Rand, 2011; Dayan, 2007; Novo et al., 2013).
Triclosan generates several carcinogenic byproducts which are found to be highly toxic and
persistent. Some of these byproducts are 2,4-dichlorophenol (2,4-DCP) and 2,8-
dichlorodibenzo-p-dioxin (Kanetoshi et al., 1992; Latch et al., 2003, 2005; Mezcua et al.,
2004; Lores et al., 2005; Aranami and Readman, 2007). The toxicities of these byproducts
are relatively higher than the precursor triclosan, and some of these are found to be potential
carcinogen (Lores et al., 2005). Therefore, the European Union (EU) has eventually

restricted the use of triclosan in biocidal products since 27" January 2016 (EU, 2016).
1.2.1.3. Amoxicillin (AMX)

Amoxicillin is another widely used semi-synthetic penicillin antibiotic. Amoxicillin
is widely used antibiotic. It is phenolic type penicillin having the structure of B-lactam ring.
This represents it for high bacterial resistance including the Neisseria gonorrhoeae,
Escherichia coli, Haemophilus influenza, Pneumococci, Streptococci, and some strains of
Staphylococci (Bebu et al., 2011; Fazelirad et al., 2015). Amoxicillin possesses relatively
high oral absorption ability, compared to other members of the penicillin, has attracted its
widespread consumption by human or in livestock (Berghe et al., 2011; Ball, 2007; Angadi
et al., 2012; Chen et al., 2011). Amoxicillin is effective in treating the bacterial infections

encountered in gastro-intestinal and systemic infections (Putra et al., 2009; Homem et al.,
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2013; Aksu and Tunc, 2005). Amoxicillin was prescribed to treat various infections, viz., the
middle ear, tonsils, throat, larynx, pharynx, bronchi, lungs, urinary tract, skin, gonorrhea,

etc., (Kaur et al., 2011, Andreozzi et al., 2005).

Some of the physico-chemical properties of amoxicillin include, molecular weight of
365.40 g/mol, pK, (acid dissociation constants) of 9.41 and Log Kow (octanol/water
partition coefficient) of 0.87 (Carless, 1996; Windholz et al., 1976). Due to its chemical
structure, consumption rate, solubility, pharmacological characteristics and environmental
toxicity, amoxicillin is considered as one of the primary contaminants of water and needs
greater environmental attention (Homem and Santos, 2011; De Gusseme et al., 2011; Fent et
al., 2006). Although amoxicillin is notably sensitive towards hydrolysis under a variety of
pH conditions (Zia et al., 1977; Nagele and Moritz, 2005), it is difficult to degrade
completely. This results that amoxicillin is found both in urine and faeces, along with its
hydrolysed and metabolised byproducts (Putra et al., 2009). It was reported that the oral
administration of 500 mg of amoxicillin in humans resulted the excretion of 86 + 8% mg of
amoxicillin through the urine after two hours of consumption (Kanakaraju et al., 2015).
Amoxicillin poses serious threat to several aquatic organisms (Pan et al., 2008; Sun et al.,
2012). Pan et al. (2008) reported the toxic effects of amoxicillin compounds towards algae
Synechocystis sp., mainly by inhibiting its photosynthesis mechanism. Amoxicillin also

causes chronic risk in the aquatic environment (Jones et al., 2002; Lee et al., 2008).

The presence of amoxicillin in domestic wastewater is ranged from ng/L to mg/L
(Andreozzi et al., 2004; Zuccato et al., 2010; Putra et al., 2009; Elmolla and Chaudhuri,
2010). Due to the persistence and bioaccumulation nature, the amoxicillin seemingly induces
the toxic effects and alters the natural ecosystems (Homem et al., 2013). In Australia,

amoxicillin is widely prescribed drug and detected in river water and hospital effluents at
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ng/L levels (Watkinson et al., 2009). The presence of amoxicillin in wastewater/or effluent
waters causes unpleasant odor, and microbial resistance among pathogen organisms or the
death of microorganisms. Therefore, the resistant bacteria causes the disease which cannot
be treated by the usual antibiotics (Kanakaraju et al., 2015). The amoxicillin causes the
propagation of pB-lactam resistant bacteria (Martinez, 2009). The conventional wastewater
treatment plants enable to remove the antibiotics partially hence, it becomes important water
pollutants (Michael et al., 2013). Because of the insufficient treatments of amoxicillin in
conventional water and wastewater treatment plants, this compound enters both into the
surface water and groundwater, that destroys the aquatic ecosystems. It also leads to
bacterial resistance and consequently the inability to treat diseases using conventional
antibiotics (EImolla and Chaudhuri, 2009; Ding et al., 2012; Fatta et al., 2007). This enables
to understand the frequent presence of resistance genes in surface or drinking waters (Vaz-
Moreira et al., 2014). These studies, therefore, compel to remove completely the amoxicillin

from the aquatic environment.

1.2.2. Dyes in aquatic environment

Dyes are water-soluble synthetic and natural organic compounds (Gurses et al.,
2016). Roughly more than 10,000 dye compounds are known having worldwide annual
production of 70,000 tons. Dyes are designed to give fabrics, papers, or any colorable
materials a hue (Yagub et al., 2014; Zeng et al., 2017). Dyes are utilized by humans for over
thousand years for various applications. Previously, dyes were usually produced on a small
scale from naturally available material such as insects or plants and were known as natural
dyes (Kant, 2012). However, natural dyes had drawbacks because of its limited variety as

well as muted tones which fades when exposed to sunlight and washings (Solis et al., 2012).
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Synthetic dyes were discovered and the rise in dyes demand commenced its
production at large scales. The dye industries posing serious environmental problems by
discharging huge amount of dye products into the aquatic environment. This presented a
serious threat to the living organisms to the aquatic environment (Borujeni et al., 2011). The
dyes contained effluents is undesirable to terrestrial environment (Pandey et al., 2007). It
was assumed that the usage of natural dyes is a safe choice instead of using the synthetic
dyes. However, it is not safe since the use of natural dyes requires mordant which bonds the
dye with fabrics (Couto et al., 2009). Mordants are binders and found to be toxic and more
dangerous than synthetic dyes (Kant, 2012). Currently, synthetic dyes are integral ingredient
employed to give color to textiles, cosmetics, plastics, printings, etc., (Abdi et al., 2017;
Nguyen and Juang, 2013). Synthetic dye molecules are complex and relatively recalcitrant
because of the auxochrome (water soluble bonding compounds) and chromophores (color
giving compound) in nature (Chacko and Subramaniam, 2011; Pan et al.,, 2017).
Auxochromes (color helpers), viz., sulfonic acid, hydroxyl, carboxylic acids, and amino
groups which helps in colour shifts provides the dye solubility (Abrahart, 1977), however,
responsible for reduced degradation in conventional treatment methods (Santos et al., 2007).
Dye compounds resist degradation in water, detergents or any other washing agents medium
(Alwani et al., 2018) and it withstand even when exposed to extreme heat sources, oxidizing

agents or strong light illumination (Forgacs et al., 2004; Peng et al., 2018).

The discharge of effluents contained with dye compounds received greater attention
(Miranda et al., 2013) because of serious environmental concerns (Canizares et al., 2006;
Mu et al., 2009). Therefore, the color-free discharge of effluents is a public demand (Hao et
al., 2000). Dyes enter into the environment due to inefficient effluent treatment which

subsequently discharged into water bodies. Dyes are hence; accumulated in water bodies and
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have shown several adverse effects in terms of dissolved oxygen (DO), biological oxygen
demand (BOD), chemical oxygen demand (COD), color, etc., (Solis et al., 2012). The
potential threat of dyes are due to its toxic, non-biodegradable, carcinogenic, mutagenic, and
even teratogenetic nature. This creates serious concerns to the human health and marine

organisms (Denoncourt et al., 2014; Luna et al., 2014).

The textile, leather, food, cosmetic, paper, pharmaceutical industries are greatly
utilizing the synthetic dyes and among these industries the textile industries are the main
culprit of contaminating the aquatic environment (Couto et al., 2009). This industry alone
produces Ca. 100 tons of effluents per year (Solis et al., 2012). It is interesting to note that
maximum Ca. 80% of dye and chemical molecules from dye mixtures are able to be
adsorbed by materials intended for coloring (Nguyen and Juang, 2013). Fabrics in particular,
can only absorb a maximum 25% of dye mixture onto its surface due to its limited
absorption capacity (Geundi et al., 1995). Therefore, a significant amount of the dye
contained effluent (dye effluent) is discharged into the aquatic environment (Robinson et al.,
2001). In addition to dyes, the industrial effluents also contained with variety of solvents,
salts, detergents, etc., which makes it more complex (Damas et al., 2006). The presence of
dyes in water bodies affects greatly the water quality and the photosynthesis in aquatic
environments. The other chemical parameters of water, viz., pH, chemical oxygen demand
(COD) are also affected in presence of dyes (Aksu and Balibek, 2010; Lade et al., 2012).
Color removal, especially from textile wastewaters, is a challenging task for last several
decades since there is no single and economically viable technology to be implemented for

complete decolorization of dye from effluents (Robinson et al., 2001).
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1.2.2.1. Alizarin Yellow (AY)

The organic dyes are broadly divided into three classes, viz., azo, anthraquinone and
triphenylmethane dyes (He et al., 2012). Azo dyes is a class of hydrophobic dyes known as
disperse dyes. This constitutes Ca. 60 — 70% of worldwide dye production and poses several
environmental problems (Bafana et al., 2011; Kostantinou and Albanis, 2004; Mansour et
al., 2012). These compounds are eventually the visible indicator of water pollution (O'Neill
et al., 1999). The release of these dyes into ecosystem is harmful, not only because of its
color, but also due to the fact that many azo dyes and their breakdown products (colorless
amines) are toxic and mutagenic to living organisms (Weisburger, 2002; Xu et al., 2007).
Azo dyes are known to be electron deficient xenobiotic compounds since they possess
electron withdrawing groups, generating electron deficiency in the molecule (dyes) making

them persistent in nature (Singh et al., 2014).

Alizarin Yellow is an azo dye and widely employed in textile, food, paper and
leather industries. Azo dyes are characterized by the presence of nitrogen double bonds (-
N=N-) (Sen et al., 2016) and are found water soluble. Alizarin yellow is a hue for yellow
and orange color. It is also employed as acid-base indicator. Its chromophore is azo bonds,
which decreases significantly the water transmittance and affecting the aquatic life (You et

al., 2010).
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Figure 1.2.1: Structure of micropollutants: (1) Tetracycline (2) Triclosan
(3) Amoxicillin (4) Alizarin Yellow
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1.3. Removal of Micropollutants in Wastewater Treatment Plants (WWTPs)

WWTPs are, in general, developed by the public departments but several other
organizations have their own WWTPs in order to treat the wastewaters coming from various
sources, viz., domestic, laboratories, sanitation or sewage, etc., (Raghuvanshi et al., 2017).
The conventional WWTPs are enabled to remove pathogens, coliforms and to reduce the
load of carbon, nitrogen, and phosphorus from wastewaters. Moreover, the sludge obtained
in the treatment able to remove several non-polar chemical compounds by the sorption
process. The removal pathways of organic compounds in WWTPs are
biotransformation/biodegradation and stripping by aeration (volatilization) (Radjenovic et
al., 2007a). However, it was noted that several water contaminants and emerging
micropollutants are not removed and escaped through the WWTPs effluents and enter into

the receiving waters followed by entering into the surface waters (Reemtsma et al., 2006).

Further, these WWTPs possess limited capacities to eliminate the pharmaceutical
compounds from urban wastewaters, since most of these chemicals are metabolized by
microorganisms as source of carbon and may even inhibit the activity of the microorganisms
or produce their bioaccumulation in the food chain (Rivera-Utrilla et al., 2013). The
pharmaceutical concentrations is greatly fluctuate with the effluents of Sewage Treatment
Plants (STPs), WWTPs and surface waters which is, possibly, due to varied load of
pollutants at different regions and inconsistent efficiency of wastewater treatment plants (Pal
et al., 2010). Wastewater treatment is a complicated process due to highly polluted
wastewater characteristics. Wastewater must be thoroughly treated prior to discharge into
receiving waters. The dilution of wastewater effluent upon discharge into water bodies
results in a significant decrease in the concentration of endocrine disrupting compounds

(EDCs) and pharmaceuticals and personal care products (PPCPs), either by degradation or
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through binding to natural organic matter or soil along the riverbank which results in lower
concentrations down the stream. The occurrence of these micropollutants ranged from pg/L
to ng/L in drinking water system (Verstraeten et al., 2003; Bowman et al., 2002). On the
other hand, no proper regulation is laid down by the regulatory bodies for these emerging
pollutants in drinking water. None or very few precautions and monitoring units are
enforced to ensure these unregulated or newer compounds and associated byproducts,
specifically the micro-range pollutants. The quality of surface water in Europe has improved
significantly since 1970 due to EU environmental directives. To protect the environment
from the potential chemical pollution of urban wastewater discharges and emissions from
the industry, a considerable progress has been made following the implementation of the
Directive 91/271 (UWWD) (EC, 1991). EC, (1991) concerns the collection, treatment and
discharge of urban wastewater and wastewater from certain industrial sectors. Further, the
Member States of the European Union, the chemical quality of surface waters is controlled
under the Water Framework Directive (WFD) 2000/60/EC (EC, 2000). Within this
framework the key strategy adopted in the area of chemical pollution was the Decision
2455/2001/EC which established a list of 33 substances or groups of substances of priority
concern due to their persistence, toxicity, bioaccumulation and widespread use and detection
in rivers, lakes, transitional and coastal waters. The effective and efficient treatment of
municipal wastewater in Europe during last couple of decades enabled significantly to
improve the water quality of surface waters (EC, 2004; Reemtsma et al., 2006). Directive
2008/105/EC (EC, 2008) is a new step in the progress of regulation, establishing for the first
time, quality standards (EQS) for priority substances and other pollutants of concern, to
ensure adequate protection of the aquatic environment and human health. The emerging
interest is being included in a review process for identification as possible “priority

substances” or “hazardous substances”. Actually, 13 new substances are under the review
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process (EC, 2008), 7 are pharmaceuticals and 6 are personal care products. Further, the
European Commission has developed strategies to deal urgently with endocrine disrupters as
well (Bolong et al., 2009). Various studies have shown that treated municipal wastewater
contributes significantly the micropollutants load in the water bodies (De la Cruz et al.,

2012).

In primary treatment unit of WWTPS, some of the pharmaceuticals are removed by
adsorption, however, other chemicals keep remain in the water, e.g., ibuprofen, naproxen,
sulfamethoxazole, iopromide, etc., (Carballa et al., 2004). Furthermore, in the clarifier
section, sludge and water is separated by decantation process. Sludge is then collected as
solid waste which is air-dried and stored for further use. The semi-treated water then enters
into the chlorination tank where disinfection takes place. The disinfected water then passes
through the dual filter media, where the treated water is stored. The secondary treatment
removes the PPCPs from the wastewater, but the removal efficiency of PPCPs changed
greatly, and varied with the physico-chemical properties of compounds as well as
environmental conditions such as the biological reactor configuration and operational
parameters (hydraulic retention time, sludge retention time and pH) (Li et al., 2016; Roberts
et al., 2016). The removal efficiency of PPCPs by biological treatment processes was
extensively reviewed previously (Miege et al., 2009; Verlicchi et al., 2012). Secondary
treatment in WWTPs removes 30 — 75% of anti-inflammatory and antibiotic compounds
(Carballa et al., 2004). The other studies show that the carbamazepine is not appreciably
removed by the WWTPs (Ternes, 1998; Heberer, 2002; Strenn et al., 2004; Clara et al.,
2005). The WWTPs eliminates paracetamol, acetylsalicylic acid and ibuprofen but
diclofenac is not removed by the WWTPs (Heberer, 2002). The penicillin readily hydrolyze

in water and tetracycline precipitates with Ca®* which is agglomerated with sludge
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(Daughton and Ternes, 1999). Similarly, the estrogens, androgens or detergent components
are not treated effectively in the conventional wastewater treatment plants because of their
chemical and structural stability as well due to their low bioavailability. The municipal
sewage sludge is repository of these emerging pollutants (Stamatelatou et al., 2011). Further,
the biological micropollutants threaten public health and tempted for the development of
newer and cost-effective technologies for disinfection of water. Therefore, the advanced
treatment methods, viz., chemical degradation assisted with specific microorganisms, or UV
light action is receiving greater attention in recent past. It was clearly demonstrated that the
tertiary water treatments are required for the advanced and specific elimination of variety of

contaminants from the aqueous wastes (Rivera-Utrilla et al., 2013).

Since the emerging micropollutants are not completely eliminated from the existing
WWTPs, and remain in effluents at low levels. This, therefore, contaminates the receiving
surface and ground waters, which are the main source of drinking water (Halling-Sorensen,
2001). Moreover, the development of newer resources with advanced technologies has
produced more chemicals and compounds which are known to be potential environmental
threats to the living beings. Several PPCPs, surfactants, various industrial additives and
numerous chemicals purported to be endocrine disrupters are not metabolized and
discharged into sewers and WWTPs which render greater challenges to the engineers for
advancing the effective technologies (Bolong et al., 2009). In general, the occurrence of the
new “unregulated” micro-contaminants such as EDCs, dyes and PPCPs requires advanced
treatment technologies for efficient and effective elimination of these ever-growing

micropollutants from aqueous wastes.

19



Introduction

1.4. Alternative Treatments for Micropollutants Removal

1.4.1. Removal by Physical Adsorption Processes

Adsorption is the most common and widely utilized process in the removal of trace
organic micropollutants in water. Adsorption may enable to remove PPCPs in the
environment. In order to enhance the adsorption capacity for emerging water pollutants,
different adsorbents are investigated and assessed specifically for wastewater treatment

technologies (Wang and Wang, 2016).

1.4.1.1 Activated Carbon (AC)

Activated carbon having higher surface area and meso-porosity is widely employed
in the treatment of water since it shows potential in the removal of several micropollutants
from wastewater. Powdered activated carbon (PAC) and granular activated carbon (GAC)
are commonly employed in treatment methods. The performance and application of
activated carbon in the removal of EDCs is elaborately reviewed elsewhere (Liu et al.,
2009). The use of activated carbon possessed with couple of problems which may underline
as: (i) Relatively less adsorption capacity and (ii) the deterioration of activated carbon in the
complex wastewater systems. Activated carbon is employed in the removal of PPCPs
compounds, however, the adsorption capacity of activated carbon greatly depends on the
hydrophobicity and charge of the PPCPs. Rodriguez et al. (2016) indicated that the
adsorption capacity of activated carbon much depended on the PPCPs hydrophobicity
studied for 3-methylindole, chloroprene and nortriptyline. In addition to the hydrophobicity
and charge of PPCPs, it was observed that the water matrix had also affected the adsorption
of PPCPs by activated carbon (Mailler et al., 2015; Rodriguez et al., 2016). In a pilot scale

experiment using PAC as adsorbent, organic matter existing in the water was removed
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completely (Mailler et al., 2015). Moreover, column studies showed that the higher PAC
dose was required to achieve enhanced removal efficiency of PPCPs. Moreover, the removal
efficiency of PPCPs by activated carbon is impacted by several parameters, viz., the contact
time, loading concentration of pollutant, co-existing ions, pH, morphology of activated
carbon, etc., (Nam et al., 2014; Mestre et al., 2007). A pilot level experiments indicated that
the lower dose of PAC is required for efficient removal of water contaminants compared to
the GAC solids (Meinel et al., 2015). Aiming to achieve better performance of activated
carbon in the removal of PPCPs, extensive experimentation is required which need to be
conducted at pilot scale to investigate the optimum operational conditions, viz., the contact

time, solid dose, structure of activated carbon, etc., (Wang and Wang, 2016).
1.4.1.2. Graphene and graphene oxide

Graphene is a newer carbon-based material having two-dimensional array of carbon
atoms which are covalently bonded by the sp® hybridization forming honeycomb sheet.
Graphene is a thinnest known material having very high specific surface area. Graphene
oxide is a precursor of graphene and obtained by the oxidation of graphite. The graphene or
graphene oxide showed potential in the remediation of aquatic environment contaminated
with variety of contaminants including the PPCPs (Wang and Wang, 2016). Various
physico-chemical properties affected the removal efficiency of graphene or graphene oxide
for variety of PPCPs that includes the pH, contact time, background electrolytes, etc.,
(Kyzas et al., 2015; Yang and Tang, 2016). The adsorption studies for the removal of PPCPs
using the graphene are conducted under batch reactor operations. Moreover, the studies
conducted with the synthetic PPCPs contained wastewaters, which is obviously less complex

than the real matrix samples. Therefore, the extensive studies need to be performed to
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investigate the performance of graphene and its oxide for efficient removal of PPCPs in the

real matrix samples (Wang and Wang, 2016).

1.4.1.3. Carbon nanotubes

Carbon nanotubes are having promising properties and enable it for several
applications in energy storage and medical devices. Studies are conducted to assess the
removal capacity of carbon nanotube in the removal of several PPCPs, viz., ketoprofen,
carbamazepine (Liu et al., 2014a, 2014b), sulfamethoxazole (Ji et al., 2009) and triclosan
(Cho et al., 2011). Removal capacities of carbon nanotubes for various pollutants varied
with the surface structure of carbon nanotubes or the speciation of pollutant species. A
review article summarizes the role of carbon nanotubes for variety of PPCPs (Jung et al.,
2015). Multi-walled carbon nanotubes were efficiently employed for the removal of
triclosan, ibuprofen, acetaminophen, carbamazepine, caffeine, prometryn, carbendazim, 4-
acetylamino-antipyrine (Wang et al., 2016a). The removal of PPCPs was increased by
decrease in initial sorptive concentration. Further, it was noted that larger the inner diameter
of carbon nanotubes possesses better competitive adsorption in presence of fulvic acid

(Wang and Wang, 2016).

Adsorption behavior of PPCPs onto the activated carbon, graphene, graphene oxide
and carbon nanotubes showed several advantages but possessed with several problems
which need to be addressed in real and large-scale implications of these materials (Wang and

Wang, 2016).

(i) The removal capacity of graphene or activated carbon need to be enhanced at least for the
macromolecular substances. The steric effect of micropore carbons of these materials has
caused for lower adsorption capacity to the macromolecular substances.
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(if) The production cost of these materials needs to be economical. High cost of graphene
restricts its large-scale use. Therefore, synthesis of low cost with high-surface-area

graphene are in great demand.

(iii) It is further imperative to synthesize the carbon nanotubes by using the robust and

simple methods.

Moreover, the attention is required for recycle and regeneration of these materials
(i.e., activated carbon, graphene, graphene oxide and carbon nanotubes). Further, the co-
existence of these solids along with the target PPCPs may induce toxic effects on the aquatic
microorganism. A comprehensive and detailed studies further enable to understand the

insight of the process (Wang and Wang, 2016).

1.4.2. Removal by Advanced Oxidation Processes (AOPs)

PPCPs or dye compounds are often detected in the effluents of WWTPs at low
concentration this indicates that existing wastewater treatment plants are found inefficient to
eliminate several micropollutants. This tempted to devise with some advanced treatment
method which deals efficiently the elimination of these micropollutants including the dye
compounds. The chemical oxidation processes, viz., ozonation and advanced oxidation
processes (AOPs), viz., O3/UV, UV/ H,0,, Fenton and Fenton-like oxidation, sonolysis and
electrochemical oxidation have shown potential in the oxidative removal of recalcitrant

organic pollutants including dyes from aqueous wastes (Wang and Xu, 2012).

Free radicals are found strong oxidizing agent that initiates the AOPs in the
degradation process. It is known that free radical species are atoms or molecules contained
with at least one unpaired electron, e.g., the hydroxyl radical (OH), superoxide anion radical

(02" ), hydroperoxyl radical (HO;") or alkoxyl radical (RO"). The "OH radical has attracted
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greater attention in the area of advanced oxidation processes. The distinctive characters of
"OH radicals are their non-selective nature, high reactivity and strong oxidizing capacities
(E° = +2.80 V) (Andreozzi et al., 1999). It is able to attack a wide range of organic
contaminants having the rate constants in the order of 10° — 10° Ms™ (Andreozzi et al.,

1999; Legrini et al., 1993).
1.4.2.1. Ozonation

Ozonation is the widely employed oxidation process for several PPCPs. The
ozonation depends on the in situ formation of ‘OH radicals which eliminates the PPCPs (Bai
et al., 2016a, 2016b). The content of hydroxyl radicals is related to the oxidation rate of
micropollutants. The ozonation inhibited significantly in presence of scavengers of hydroxyl
radicals. The real wastewater is a complex matrix contained with variety of pollutants.
Therefore, to make ozonation process more effective, further studies need to be conducted in
real wastewater matrices. In addition, attentions needed to study the fate of toxic byproducts
in ozonation. Chemical oxidation processes, ozonation and combinations of Oz with H,0,
(O3/H,0,), and O3 with UV (O3/UV) was conducted to eliminate the pharmaceuticals from
aqueous samples in a single or hybrid oxidation method (Andreozzi et al., 2005; Ikehata et
al., 2006; Kidak and Dogan, 2018). The parametric studies, viz., pH, ozone dose and
temperature had been studied extensively and an apparent mineralization of pharmaceuticals
were also obtained. Ozone which is having short life time shows the method expensive and

requires high-energy for real operation (lkehata et al., 2006).
1.4.2.2. Fenton oxidation

Fenton oxidation is performed with iron salts and hydrogen peroxide in acidic
medium. It is often used for the remediation of industrial wastewater contaminated with
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variety of micropollutants. Similar to ozonation, Fenton oxidation is also relying on the "OH
radicals. Moreover, in addition to Fenton process, the Fenton-like processes, viz., electro-
Fenton and photo-Fenton processes received greater attention in recent past (Wang and
Wang, 2016). Several review articles demonstrated the Fenton or Fenton-like processes in
the environmental remediation (Feng et al., 2013; Bokare and Choi, 2014). The Fenton-like
system is useful and easily recyclable heterogeneous catalyst which is found to be
environment-friendly as well (Xu and Wang, 2012). Fenton process for the elimination of
PPCPs may result with the formation of toxic byproducts which need to be identified and the
environmental fate of byproducts is equally important to be studied extensively (Wang and

Wang, 2016).

The Fenton process is relatively less energy intensive which needs low pH (3 — 5)
conditions (Malato et al., 2002; Perini et al., 2018). pH > 3, Fe*" precipitates as Fe(OH)s,
however, at even higher pH values, the formation of Fe(ll) complexes leads to significant
decline of Fe?* concentration. Several studies were conducted performing the Fenton or
photo-Fenton processes at around neutral pH. This intended the viability of processes at
large-scale operations or real wastewater operations (e.g., hospital wastewater) (Giraldo-
Aguirre et al., 2017; Perini et al., 2018). Further, more rigorous studies are need to be
conducted in order to optimize the suitable pH range using natural and real wastewater

matrices (Kanakaraju et al., 2018).

1.4.2.3. Photocatalysis (UV and UV/H,0,)

UV-photolysis is introduced for photolytic degradation of pollutants. The UV-
radiations facilitate the interaction of light radiations with the pollutant molecules and

initiated with series of chemical reactions (Gjessing and Kallgvist, 1991; Frimmel, 1994).
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UV-radiations also applied for the disinfectant of biological activity. The UV photolysis is
used for the elimination of several PPCPs (Kim et al., 2009). The oxidation of
pharmaceuticals greatly depends on the absorption of UV light (Kim et al., 2009). The
mechanism of UV treatment is to study the cleavage of chemical bonds of pollutant
molecules by direct absorption of UV-radiations. This is called as “photolysis”. However,
photolysis is not always effective (Vogna et al., 2004). Further, in order to enhance the
efficiency of UV treatment in PPCPs removal, the researchers introduced the hybrid system
of UV with hydrogen peroxide. This is called as “advanced oxidation process”. This

combined process is effective for degradation of several water pollutants (Yuan et al., 2011).

UV-photolysis depends largely on the irradiation intensity, the response of active
pharmaceutical ingredients (APIs) and the quantum yield, the addition of peroxides to
generate reactive radicals. UV/H;0, reduces the intended UV-energy in the degradation of
pharmaceuticals (Kim et al., 2009). The degradation is no longer dependent on direct
absorption by the API. Therefore, the UV/H,0, process is considered to be a promising
technology for effective removal of PPCPs. However, this combination process showed
different removal efficiency for different target compounds. In order to increase the
applicability of this combination process, more studies are to be conducted to optimize
various physico-chemical parameters (temperature, pH and dosage of H,O,) along with the

selectivity of treatment.

1.4.2.4. Sonolysis

The sonolysis is based on the ultrasound irradiation and the oxidation process is
proceeded through in situ generation of ‘OH radicals. This is produced by the water

pyrolysis using high intensity of acoustic cavity bubbles (Guyer and Ince, 2011). The power
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and frequency of applied ultrasound greatly affected the efficiency of sonolysis in the
oxidation of active pharmaceutical ingredients (APIs) (Ince, 2018; Kidak and Dogan, 2018).
Similarly, the frequency of ultrasound was studied in the removal of ciprofloxacin (De Bel et
al., 2011) and the results indicated that the lower frequency, i.e., 544 kHz resulted a high
degradation of ciprofloxacin having the pseudo-first order rate constant 0.0067 min* at 15
mg/L of ciprofloxacin. The mineralization of pollutants was further enhanced with the aid of
radical promoters (Naddeo et al., 2010; Liang et al., 2007; Rayaroth et al., 2016). Sonolysis
requires high energy input and the low mineralization of pollutants limits its wider
applications. However, the advanced oxidation process integrated with the sonolysis may
enable it cost effective and also enhances apparent mineralization of pollutants (Kanakaraju

et al., 2018).

1.4.2.5. Electrochemical oxidation

Electrochemical oxidation is one of attractive and efficient way of pharmaceuticals
degradation. It operates by generation of reactive species via electricity. The operation is
devoid with additional chemical use which creates further load on environment as secondary
waste (Garcia-Segura et al., 2018). Electrodialysis and electrocoagulation separations along
with the anodic oxidation of pollutants were reviewed extensively and demonstrated the
usefulness of these electrochemical techniques (Sires and Brillas, 2012). The electro-
oxidation is proceeded either by the direct oxidation at the anode or the indirect oxidation
proceeds via in situ generation of reactive oxygen species by oxidants at the electrode

surface (Feng et al., 2013).

The boron-doped diamond (BDD) anodes are often employed in the degradation of

pharmaceuticals since BDD are found to be corrosion resistive, high oxygen-over potential
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(to generate more "OH radicals) and provides inert surfaces (Garcia-Espinoza et al., 2018;
Svorc et al., 2017). It was reported that the electrochemical process using the BDD had more
efficiency than Fenton oxidation in the degradation of real pharmaceutical wastewater

samples (Perez et al., 2017).

1.4.2.6. Heterogeneous photocatalysis (TiO2/UV)

The heterogeneous photocatalysts using different semiconductors (viz., TiO,, ZnO,
ZnS, WOs, SrTiOg) are studied for photocatalysis processes (Hoffmann et al., 1995). Among
all the semiconductor catalysts in photoinduced processes, titanium dioxide (TiO,) or titania
is mostly used because it possesses several advantages over the other catalysts. The TiO; is
chemically and biologically inert and found to be stable towards the catalytic operations
which exaggerates the use of TiO, in various catalytic operations (Carp et al., 2004). In
nature TiO, exists in three different mineral forms, viz., anatase, rutile and brookite. Anatase
usually exhibits highest photocatalytic activity. Anatase type possesses crystalline structure
that resembles the tetragonal system (with dipyramidal type) and is used mainly as a
photocatalyst under UV irradiation. The UV irradiation enables the excitation of electrons
from the valence band to the conduction band which makes highly reactive oxidative holes
on the valence band in TiO; solids. The hole takes part in generation of radical species in
aqueous medium, viz., the formation of "OH radicals. Therefore, the radical species are
involved in the degradation of organic compounds onto the catalyst surface (Hoffmann et

al., 1995; Carp et al., 2004).

Advanced oxidation process integrated with TiO, photocatalyst is an effective
method to oxidize even the persistent and emerging micropollutants (Guillard et al., 1999).

One of the important functions of heterogeneous photocatalysis is photocatalytic oxidation
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(PCO) to effect partial or total mineralization of gas phase or liquid phase contaminants to
benign substances (Zeltner and Tompkin, 2005). While degradation begins with a partial
degradation, the term photocatalytic degradation usually refers to a complete photocatalytic
oxidation or photo-mineralization, essentially to CO,, H,O, NOs , PO,* and halide ions
(Carp et al., 2004). The treatment is based on the ‘no-waste’ concept and the nonreactive
and chemically stable TiO, catalyst boosts the useful applications in the area of high

catalytic activity and wastewater treatment strategies (Babic et al., 2017).
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1.5. Heterogeneous Photocatalysis (TiO,/UV) with Nanoparticles of Silver (Ag), Gold

(Au) and Cerium (Ce)

In spite of several advantages, TiO, shows several limitations for its wider and
enhanced applications, viz., it possesses a wide band gap (Egap: Ca 3.2 eV) and having high
number of e /h* pair recombination events that eventually restricts its efficiency in ultimate
wastewater treatment technology (Soleymani et al., 2016; Guo et al., 2016). The lifespans of
these species are very small and in the absence of suitable scavengers, it dispels the stored
energy within a few nanoseconds by recombination. Further, the electronic excitation of
TiO, requires a photon having the energy in the ultra violet (UV) region. However, a
suitable modification enables its enhanced applicability for the implications in wastewater
treatment. Many studies have been carried out to advance the photocatalytic activity by
reducing the recombination reaction by the addition of noble metals (Choi et al., 1994;
Cozzoli et al., 2004). It is found that doping with silver or gold nanoparticles has been of
considerable relevance because of its potential functions. The TiO, photocatalyst modified
or decorated with noble metal nanoparticles (NPs), viz., Silver (Ag), Gold (Au) and rare
earth metal, viz., Cerium (Ce) had shown exciting and valuable photocatalytic properties.
The Ag or Au nanoparticles decorated TiO, absorbs the light in the visible region and
undergoes with the surface plasmon resonance that arouses the localized electric field in the
vicinity of TiO, that results in facile production of e /h* pairs at the surface of TiO, (lhara et
al., 1997). Moreover, the nanoparticles on TiO, act as co-catalyst which helps the e /h*
separations (Seery et al. 2007). Nevertheless, the plasmon resonance and the catalytic
activity of catalyst mainly depends on the particle size, geometry and the noble metal
nanoparticles doped to its sphere (El-Sayed, 2001; Feldstein et al., 1997). This naturally

overcomes the limitations of TiO;, and enables the use of solar visible light that constitutes

30



Introduction

Ca. 40% in solar radiations. This eventually reduces the cost of operation and perhaps makes

it further viable in the treatment technology (Tiwari et al., 2019b).

The importance in medical uses of silver nanoparticles as antibacterial agents is
widely implied. It is combined with TiO, to fabricate the silver doped titania coated sanitary
wares (Machida et al., 2004), medical devices, food preparation surfaces, air conditioning
filters, etc. Silver can confine the excited electrons from TiO, and depart the holes for the
degradation reaction of organic species (llisz et al., 1999; Stathatos et al.,2001). It also
results in the delay of their wavelength response towards the visible region (Kamat, 2002).
Besides, silver particles can support the electron excitation by creating a local electric field
(Hermann et al., 1997), and plasmon resonance effect in metallic silver particles displays a
reasonable improvement in this electric field (Zhao et al., 1996). The effect of Ag doping on
titania and its photocatalytic activity by UV irradiation was studied by Chao et al. (Chao et
al., 2003). They found that Ag doping helps the anatase to rutile conversion, which is
credited to the increase in specific surface area which causes the improvement in

photocatalytic activity and boosts the electron-hole pair separation.

The gold doped titania shows a strong absorption of visible light and possesses the
surface resonance plasmon (SPR) of their free electrons (Wang et al., 2012; Ghosh and Pal,
2007). The plasmonic photocatalyst Au-TiO, shows high degradation efficiency of acetic
acid and 2-propanol (Kowalska et al., 2010), thiocyanate (Dawson and Kamat, 2001) and
alcohol oxidations using the visible light irradiation (Naya et al., 2010). The CO, reduction
with either UV (245, 365 nm), or visible (532 nm) light was performed efficiently using the
Au-TiO, (Hou et al., 2011). Similarly, water splitting for H, and O, production was

conducted using the UV and visible light (Silva et al., 2011; Jovic et al., 2013).
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An inexpensive and relatively non-toxic material cerium doped TiO, has been used
to degrade organic pollutants (Chai et al., 2006) and the rare earth (RE) ions particularly the
cerium is found to be an ideal dopant. This significantly modifies the crystal structure,
electronic structure and optical properties of TiO, (Zhu et al., 2006; Koepke et al., 2006;

Ranjit et al., 2001).

Moreover, the doping of cerium found greater attention during recent past owing to
the reasons that cerium possesses redox couple Ce**/Ce** helps in converting the CeO, to
Ce,03 under the oxidizing and reducing conditions. Moreover, the variable electronic
configurations Ce®* (4f'5d°) and Ce** (4f°%5d") caused different optical and catalytic
properties (Touati et al., 2016; Liu et al., 2008; Li et al., 2005). Literature reveals several
studies conducted in the synthesis of metals doped hybrid materials (Chen et al., 2017; Patil
et al., 2019). A simple sol-gel method was adopted using the titanium butoxide and cerium
nitrate as precursor materials to obtain the Ce®*'-TiO, solid. The visible light driven
photocatalyst was then used for the hydrogen production from sulphide wastewater
(Bharatvaj et al., 2018). A novel hydrothermal method combined with wet-chemical
deposition followed by the in situ solid-state chemical reduction was enabled to synthesize
the composite Ti**-TiO,/Ce**-CeO, nanosheet. The material has shown efficient degradation
of dye compound due to doping of Ti** and Ce®*" and formation of surface oxygen vacancy
and heterojunction (Xiu et al., 2018). Ce was doped in situ with the composite SiO,-TiO;
which enabled the material to inhibit the phase transformation from anatase to rutile even at
higher annealing temperature and enhanced the thermal stability (Sun et al., 2014). The
growth of the anatase TiO, crystallites was inhibited with the increased doping of cerium
until the 3 mol.% Ce, however, the Ce loadings ( > 5 mol.%), showed that the anatase lattice

was saturated by Ce** and the formation/separation of amorphous ceria and/or ceria (~1 nm)
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nucleation was taken place. This resulted the increase of TiO, anatase crystallite-size
(Matejova et al., 2014). It was reported previously that doping of cerium with TiO, was
suitable for degradation of complex matrix compounds, e.g., polyvinylpyrrolidone (PVP)
compared to the simple dye compound (methyl thymol blue) (Vieira et al., 2018). Similarly,
the TiO,-CeO, showed a macro-meso porosity and the degradation of Rhodamine B
(Fiorenza et al., 2018) or bromophenol dye (Ameen et al., 2014) is studied under the visible
light driven reactor (Fiorenza et al., 2018). The Ce and Mn were co-doped with the TiO, and
the textural and optical results showed that manganese and cerium caused to reduce the gap
energy and increased significantly the surface area as compared to the mono-doped or
pristine TiO,. Moreover, the co—doping enhances the lifetime of electron/hole pairs (Tbessi
et al., 2019). Graphene oxide/magnetite/cerium-doped titania composite was synthesized by
single step process and the efficient degradation of tetracycline was conducted. The material
contained with Fe,O3 having superparamagnetic property hence, easily separable from the
reactor (Cao et al., 2016). A synergistic effect was observed in the degradation of herbicide
2,4-dichlorophenoxyacetic acid by doping the Au nanoparticles with the TiO,-CeO,
photocatalysts under the visible light driven photocatalytic process. Further, it was reported
that the Au (NPs) trap the electrons whereas cerium oxide behaves as oxidizing agent in the

degradation mechanism (Guzmana et al., 2011).

1.5.1. Factors Affecting Heterogeneous TiO, Photocatalysis

1.5.1.1. Light intensity

Photocatalytic reaction rate depends largely on the radiation absorbed by the
photocatalyst (Curco et al., 2002). Qamar et al. (2006) revealed that increased rate of
degradation for some of the pollutants was increased with light intensity. The nature or form

of the light does not affect the reaction pathway (Stylidi et al., 2004). In other words, the
33



Introduction

band gap sensitization mechanism does not affect the photocatalytic degradation. The
intensity of light greatly affects the rate of electron-hole formation in the photochemical
reactions and eventually governs the overall efficiency of pollutant degradation (Cassano

and Alfano, 2000; Pareek et al., 2008; Hermann, 1999; Ollis et al., 1991).

Unfortunately, only 5% of the total irradiated natural sunlight possesses adequate
energy to enable the effective photosensitization (Wilk and Breuer, 1999) and a huge
fraction of light energy is lost due to the reflection, transmission and heat energy (Yang and
Liu, 2007). These limitations tempted researchers to carry further research in the application

of TiO; in remediation of aquatic environment contaminated with variety of micropollutants.

1.5.1.2. Nature and concentration of pollutant

The substrate concentration and nature of pollutant species are important factors in
the photocatalytic degradation of pollutant species (Ahmed et al., 2010). Similarly, the
effective sorption of pollutant species onto the catalyst surface governs the catalytic
degradation. However, the adsorption of pollutant is greatly depending on the initial
pollutant concentration. Further, the percentage degradation decreases with increasing the

amount of pollutant concentration, while keeping a fixed amount of catalyst.

The number of photons striking the catalyst surface determines the rate of the surface
reactions and this correlates the surface coverage of TiO, photocatalyst by pollutant
molecules (Kogo et al., 1980; Guillard et al., 2003). The photocatalytic degradation of
aromatic compounds depends largely on the substituent group present. Nitrophenol adsorbs
strongly on the catalyst surface than the phenol and therefore degrades faster than phenols
(Bhatkhande et al., 2004). Similarly, mono-chlorinated phenol degrades faster than di- or tri-
chlorinated member of chloro-aromatics (Hugul et al., 2002). Therefore, the molecules

34



Introduction

having electron withdrawing group, viz., nitrobenzene and benzoic acid are reported to be

adsorbed specifically than the electron donating groups (Palmisano et al., 2007).

1.5.1.3. Nature of photocatalyst

A very important parameter influencing the performance of photocatalyst in
photocatalytic oxidation is the surface morphology, namely the particle size and agglomerate
size (Ding et al., 2005). Numerous forms of TiO, have been synthesized by different
methods to attain a photocatalyst exhibiting desirable physical properties, activity and
stability for photocatalytic application (Gao and Liu, 2005). Evidently, there is a clear
connection between the surface properties, the rational development of improved synthesis
routes and the possible usefulness of the material prepared in application (Mohammadi et
al., 2006; Diebold, 2003). For instance, smaller nanoparticle size is reported to give higher
conversion in gaseous phase photo-mineralization of organic compounds over nano-sized

titanium dioxide (Maira et al., 2001).

1.5.1.4. pH of the solution

Similarly, the pH of the solution is an important parameter which controls
significantly the photocatalytic degradation processes since the pollutant species and catalyst
surface change with change in solution pH (Singh et al., 2007; Haque et al., 2006). Pollutant
molecule exists in positive, neutral or negatively charged species and depending on the
catalysts charges the electrostatic interaction varies with pH. Therefore, it renders the change
in photocatalytic degradation (Saien and Khezrianjoo, 2008). In the current update of the
point of zero charge (PZC) (Kosmulski, 2006), the pHp,. of Degussa P-25 TiO, was reported
to be 6.9. This indicates that TiO, possesses net positive charge in acidic medium (pH < 6.9)

and negative charge at pH > 6.9. In general, the catalytic activity of titanium dioxide is
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favored at lower pH, however, it diminishes at very low pH conditions since the excess of
H* suppresses the reaction rates (Sun et al., 2006). It is important to underline that the
photocatalytic degradation of pollutants need to be optimized with solution pH (Mansilla et

al., 2006).
1.5.1.5. Reaction temperature

It was pointed that the reaction rate of photocatalytic degradation of pollutants
depend on temperature (Wang et al., 1999; Tunesi and Anderson, 1987; Evgenidou et al.,
2005). In general, increase in temperature decrease the degradation due to the enhancement
of recombination of charge carriers and desorption of adsorbed pollutant species. This was
in a line to the Arrhenius equation, for which the apparent first order rate constant Kapp

increases linearly with exp(-1/T) (Gaya and Abdullah, 2008).
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1.6. REVIEW OF LITERATURE

Titania photocatalysis also stated as the “Honda-Fujishima effect” is originally
publicized by the pioneering work of Fujishima and Honda, (1972). Titanium dioxide (TiO,)
is a semiconductor material employed in science of photocatalysis (Lee et al., 2005; Ni et
al., 2007). It was employed as a photocatalyst for splitting of water for H, production (Feng
et al., 2011; Garcia et al., 2011). Honda and Fujishima (1972) initially utilized it for H;
production on a titanium dioxide electrode, however, it received greater attention for
catalytic and energy-related uses. Moreover, the nanostructured TiO,, e.g., nanoparticles,
nanowires, nanorods, nanosheets, etc., are possessed with enhanced applications in diverse
area of science and technology (Gharagozlou and Bayati, 2014; Kilinc et al., 2014;
Fujishima and Honda, 1972; O’Regan and Gratzel, 1991; Xu et al., 2009). Titanium dioxide
is widely studied as an excellent photocatalyst in the oxidative elimination of organic
pollutants from aqueous wastes (Chowdhury et al., 2015). Among the three crystalline forms
of titanium dioxide, the anatase and rutile possesses considerable applications as potential
photocatalysts. Anatase phase is relatively more effective than the rutile phase. The
photocatalysis of several pesticide and herbicide derivatives dominant in storm water and
wastewater effluents is treated using the titanium dioxide photocatalyst employing UV and

solar radiations in the batch reactor operations (Ahmed et al., 2010).

Heterogeneous photocatalysis is an advanced oxidation process that applies a
semiconductor to upsurge the construction of reactive species and degradation rates (Chong
et al., 2010). Studies of heterogeneous photocatalysis started almost five decades back, after
the finding of the photoinduced splitting of water on TiO; electrodes (Fujishima et al., 1969;
Fujishima and Honda, 1972). During the last couple of decades, practical applications of

TiO, photocatalysts was applied in both indoor and outdoor environments (Fujishima et al.,
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1999; Fujishima and Zhang, 2006). Photocatalysis is widely studied in a range of research
areas, viz., organic synthesis, water splitting, photo induced oxidation, hydrogen transfer,
0,™ — 0, and deuterium-alkane isotopic exchange, metal deposition, disinfection and anti-
cancer therapy, water detoxification, gaseous pollutant removal, etc., (Carp et al., 2004;
Herrmann, 1999). The heterogeneous photocatalytic processes are efficient and effective
methods for the purification of both air and water streams and titania is greatly applied as a
catalyst which enables efficient charge carriers which helps in inducing reductive and

oxidative processes (Kim et al., 2005).

The photocatalytic oxidation process is carried out with the energized light source
along with an oxidizing agent, viz., oxygen or air. The photons having energies greater than
the band-gap energy (AE), induces the excitation of electrons from valence band (VB) which
then stimulates the oxidative reactions. Moreover, the absorption of photon energies less
than AE (i.e., longer wavelengths) produces energy dissipation in the forms of heat. The
absorption of light energy by the titanium dioxide catalyst creates positive hole (h*) in the
valence band and an electron (e ") in the conduction band (CB). The positive hole oxidizes
either pollutant directly or water to generate ‘OH radicals, whereas the electron in the
conduction band reduces the oxygen adsorbed on the catalyst surface (TiO,) (Ahmed et al.,
2010). The "OH radical is the primary oxidant. The reaction mechanism for the
photooxidative degradation of many organic pollutants over titania particles is studied
extensively (Mills and Hunte, 1997; Pelizzetti and Minero, 1993) and the following chain

reactions is hypothesized (Gaya and Abdullah, 2008).

Photoexcitation: TiO)/SC+hv —e +h” (1.6.1)

Oxygen adsorption: (02)ags + € — 0, (1.6.2)
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lonization of water: H,O —OH +H" (1.6.3)

Protonation of superoxide: O, +H" — HOO’ (1.6.4)

The hydroperoxyl radical formed in (1.6.4) also has scavenging property as O, thus

doubly prolonging the lifetime of photo-hole:
HOO +e  — HO; (1.6.5)
HOO +H" — H,0, (1.6.6)

Both the oxidation and reduction take place at the surface of the photoexcited

semiconductor photocatalyst and illustrated in Figure 1.6(a).
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*OH +R —p intermediates —p- CO, +H,0

Figure 1.6(a): Schematic diagram illustrating the principle of TiO, photocatalysis
[Ahmed et al., 2010].
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Recombination of electron and hole proceeds unless oxygen is available to scavenge
the electrons to generate the superoxide (O, 7). The protonated form, i.e., hydroperoxyl
radical (HO;") and subsequently H,O; is produced. Organic pollutants are attacked by these
in situ generated radical species. In addition to the radicals, viz., ‘OH, O, ", the positive

holes are also involved in oxidation process (Zang and Farnood, 2005).

The titania-assisted aerobic photocatalytic reaction as opposed to a photosynthetic
reaction having AG as negative (Carp et al., 2004). The corresponding acid HA of the non-

metal substituent is formed as one of the byproduct (Gaya and Abdullah, 2008):

()TiO,
(D0,
(ii)hv 2E

Organic Contaminants Intermediate(s) —CO, + H,O + HA (1.6.7)

Several mechanisms are proposed in the photocatalytic degradation of organic

compounds over TiO, surface. The characteristic time for each elementary reaction is

illustrated in Table 1.6 (Gaya and Abdullah, 2008).
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Table 1.6: Primary processes and time domains in TiO, catalyzed mineralization of organic
pollutants [Gaya and Abdullah, 2008].

Primary process Characteristic time

Charge carrier generation
TiO, +hv——e +h" fs (very fast)
Charge carrier trapping

h*+>Ti"OH —{>Ti""OH"'} 10ns (fast)

100ps (shallow trap; dynamic equilibrium)

e +>Ti"OH —{>TiOH"}

10ns (deep trap)
e +>Ti"V —Ti"
Charge carrier recombination
e +{>TiYOH" }——>TiVOH 100 ns (Slow)
h"*+>Ti"OH"}——>Ti"OH 10 ns (fast)
Interfacial charge transfer
{>Ti"OH"*}+ Organic molecule 100ns (Slow)

. ms (Very slow)
—>Ti"YOH + Oxidized molecule

{Ti"OH }+0,—>>Ti"OH + 0}

The {>TiYOH'} and {>Ti"'OH} represent the surface-trapped valence band
electron and surface-trapped conduction band electrons, respectively. The surface-bound
"OH radical represented by {>Ti'VOH} is chemically equal to the surface-trapped hole
allowing the use of the former and latter terms interchangeably (Horvath, 2003). It was

reported that a good correlation had occurred between the charge carrier dynamics, their
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surface densities and the efficiency of the photocatalytic degradation over TiO,. A
femtosecond spectroscopic analysis is conducted for the TiO,/SCN™ aqueous system and the
results indicated that a dramatic rise in the population of trapped charge carriers is obtained
within the first few picoseconds (Colombo and Bowman, 1996). The results also confirmed
that for species adsorbed to TiO,, the hole-transfer reaction is successfully completed within
picoseconds. The interfacial photochemical reactions are described as given below (Gaya

and Abdullah, 2008):

Photoexcitation: TiO,+hv  —e+h'y (1.6.8)
Charge carrier trapping: € cs — € 1r (1.6.9)
Charge carrier trapping: h*ye — h'g (1.6.10)
Electron-hole recombination: e 1 + h*yg(h*1r) — € 5 + heat (1.6.11)

Bahnemann et al. (1984) provided a clear evidence of the trapped charge carriers
using flash radiolysis. The breaking of bonds in organic molecule takes place due to the
interaction of the trapped e + (Ti**) and h*+« (presumably ‘OH) pairs onto the TiO- particle
surface (Anpo et al., 1984). Furube et al. (1999) also confirmed the trapped charge carriers

occur near the particle surface and do not undergo rapid (~1mps) recombination instantly.

Photocatalytic degradation processes are conducted in presence of water, air, the
target contaminant and the photocatalyst. The presence of water is important and crucial in
TiO, photocatalysis since the 2-propanol photooxidation cannot proceed without water
(Domen et al., 1982). Figure 1.6(b) displays the steps involved in the photo-induced

processes of the photo—mineralization of organic contaminant in presence of TiO..
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Figure 1.6(b): Conceptual diagram for the primary processes involved in photo-

mineralization of organic compounds [Gaya and Abdullah, 2008].

Photo-generated holes are greatly involved in oxidizing the organic molecules
directly (Zeltner and Tompkins, 2005) or indirectly through the in situ generated ‘OH (Zhao

and Yang, 2003; Fujishima et al., 2000):

HO+h" S OH +H" (1.6.12)
R-H+OH —R"+H,0 (1.6.13)
R +h" — R" — Degradation products (1.6.14)

The kinetics of photocatalytic degradation of organic compounds generally follows

the Langmuir-Hinshelwood scheme (Dung et al., 2005; Mills and Hunte, 1997).

e o kKC (1.6.15)

dt ~ 1+KC

r =

where r represents the initial rate of photo-oxidation, C the concentration of the
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reactant, t the irradiation time, k the rate constant of the reaction and K is the adsorption
coefficient of the reactant. At mM concentrations C « 1, the equation can be simplified to

the apparent rate order equation (Kabra et al., 2004; Konstantinou and Albanis, 2004):

In Cy —

KKt = Kappt (1.6.16)
or

Ct=CpeXappt

where K, is the apparent pseudo-first-order rate constant obtained by the slope of In
Co/C against time (t) and Cp is the initial concentration of the organic pollutant.
Consequently, under the similar condition, the initial degradation rate is given in the

following form:

A quasi-exhaustive consideration of photo-oxidation studies of organic contaminants
evidenced that the pseudo-first-order rate equation above holds true (Valente et al., 2006;
Chen et al., 2007). Further, the Langmuir-Hinshelwood model acts as a basis for the photo—
degradation of organic compounds even if it could not directly offer sufficient fitting
(Demeestere et al., 2004). However, for suspended titania-mediated photocatalytic
degradation of organic compounds pseudo-zeroth order is also reported (Dijkstra et al.,

2001).

The use of titania based photocatalysis suffers from several drawbacks, for example,
difficulty of separation from the solution, relatively high electron-hole recombination rate.
This, of course, results with lower photocatalytic efficiency. Moreover, the TiO; is effective

only under UV light (A < 388 nm) irradiation because of its large energy band gap (3.2 eV
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for anatase), i.e., it obtains only less than 3% of the available solar energy (Chowdhury et
al., 2015; De Almeida et al., 2015). The preparation of porous TiO; thin films with high
specific surface area is attracting more and more attention in recent past (Cernigoj et al.,
2006; Bu et al., 2006). The photocatalytic activity of TiO; is reliant on surface and structural
properties of the semiconductor. These factors could impact the adsorption behavior of a
pollutant or degradation intermediates and the life time and recombination rate of electron-
hole pairs (Furube et al., 1999). Because photocatalytic procedures are chemical reactions on
the surface, therefore, the increase of surface area could enhance the effectiveness of the
process because it involves larger contact surfaces exposed to the pollutants (Yu et al.,
2000). Particle size is an important parameter in heterogeneous catalysis, because it is
directly associated with the efficiency of a catalyst through the definition of its specific
surface area (Ahmed et al., 2010). The photo-induced phenomenon is affected by quantum
size. Anpo et al. (1987) seen blue shift and increase in reaction yield and photocatalytic
activity as the diameter of the TiO, particles becomes smaller particularly below 100A. This
observation was credited to the suppression of radiation-less transfer and the concurrent
enhancement of the activities of the charge carriers. Porous inorganic TiO, (anatase) films
can be acquired using templating membranes (Schattka et al., 2006) or conventional
alkoxide sol-gel route with the addition of surfactants (Chen et al., 2008). The templates
allow to maintain the initial polymer morphology up to final porous structure. Polyethylene
glycol is particularly appropriate for obtaining the porous structure of coatings (Bu et al.,
2004) due to its complete decomposition at relatively low temperature (Kajihara et al.,
2005). The control of synthesis and deposition processes is crucial for getting homogeneous,
ordered and crack-free surface coatings. Crystalline phase, specific surface area, surface OH
groups, morphology, band gap, porosity and accumulation of particles are several

parameters playing a conclusive role in the photocatalytic effectiveness of titania (Cheng et
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al., 1995). But, diverse results are obtained in literature. While some authors emphasize the
high surface area as determining factor to increase efficiency (Bacsa and Kiwi, 1998) others

indicate the influence of crystallinity and particle size (Yin et al., 2001).

In order to improve the photocatalytic activity of catalyst, the production of more
electrons and holes by overpowering their recombination is perhaps the best possible way to
be adopted. Therefore, the recombination rate is significantly decreased by doping the metal
ions. Several studies are conducted doping the numerous metals with titania network. This
creates an apparent dopant energy levels below to the conduction band energy of titanium
dioxide. The dopant metal provides energy band as a trapping electron site and electrons stay
for a while prior to further transported to an adsorbed acceptor on the catalyst surface.
Therefore, electron and holes are available for further oxidative decomposition reaction
(Reda et al., 2017). In addition, some of doped metals with titania network leads to the
creation of oxygen vacancy in titania lattice or even lattice defect which then provide an
impurity energy level below to the conduction band of titanium dioxide. The incorporation
of impurity creates strain and unbalanced charge and making oxygen vacancy. This vacancy
traps electron and also result in a decrease of electron and hole recombination. In recent past
several studies conducted for doping several metals with titania network to improve its
photocatalytic activity under UV or visible light irradiation. Transition metals have long
been selected as doping elements because of the possible transition of d and f orbital
electrons, which allows these elements to be a good electron acceptor and thus obstructs the
recombination of photo-induced electron-hole pairs (Bae and Choi, 2003). The most widely

studied metals are Ag, Au or Ce doped titania (Stengl et al., 2009).

The doping of silver nanoparticles with TiO, has shown an enhanced catalytic

efficiency of catalyst in the removal of numerous pollutants, since the nanoparticles traps
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electrons and restricting the recombination of the electron-hole pairs (lliev et al., 2006).
Moreover, the Ag nanoparticles provides the excitation under the visible light irradiation
because of the localized surface plasmon resonance (SPR) due to the collective oscillations
of the surface electrons (Liu et al., 2015). Ag nanoparticles displays greater applicability due
to its low cost and high-performance photocatalytic activities (Weerachawanasak et al.,
2009). It is well known that the free electrons of metals can collectively oscillate when
induced by light irradiation. The oscillation frequency of light, electro-magnetic field agrees
with that of the free electrons, the SPR effect is generated and light energy is coupled with
the metal nanoparticles at the same time (Ohno, 2004). Silver nanoparticles are impregnated
with the titania network and employed for the removal of methyl orange. The materials
showed remarkably enhanced photocatalytic performance compared to the bare TiO;
nanoparticles (Aysin et al., 2013). The plasmonic photocatalyst Ag/AgCIl/TiO, was
synthesized and showed a high photocatalytic activity in the elimination of methylene
orange. The SPR effect of Ag-nanoparticles under visible light irradiation is the possible
pathway of degradation (Jing et al., 2003). The effect of Ag doping with titanium dioxide
using the sol-gel synthesis was conducted by Chao et al. (2003). The Ag doping caused the
transformation of anatase to rutile phase of titanium dioxide. The silver deposition has
caused to improve the photocatalytic activity of rutile titanium dioxide and detrimental
effect is observed for the anatase phase in the oxidation of 2-propanol (Sclafani et al., 1998).
Similarly, the Ag doped nano-TiO, catalyst showed enhanced catalytic performance than the
commercial titanium dioxide in the mineralization of organic pollutants (Loganathan et al.,

2011).

Further, the TiO, catalyst as decorated with the noble metals nanoparticles (NPSs),

viz., nanoparticles of Ag or Au helps to achieve several useful results. It serves first to
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operate the process in visible light absorption since the noble metal nanoparticles yield with
surface plasmon resonance effect under the visible/UV-A light irradiation. The nanoparticles
enable to stimulate the localized electric field in the vicinity of TiO, that results in facile
generation of e /h” pairs at the surface region of TiO, (Ihara et al., 1997). Further, the noble
metal nanoparticles on TiO, also act as co-catalysts which promotes e/h* separations that
favors the surface reactions (e.g., recombination of H atoms to produce H, (Seery et al.,
2007). It is further demonstrated that effective plasmon resonance and the catalytic activity
depends largely upon particle size, geometry and the noble metal nanoparticles doped to its
sphere (Feldstein et al., 1997; El-Sayed, 2001). This doping overcomes the limitations of
TiO, and enables the use of solar visible light that constitutes Ca. 40% in solar radiations.
This ultimately reduces the cost of operation and perhaps makes it further viable in the
treatment technology. On the other hand, UV-A light active advanced materials were
synthesized and employed in the efficient treatment of variety of emerging water pollutants
(Park et al., 2017; Aazam, 2014). The nanocomposite Fe,O;@TiO,@nanometal (Au, AQ)
was synthesized by the sol-gel facile route and an enhanced degradation of pollutant was
obtained using the UV-radiations (Kim et al., 2016). Tetracycline was treated using the
TiO,/Ge composite material under the UV-A radiations. The results indicated that more than
95% of COD was removed with 240 min of irradiation (Chung et al., 2016). Similarly, the
carbon quantum dots modified CdSe loaded reduced graphene oxide was utilized in the
photocatalytic degradation of tetracycline. The results indicated that the ‘OH, O, and 'O,
radicals were predominantly involved in the degradation mechanism of tetracycline (Huo et
al., 2017). The Fenton-like catalytic process was conducted using the ferro-ferric oxide
nanoparticles coated activated carbon and employed in the efficient degradation of

tetracycline from aqueous solutions (Jafari et al., 2017).
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The doping with rare earth ions also enables the light absorption in the visible range
hence, enhances the separation efficiency of photo-induced charge carriers (Qu et al., 2011).
Several studies indicated that some of the rare earth ions doped titanium dioxide not only
suppresses the recombination of photo-induced charge carriers, but also widen the
absorption spectrum (Ko et al., 2011). Predominantly, cerium ions (Ce**/Ce*") are found to
be an ideal dopant to modify the crystal structure, electronic structure and optical properties
of TiO,. It makes complexes with various Lewis bases including organic acids, aldehydes,
alcohols, and thiols in the interaction of the functional groups with its f-orbital (Ranjit et al.,
2001). Ce doping with titania network enabled useful properties, viz., the redox couple
Ce**/Ce™, which results from the shift of cerium oxide between CeO, and Ce,O3 under
oxidizing and reducing conditions. Moreover, the variable electronic configurations Ce**
(4f'5d%) and Ce*" (4f°5d°) caused different optical and catalytic properties of materials
(Magesh et al., 2009). Cerium is one of the four most abundant rare earth metals, it is
inexpensive and relatively nontoxic in nature. The Ce-doped TiO; is found efficient in the
methane steam reforming, CO, hydrogenation, mercury oxidation, S-metolachlor
degradation, NOy reduction, CO, reduction, NH3 oxidation, degradation of dye, nitrobenzene
degradation, etc., (Makdee et al., 2018). Nikl et al. (2015) has combined Ce into RbGdS,
crystal and the samples showed long-term stability with luminescent features. The Ce-doped
SnS, nanoflakes show higher photocatalytic activity for degradation of organic dye
(Kiruthigaa et al, 2015). Ce doping enhances the absorption of light compared to the host
semiconductor hence, enabled to show enhanced catalytic activity (Zhan et al., 2018). It has
been indicated that Pt, Cu and Au nanoparticles supported on mixed-metal oxide CeO,/TiO,
presented higher activity toward the water-gas shift reaction than in the absence of CeOy

(Fan et al., 2015; Loganathan et al., 2011).
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1.7. SCOPE OF THE PRESENT INVESTIGATION

The emerging water pollutants including the pharmaceuticals, personal care products
(PPCPs) or dye compounds is a greater and serious concern since these pollutants are
presently entered into the drinking water system and showed serious threat to the humans
and aquatic life. Among these emerging water pollutants, the pharmaceuticals including
antibiotics (Arikan et al., 2009), antipyretic/analgesic drugs (Bunch and Bernot, 2010),
environmental estrogen (Bicchi et al., 2009), and disinfectants (Cha and Cupples, 2009) are
found to be important water contaminants since these are often detected in high
concentrations in natural water bodies. The conventional WWTPs are found to be the
leading cause for these pharmaceuticals as they accumulate discharges from hospitals,
veterinaries, households, industries and pharmacies (Destrieux et al., 2017; Lee et al., 2017).
Because of the differences in the physico-chemical properties of active pharmaceutical
ingredients (APIs), the configuration of WWTP facilities and the sewage composition, the
effectiveness of treatments can differ significantly requiring a broad range of removal
procedures (Kassinos et al., 2011a; Luo et al., 2014). Numerous studies have confirmed the
presence of pharmaceuticals in the influents and effluents of WWTPs (Causanilles et al.,
2017; Lin et al.,, 2018). Uncontrolled discharge of micropollutants in the aquatic

environment poses a global health concern (Rahman et al., 2009).

Overall, WWTPs have been mainly intended and modernized for the elimination of
easily or moderately biodegradable compounds containing carbon, nitrogen and phosphorus
(Nitoi et al., 2015), they are not tuned for complete removal of personal care products and
pharmaceuticals active substances. Unfortunately, PPCPs elimination by conventional
wastewater treatment plants is not achieved effectively (Yang et al., 2011). WWTPs cannot

entirely eliminate the PPCPs or other organic or synthetic compounds from wastewater, the
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removal is affected by treatment technique and operating conditions (Narumiya et al., 2013).
Therefore, elimination of these pollutants from waste or effluent waters is one of the greatest
concerns due to the shortage of clean water sources. In this concern, advanced oxidation
processes (AOPs) could constitute a better alternative for PPCPs degradation (Pouran et al.,
2015). Among AOPs, heterogeneous photocatalysis using UV/TiO; process was often used
for PPCPs degradation. This is due to the fact that it generates in situ the highly reactive
oxygen species (ROS), viz., hydroxyl radicals and superoxide anion radicals. This enables
the mineralization of pollutant species into the end products, viz., CO,, H,O and inorganic

ions (Rafgah et al., 2006; Yu et al., 2006; Dalrymple et al., 2007).

Therefore, in order to improve the photocatalytic activity of TiO, catalysts, a thin
film of titania (TiO, nanoparticles) immobilized on to a stationary substrate, i.e., on
borosilicate glass could be attained via sol-gel dip coating process. These immobilized nano-
TiO, thin films having the TiO, nanoparticles are believed to acquire significantly large
specific surface area, which offer good photocatalytic properties in the degradation of
several micropollutants from aqueous solutions. The TiO; thin films (immobilized nano-
TiO, thin films as well as the PEG template nano-TiO, thin films onto borosilicate glass) as
the heterogeneous photocatalysts could increase evidently the degradation of several
pollutants. Furthermore, the TiO, thin films prepared by template synthetic route using
polyethylene glycol (PEG) as filler medium while impregnating with nanoparticles of Ag,
Au and Ce could increase evidently the degradation of several pollutants. Thus, the present
research work is proposed as an alternative water treatment technology which targets
towards the effective and selective oxidation of several organic micropollutants such as
triclosan, tetracycline, amoxicillin along with the dye alizarin yellow from aqueous solutions

using immobilized nano-TiO, thin films as well as the PEG template nano-TiO; thin films
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(both the nano-TiO, thin films are impregnated with Ag, Au and Ce nanoparticles).
Additionally, various physico-chemical parametric studies are conducted to enhance the
degradation mechanism of these pollutants under the photocatalytic degradation. The
reusability of these thin films in the repeated photocatalytic operations for these pollutants is

extensively studied for greater implication of proposed technology.
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2. METHODOLOGY
2.1 Materials

2.1.1. Chemicals and Apparatus

Preferably the AR/GR grade chemicals were used in the experimentation.
Titanium(lV) isopropoxide (Ti[OCH(CHs).]4). poly(ethyleneglycol) (H(OCH,CH,),OH),
gold(ll) chloride hydrate (HAuCls.xH20), tetracycline hydrochloride (Cz2H24N20g.HCI),
alizarin yellow (C13HgN3NaOs), triclosan (C12H7Cl30,), amoxicillin (C16H19N305S), sodium
borohydride (NaBH,;) were obtained from Sigma Aldrich. Co., USA. Acetylacetone
(CH3COCH,COCHg), ethanol anhydrous (C,HsOH), hydrochloric acid (HCI), sodium
hydroxide (NaOH), zinc chloride (ZnCly), cupric sulphate (CuSO4.5H,0), cadmium nitrate
(Cd(NOg3),.4H,0), oxalic acid (C,H,04.2H,0), acetic acid (CH3COOH), 2-propanol
(CH3CHOHCHg3), sodium azide (NaNs), sodium hydrogen carbonate (NaHCO3), silver
nitrate (AgNO3), sodium chloride (NaCl), glycine (C,HsNO,) were obtained from Merck
India Ltd., India. Moreover, sodium nitrite (NaNO;) and cerium (I1I) nitrate hexahydrate
(Ce(NO3)3.6H,0) were obtained from Himedia India Ltd., India. Besides, sodium nitrate
(NaNO3), ethylenediaminetetraacetic acid disodium salt were obtained from Loba
Chemicals, India. Purified water (18.2 MQ.cm at 25 °C) was obtained from Millipore Water
Purification system (Model: Elix 3). An electric furnace was used for materials annealing

(Nabertherm, Germany; Model No. LT/15/12/P330).

A pH-meter having glass and calomel electrode assembly (Thermo Scientific, Sn
B43460) was employed for entire pH measurements in aqueous solutions. Before using the

pH meter, it was carefully calibrated using the standard buffer solutions.
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A lamp, wavelength (Amax) = 360 nm (Model: 9W, PLSOW BLB/2P 1CT, Philips)

was procured from Hansung UV Pvt. Co. Ltd., Korea and utilized in the photoreactor.

2.1.2. Reagents

i. Sample Stock solutions: 100.0 mg/L solutions of tetracycline [TC], triclosan [TCS],
amoxicillin [AMX] and alizarin yellow [AY] were prepared in aqueous solutions. Solutions
were sonicated in sonication bath to increase the solubility of these pollutants.

ii. Standard Buffers (pH 4.00, 7.00 & 12.00) were used for the calibration of pH meter.

iii. HCI and NaOH (0.1 mol/L) solutions were used to adjust the pH of the sample solutions.

2.1.3. Ultra violet-Visible (UV-Vis) Spectroscopy

UV-Vis spectrophotometer was used to measure the absorbance of sample solutions,
either at a single wavelength or perform a scan over a range in the spectrum. The UV region
ranges from 190 — 400 nm and the visible region from 400 — 800 nm (Kalsi, 2004). This
technique can be used both for quantitative and qualitative measurement. The technique is
routinely used in analytical chemistry for quantitative determination of different analytes
such as transition metal ions, highly conjugated organic compounds, and biological

macromolecules (Elsherif et al., 2014).

UV-Visible absorption spectrophotometry is the technique based on attenuation of
electromagnetic radiation measurement by an absorbing substance (Tissue, 2012). It has a
spectral range approximately around 190 — 800 nm, which also differ in terms of energy
ranges, and type of excitation from other related regions. This attenuation results from the
scattering, absorption, reflection or interferences. Though, accurate measurements of the

attenuation can be done recording only the absorbance. Within some limits, the absorbance
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is proportional to the concentration of the analyte to determine and to the distance of the
light when it passes through the sample during the irradiation. This relationship is called

Lambert and Beer’s law and it is commonly written as:

A=abc ... (2.1.3)

where A means absorbance, a is the molar extinction coefficient (wavelength-
dependent) in L/mol/cm , b is the path length in cm and c is the absorber concentration in
mol/L. This linear relationship is influenced by different factors such as the characteristics of
the spectrophotometer, photodegradation of the molecules, presence of scattering or
absorbing interferences in the sample, fluorescent compounds in the sample, interactions

between the analyte and the solvent, and the pH (Passos and Saraiva, 2019).

The absorption of light in the UV-Vis wavelength (between ~ 180 — 800 nm) occurs
frequently from many molecules such as a wide number of organic molecules. The main
energy changes happen at electronic level but can also happen at vibrational quantum levels
(Sommer, 1989). n — o* and o — o* transitions need more energy and are related with
absorption in the UV region and = — x* transition with absorption in the UV-Vis region.
The area of the molecule where the electronic transitions happen is called chromophore
(Anderson et al., 2004). The principle of this technique lies to the fact that molecules
containing m-electrons or non-bonding electrons (o-electrons) can absorb the energy in the
form of ultraviolet or visible light to excite these electrons to higher anti-bonding molecular
orbitals. The more easily excited the electrons (i.e., lower energy gap between the HOMO

and the LUMO) the longer the wavelength of light that absorbs (Kalsi, 1995).

A spectrophotometer is a device which compares the intensity of the transmitted

light with that of the incident light. The modern ultra violet-visible spectrometers consist
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of light source, monochromator to separate different wavelengths of light, detector, amplifier
and the recording devices. The most suitable sources of light is tungsten filament (300-
2500 nm). Recently, light emitting diodes (LED) and xenon arc lamps are used for visible
wavelengths. Deuterium arc lamp is used for ultraviolet region (190 — 400 nm). Usually a
photodiode or a charge-coupled device (CCD) is a detector. Photodiodes with
monochromators permit only the light of a single wavelength reaches the detector.
Diffraction gratings are used with CCDs, which collects light of different wavelengths on
different pixels. In the present investigation, UV-Visible Spectrophotometer (Thermo Fisher
Evolution, Model-220, UK) was used to study the degradation kinetics of organic

compounds measuring the change in concentration at a fixed wavelength.

2.1.4. Total Organic Carbon Analyser (TOCA)

The TOC Analyzer (Shimadzu, Japan; Model: TOC-VCPH/CPN) was fully
employed to obtain the total organic carbon content data. The study enables to correlate the

apparent mineralization of organic compounds present in water.

Total organic carbon (TOC) is an indirect measure of organic load present in water
and measured as carbon content. A typical analysis of TOC measures both the total carbon
(TC) present and the inorganic carbon (IC), the latter representing the content of dissolved
carbon dioxide and carbonic acid salts. One approach used to measure TOC involves
subtracting the measured inorganic carbon from the measured total carbon (TOC=TC-IC),
which is the sum of organic carbon and inorganic carbon. The organic carbon is further
classified as purgeable organic carbon (POC) and non-purgeable organic carbon (NPOC).
NPOC is differentiated into dissolved organic carbon and particulate organic carbon. TOC

analysis is performed by acidification of the sample to discharge carbon dioxide and
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measuring it as inorganic carbon (IC), then oxidizing and measuring the remaining carbon

called non-purgeable organic carbon (NPOC) (Clescerl et al., 1999).

In order to analyse a sample, TOC analysers employ either differential or direct
methods of measurements. In the differential method (TC-IC), both total carbon (TC) and
total inorganic carbon (IC) is determined by separate measurements and TOC is calculated
by subtracting IC from TC. This method is appropriate for samples in which IC is less than
or of similar size to TOC. In direct method IC is removed from a sample by purging the
acidified sample with a purified gas. TOC is then determined by oxidation. This method is
also known as NPOC (non-purgeable organic carbon) due to the fact that POC (purgeable
organic carbon) such as benzene, toluene, cyclohexane, and chloroform are partly removed
from a sample by gas stripping. The direct method is suitable for surface water, ground
water, and drinking water because of (in most cases) less TOC than IC and a negligible

amount of POC present in these samples.

TOC measurement involves three stages, viz., acidification, oxidation, detection and
quantification. Acidification for the removal of the IC and POC gases, oxidation of organic
carbon in a sample, detection and quantification of the oxidized carbon (CO,). All TOC
analysers today offered to employ either combustion or low-temperature oxidation
techniques. The purpose of the oxidation step is to convert the organics to carbon dioxide
which is measured by a detector to provide TOC values. Modern TOC analysers achieve
oxidation by low-temperature oxidation, ultraviolet irradiation, thermo-chemical (persulfate)
oxidation, UV/persulfate irradiation, high temperature combustion. Out of all components of
a TOC analyser, accurate detection and quantification are considered the most vital.
Detection techniques include conductivity cells and non-dispersive infrared cells.

Conductivity cells rely on aqueous CO, to raise acidity levels, causing the conductivity of
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the solution to increase. TOC analysers that use a conductometric method is used for the
measurement of carbon dioxide in the liquid phase. Non-dispersive infrared (NDIR) cell
detection measures carbon dioxide in the gas phase. It is a direct method that specifically
measures carbon dioxide by analysing the absorption spectrum in the IR region. Static
pressurized concentration (SPC) is a new NDIR technology. In this method, the detector is
pressurized. Once the gases contained in the detector reaches equilibrium, carbon dioxide
concentration is analysed. A TOC analyser that utilizes this process measures all of the

oxidation products contained in the sample in a single reading.

For the present investigation, the TOC analyser (Shimadzu, Japan; Model: TOC-
VCPH/CPN) was employed and it is based on catalytic combustion at 680 °C, i.e., catalytic
oxidation/NDIR method, developed by Shimadzu and the model is highly sensitive, capable
of measuring parameters such as TC, IC, TOC, NPOC with measuring range and detection
limit as TC: 0 to 25000 and IC: 0 to 30000 and 4 ug/L, respectively. TC combustion tube is
filled with a platinum catalyst. Since this utilizes the simple principle of oxidation through
heating and combustion, pre-treatment and post-treatment using oxidizing agents are not
required, which enhances operability. The carbon dioxide generated by oxidation is detected

using sensitive Non-dispersive infrared gas analyser (NDIR).
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2.2. Methods

2.2.1. Preparation of Silver Nanoparticles

The synthesis of silver nanoparticles was conducted using a known chemical method
as described elsewhere (Rashid et al., 2013). 0.1 mmol/L silver(l) sulphate and 0.2 mmol/L
sodium borohydride solutions were prepared separately. 30 mL of sodium borohydride
solution was then taken in a beaker and was kept in an ice bath. Under the stirred conditions
the silver sulfate solution was introduced drop wise (about 1 drop per second) to the sodium
borohydride solution. Silver(l) was turned to brighter yellow that confirms the reduction of
Ag(l) to Ag(0) (equation (2.2.1)) and the formation of Ag(0) nanoparticles. The

nanoparticles were stable for several minutes (Tiwari et al., 2018).

A92504 + 2NaBH; — 2Ag(0) + Ho+ ByHg + Na;SO4 (221)

2.2.2. Preparation of Gold Nanoparticles

The synthesis of gold nanoparticles was synthesized by using the known method as
demonstrated elsewhere (McFarland et al., 2004). 0.1 mmol/L of gold(l1l) chloride solution
was prepared in distilled water. 50 mL of gold(I1l) solution was taken into a conical flask
and it was heated up to its boiling. Then, under the stirred condition 2mL 1% trisodium
citrate solution was added quickly to the gold(Il) solution. The solution was taken off from
the hot plate. The gold(lll) rapidly reduces to Au(0) and the color of the solution was
quickly changed to deep red. The gold nanoparticles were formed and it was found stable for

hours (Lalliansanga et al., 2018).
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2.2.3. Preparation of Ag’(NP)/Titania Sol Solutions

The nanostructured TiO, was obtained by following a template synthetic method. A
polyethylene glycol was introduced to generate the titania network. Titanium isopropoxide
(TISP) contained with 2.0 g of poly(ethylene glycol) was dissolved in acetyl-acetone
(AcAc). Instantaneously, 10 mL of Ag®(NP) solution (freshly prepared) was added to this
solution. A solution mixture of ethanol (EtOH), acetic acid (AcOH) and distilled water
(H,0O) was mixed slowly to the titanium isopropoxide solution. This initiated the hydrolysis
and the condensation reaction. The mass ratios of titanium isopropoxide: acetyl acetone:
ethanol: acetic acid: water was taken respectively as 2.8 g, 1.3 g, 18.4 g, 0.58 g and 2.25 g.
The solution mixture was stirred rapidly for 2 hours followed by sonication for 30 minutes in
a sonication bath. A clear sol was obtained which was then aged for Ca. 24 hours and
employed in the preparation of thin films (Tiwari et al., 2018). Similarly, a non-template
titania doped in situ with the Ag°(NP) was carried out. This was proceeded with no addition
of PEG solid. The two Ag’(NP) titania sols were named as Ag’(NP)/TiO»(Al) and
Ag’(NP)/TiO,(A2) for the non-template and template titania sols, respectively, (Tiwari et

al., 2018).
2.2.4. Preparation of Au’(NP)/Titania Sol Solutions

The polyethylene glycol was used as a template to generate titania network.
Titanium(IV) isopropoxide 2.8 g and 1.3 g of acetylacetone were mixed together and 2 g of
polyethylene glycol was dissolved in it. At the same time, freshly prepared 10 mL of Au(0)
nanoparticle suspension was mixed. Further, a solution mixture of ethanol (18.4 g), acetic
acid (0.58 g), and distilled water (2.25 g) was mixed slowly to the titanium isoproxide

solution. The solution mixture was stirred vigorously for 2 hours followed by sonication for
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30 minutes in a sonication bath. A clear sol Au’(NP)/TiO, was obtained which was aged for
Ca. 24 hours (Lalliansanga et al., 2018). Similarly, a non-template titania doped in situ with
the Au’(NP) was carried out with no addition of PEG solid. Therefore, the two Au’(NP)
titania sols were named as Au’(NP)/TiO,(B1) and Au’(NP)/TiO,(B2) for the non-template
and template titania sols, respectively. These sols were then employed for the fabrication of

respective thin films (Lalliansanga et al., 2018).
2.2.5. Fabrication of Ag®/Au’(NP)/TiO, Thin Films

Borosilicate circular glass disks having diameter 2.3 cm and thickness 0.5 mm were
carefully cleaned by using 0.1 mol/L HNOs. The glass disks were washed repeatedly by
distilled water and dried in a drying oven (Tiwari et al., 2018; Lalliansanga et al., 2018).
Then the borosilicate glass disks were dipped in vertical position into four different sol
solutions Ag°(NP)/TiO2(A1), Ag°(NP)/TiO-(A2), Au’(NP)/TiO,(B1) and Au’(NP)/TiO,(B2)
separately for 1 hour each. After one hour the glass disks were removed slowly and kept in
an open atmosphere for 12 hours. The materials were immobilized on the glass surfaces. The
disks were dried carefully at 100 °C for 1 hour, subsequently it was annealed at 500 °C for 3
hours in an electric furnace. The coatings were repeated for three times in order to obtain
smooth films on the borosilicate glass surfaces. These thin films were then stored in a closed

and dry container under dark condition (Tiwari et al., 2018; Lalliansanga et al., 2018).

2.2.6. Synthesis of Ce-Nanocomposite Materials

The cerium nitrate was reduced with the method described previously (Wan et al.,
2016). The Cerium (111) nitrate (0.0868 g) 50 mL solution was prepared and taken in a three
neck flat bottom flask. The solution mixture was kept under stirring using the magnetic

stirrer. Solution was deoxygenated using the continuous flow of N,. Further, 50 mL of
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NaBH, (0.2 mol/L) solution was slowly added to the cerium nitrate solution under constant
stirring. The solution mixture was stirred for 1 hour at room temperature in N, atmosphere.
On the other hand, the TiO, was synthesized by sol-gel synthetic route. The polyethylene
glycol was used as templating agent in sol gel process. Titanium(lV) isopropoxide (2.8 g)
along with polyethylene glycol (2 g) was introduced and dissolved in acetyl-acetone (1.3 g).
20 mL of reduced cerium solution was immediately introduced. Further, ethanol (18.4 g),
acetic acid (0.58 g) and distilled water (2.25 g) was added carefully into the titanium
solution which was previously kept under stirring and under N, atmosphere. This mixture
was stirred continuously for 2 hours at room temperature. Then it was sonicated for 30
minutes. A transparent sol solution of Ce®*"/TiO,(C2) was prepared. The solution was aged
Ca. 24 hours and then it was utilized for the coatings of glass disks. Similarly, the

Ce**/TiO,(C1) was prepared without introducing the templating agent polyethylene glycol.
2.2.7. Fabrication of Ce**/TiO; thin films

The borosilicate glass disks (2.3 cm radius and 0.05 cm thickness) were prepared
prior to its fabrication as described previously (Tiwari et al., 2018). Further, the fabrication
process was conducted using the sol solutions Ce*'/TiO,(C1) and Ce**/TiO,(C2) as
demonstrated previously (Tiwari et al., 2018). The two nanocomposite thin films fabricated
were named as Ce**/TiO,(C1) and Ce**/TiO,(C2). The disks were stored safely in a silica

desiccator and utilized as required for the photocatalytic operations.
2.2.8. Preparation of Nanostructured TiO, and Nanocomposite Powders

The nanostructured TiO, and the nanocomposites powders were acquired using the
sol solution mixtures A’ (NP)/TiO-(AL), Ag’(NP)/TiO(A2), Au’(NP)/TiO,(B1),

AU (NP)/TiO,(B2), Ce**/TiO,(C1) and Ce**/TiO,(C2). Initially, the sol solutions were dried
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at 105 °C and then annealed at 500 °C for 4 hours in an electric furnace to obtain the
powders of Ag°(NP)/TiO(A1), Ag°(NP)/TiOx(A2), AU’ (NP)/TiO,(B1), Au’(NP)/TiOx(B2),
Ce**/TiO,(C1) and Ce**/TiO,(C2). The solid powders were obtained by crushing each solid
in a mortar. The powders were kept in the air tight polyethylene bottles for further

applications.
2.2.9. Characterization of Thin Films

The XRD npattern of powders viz., Ag’(NP)/TiO»(Al), Ag’(NP)/TiO»(A2),
AW(NP)/TIOo(B1), AU (NP)/TIO,(B2), Ce**/TiOx(C1) and Ce*/TiO(C2) were
characterized by several advanced analytical tools. The X-ray diffraction (XRD) data of thin
films were recorded using the X-ray diffraction machine (i.e., PANalytical, Netherland;
model X’Pert PRO MPD). It was recorded at the scan rate of 0.033 of 20 illumination and
having the generator settings 30mA, 40kV. The CuKal and CuKo2 radiations were

employed having wavelengths of 1.5406 and 1.54443 A.

The BET (Brunauer-Emmett-Teller) specific surface area along with the pore size
and pore volumes were obtained using BET surface area analyser (Model ASAP, 2020;
Protech Korea) based on the liquid N, adsorption and desorption isotherms. The physical
conditions in the analysis was maintained as analytical bath temperature: 77.27 K; sample
mass: 0.671 g; cold free and warm free spaces 48.83 and 16.50 cm?®, respectively. The BET
data was collected using the powder samples Ag’(NP)/TiO,(AL), Ag’(NP)/TiOz(A2),

AU’(NP)/TiO,(B1) and Au’(NP)/TiO2(B2).

The spectral analysis was conducted with the diffuse reflection spectra (DRS) of
solids Ag°(NP)/TiO2(A1), AgP(NP)/TiO»(A2), Au’(NP)/TiO»(B1) and Au’(NP)/TiO,(B2).
The UV-VIS NIR spectrophotometer (DS104 Optical Spectrometer, Varian/Model Cary 5G,
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USA) was employed to estimate the optical band gap of these solids. The equipment was
employed using the diffuse reflectance spectra (DRA) having the absorbance conversion and
F(R) conversion. The data was collected within 200 — 1000 nm wavelength at the bandwidth
of 1 nm. The UV-Vis-NIR Reflectance spectra of Ce**/TiO,(C1) and Ce**/TiO,(C2) solids
were obtained by using the UV-Vis-NIR Spectrophotometer (Model: Lambda 950 (Perkin
Elmer) equipped with 100mm Int. Sphere (Diffuse Reflectance Accessory). Spectrum was
recorded in the spectral range of 200 — 2,000 nm at a scan rate of 600nm/min. The
measurements were performed at the Korea Basic Science Institute (KBSI), Daegu Center,

South Korea.
2.2.10. Morphological Study of Thin Films

The thin films Ag’(NP)/TiOx(Al), Ag’(NP)/TiO,(A2), Au’(NP)/TiO,(B1),
AU (NP)/TiO,(B2), Ce**/TiO,(C1) and Ce*/TiO,(C2) surface morphologies were obtained
by taking the SEM (Scanning electron microscope, machine Model FE-SEM SU-70,
Hitachi, Japan) images of these thin films. The accelerating voltage, emission current and
working distance was measured as 2000V, 9500 nA, and 13100 um, respectively. The
elemental mapping of materials was conducted with the EDX method attached with SEM

machine.

Similarly, the solid materials of Ag’(NP)/TiO,(AL), Ag’(NP)/TiO,(A2),
AU (NP)/TiOo(B1), Au’(NP)/TiOx(B2), Ce**/TiO,(C1) and Ce*'/TiO,(C2) were subjected
for the TEM (Transmission electron microscopic) analysis using the TEM analyzer (Tecnai
F20 Transmission Electron Microscope, FEI, USA). Similarly, the elemental mapping was

conducted to obtained with the EDX method as attached with TEM machine.
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Further, the topographical 3D images of these thin films were obtained by the AFM
(Atomic Force Microscope) machine (XE-100 apparatus from Park Systems, Korea) having
sharp tips (> 8 nm tip radius; PPP-NCHR type from Nanosensors™). The images were taken
over the area of 10x10 pm? and the AFM images were recorded under the non-contact mode.
The 3D data clearly enabled the pillar height of TiO, along with the surface roughness of

thin films.

2.2.11. Batch Reactor Studies

2.2.11.1. Photo-catalytic degradation experiment

Stock solutions of each pollutant (100.0 mg/L) were prepared in a purified water.
The solutions were sonicated for 10 minutes in a sonication bath which enabled better
solubility. Further, the required experimental concentrations of pollutants were obtained by
the successive dilution of each stock solution. The pH of pollutant solutions was obtained by
the drop wise addition of HCI and NaOH (0.1 mol/L) solutions. The concentration
dependence data was collected by varying each micropollutant/dye concentration from 0.5 to

15.0 mg/L, respectively.

In order to conduct the photolytic or photocatalytic operations, a self-assembled
photo reactor was used. A black box (dimension 90 x 90 x 90 cm) was made by cardboard
and wrapped with black paper. A borosilicate glass beaker (100 mL) was contained with
50.0 mL of pollutant solution and was placed inside the black box. Carefully, the thin film
disks of Ag’(NP)/TiOx(A1), AgP(NP)/TiO-(A2), Au’(NP)/TiO,(B1), Au’(NP)/TiO(B2),
Ce**/TiO,(C1) and Ce*'/TiO,(C2) were placed horizontally at the bottom of the reactor
vessel. An UV-A lamp (Amax: 360 nm) was mounted Ca. 10 cm above to the pollutant

solution. The radiations enter the photocatalyst through the pollutant solution that enabled
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the photocatalytic oxidation of pollutants. The temperature of reactor was maintained to 25 +
1°C using a self-assembled water bath. The sample solution was taken out from the reactor at
definite time intervals in order to analyze the pollutant concentrations using a UV-Vis
spectrophotometer. A blank experiment was always performed using only UV-A irradiation
without the thin film photocatalyst for comparison of photocatalytic degradation of these
pollutants. The degradation efficiency of pollutant was obtained using the Equation

(2.2.11.1):

Removal ef ficiency = % X 100 ... (2.2111)

where C; and Csare the concentrations of pollutants before and after the photolytic/or

photocatalytic treatment.
2.2.11.2. Effect of pH

The pH of the solution is an important factor in the degradation/oxidation of
pollutants since it deals with the mechanism involved on the surface of photocatalyst. The
catalytic action is significantly influenced with the sorption of pollutants onto catalyst
surface and sorption is highly dependent to the pH of the solution. Actually, the catalyst
surface charge, the size of the catalyst aggregates in addition to the positions of conductance
and valence bands are influenced with solution pH (Chong et al., 2010). Therefore a pH
dependence degradation of the pollutants was conducted varying the pH from pH 4.0 to 10.0
with a constant concentration of pollutant (1.0 mg/L). The results acquired were reported as

the percent degradation of pollutant as a function of pH of the pollutant solution.
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2.2.11.3. Effect of pollutant concentration

Since photocatalytic degradation of organic pollutants is surface phenomenon and
organic molecules which adhere effectively to the surface of the photocatalyst are more
susceptible to direct oxidation, which indicates initial pollutant concentration is an important
factor (Tariq et al., 2007). In general, the percentage degradation of organic pollutants
decreased with increase in initial pollutant concentration at a fixed amount of photocatalyst.
This is described on the basis that as initial pollutant concentration increases, more organic
substances are adsorbed on to the surface of the TiO, catalyst, whereas less number of
photons able to reach the catalyst surface and therefore less ‘OH are formed, thus results in
less degradation percentage (Wang et al., 2008; Tariq et al., 2007). Therefore, the effect of
initial pollutant concentration on the photocatalytic degradation of organic compounds were
studied from 0.5 mg/ L to 15.0 mg/L for pollutant at a constant solution pH 6.0. The results
were reported as the percent degradation of pollutant as a function of different pollutant

concentration after 2 hours irradiation treatment.
2.2.11.4. Degradation kinetics

The degradation kinetics study in wastewater treatment is a useful factor which offers
important insights in the degradation pathways and mechanisms involved between the
surface reactive species and the adsorbed organic pollutants. Thus, kinetic studies were
conducted in order to deduce the efficiency of photocatalyst as well to obtain apparent rate
constant values in the degradation of pollutants under the photocatalytic degradation.
Further, the Kkinetics of the degradation was represented using the known pseudo-first order

rate equation (eq. 2.2.11.4i):

d[MP] .
r= T T4t kapp [kphotolysis + kphotocatalysis] [MP] = kapp [MP] ..(2.2.11.4i)
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where [MP] represents the concentration of micropollutant/dye and Kap iS the
pseudo-first-order rate constant. Integration of equation (2.2.11.4i) with the extreme
conditions, i.e., at t=0 the [MP]=C,, equation (2.2.11.4i) was reduced to equation

(2.2.11.4ii):

Co

LN () = kapp *t ...(2.2.11.4ii)

Straight lines were drawn between the LN (C,/C;) against time "t". The slope of the
straight line gives apparent first order rate constant for the degradation of organic

compounds.
2.2.11.5. Effect of interfering ions

Wastewater comprises different varieties of dissolved inorganic anions and cations
which have either positive or negative effects on the rate of photocatalytic degradation of the
parent pollutants (Sun et al., 2006). In order to mimic the natural wastewater matrix, effort
was made to measure the applicability of the thin films in the photocatalytic degradation of
these pollutants in presence of several interfering ions including sodium chloride, sodium
nitrate, cadmium nitrate, copper sulphate, zinc chloride, sodium nitrite, glycine, oxalic acid
and EDTA. Taking a ratio between pollutant and interfering ions as 1 : 5. The samples were
irradiated for 2 hours at pH 6.0. The percent removal of micropollutant/dye was presented as

a function of interfering ions.
2.2.11.6. Mineralization study

The effectiveness of photocatalytic treatment process rely on the degree of
mineralization of pollutants which assesses the mineralization of dissolved organic

compounds from the reaction media. Therefore, the amount of mineralization followed by

68



the photocatalytic treatment process was determined by the NPOC (non-purgeable organic
carbon) removal. The NPOC values were obtained at varied initial pollutant concentrations
(0.5 - 15.0 mg/L) of pollutant at a constant solution pH 6.0 or varying solution pH at a fixed
pollutant concentration (1.0 mg/L). The final data obtained was presented as percent NPOC

removal as a function of solution pH or pollutant concentration.
2.2.12. Reusability Test of The Thin Films

The reusability of the thin films in photocatalytic processes is an important
characteristic since it plays substantially in lowering the operational cost of the process. This
shows the utility of heterogeneous thin film catalyst for repeated operations which further
enhances the cost of the operation and makes the operation sustainable. Therefore, the
reusability tests for the thin films Ag°(NP)/TiO2(A2), AU’(NP)/TiO,(B2) and Ce**/TiO,(C2)
were conducted for the micropollutant/dye for six repeated cycles with a fixed initial
concentration of pollutant (5.0 mg/L) at pH 6.0 for 2 hours irradiation. After each successive
experiment the catalyst thin film was washed with distilled water and dried in an electric
oven at 100 °C for 1 hour. Results were presented as percentage degradation of pollutants as

a function of repeated cycle.
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3. RESULTS AND DISCUSSIONS

3.1. Characterization of Samples

The materials synthesized viz., Ag’(NP)/TiO,(Al), Ag’(NP)/TiOx(A2),
AW(NP)/TIOo(B1),  AUWNP)/TiOx(B2), Ce*/TiO,(C1l) and Ce*/TiOx(C2) were
characterized extensively using the advanced analytical methods viz., X-ray diffraction, X-
ray photoelectron spectroscopy, BET Surface area diffuse reflectance spectroscopy analyses.

Surface imaging was conducted with the SEM, TEM/EDX and AFM analyses.

3.1.1. X-ray Diffraction (XRD) Analysis

The X-ray diffraction data for thin film samples Ag°(NP)/TiOx(Al) and
Ag’(NP)/TiO,(A2) was obtained and graphically shown in Figure 3.1.1(a). The diffraction
pattern clearly showed that the thin films were predominantly found to be amorphous in
nature. This was possibly due to the fact that these thin films were annealed only at
moderate temperature, i.e., 500 °C. However, characteristic but distorted peak was observed
(for both the samples) at the 26 value of 25.39 which indicated the presence of anatase phase

of T|02
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Figure 3.1.1(a): X-ray diffraction pattern of thin film materials Al: Ag°(NP)/TiO2(A1) and
A2: Ag°(NP)/TiO,(A2) [Tiwari et al., (2019a)].

The powder of nanocomposite materials viz., Ag’(NP)/TiO»(Al) and
Ag’(NP)/TiO,(A2) were then annealed at 800 °C and XRD data was again obtained. XRD
pattern was shown in Figure 3.1.1(b). The TiO, annealed at this temperature showed a good
crystalline structure. But, it was predominantly converted into the rutile phase. In order to
reveal the silver nanoparticles, the low intensity was further resolved for the nanocomposite
material Ag°(NP)/TiO,(A1). It was interesting to note that (Figure 3.1.1(b) (Inset)) the clear
reflections were observed at the 26 values of 38.27, 44.37, 64.55, which were characteristic

diffraction peaks of the silver nanoparticles (Tiwari et al., 2019a; Seaton, 1991).
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Figure 3.1.1(b): X-ray diffraction pattern of Ag’(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2)
nanocomposite materials annealed at 800 °C. [Inset: nanocomposite
Ag’(NP)/TiO,(AL)] [Tiwari et al., (2019a)].

Similarly, the X-ray diffraction data for the thin film samples, viz.,
AU(NP)/TiO,(B1) and Au’(NP)/TiO,(B2) were obtained and the result was shown in Figure
3.1.1(c). Figure clearly showed that the thin film samples were predominantly amorphous in
nature. It was, perhaps, due to the fact that these solids were annealed at moderate
temperature, i.e., 500 °C. However, characteristic but distorted peak was observed (for both
the thin film samples) around the 26 value of 25.5 which indicated that TiO, was having the
anatase mineral phase. Further, the powder samples were annealed at 800 °C and the results
were shown in Figure 3.1.1(d). The TiO, annealed at this temperature possessed a good
crystalline structure. However, it was converted in to rutile phase. In order to reveal the gold
nanoparticles, the intensity was further resolved using the Au’(NP)/TiO,(B1) nanocomposite

and it was interesting to note that (Figure 3.1.1(d) (Inset)), a clear reflections were observed
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at the 20 values of 39.27, 44.25, 64.29 which are characteristic diffraction peaks of the gold

nanoparticles.
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Figure 3.1.1(c): X-ray diffraction spectra of thin film samples B1: Au’(NP)/TiO,(B1) and
B2: AU’(NP)/TiO,(B2) [Tiwari et al., (2019b)].
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Figure 3.1.1(d): X-ray diffraction pattern of Au’(NP)/TiO,(B1) and Au°(NP)/TiO2(B2)
nanocomposite materials annealed at 800 °C. [Inset: nanocomposite
AU’(NP)/TiO,(B1)] [Lalliansanga et al., (2019)].
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Further, Ce (cerium) photocatalyst thin films viz., Ce**/TiO,(C1) and Ce*"/TiO,(C2)
were subjected for the X-ray diffraction analysis and the X-ray pattern was displayed in
Figure 3.1.1(e). The X-ray pattern indicated that both the samples possessed with fairly good
crystalline phase. The X-ray diffraction pattern was further expanded to identify the
diffraction peaks and shown the results in Figure 3.1.1(e) (Inset). The diffraction peaks were
well matched with the anatase mineral phase of the titanium dioxide (JCPDS No.: 21-1272).
Moreover, both the samples Ce**/TiO,(C1) and Ce**/TiO,(C2) were possessed with similar
mineral phase. On the other hand, the Ce particles were not visible with the XRD data, it

was perhaps, due to very low loading of cerium with the material.
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Figure 3.1.1(e): X-ray diffraction pattern of thin film samples Ce*'/TiO,(C1) and
Ce**ITiOy(C2).

Since the Ce (Cerium) was not visible with the XRD data therefore, the samples

were again analysed with the X-ray photoelectron analysis. The XPS spectra was recorded

for the Ce**/TiO,(C2) solid and the results were shown in Figure 3.1.1(f)(i). It was evident

from the spectrum that the elements Ti (titanium), O (oxygen), and Ce (cerium) were present
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in the sample since the corresponding peaks were observed in the spectrum. Further, the Ti,
O and Ce spectra were resolved to identify the specific photoelectron peaks with the
corresponding energies and represented in Figure 3.1.1(f)(ii), Figure 3.1.1(f)(iii) and Figure

3.1.1(f)(iv), respectively, for the Ti, O and Ce elements. The Ti spectrum showed that 2p

32 12

peak was splitted into the binding energy levels 2p™“ and 2p™“ corresponding to the binding

energy values 458.18 and 463.98 eV (cf. Figure 3.1.1(f)(ii). These XPS peaks corresponded

3/2 12

to the Ti**, i.e., fully oxidized state. It was previously reported that Ti** 2p*? and 2p*% were
occurred respectively at the binding energy values of 458.6 and 464.5 eV (Xiu et al., 2018).
Slightly lower binding energy values for the 2p values possibly due to the presence of
surrounding atoms bonded with the Ti. Similarly, the Ol1s peak was occurred at the binding
energy of 529.68 eV (cf. Figure 3.1.1(f)(iii). The single peak of oxygen demonstrated that
oxygen was bound with the Ti and forming the Ti-O-Ti linkage (Xiu et al., 2018).
Previously, it was noted that the O photopeak was observed at the binding energy of 529.8
due to the presence of TiO, (Fiorenza et al., 2018). The Ce XPS spectra showed the doublet
3d photo-peaks at the binding energies of 887.88 and 881.48 eV for 3d°%. Whereas, it was
observed at the binding energies of 904.38 and 899.48 eV for the 3d* states. The presence
of Ce*" showed a dominant photo peak at the binding energy 916.5 eV (Eloirdi et al., 2018).
This indicates that Ce was not present with its +4 oxidation state. Moreover, the Ce**
possessed with the photo peaks around the binding energies of 880.2, 885.0, 899.0, and
904.2 eV (Xiu et al., 2018). This showed that the solid was possibly present to its Ce®".

Additionally, the formation of Ce—O—-Ce was also not observed since no characteristic photo

peak was obtained around 531.4 for O1s (Xiu et al., 2018).
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Figure 3.1.1(f): X-ray photoelectron spectra of (i) Ce**/TiO,(C2) powder (ii) Ti2p (iii) Ols
and (iv) Ce3d.
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3.1.2. BET Analysis

The BET analysis of nanocomposite materials viz., Ag’(NP)/TiO,(Al) and
Ag’(NP)/TiO,(A2) were measured by the N, adsorption/desorption method and the curves
were illustrated in Figure 3.1.2(a) for both the solids. Adsorption/desorption isotherm curves
were found to be of H2 type hysteresis loop that confirmed the pores were having narrow
mouths with uniform channel-like pore network (Seaton, 1991). Besides, the solid was
contained with particles that crossed by cylindrical channels having non-uniform size and
shapes (Leofanti et al., 1998). The pore size, pore volume and the specific surface area of
these two solids were given in Table 3.1.2(a). The Figure clearly revealed that both the
samples, i.e., Ag°(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2) were contained with meso-porosity
and the specific surface area of Ag°(NP)/TiO,(A2) solid was significantly reduced when it
was synthesized with template method. It suggested that using PEG as template material
generated a dense network of TiO,. Besides, pore volume was also decreased for the sample
Ag’(NP)/TiO(A2) compared with the non-template synthesized Ag°(NP)/TiO2(A1) solid.
Interestingly, both the solid samples were possessed with almost identical pore sizes. Other
studies showed a type Il N, adsorption/desorption isotherm was obtained for the magnetic
AC (activated carbon)/CeO, nanocomposite possessed with micro and meso-pores.
Moreover, the specific surface area of the solid was estimated to be 423 m? (Tuzen et al.,
2018). Similarly, the magnetic palygorskite modified with polyamide (MPGP) material was
produced and which possessed micro-porosity having surface area of 380 m?/g (Saleh et al.,

2018).
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Table 3.1.2(a): Pore size, pore volume and BET specific surface area of the
Ag°(NP)/TiOo(AL) and Ag’(NP)/TiO,(A2) solid samples [Tiwari et al.,

2019a].
Sample Adsorption Pore Adsorption Pore BET Specific
Size (nm) Volume (cm?/g) Surface Area
(m*/g)
Ag’(NP)/TiO, (A1) 5.613 0.0695 49.55
Ag’(NP)/TiO,(A2) 5.670 0.0170 12.02
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Figure 3.1.2(a): BET adsorption/desorption isotherms for the Al: Ag’(NP)/TiO,(Al) and
A2: Ag°(NP)/TiO,(A2) solid samples [Tiwari et al., (2018)].

Similarly, BET analysis of Au’(NP)/TiOx(B1) and Au’(NP)/TiOx(B2) were
conducted by the N, adsorption/desorption method and the curves were shown in Figures
3.1.2(b)(i) and 3.1.2(b)(ii). Adsorption/desorption isotherm curves were found to be of H2
type hysteresis loop which disclosed that the uniform-channel like pores were having

narrow mouths (Seaton, 1991; Mendioroz et al., 1987). Further, the pore size, pore volume
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and the specific surface area of these two solids were shown in Table 3.1.2(b). It was clearly
revealed that both the samples, i.e., Au’(NP)/TiO»(B1) and Au’(NP)/TiO,(B2) were
possessed with meso-porosity and the specific surface area of the sample Au°(NP/TiO,(B2)
was significantly decreased while prepared with template synthesis. It was suggested that a
dense network of TiO, was generated using the template material. Moreover, pore volume
was also decreased for the sample Au’(NP)/TiO,(B2) comparing to the non-template
synthesis of Au’(NP)/TiO,(B1) material. Further, it was exciting to note that both the solid

samples were possessed with almost identical pore sizes.

Table 3.1.2(b): Pore size, pore volume and BET specific surface area of the
AU’(NP)/TiO,(B1) and Au’(NP)/TiO(B2) solid samples [Tiwari et al.,

2019b)].
Samples Adsorption Pore Adsorption Pore BET Specific
Size (nm) Volume (cm®/g) Surface Area
(m/g)
AU’ (NP)/TiO,(B1) 5.270 0.0689 41.47
AU’ (NP)/TiO,(B2) 5.599 0.0344 19.91
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Figure 3.1.2(b): Nitrogen adsorption-desorption isotherms (i) Au’(NP)/TiO,(B1) and (ii)
AUWC(NP)/TiO,(B2) solids [Tiwari et al., (2019b)].

3.1.3. Diffuse Reflectance Spectroscopic Analysis

The diffuse reflectance spectroscopy analysis was introduced to estimate the band
gap of the solids. The Kubelka Munk theory was used and elaborated with the Tauc

mathematical equation which was used in the non-linear form of equation (3.1.3):

ahv = A (hv - E,)" ..(3.13)

The terms ‘a’ and ‘h’ represent the absorption coefficient and Planck's constant (J ),
respectively. Similarly, ‘A’ is the absorption constant, ‘v’ is frequency of light, i.e., (C/A; C:
velocity of light) (s ') and ‘Ey’ is the band gap energy (eV). The exponent ‘n’ is dependent
to the type of possible electronic transitions having the value 2 for an indirect allowed
transition, 3 for indirect forbidden transitions. Similarly, 1/2 for a direct allowed and 3/2 for
a direct forbidden transitions (Beshkar et al., 2017). The calculations of band gap was
obtained using the n=2 for an indirect allowed transition. The curves were drawn between
the hv against the (ahv)?. The DRS spectra was shown in Figure 3.1.3(a). The Figure clearly

revealed that the reflectance break was greatly shifted to the higher wavelength for
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Ag’(NP)/TiO,(A1) and Ag’(NP)/TiO2(A2) solids comparing to bare TiO, (with PEG). The
reflectance spectra was shown in Figure 3.1.3(a) (Inset). The intermediate band gap energy
(Eg) was estimated by extrapolating the flat region of the curve to its zero value. The band
gap energies were found to be 3.12, 2.88 and 2.89 eV, respectively, for bare TiO,,
Ag(NP)/TiO»(A1) and Ag°(NP)/TiO,(A2) solids. The silver nanoparticles doping greatly
decreased the band gap energy of these solids. Similar results were obtained in the copper
chromite nanostructured material prepared hydrothermally and shown the Eg4 value 3.38 eV
(Zinatloo—Ajabsir et al., 2018). On the other hand the nanostructured Nd,Sn,O; was
obtained using the pomegranate juice at low temperature. The solid showed the band gap of
2.8 eV and was efficiently employed as visible light driven photocatalyst (Moyo et al.,

(2015).
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Figure 3.1.3(a): Diffuse reflectance spectra of bare TiO, Ag’(NP)/TiOz(Al) and
Ag’(NP)/TiO2(A2) solids. [Inset: The intermediate E, determination of
bare TiO,, Ag°(NP)/TiO2(A1) and Ag’(NP)/TiO,(A2) solids] [Tiwari et
al., (2019a)].
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Further, the DRS spectra for the samples bare TiO, (with PEG), Au’(NP)/TiO,(B1)
and Au’(NP)/TiO»(B2) was shown in Figure 3.1.3(b). It was evident from the Figure that the
reflectance break was greatly shifted to the higher wavelength for Au°(NP)/TiO,(B1) or
AU’(NP)/TiO,(B2) solids compared to the bare TiO,. Further, the intermediate band gap
energy (Ey) was estimated by extrapolating the flat region of the curve to its zero value
(Figure 3.1.3(b) (Inset)). The band gap energies were found to be 3.12, 2.86 and 2.87 eV,
respectively, for the bare TiO,, Au’(NP)/TiO2(B1) and Au’(NP)/TiO»(B2) solids. Hence, the

gold nanoparticles doping greatly decreased the band gap energy of these solids.
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Figure 3.1.3(b): Diffuse reflectance spectra of bare TiO, AU’(NP)/TiO»(B1) and
AU(NP)/TiO,(B2) solids. [Inset: The intermediate Ey determination of
TiO,, Au’(NP)/TiO2(B1) and Au’(NP)/TiO,(B2) solids] [Lalliansanga et
al., (2019)].
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3.1.4. SEM Analysis

The SEM images of the two nanocomposite materials viz., Ag°(NP)/TiO,(Al) and
A’ (NP)/TiO,(A2) were shown in Figures 3.1.4(i)(a) and 3.1.4(i)(b). The Figures revealed
that TiO, particles were orderly distributed over the borosilicate surfaces. As a result, an
uniform film consisting of Ag’(NP)/TiO,(A1) or Ag°(NP)/TiO,(A2) was formed. It was
noted that Ag°(NP)/TiO2(A1) film was relatively smooth and no remarkable cracks were
observed on the surface. Likewise, thin film Ag°(NP)/TiO2(A2) showed small sized particles
of titanium dioxide distributed unifirmly onto the substrate surface. The heterogeneous
structure of thin films hardly showed cracks onto the surface. The distribution reflections

due to the silver nanoparticles were apparently observed by SEM images.

Figure 3.1.4(i): Scanning electron microscopic images of (a) Ag’(NP)/TiO,(Al1) and (b)
Ag°(NP)/TiO,(A2) thin films [Tiwari et al., (2019a)].

The SEM images of the two nanocomposites viz., Au’(NP)/TiO,(B1) and
Ag’(NP)/TiO,(B2) were shown in Figures 3.1.4(ii)(a) and 3.1.4(ii)(b). The TiO, was found

to be slightly aggregated and gold was uniformly dispersed within the TiO, surface (Tahir et
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al., 2016). On the other hand the carbon nanotube/silica or activated carbon/silica
heterogeneous nanocomposites were obtained by facile method. Further, the SEM images of
these solids showed the nanoparticles of silica were evenly distributed within the composite

material (Saleh, 2015).
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Figure 3.1.4(ii): Scanning electron microscopic images of (a) Au’(NP)/TiO(B1) and
AU’ (NP)/TiO,(B2) thin films [Lalliansanga et al., (2019)].

Further, the field emission scanning electron microscopic (FE-SEM) images were
obtained for the nanocomposite material thin films viz., Ce**/TiO,(C1) and Ce**/TiO,(C2)
and shown in Figures 3.1.4(iii)(a) and 3.1.4(iii)(b). The Figure clearly indicated that the
surface of the borosilicate glass disk was fully covered with titanium dioxide. A small sized
particles of titanium dioxide was formed on the surface. Further, the sample Ce**/TiO,(C1)
thin film showed that the titanium dioxide particles were clustered or amalgamated at places
whereas the templated synthesized titanium dioxide Ce**/TiO,(C2) possessed more evenly
distributed titanium dioxide particles on the surface. The cracks were observed on both the

thin films. However, cracks were more pronounced on the surface of Ce**/TiO,(C1) thin
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film. It was interesting to observe that both the thin films were possessed with mesoporosity
on its surface. But, it was hard to identify the cerium nanoparticles on the surface of these
thin films. It was perhaps due to the low loading of the cerium compared to the bulk
titanium dioxide. It was reported previously that the Ti**-TiO,/Ce**-CeO, material
possessed with thin nanosheet-like structure. Further, because of the monodisperse/
ultraminiature CeO, nanoparticles with ultra-thin TiO, nanosheets, the CeO, nanoparticles

were not visible by the SEM images (Xiu et al., 2018).

- ‘-*—I . : W l";.‘f‘- b Ny 2
FCRIC 20.0kV 11.2mm x100k SE(M) IC 20, 500nm

Figure 3.1.4(iii): FE-SEM images of (a) Ce**/TiO,(C1) and (b) Ce**/TiO,(C2) thin film
materials.

3.1.5. Transmission Electron Microscopic (TEM) Analysis

TEM images of the two nanocomposite materials viz., Ag’(NP)/TiO,(Al) and
Ag’(NP)/TiO,(A2) were shown in Figures 3.1.5(i)(a) and 3.1.5(i)(b). TEM images showed
that Ag—nanoparticles were evenly distributed within the TiO, structure. The particle sizes
were ranged from 10 — 15 nm in both the samples, i.e., Ag’(NP)/TiO,(Al) and

Ag’(NP)/TiO»(A2) solids. It was remarkable to note that particles of TiO, in sample
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Ag’(NP)/TiO,(A2) was aggregated at places and forming relatively bigger size particles.
Besides, the Ag-nanoparticles were spread within the titania network. It was further
observed that the Ag-nanoparticles were found relatively at an increased content with the
template synthesized solid Ag’(NP)/TiO»(A2) than the Ag’(NP)/TiO,(Al) solid. The
interplanar distance of the Ag-nanoparticles were estimated to be 0.20 and 0.17 nm for the

Ag’(NP)/TiO,(A1) and Ag°(NP)/TiO,(A2) solids, respectively, [Tiwari et al., (2018)].

TEM/EDX mapping for the elements of Ti (Titanium), O (Oxygen) and Ag (Silver)
in the nanocomposite materials for the Ag’(NP)/TiO-(A1) and Ag’(NP)/TiO(A2) were
shown in Figures 3.1.5(ii)(a) and 3.1.5(ii)(b). The O atoms were intimately attached with Ti
atoms. This confirmed the presence of TiO,. Besides, both the samples showed the presence
of Ag-nanoparticles that were orderly and distinctly dispersed within the titania framework.
Further, elemental mapping revealed that the in situ impregnation of Ag(NPs) enabled an
uniform distribution of nanoparticles within titanium dioxide network and it also proved that

the Ag(NPs) were restricted to form bigger aggregates of silver.

Figure 3.1.5(i): Transmission electron microscopic images of (a) Ag°(NP)/TiO,(A1) and (b)
Ag’(NP)/TiO2(A2) thin films [Tiwari et al., (2018)].

86



Results and Discussions

Figure 3.1.5(ii): TEM/EDX mapping of nanocomposite materials (a) Ag’(NP)/TiO,(A1)
and (b) Ag’(NP)/TiO»(A2) [Tiwari et al., (2019a)].

On the other hand, the TEM images of the two nanocomposite materials viz.,
AUW’(NP)/TiO,(B1) and Au’(NP)/TiO,(B2) were shown in Figures 3.1.5(iii)(a) and
3.1.5(iii)(b). The Figure showed that Au-nanoparticles were rather uniformly distributed
within titanium dioxide network and particles were ranged within 5 ~ 10 nm. Fairly a good
heterogeneous and disordered structure was obtained. Further, the profile analysis of these
solids indicated that the average interplanar distance of the Au-nanoparticles were found to
be 0.14 nm and 0.20 nm for the solids Au’(NP)/TiOx(B1) and Au’(NP)/TiOx(B2),

respectively, [Lalliansanga et al., (2019)].

Further, the TEM/EDX elemental mapping was conducted for the nanocomposite
materials Au’(NP)/TiO,(B1) and Au’(NP)/TiO»(B2) and results were shown in Figures
3.1.5(iv)(@ and 3.1.5(iv)(b). The EDX mapping was recorded for the elements Ti

(Titanium), O (Oxygen) and Au (Gold). The Figure clearly indicated that the oxygen was

87



Results and Discussions

intimately bound with Ti that confirmed the presence of TiO, and forming a chemical bond
between the titanium and oxygen (Ti—O). Besides, the Figure clearly revealed that the Au-
nanoparticles were very evenly and distinctly distributed within the titanium dioxide
network. The Au-nanoparticles were not aggregated on the surface of titanium dioxide.
Therefore, the in situ impregnation of Au-nanoparticles enabled to distribute evenly within
the titanium dioxide network. Similar EDX results were reported for the composite material
TiO,—Pt/Graphene oxide solid that confirms the presence of Ti, O, Pt elements and uniform
distribution of Pt nanoparticles over the graphene sheets. The results further inferred that the

intimate contact within these components provided an enhanced photocatalytic activity of

catalyst by the efficient carrier mobility (Rosu et al., 2017).

Figure 3.1.5(iii): Transmission electron microscopic images of (a) Au’(NP)/TiO,(B1) and
(b) Au’(NP)/TiO,(B2) nanocomposite materials [Lalliansanga et al.,
(2019)].
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Au

Figure 3.1.5(iv): TEM/EDX mapping of nanocomposite materials (a) Au’(NP)/TiOz(B1)
and (b) Au’(NP)/TiO,(B2) [Lalliansanga et al., (2018)].

Further, the TEM images were also obtained for the nanocomposite materials viz.,
Ce**/TiO,(C1) and Ce**/TiO,(C2) which were represented in Figures 3.1.5(v)(a) and
3.1.5(v)(b). It was clear from the TEM images that small sized titanium dioxide particles
were forming a uniform network. The size of the particles were Ca. 12 — 15 nm in both the
samples. The titanium dioxide was extensively contained with small sized cerium ions. The
Ce particles were very evenly distributed within the titania network. Further, the interplanar
distance of Ce particles were estimated in the two samples viz., Ce**/TiO(C1) and
Ce**/TiO,(C2) and results were shown in Figures 3.1.5(v)(c) and 3.1.5(v)(d), respectively.
The interplanar distance of the Ce particles were found to be 0.29 and 0.33 nm for the
Ce**/TiO,(C1) and Ce**/TiO,(C2) solids, respectively. It was reported previously that the
Ce0O, nanocube possessed the lattice spacing of 0.27 nm which corresponds to the (200)

crystallographic planes of cubic fluorite CeO, (Chen et al., 2017). Similarly, the interplanar
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distance of 0.31 nm and 0.27 nm corresponds to the (111) and (200) crystal planes of CeO,,

respectively, as studied for cerium-based TiO, (Wang et al., 2017).

Figure 3.1.5(v): TEM images of the (a) Ce**/TiO,(C1), (b) Ce**/TiO,(C2) and interplanar
distance of Ce in (c) Ce**/TiO,(C1) and (d) Ce**/TiO,(C2) powders.

Further, the elemental mapping of the Ti, O and Ce elements was conducted for the

samples Ce**/TiO,(C1) and Ce**/TiO,(C2) and results were shown in Figures 3.1.5(vi)(a)
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and 3.1.5(vi)(b), respectively. It was evident from the Figure that the titanium was
intimately contained with the oxygen atoms. This confirmed the presence of TiO, since Ti
was chemically bonded with the O and forming Ti—O bond. Further, it was interesting to
note that within the titania network small sized Ce was uniformly distributed. Moreover, the
Ce particles were not aggregated within the TiO, surface. Therefore, the in situ doping of Ce
enabled to disperse evenly the Ce particles within the titanium dioxide. A similar TEM
elemental mapping was obtained for the distribution of Au nanoparticles within the titania

network (Lalliansanga et al., 2018).

Figure 3.1.5(vi): Elemental mapping of the (a) Ce**/TiO,(C1), and (b) Ce**/TiO,(C2)
powders in TEM/EDX analysis.
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3.1.6. Atomic Force Microscopic (AFM) Analysis

The three dimensional AFM images of Ag’(NP)/TiO(A1) and Ag’(NP)/TiO,(A2)
thin films were shown in Figure 3.1.6(i)(a) and 3.1.6(i)(b). It was observed that the TiO,
particles forming pillars onto the surface of borosilicate glass. The thin film
Ag’(NP)/TiO,(A1) showed distinct and spatially distributed pillars on the surface and the
pillar height was estimated to be Ca. 35 nm. On the other hand a uniform and more regular
pillars of TiO, were obtained with the Ag’(NP)/TiO2(A2) thin film sample. It possessed
even more heterogeneous surface structure. The pillar height was found to be Ca. 250 nm.
This indicated that the template synthesis enabled to produce relatively increased height of
pillars on the solid surface. Similarly, the root mean square roughness (Rqg) and mean
roughness (Ra) were found to be 0.759 nm and 0.406 nm (for Ag°(NP)/TiO»(Al)) and
14.095 nm and 10.640 nm (for Ag°(NP)/TiO»(A2)) thin films, respectively. These results
were further revealed that the template synthesis enabled to obtain enhanced heterogeneity

contained with long length pillars of titanium oxide on the surface of solid.

(a) (b)
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Figure 3.1.6(i): Atomic force microscopic images of (a) Ag°(NP)/TiO,(A1) (Scale 35 nm)
and (b) Ag°(NP)/TiO2(A2) (Scale 250 nm) [Tiwari et al., (2018)].
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Further, the AFM images of Au’(NP)/TiO»(B1) and Au’(NP)/TiO,(B2) thin films
were shown in Figures 3.1.6(ii)(a) and 3.1.6(ii)(b). It was observed that nanopillars of TiO,
was generated onto the surface of borosilicate glass. The thin film Au’(NP)/TiO2(B1)
showed scattered pillars on the surface having the pillar height of Ca. 50 nm. On the other
hand a uniform pillars were formed with the sample Au’(NP)/TiO,(B2) and very
heterogeneous surface structure was generated. The pillar height was found to be Ca. 300
nm. This specified that template synthesis of Au/TiO, caused to increase the length of the
pillars of TiO, onto the borosilicate surface. Further, the root mean square roughness (Rq)
and mean roughness (Ra) was found to be 7.314 nm and 1.333 nm (for Au°(NP)/TiO,(B1))
and 124.330 nm and 94.659 nm (for Au’(NP)/TiO»(B2)) thin films, respectively. It was
evident again that the template synthesis enabled to obtain the heterogeneous surface

structure with enhanced pillars on the surface.

(a) (b)

2 4 b 8 Hm

2 4 6 8 Bm

Figure 3.1.6(ii): Atomic force microscopic images of (a) Au’(NP)/TiO2(B1) (Scale 50 nm)
and (b) Au’(NP)/TiO»(B2) (Scale 600 nm) [Tiwari et al., (2019b)].
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Similarly, the 3D atomic force image profiling was conducted for the nanocomposite
Ce**/TiO,(C1) and Ce**/TiO,(C2) thin films and the results were illustrated in Figures
3.1.6(iii)(a) and 3.1.6(iii)(b), respectively. It is evident from the Figures that both the thin
film samples possessed with heterogeneous structures and the titanium dioxide forming
some pillars on the surface. The image root mean square roughness (Rq) and mean
roughness (Ra) was found to be 2.78 nm and 2.14 nm (for Ce**/TiO,(C1)) and 1.83 nm and
1.46 nm (for Ce**/TiO,(C2)) thin films, respectively. Similarly, the maximum surface
roughness (Rmax) Values were found to be 30.1 nm and 18.2 nm for the Ce**/TiO,(C1) and
Ce**/TiO,(C2) thin films, respectively. These results clearly indicated that the thin film
Ce**/TiO,(C1) possessed more heterogeneous surface structure compared to the templated
Ce**/TiO,(C2) thin film. Further, these results were in a line to the FE-SEM images of

obtained previously for these thin films.

N el (a) : o || (RIS (b) 20 mm

Do 1: Height 1.0um o 1: Height 1.0um

Figure 3.1.6(iii): 3D atomic force microscopic images of (a) Ce**/TiO,(C1) and (b)
Ce**/TiO,(C2) thin films.
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3.2. Heterogeneous Photocatalytic Degradation of Triclosan and Alizarin Yellow using
Meso-porous Thin Films (Triclosan by Ag’(NP)/TiO, and Alizarin Yellow by
Ag°(NP)/TiO,, Au’(NP)/TiO, thin films).

3.2.1. Batch Reactor Studies

3.2.1.1. Effect of pH in the degradation of Triclosan (TCS)

The removal of triclosan as a function of pH enabled in elucidating the mechanism
involved in degradation. The catalyst surface charge, the size of the catalyst aggregates as
well as the positions of conductance and valence bands were influenced with change in pH
(Chong et al., 2010). Therefore, photolytic and photocatalytic elimination of triclosan was
conducted at varied pH (pH 4.0 — 10.0) values. The efficiency of triclosan degradation as a
function of pH was illustrated in Figure 3.2.1.1 and Table 3.2.1.1. The samples were
irradiated for 2 hours. Figure 3.2.1.1 showed that increasing the pH from pH 4.0 to 10.0 had
caused a gradual decrease in oxidation of triclosan. Quantitatively, increasing the solution
pH from 4.0 to 10.0 caused to suppress the removal efficiency from 63.65 to 43.11%,
respectively, for the Ag°(NP)/TiO,(A2) catalyst. This decrease in efficiency of elimination
with the increase in pH could be explained by surface behaviour of nanocomposites along
with the species distribution of triclosan in aqueous medium at varied pH values. Triclosan
behaves like a weak monoprotic acid having the dissociation constant value pK.' 7.9
(Muzvidziwa et al., 2017). Therefore, the species distribution of triclosan was conducted
and results were illustrated in Figure 3.2.1.1, simultaneously. This clearly showed that at pH
> 7.9, the triclosan molecule possessed dominantly the negative charged species TCS'.
However, at pH < 7.9 the neutral species of triclosan, i.e., TCS® was prevalent. On the other
hand, the pHpzc of these solids were found to be 6.6 and 6.8, respectively, for the solids

titanium oxide, Ag°(NP)/TiO»(A1) and Ag’(NP)/TiO2(A2). This conferred that titanium
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dioxide surface showed net positive charge at pH < 6.6 ~ 6.8 that turned to negatively
charged at pH > 6.6 ~ 6.8 as depicted in equation (3.2.1.1):
=S—0Hf¢» =S—-0H° & =S-0" ...(3.2.1.1)

PHpzc

This showed that at higher pH values both catalyst surface and the triclosan species
(TCS") were possessed with net negative charge and hence, caused to repel each other. This
hindered the electrostatic attraction of triclosan species onto the catalyst surface and
therefore, resulted in less sorption of triclosan on the catalyst surface. Hence, the
dissociated species of triclosan (TCS") was invariably less degraded at higher pH values.
However, at lower pH conditions the un-dissociated species of triclosan (TCS®) were readily
oxidized. The results therefore, showed that the dissociated phenolate species of triclosan
were relatively stable in photocatalytic degradation compared to the un-dissociated species.
The results were contrary to the previous observations mentioned that the phenolic form of
triclosan was more stable than the phenolate form of triclosan (Aranami and Readman,
2007). However, a similar decrease in pseudo-second order rate constant (Kapp) Was obtained
with an increase in pH from 7.0 to 10.0 while triclosan was degraded by ferrate(V1) (Yang et

al., 2011).

Further, the oxidation of triclosan was significantly favored by nanocomposite
photocatalysts compared to photolysis. This demonstrated, the thin film of nanocomposites
viz., Ag°(NP)/TiOz(A1) or Ag°(NP)/TiO,(A2) had shown an enhanced catalytic activity that
caused to promote the removal efficiency of triclosan. Additionally, the photocatalyst
Ag’(NP)/TiO,(A2) possessed relatively higher catalytic activity than the Ag°(NP)/TiO2(A1)
catalyst. This was possibly due to the enhanced surface heterogeneity of thin film

Ag’(NP)/TiO,(A2) compared to Ag’(NP)/TiO,(A1) as observed with AFM analysis. On the
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other hand, the photocatalytic removal of triclosan using the unmodified TiO; thin film was
obtained for simple comparison with the Ag°(NP) doped TiO, and the results were included
in the Figure 3.2.1.1. It was shown from the Figure that photocatalytic removal of triclosan

was significantly increased with the Ag® doped TiO, compared to the bare TiO, using the

UV-A radiations.

Table 3.2.1.1: Effect of pH in the photocatalytic degradation of triclosan by using UV-A
only, Ag°(NP)/TiO(A1) and Ag’(NP)/TiO»(A2) thin films.

% Removal
(pH)
4 6 8 10
UV-A 23.4 20.3 15.9 14.3

AQ(NP)/TiOx(A1) 516  48.4 39.7 34.9

Ag’(NP)/TiO2(A2) 63.65 59.3 4785  43.11
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Figure 3.2.1.1. Percentage distribution of species of triclosan as a function of pH (Smooth
line) and percentage removal of triclosan as a function of pH (scattered
points) under the photolytic and photocatalytic operations [Initial
concentration of triclosan: 1.0 mg/L; Thin Film(A): bare TiO; thin film;
Thin Film (B): Ag°(NP)/TiO,(A1) and Thin Film (C): Ag°(NP)/ TiO,(A2);
Temperature: 25+1 °C].

3.2.1.2. Effect of pH in the degradation of Alizarin Yellow (AY)

Variations of pH effected the electron charge on the surface of the catalyst
(Modirshahla et al., 2011) and the dye degradation process under UV light irradiation
(G6zmen et al, 2009). The pH influenced not only the surface properties of the photocatalyst
but also dye dissociation and hydroxyl radical formation (Liu et al., 2015i). The effect of the
solution pH on the adsorption could be explained generally by the modification of the
electrical double layer of the solid-electrolyte interface, which consequently affected the
electrostatic interactions (Liu et al., 2015i). Therefore, the pH dependence study was
conducted varying the solution pH from 4.0 to 10.0 at a constant alizarin yellow
concentration (1.0 mg/L). The results of photocatalytic removal of alizarin yellow by

Ag’(NP)/TiO,(A1) and Ag®(NP)/TiO2(A2) thin films were presented in Table 3.2.1.2(a) and
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Figure 3.2.1.2(a). Percent degradation was increased by increasing the solution pH from 4.0
—6.0. Though, further increase in pH, i.e., pH from 6.0 to 10.0 caused a significant decrease
in percentage removal of alizarin yellow. Quantitatively, increasing the pH from 4.0 to 6.0
caused to increase the efficiency of alizarin yellow removal from 43.78 to 52.3% using the
Ag’(NP)/TiO,(A2) thin film. However, increasing further the pH from 6.0 to 10.0 caused to
decrease the efficiency of percentage removal of alizarin yellow from 52.3 to 35.79%
respectively. A similar trend of degradation of alizarin yellow was observed for the
Ag’(NP)/TiO,(A1) thin film. This pH dependence degradation of alizarin yellow using the
nanocomposite photocatalysts could be explained based on the speciation studies of alizarin
yellow and the surface properties of nanocomposite in aqueous solutions as a function of
pH. Therefore, a systematic speciation studies of alizarin yellow was conducted separately at
varied pH conditions. It was reported that the alizarin yellow molecule had two dissociable
hydrogens (the phenolic and carboxylic) and were having the pKy; and pKa, values of 5.0
and 11.0 (Nazar et al., 2010). The Mono-anionic form of alizarin yellow that chiefly existed
within the pH region 6.0 ~ 10.0. However, it was reported that mono-ionic species existed in
an equilibrium state between the anionic and non-ionic state forming the hydrogen bonds
with the two phenolic and carboxylic oxygen atoms (Nazar et al., 2010). However, further
increase in pH > 10.0, the second hydrogen was dissociated and the alizarin yellow becomes
the di—anionic species and carrying the net negative charges. It was known that anatase
titanium dioxide possessed the point of zero charge values in the pH range 4.8 ~ 6.5 and
accepted average value was 5.9 (Kosmulski, 2009). Hence, it was concluded that thin films
carried positive charge at pH < 5.9 whereas carried negative charge at pH > 5.9 as shown in
equation (3.2.1.2(a)):
=Ti—0Hf¢» =Ti—0H° <3 =Ti—0" ...(3.2.1.2(a))
pPHpzc
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Therefore, it was evident that at high pH values (pH 6 ~ 10) both the nanocomposite
and alizarin yellow were possessed with net negative charges that eventually caused to repel
the alizarin yellow by the solid surface that hindered the electrostatic attraction of alizarin
yellow by the nanocomposite. This led to restrict the sorption of the alizarin yellow onto the
solid surface to enable it for a chemisorption at the nanocomposite surface. This caused a
marked decrease in percentage of alizarin yellow removal at high pH values. Furthermore,
relatively a high percentage removal of alizarin yellow at pH 6.0 was explained with the fact
that at this pH the anionic species of alizarin yellow were seemingly attracted by the
positively charged surface of nanocomposite solid that caused an enhanced sorption of
alizarin yellow species and hence, underwent with an enhanced catalytic degradation of
alizarin yellow. A similar very high sorptive removal of several anionic dyes was recorded
at pH Ca. 5 which was significantly decreased at pH 10.0 using the isoreticular nano-porous
Zn(1l) -MOFs (metal oxide framework) known as TMU-16 and TMU-16-NH; (Roushani et
al., 2016). The enhanced removal of alizarin yellow at pH 6.0 was also supported with the
fact that the hydroxyl ions were readily oxidized to the hydroxyl radicals at surface of
catalyst and were found to be predominant and stable at the neutral pH conditions (Buxton
et al., 1988) which further synergised the degradation of alizarin yellow in aqueous
solutions. However, at lower pH conditions the low percentage removal of alizarin yellow
was explained due to the reason that the alizarin yellow species were predominantly present
to its un-dissociated species and the surface of thin film also contained with high positive
charge density. Therefore, relatively less sorption of alizarin yellow resulted a slight
decrease in percentage degradation of alizarin yellow. Moreover, at low pH conditions the
hydroxyl species were also readily reduced as combined with the H* ions that hindered the
‘OH induced degradation of alizarin yellow (equation 3.2.1.2(b)) (Tang and Huang, 1996;

Benitez et al., 2007: Feizpoor et al., 2018; Salavati-Niasari et al., 2016). Similarly, the
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photocatalytic degradation of Congo red was decreased by increasing the pH from 3.0 to
10.0 whereas the dye Bismarck brown removal was increased by increasing the similar pH,
i.e.,, 3.0 to 10.0 using the Ag/reduced graphene oxide nanocomposite (Borthakur et al.,

2017).
'OH+H +e - H,0 ... (3.2.1.2(b))

Similar degradation trend was reported previously for the photocatalytic degradation
of alizarin yellow by the nanopillar TiO, using the UV irradiation (Tiwari et al., 2015).
Similarly, relatively high percentage oxidative removal of alizarin red S was obtained at pH
7.0 using the biomimetic  peroxidase-like  catalyst 5,10,15,20-tetrakis(4-

sulfonatophenyl)porphine-Mn(lI11) (Zucca et al., 2008).

Table 3.2.1.2(a): Effect of pH in the photocatalytic degradation of alizarin yellow by using
UV-A only, Ag°(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2) thin films.

% Removal
(pPH)
4 6 8 10
UV-A 3.4 11.1 8 4.8

Ag°(NP)/TiO(A1) 37.3 445 38.1 32.3

AQ°(NP)/TIOx(A2) 4378 523 3958 3579
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Figure 3.2.1.2(a): Percentage distribution of alizarin yellow species at different pH values

(Smooth Line) and percentage oxidative removal of alizarin yellow at

different pH values (Scattered Points) for photolytic and photocatalytic

operations

using

the

Ag(NPs)TiO,:  Ag’(NP)TiO,(A1)  and

Ag(NPs)TiO(T): Ag’(NP)TiO,(A2) thin films [Initial concentration of

alizarin yellow: 1.0 mg/L; Temperature 25+1 °C].

Similarly, the percentage removal of alizarin yellow as a function of solution pH was

obtained and illustrated in Figure 3.2.1.2(b) (Secondary axis) using the Au°(NP)/TiO,(B1)

and Au°(NP)/TiO,(B2) thin film catalysts. The concentration of alizarin yellow (1.0 mg/L)

was taken and the UV-A illumination was given for 2 hours. Figure 3.2.1.2(b) and Table

3.2.1.2(b) showed that photocatalytic removal of alizarin yellow was increased by increase

in pH from 4.0 to 6.0. However, further increase in pH, i.e., pH 6.0 to 10.0 had caused to

decrease the percentage degradation of alizarin yellow. Moreover, the percentage of alizarin

yellow removal was increased from 48.89 to 58.66% with an increase in pH from 4.0 to 6.0

employing the nanocomposite Au’(NP)/TiO,(B2) thin film. However, further increase in pH

6.0 to 10.0 had suppressed the removal efficiency of alizarin yellow from 58.66 to 39%,
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respectively. Similarly, the degradation trend of alizarin yellow by Au’(NP)TiO,(B1) and
AU’(NP)TiO,(B2) photocatalysts was same as that of alizarin yellow by Ag’(NP)TiO,(A1)

and Ag’(NP)TiO,(A2) photocatalysts.

Alizarin Yellow molecule contain invariably two dissociable hydrogens (i.e.,
attached with the phenolic and carboxylic groups (cf. Figure 3.2.1.2(i)). The speciation
studies indicated that the mono-anionic species of alizarin yellow was dominantly present
within the pH region 6.0 ~ 10.0 (cf. Figure 3.2.1.2(b) (Primary axis)). However, the mono-
ionic species exist in equilibrium with the non-ionic species as resulted with the hydrogen
bonding between the two phenolic and carboxylic oxygen atoms (cf. Figure 3.2.1.2(i))
(Nazar et al., 2010). At higher pH conditions (pH 6 ~ 10) both the nanocomposite and
alizarin yellow were carrying the net negative charges which greatly hindered the
electrostatic attraction of alizarin yellow by the nanocomposite materials. Therefore, this
restricted the sorption of alizarin yellow by the surface active sites of nanocomposites or
even it restricted the sorbing species to enter within the Stern plane to enable it for a
chemisorption of alizarin yellow at the solid surface. This led to a mark decrease in removal
of alizarin yellow at high pH values. Moreover, relatively high percentage removal of
alizarin yellow at pH 6.0 were explicable by the fact that at this pH the anionic species of
alizarin yellow was seemingly attracted by the positively charged surface of nanocomposite
which enabled an enhanced sorption of alizarin yellow species onto the surface of catalyst

and hence; underwent with an enhanced catalytic degradation of alizarin yellow.

Figure 3.2.1.2(b) further indicated that the percentage efficiency of alizarin yellow
removal was markedly higher using the nanocomposite Au°(NP)/TiO,(B1) or
AU’(NP)/TiO,(B2) photocatalysts than the corresponding blank process using UV-A

illumination. Therefore, this again demonstrated that nanocomposite thin films possessed an
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enhanced catalytic activity, at least, in the degradation of alizarin yellow in aqueous media.
Moreover, the template synthesized photocatalyst Au’(NP)/TiO,(B2) showed relatively
higher removal efficiency of alizarin yellow than the non-template nanocomposite
AU’(NP)/TiO,(B1). This indicated that templated synthesized TiO, with in situ impregnation

of Au-nanoparticles resulted a dense titania network which showed an enhanced

photocatalytic efficiency.

O.__OH 0. O 0. O
N N +H* N N +H* N N
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Mono-anionic species Di-anionic species

Figure 3.2.1.2(i). pH dependence dissociation of alizarin yellow in aqueous solution.
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Figure 3.2.1.2(b). Percentage distribution of alizarin yellow species as a function of pH
(Smooth Line) and percentage removal of alizarin yellow at various pH values
(Scattered Points) for catalytic and photolytic treatments. Au’(NPs)/TiOy:
AU(NP)/TiO,(B1) and Au’(NPs)/TiO»(T): Au’(NP)/TiO»(B2) thin films

[Initial concentration of alizarin yellow: 1.0 mg/L; Temperature 25+1 °C].

Table 3.2.1.2(b): Effect of pH in the photocatalytic degradation of alizarin yellow by using
UV-A only, Au’(NP)/TiO,(B1) and Au’(NP)/TiO2(B2) thin films.

% Removal
(pH)
4 6 8 10
UV-A 3.4 11.1 8 4.8
Auo(NP)/TiOQ(Bl) 45.8 54 41.3 37.1

AUW(NP)/TIO,(B2) 48.89 58.66  44.35 39

105



Results and Discussions

3.2.1.3. Effect of concentration in the degradation of Triclosan (TCS)

Triclosan concentration varied from 0.5 to 15.0 mg/L at pH 6.0 was taken for the
photocatalytic oxidation. The removal efficiency of triclosan was presented as a function of
triclosan concentration and it was depicted in Figure 3.2.1.3 and Table 3.2.1.3. Figure
3.2.1.3 showed that increasing the concentration of triclosan had greatly suppressed the
percentage degradation of triclosan. The percentage efficiency of triclosan removal was
decreased from 72.65 to 18.88% while increasing the triclosan concentration from 0.5 mg/L
to 15.0 mg/L using the Ag’(NP)/TiO»(A2) nanocomposite. The decrease in removal
efficiency at increased pollutant concentration was due to the fact that the catalyst surface
possessed relatively large number of available active sites for lesser extent of pollutant
species at lower concentrations (Nasseri et al., 2017). Earlier it was mentioned that at an
increased pollutant concentration, the scavenging effect caused for decrease in removal
efficiency (Chen et al., 2011a). Similarly the C/C, (where C is the concentration of triclosan
(mg/L) after treatment (max. 2 hours) and C, is the initial triclosan concentration (mg/L))
was drawn against the initial concentration of triclosan for photolytic and photocatalytic
treatment. The results were shown in Figure 3.2.1.3 (secondary axis; dotted lines). It was
evident to note that C/C, values were increased with the increase in triclosan concentration.
Further, the C/Cy values were found lowest for nanocomposite Ag°(NP)/TiO,(A2) compared

to Ag’(NP)/TiO,(A1) photocatalytic or simple UV-A photolysis processes.

It was again restated that the thin films Ag°(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2)
showed significantly higher photocatalytic efficiency in the degradation of triclosan from
aqueous solutions compared to the UV-A only irradiated sample. Further, the PEG template
thin film Ag°(NP)/TiO,(A2) possessed an enhanced photocatalytic activity than the

Ag’(NP)/TiO,(A1) thin film in the degradation of the triclosan from aqueous solution since
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more triclosan molecules were effectively trapped inside the small meso pores provided by
the Ag°(NP)/TiO,(A2) catalyst surface. Hence, triclosan was effectively oxidised by the

reactive species.

Table 3.2.1.3: Effect of concentration in the photocatalytic degradation of triclosan (TCS)
using UV-A, Ag°(NP)/TiO2(A1) and Ag°(NP)/TiO,(A2).

% Removal

[Initial concentration of TCS (mg/L)]

05 1.0 5.0 10.0 15.0
UV-A 173 20.3 10.2 2.7 1.9
Ag°(NP)/TiOx(A1) 552 484 32.6 14.4 11.1

AQ(NP)/TiOx(A2) 72.65 59.3  38.94 2505  18.88
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Figure 3.2.1.3: Percentage removal of triclosan (dotted lines) as a function of triclosan
initial concentrations and the C/C, values (smooth line) against the triclosan
concentration under the photolytic and photocatalytic processes [pH: 6.0;
F1: Ag’(NP)/TiOy(Al) thin film; F2: Ag°(NP)/TiO»(A2) thin film;
Temperature 25+1 °C].
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3.2.1.4. Effect of concentration in the degradation of Alizarin Yellow (AY)

Initial concentration of alizarin yellow was increased from 0.5 mg/L to 15.0 mg/L at
pH 6.0. The dye solution was irradiated for a total length of time 2 hours. Further the
degradation efficiency of alizarin yellow was obtained and presented as a function of
alizarin yellow concentration and shown in Figure 3.2.1.4(a). Figure 3.2.1.4(a) revealed that
increasing the initial concentration of alizarin yellow had caused significantly the percentage
degradation of alizarin yellow for both photolytic and photocatalytic processes.
Quantitatively, the removal efficiency of alizarin yellow was decreased from 64.68 to
15.52% with a corresponding increase in alizarin yellow concentration from 0.5 mg/L to

15.0 mg/L employing the nanocomposite Ag’(NP)/TiO2(A2) film.

The decrease in degradation efficiency at increased dye concentration was due to the
revealing fact that the dye species have relatively lower possibility of contact at higher dye
concentrations. Moreover, catalyst surface possessed relatively large number of available
active sites at surface for lesser number of pollutant species at lower concentrations. Similar
results were obtained elsewhere where increased in pollutant concentration was greatly
hampered the removal efficiency and this was due to the scavenging effect (Lalhriatpuia et
al., 2016; Nasseri et al., 2017). A similar decrease in the degradation of alizarin red S by the
ZnS and cadmium doped ZnS nanoparticles were obtained and mentioned that at an
increased concentration of alizarin red S enabled to aggregate dye molecules at the surface
which screened the catalyst surface to interact with other dye molecules either with the holes
or hydroxyl radicals. Therefore, reduces the percentage degradation of dye at an enhanced

pollutant concentration (Jabeen et al., 2017).
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Table 3.2.1.4(a): Effect of concentration in the photocatalytic degradation of alizarin

yellow.
% Removal
[Initial concentration of AY (mg/L)]
05 1.0 5.0 10.0 15.0
UV-A 13 111 4.5 0.2 0.1
Ag’(NP)/TIO,(Al) 549 445 29.6 14.7 11

AQ°(NP)/TiOx(A2) 6468 523 3535 20.1 15.52
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Figure 3.2.1.4(a): Effect of concentration in the photocatalytic degradation of alizarin
yellow (AY) by using UV-A only, Ag’(NP)/TiO»(Al) and
Ag’(NP)/TiO,(A2) thin films [pH: 6.0; Irradiation time: 2 hours;
Temperature 251 °C].

Further, the concentration dependence degradation of alizarin yellow was also
conducted using Au’(NP)TiO,(B1) and Au’(NP)TiO»(B2) thin films. The degradation
process was studied by varying the alizarin yellow concentration from 0.5 to 15.0 (mg/L) at
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a constant solution pH 6.0. The results of photocatalytic removal of alizarin yellow were
presented in Table 3.2.1.4(b) and Figure 3.2.1.4(b). Similarly, the degradation trend of
alizarin yellow by Au’(NP)TiO,(B1) and Au’(NP)TiO»(B2) photocatalysts was same as that
of alizarin yellow by Ag°(NP)TiO»(A1) and Ag°(NP)TiO,(A2) photocatalysts. The increase
in concentration of alizarin yellow inhibited the percentage removal substantially. It was
further demonstrated that the pollutant molecules were increased significantly at higher
initial concentration, though the content of free radicals that take part in decomposing the
organic molecules were constant. This eventually reduced the percent degradation of dye at
higher initial concentration (Caliskan et al., 2017). The photocatalyst Au’(NP)TiO»(B2)
showed higher degradation efficiency than the corresponding non-template thin film
AU’(NP)TiO»(B1), which in turn showed much higher degradation efficiency than the
corresponding blank process using UV-A illumination only. Therefore, it was again
confirmed that nanocomposite thin film had an enhanced catalytic activity at least in the

degradation of alizarin yellow in aqueous media.

Table 3.2.1.4(b): Effect of pH in the photocatalytic degradation of alizarin yellow by using
UV-A only, Au’(NP)TiO2(B1) and Au’(NP)TiO(B2) thin films.

% Removal

[Initial concentration of AY (mg/L)]

0.5 1.0 5.0 10.0 15.0
UV-A 13 11.1 45 0.2 0.1
AU’ (NP)TiO2(B1) 645 54 36.7 23.8 16.9

AUYNP)TiOx(B2) 71.11 5866  38.56 2513  18.87
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Figure 3.2.1.4(b): Effect of concentration in the photocatalytic degradation of alizarin
yellow by using UV-A only, Au’(NP)/TiO,(B1) and Au’(NP)/TiO,(B2)
thin films [pH: 6.0; Irradiation time: 2 hours; Temperature 251 °C].

3.2.1.5. Degradation Kinetics of Triclosan (TCS)

The time dependent degradation of triclosan under photolysis and photocatalytic
studies were conducted in order to deduce the reaction kinetics involved and to obtain
apparent rate constant values. The value of C/C, was presented graphically and returned in
Figure 3.2.1.5(a) (inset) (where Cy was the initial concentration of triclosan and C; was the
concentration of triclosan at time 't’). The Figure clearly demonstrated that a sharp decrease
in degradation was observed in presence of thin films Ag°(NP)/TiO»(Al) and
Ag’(NP)/TiO,(A2) after 2 hours irradiation (initial concentration of triclosan: 1.0 mg/L at
pH: 6.0). The calculated C/C, values were 0.41, 0.52 and 0.80 for the Ag°(NP)/TiO,(A2),
Ag’(NP)/TiO,(A1) and UV-A (blank) treatment, respectively. Further, significantly lower

values of C/C, were obtained using the Ag’(NP)/TiO»(A2) thin film comparing to the
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Ag’(NP)/TiO,(A1) thin film. This indicated the affinity of the triclosan towards the thin film

surface and enhanced photocatalytic degradation of triclosan at the surface.

Further, the kinetics of the triclosan degradation was represented using the known

pseudo-first-order rate equation (Eq. 3.2.1.5(i)):

r= T T ar kapp [kphotolysis + kphotocatalysis] [TCS] = kapp [TCS] (3-2-1-50))

where [TCS] represents to the concentration of triclosan and kp,, is the pseudo-first-
order rate constant. It was obvious that the kap, depended on the concentration of triclosan.
Integration of equation 3.2.1.5(i) with the extreme conditions, i.e., at t = 0 the [TCS] = C,.

The equation 3.2.1.5(i) became:

Co

LN (E) = Kapp * t ... (3.2.1.5(ii))

The result obtained from a plot of the LN(Co/C;) against time 't was presented
graphically in Figure 3.2.1.5(a) (inset) with initial concentration of triclosan (1.0 mg/L) at
pH 6.0. Besides, the pseudo-first-order rate constants (Kapp) and R? values obtained for
A’ (NP)/TiOo(A2), Ag°(NP)/TiO,(AL) and UV-A only treatment were evaluated and results
were presented in graphically in Figure 3.2.1.5(a) and Table 3.2.1.5. It was observed that the
photodegradation of triclosan had reasonably fitted well to the pseudo-first-order kinetics
using the Ag°(NP)/TiO(A1) and Ag’(NP)/TiO,(A2) thin films (cf. Figure 3.2.1.5(a) and
3.2.1.5(a) (Insets; Linear and Non-linear fitting)). Further, the rate constant was increased
with the decrease in triclosan concentration. Moreover, significantly low value of rate
constant was recorded for the photolytic oxidation of triclosan than the photocatalytic
oxidation. This reaffirmed the potential use of immobilized nanocomposites in the
degradation of triclosan. The Ag’(NP)/TiO,(A2) thin film was found to be more efficient

comparing to the Ag°(NP)TiO,(A1) thin film. This again confirmed the potential use of
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template synthesis of thin film using the PEG as modifier. Similarly, the triclosan
degradation by the electro-Fenton process showed to be the pseudo-first-order rate kinetics
(Sires et al., 2007). Moreover, the pseudo-first order rate kinetics was demonstrated for the

biological degradation triclosan in an activated sludge under the aerobic conditions

(Mohamed and Mkhalid, 2015).
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Figure 3.2.1.5(a): The pseudo-first-order rate constant as a function of initial concentration
of triclosan under the photolytic and photocatalytic processes [Insets Linear
and Non-linear fitting of data for the pseudo-first-order rate kinetics; Initial
concentration of triclosan: 1.0 mg/L at pH: 6.0; Temperature: 25+1 °C; F1:
Ag’(NP)/TiO,(AL); and F2: Ag°(NP)/TiO,(A2)].
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Table 3.2.1.5: Kinetic data obtained for the degradation of triclosan using
Ag°(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2) thin film photocatalysts along

with UV-A only photolysis at different initial triclosan concentrations.

Pseudo-first order rate constant (Kappx10™®)/min

[Initial concentration of TCS (mg/L)]

05 1.0 5.0 10.0 15.0
UV-A only 1.6 17 0.9 0.2 0.1
(0.972) (0.986) (0.993) (0.959) (0.942)
Ag’(NP)ITIO, 6 5.6 29 13 1
(A1) (0.973) (0.997) (0.934) (0.986) (0.996)
Ag’(NP)ITIO, 9.7 71 41 22 1.8
(A2) (0.977) (0.991) (0.993) (0.989) (0.988)

R? values are given in parenthesis.

Further, the L-H (Langmuir-Hinshelwood) model was used to describe the
dependence of the observed reaction rate on the initial solute concentrations (Turchi and

Ollis, 1990). The derived equation (3.2.1.5(i)) was used to its linear form:

_ kr'K'CO
To = 1HK-Co ...(3.2.1.5(iii))
or 2= .14l ..(3.2.1.5(iv))

ro Kkyr Co Ky

where ‘Cy’ is the concentration of the triclosan at time ‘t’, K is the constant related to
adsorption and k, is to the reaction properties of the substrate (triclosan), ‘1/ry’ is the
dependent variable, ‘1/Cy’ the independent variable, 1/k; is the linear coefficient and (1/(k.
K)) the slope of the straight line. Using the L-H equation, the adsorption constant and the
rate constant were evaluated while plotting 1/ry against 1/Cy. A plot of 1/ry against 1/Co

(Figure 3.2.1.5(b)) gave the L-H adsorption constant ‘K’ (L/mg) and the rate constant ‘k; ’
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(mg/L/min) for the degradation of triclosan by the two thin films Ag°(NP)/TiO,(Al) and
Ag’(NP)/TiO,(A2). The results obtained for the k, and K were found to be 0.0196 and 0.368
(R% 0.989; for Ag’(NP)/TiO(Al) sample) and 0.028 and 0.398 (R* 0.988; for
Ag’(NP)/TiO,(A2) sample), respectively, in the oxidation of triclosan. The values of R?
obtained for Ag’(NP)/TiO,(A1) and Ag’(NP)/TiO»(A2) thin films showed that the L-H

kinetics was fitted reasonably well to the photocatalytic degradation of triclosan.
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Figure 3.2.1.5(b): Langmuir-Hinshelwood plot for the photocatalytic degradation of
triclosan using Al: Ag’(NP)/TiOy(Al) and A2: Ag’(NP)/TiO,(A2)
photocatalytic thin films and UV-A only photolysis [TCS concentration:
0.5 — 15.0 mg/L; pH: 6.0; Temperature: 25+1 °C].

3.2.1.6. Degradation Kinetics of Alizarin Yellow (AY)

The time dependent degradation of alizarin yellow under photolysis and
photocatalytic studies were conducted in order to deduce the reaction kinetics involved and
to obtain apparent rate constant values. The value of C/C, was presented graphically in
Figure 3.2.1.6(a) (Inset) for the degradation of alizarin yellow (initial concentration of AY:

1.0 mg/L at pH~6.0) as a function of time (where Cy was initial concentration of AY and C;
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was the concentration of AY at time 't’). The Figure clearly indicated a sharp decrease of
alizarin yellow degradation was occurred with respect to time in presence of thin films
Ag’(NP)/TiO»(AL) and Ag’(NP)/TiO»(A2) whereas the UV-A only irradiation showed
almost no degradation of alizarin yellow within 2 hours of irradiation. The computed C/Cy
values at the end of 2 hours of irradiations were 0.89, 0.56 and 0.48 for the UV-A only,
Ag’(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2) thin films, respectively. Relatively, a lower value
of C/Co was obtained using the Ag’(NP)/TiO,(A2) thin film than the Ag’(NP)/TiO,(Al)
thin film, this again indicated the higher efficiency of the PEG template thin films for the

degradation of alizarin yellow from aqueous solution.

The pseudo-first-order rate equation for the degradation of alizarin yellow could be

represented as:

d[AY] .
r= T Tar kapp [kphotolysis + kphotocatalysis] [AY] = kapp [AY] ... (3.2.1.6(i))

where [AY] represents the concentration of alizarin yellow and Ky is the pseudo-
first-order rate constant. It was obvious that the ki depended on the concentration of
alizarin yellow. Integration of equation 3.2.1.6(i) with the extreme conditions, i.e., att =0

the [AY] = Co. The equation (3.2.1.6(i)) could be written as:

LN (E_:) = Kapp * ¢ ...(3.2.1.6(ii))

A linear relationship between alizarin yellow concentration and irradiation time were
obtained plotting LN(Co/C;) against time 't and the results obtained were presented in
Figure 3.2.1.6(a) (inset) also non-linear fitting was conducted and returned in Figure
3.2.1.6(a) (inset) having the initial concentration of 1.0 mg/L at pH 6.0. Besides, the pseudo-
first-order rate constants (kap) and R® values obtained for Ag’(NP)/TiOy(A2),

Ag®(NP)/TiO,(A1) and UV-A only treatment were evaluated and results were presented in
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Table 3.2.1.6(a) and Figure 3.2.1.6(a). It was clear from the Table that the photodegradation
of alizarin yellow was reasonably fitted well to the pseudo-first-order Kinetics using the
Ag’(NP)/TiO(A1) and Ag’(NP)/TiO,(A2) thin films. Besides, the Ag°(NP)/TiO,(A2) thin
film was found to be more efficient comparing to the Ag°(NP)/TiO,(A1) thin film which
again indicated the potential use of template synthesis of thin films using the PEG as filler
media. Similarly, the Nano-TiO, supported on latex paint film showed the pseudo-first-order
kinetics in the photocatalytic removal of ammonia (Geng et al., 2008). The oxidative
removal of methylene blue using the P25 titanium dioxide showed pseudo-first-order
kinetics and the experimental data was fitted well to the model at sufficient accuracy (Xu et

al., 2014).
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Figure 3.2.1.6(a): Kinetics of photocatalytic degradation of alizarin yellow as a function of
time using Ag°(NPs)/TiO,: AgP(NP)/TiO,(AL); and Ag’(NPs)/TiO,(T):
Ag’(NP)/TiO,(A2) thin film photocatalysts along with simple photolysis
[AY concentration: 1.0 mg/L; pH: 6.0; Temperature: 25+1 °C].
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Table 3.2.1.6(a): Kinetic data obtained for the degradation of alizarin yellow using
A’ (NP)/TiO(A1) and Ag’(NP)/TiO,(A2) thin film photocatalysts along
with UV-A only photolysis at different initial AY concentrations.

Pseudo-first order rate constant (Kappx10™®)/min

[Initial concentration of AY (mg/L)]

05 1.0 5.0 10.0 15.0
UV-A only 1.3 0.9 0.4 0 0
(0.937) (0.933) (0.966) (0.441) (0.403)
Ag’(NP)ITIO, 6.1 46 26 1.4 1
(A1) (0.969) (0.971) (0.921) (0.984) (0.995)
Ag’(NP)ITIO, 8.3 5.7 3.4 1.8 13
(A2) (0.991) (0.975) (0.992) (0.991) (0.982)

R? values are given in parenthesis.

The photocatalytic degradation of alizarin yellow was modelled with the Langmuir-

Hinshelwood (L-H) model to its linear form equation, equation 3.2.1.6(i) could be written

as.
_ kr'K'CO
To = 1HK-Co ...(3.2.1.6(iii))
or =1 . 141 . (3.2.1.6(iv))

ro Kkr Co ki

where ‘Cy’ is the concentration of alizarin yellow at time ‘t’, K is the constant related
to adsorption and k.. is to the reaction properties of the substrate (alizarin yellow), ‘1/ry’ is
the dependent variable, ‘1/Cy’ the independent variable, 1/k; is the linear coefficient and
(1/(k;. K)) the slope of the straight line. Using the L-H equation, the adsorption constant and
the rate constant were evaluated while plotting 1/rp against 1/Cy. The values of K and k, were

determined from the slope and intercept of these plots presented graphically in Figure
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3.2.1.6(b). The results obtained for the k; (mg/L/min) and K (L/mg) were found to be 0.017
and 0.417 (R? 0.990; for Ag°(NP)/TiO»(A1) sample) and 0.021 and 0.460 (R% 0.972; for
Ag’(NP)/TiO,(A2) sample), respectively, in the oxidation of alizarin yellow. Thus, the L-H
kinetic was reasonably fitted well to the photocatalytic degradation of alizarin yellow using

the thin film photocatalysts.
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Figure 3.2.1.6(b): Langmuir-Hinshelwood plot for the photocatalytic degradation of alizarin
yellow using Al: Ag’(NP)/TiOx(Al) and A2: Ag’(NP)/TiO,(A2)
photocatalytic thin films and UV-A only photolysis [AY concentration:
0.5 — 15.0 mg/L; pH: 6.0; Temperature: 25+1 °C].

On the other hand, the degradation Kkinetics of alizarin yellow using
AU’(NP)/TiO,(B1) and Au’(NP)/TiO,(B2) photocatalysts were also established. The value
of Ci/Cy was presented graphically in Figure 3.2.1.6(c) (Inset) (initial concentration of AY:
1.0 mg/L at pH~6.0) as a function of time (where Cy is initial concentration of AY and C; is
the concentration of AY at time "t"). The kapp (pseudo-first-order rate constant) values were

calculated for all studied concentrations and presented in Figure 3.2.1.6(c) and Table
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3.2.1.6(b). A decrease in alizarin yellow concentration greatly enhanced the Kkap, values.
Further, it was interesting to observe that the ks, value for the catalytic (i.e.,
AU(NP)/TiO,(B1) and Au’(NP)/TiO,(B2) photocatalysts) removal of alizarin yellow was
found relatively higher than photolytic process carried by the UV-A light. This further
confirmed the greater applicability of catalyst in the oxidative removal of alizarin yellow.
Similarly, the Au’(NP)/TiO,(B2) thin film was found to be more efficient comparing to the

AU’(NP)/TiO,(B1) thin film.
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Figure 3.2.1.6(c): The pseudo-first order rate constant values for various concentrations of
alizarin yellow for photolytic and photocatalytic operations [Insets Linear
and Non-linear fitting of time dependence results for the pseudo-first order
rate kinetics [Initial concentration of alizarin yellow: 1.0 mg/L at pH: 6.0;
Temperature: 251 °C]. AuW(NPs)/TiOx Au’(NP)/TiO,(B1);  and
AUWC(NPS)/TiOL(T): A’ (NP)TiO,(B2) photocatalytic thin films.
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Table 3.2.1.6(b): Kinetic data obtained for the degradation of alizarin yellow using
AW(NP)/TiO»(B1) and Au’(NP)/TiO,(B2) thin film photocatalysts along
with UV-A only photolysis at different initial AY concentrations.

Pseudo-first order rate constant (Kappx10°)/min

[Initial concentration of AY (mg/L)]

05 1.0 5.0 10.0 15.0
UV-A only 1.3 0.9 0.4 0 0
(0.937) (0.933) (0.966) (0.441) (0.403)
AU’ (NP)/TIO; 8.1 6.1 3.7 22 1.4
(B1) (0.983) (0.966) (0.989) (0.994) (0.991)
AU’ (NP)/TIO; 9.6 6.6 42 24 1.9
(B2) (0.987) (0.979) (0.989) (0.997) (0.984)

R? values are given in parenthesis.

The photocatalytic degradations of alizarin yellow by using Au’(NP)/TiO,(B1) and
AU’(NP)/TiO,(B2) thin films was again modelled with the Langmuir-Hinshelwood (L-H)
model to its linear form equation. Using the L-H equation, the adsorption constant and the
rate constant were also evaluated. The values of K and k, were determined from the slope
and intercept of these plots presented graphically in Figure 3.2.1.6(d). The results obtained
for the k, (mg/L/min) and K (L/mg) were found to be 0.026 and 0.279 (R* 0.988; for
AU’(NP)/TiO,(B1) sample) and 0.029 and 0.335 (R?: 0.969; for Au’(NP)/TiO,(B2) sample),
respectively, in the oxidation of alizarin yellow. Thus, the L-H kinetic was reasonably fitted

well to the photocatalytic degradation of alizarin yellow using the thin film photocatalysts.

121



Results and Discussions

1600

1200

1/ro

800

400

1/Co

Figure 3.2.1.6(d): Langmuir-Hinshelwood plot for the photocatalytic degradation of alizarin
yellow using B1l: AU’(NP)/TiO»(B1) and B2: Au’(NP)/TiO,(B2)
photocatalytic thin films and UV-A only photolysis [AY concentration:
0.5 — 15.0 mg/L; pH: 6.0; Temperature: 25+1 °C].

3.2.1.7. Effect of Interfering lons on Triclosan Removal

Considerable amount of inorganic anions such as chloride, nitrate, sulphate,
carbonate, etc., were present in wastewater. These ions changed the ionic strength of the
medium and hence affected the catalytic activity of the photocatalyst. Consequently, the
effect of several interfering ions (50.0 mg/L), viz., cadmium nitrate, copper sulphate, zinc
chloride, sodium chloride, sodium nitrate, sodium nitrite, glycine, oxalic acid and EDTA in
the photocatalytic degradation of triclosan from aqueous solution were evaluated using the
Ag’(NP)/TiO,(A2) photocatalyst. The samples were irradiated for 2 hours and the initial
concentration of triclosan was kept constant to 5.0 mg/L at pH 6. The triclosan concentration
was obtained with the UV-Vis spectrophotometer. The percent removal of triclosan was

presented as a function of interfering ions and returned in Figure 3.2.1.7(a). The Figure
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clearly showed that the degradation of triclosan was inhibited at different extent in presence
of different interfering ions. However, it was interesting to note that the presence of EDTA,
NaNO,, ZnCl, and Oxalic acid had caused to suppress significantly the degradation of
triclosan. The presence of other ions affected to a lesser extent in the photocatalytic
degradation of triclosan. The order of inhibition caused by these interfering ions were found
to be NaNO, > Oxalic acid > ZnCl, > EDTA > Glycine > NaCl > Cd(NO3), > CuSO, >
NaNOs. Photocatalytic degradation were predominantly driven by the highly oxidizing
species, viz., photogenerated valence band holes (h*) or hydroxyl radicals (OH). EDTA was
known to eliminate the h* significantly in TiO, photocatalyst (Jia et al., 2017). Oxalate ion
(C,04%) was reported as a widely recognized h* eradicator and it was used as a probe
species to determine the occurrence of direct h* oxidation in the photocatalytic system (Yap
and Lim, 2011). Therefore, these results clearly indicated that hole (h*) radical either free or
surface trapped acted as one of the oxidising species for the degradation of triclosan from

aqueous solution.

It is important to analyse the radical induced photocatalytic degradation of triclosan
since they altered the kinetic profile of the reaction, providing information about the
participation of different reactive oxidising species. Therefore, the effect of scavengers in
the degradation of triclosan was studied using the variety of scavengers used to scavenge the
reactive oxidising species, viz., h*, ‘OH or O,". The 2-propanol and HCO5 were reported to
be the good scavengers of the ‘OH radical (Xu et al., 2015). Sodium azide (NaN3) was
known to scavenge the singlet oxygen (*O,) produced readily by the interaction of
superoxide radical and photogenerated holes. The singlet oxygen was highly reactive species
that degraded pollutants readily (Li et al., 2011). Hence, the degradation of triclosan (5.0
mg/L at pH 6) in presence of scavengers, viz., 2-propanol, sodium azide and sodium

bicarbonate (1000.0 mg/L) was studied and results were shown in Figure 3.2.1.7(b). It was
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evident from the Figure that in presence of 2-propanol and sodium bicarbonate the
percentage removal of triclosan was significantly inhibited that clearly pointed that the ‘OH
radical was greatly involved in the degradation process. On the other hand, the scavenger, 2-
propanol significantly suppressed the catalytic activity of the thin film Ag’(NP)/TiO,(A2)
since a marked decrease in percent removal of triclosan was observed. The presence of
sodium azide caused to suppress the degradation of triclosan which indicated that singlet
oxygen was also greatly involved in the degradation process. The results clearly indicated
that these radicals were scavenging greatly the involved radical species and the removal of

triclosan was greatly inhibited.
3.2.1.7.1. Mechanism of Degradation

Overall, the study therefore explained that the absorption of UV-A radiations by the
Ag’(NP)/TiO,(A2) photocatalyst caused to excite the electrons from the valence band to
conduction band in the photocatalyst Ag°(NP)/TiO,(A2) where the silver nanoparticles
trapped efficiently the excited electrons at the conduction band. This eventually restricted
the recombination of electron/hole pairs in the photocatalyst Ag°(NP)TiO»(A2). The trapped
electrons were able to generate the superoxide radical followed by the formation of ‘OH
radicals. On the other hand, the hole was created in the valence band that interacted with the
O, molecule and produced the O, radical species. This resulted the formation of "OH
radicals. Therefore, the reactive radical species were predominantly involved in the

degradation of triclosan.
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Figure 3.2.1.7(a): Photocatalytic degradation of triclosan in presence of interfering ions
using Ag°(NP)/TiO»(A2) thin film [TCS concentration 5.0 mg/L; lon
concentration: 50.0 mg/L; pH: 6.0; Temperature: 25+1 °C].
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Figure 3.2.1.7(b): Effect of scavengers in the photocatalytic degradation of triclosan using
the Ag°(NP)/TiO2(A2) thin film [TCS concentration: 5.0 mg/L; Scavenger
concentration: 1000.0 mg/L; pH: 6.0; Temperature: 25+1 °C].
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3.2.1.8. Effect of Interfering lons on Alizarin Yellow (AY) Removal

The presence of co-existing ions enabled to simulate, partially, the treatment to the
real matrix samples. Therefore, the experiments were conducted to obtain the photocatalytic
removal of alizarin yellow in presence of several co-existing ions, viz., sodium chloride,
sodium nitrite, sodium nitrate, copper sulphate, cadmium nitrate, zinc chloride, glycine,
oxalic acid and EDTA. The Ag’(NP)TiO,(A2) thin film photocatalyst was used in the
degradation process. The concentration of alizarin yellow was kept constant to 5.0 mg/L at
pH 6.0 and the interfering ions concentration was kept constant to 50.0 mg/L. Further, the
removal of alizarin yellow in presence of these co-existing ions was shown in Figure
3.2.1.8(a). The Figure showed that the presence of these ions affected the removal of alizarin
yellow to a varied extent. However, a marked decrease in removal efficiency was observed
in presence of CuSQ,, glycine and EDTA. However, the presence of other ions affected the
removal of alizarin yellow to the lesser extent. The order of inhibition caused by the
presence of these co-existing ions are: CuSOy4 > glycine > EDTA > NaCl > NaNO3 > ZnCl,

> NaNO, > oxalic acid > Cd(NO3),, respectively.

3.2.1.8.1. Degradation Mechanism

Anatase TiO, possessed band gap of 3.2 eV and that requires photon of substantial
energy, i.e., UV light to excite electrons from valence band (VB) to conduction band (CB)
enabling to produce the electron/hole (e /h") pairs. These pairs initiate virtually the
oxidation or reduction processes onto the surface of photocatalyst via the formation of
radical species, viz., ‘OH, H,O, or O, in presence of water and oxygen (Mohamed and
Mkhalid, 2015). However, the radical formation is restricted to a greater extent with the fast
recombination of pairs. On the other hand, the presence of Ag-nanoparticles induced useful

catalytic properties. It was reported that by the absorption of photons, the nanoparticles
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produces a localized surface plasmon resonance (LSPR) (de Souza and Corio, 2013;
Nogawa et al., 2012). The LSPR characterized the absorption of light in the visible region.
Hence, the Ag-nanoparticles enhanced the local field energy with the absorption of visible
radiations and lifted electron from the VB to CB. This eventually enabled to enhance the

photocatalytic or energy conversion processes (Lu et al., 2012; Linic et al., 2011).

Further, the radical scavengers, viz., 2-propanol or HCO3 are known to scavenge the
‘OH radicals (Lalhriatpuia et al., 2015; Xu et al., 2015). The EDTA molecule causes to
inhibit significantly the formation of h* in TiO, photocatalyst (Jia et al., 2017). Similarly the
sodium azide (NaNgj) scavenges singlet oxygen which is generated due to interaction of
superoxide radical and photo generated holes. The singlet oxygen is known to be highly
reactive species that readily decomposes the organics in water media (Barka et al., 2010).
Hence, the photocatalytic degradation of alizarin yellow (5.0 mg/L at pH 6.0) in presence of
2-propanol, HCO3- and sodium azide (1000.0 mg/L) was conducted. The nanocomposite
Ag’(NP)/TiO,(A2) disk was used as catalyst. The removal efficiency of alizarin yellow was
shown in Figure 3.2.1.8(b). The Figure indicated that the presence of these scavengers, viz.,
2-propanol, sodium azide and sodium bicarbonate along with the EDTA (studied before)
showed a marked decrease in the percentage degradation of alizarin yellow from aqueous
solutions. Among these scavengers, the sodium bicarbonate and EDTA caused significantly
to suppress the degradation of alizarin yellow. These results, therefore, showed that the
degradation process take place predominantly by the "OH radicals. Moreover, the holes were
involved in generating the ‘OH radicals that synergised the oxidation of alizarin yellow. The
singlet oxygen was partly taking part in the degradation mechanism since the removal of

alizarin yellow was decreased to some extent in presence of sodium azide.
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Therefore, based on these studies, the photocatalytic degradation of alizarin yellow
followed two different ways. UV-A (A=360 nm) photons excited e from valence band to
conduction band in the titanium dioxide solid and the Ag(NPs) trapped excited electrons at
conduction band. Therefore, this inhibited the e /h* pairs recombination. Further, e trapped
around conduction band caused to produce the superoxide radical and hence the generation
of hydroxyl radicals. On the hand, hole created at VB, interacted with the available O, and
resulted the generation of O,". This eventually again produced the "OH. These hydroxyl
radical species were taking part in the oxidative process. Additionally, Ag(NPs) that
absorbed the UV-A radiations and generated local electromagnetic field. This LSPR resulted
the excitation of electron in semiconductor titanium dioxide and hence, the formation of e-
/h*. This further generated the "OH that simultaneously involved in oxidative removal of

alizarin yellow.
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Figure 3.2.1.8(a): Photocatalytic degradation of AY in presence of interfering ions using
Ag’(NP)/TiO,(A2) thin film catalyst [AY concentration: 5.0 mg/L; Co-
existing ion concentration: 50.0 mg/L; pH: 6.0; Temperature: 25+1 °C].
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Figure 3.2.1.8(b): Effect of scavengers in the photocatalytic degradation of AY using the
Ag’(NP)/TiO,(A2) thin film catalyst [AY concentration: 5.0mg/L;
Scavenger concentration: 1000.0 mg/L; pH: 6.0; Temperature: 25+1 °C].

Further, the effect of co-existing ions on alizarin yellow degradation was studied
using photocatalyst Au’(NP)/TiO,(B2). The concentration of alizarin yellow was kept
constant to 5.0 mg/L at pH 6.0 and the co-existing ions concentration was kept constant to
50.0 mg/L. The removal of alizarin yellow in presence of these co-ions was shown in Figure
3.2.1.8(c). The order of inhibition in presence of these co-existing ions was: ZnCl, < NaNO,
< Cd(NOg3), < NaCl < oxalic acid < NaNO; < Glycine < CuSO4 < EDTA, respectively.
Results indicated that a marked decrease in the removal efficiency of alizarin yellow was
occurred in presence of EDTA. This suggested that the hole (h*) has acted as one of the

oxidising species in the degradation of alizarin yellow from aqueous solution.

The degradation of alizarin yellow (5.0 mg/L at pH: 6.0) was also studied in
presence of scavenger species, viz., 2-propanol, NaHCO3; and sodium azide (1000.0 mg/L)
employing Au’(NP)TiO»(B2) photocatalyst. The degradation of alizarin yellow in presence
of these scavengers was shown in Figure 3.2.1.8(d). The Figure indicated that the presence
of these scavengers affected significantly the percentage removal of alizarin yellow. Among

these scavengers, EDTA and NaNj suppressed significantly the degradation of alizarin
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yellow. These results, therefore, inferred that the holes were involved in generating the "OH
radicals that caused to oxidize the alizarin yellow. Similarly, the singlet oxygen was partly
taking part in the degradation pathway. Additionally, the decrease in percentage removal of
alizarin yellow in presence of 2-propanol or HCOj3" indicated the direct involvement of ‘OH

radical in the degradation of alizarin yellow.

Therefore, the photocatalytic removal of alizarin yellow by nanocomposite
AU’(NP)/TiO,(B2) thin film was proposed in two different mechanistic pathways. The UV-
A (A=360 nm) photons excited the electrons from valence band to conduction band in
titanium dioxide. The Au(NPs) trapped the excited electron around conduction band. Hence,
this restricted the possibility of recombination of e~/h* in TiO,. The trapped electron
underwent to form superoxide radical and hence the generation of ‘OH. On the other hand,
h* which was formed in the valence band, combined with the O, and generates the O,". This
again produced the ‘OH. Therefore, the reactive ‘OH radicals were, perhaps, involved in the
degradation of alizarin yellow. Moreover, the Au(NPs) absorbs photons energy in the UV-
A region that generated local electromagnetic field. This caused local excitation of electrons
in semiconductor titanium dioxide and hence, the formation of e /h* pairs. This further
generated hydroxyl radicals and simultaneously involved in the oxidative degradation of

alizarin yellow.
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Figure 3.2.1.8(c): Photocatalytic degradation of alizarin yellow in presence of interfering
ions using Au°(NP)/TiO,(B2) thin film catalyst [AY concentration: 5.0
mg/L; Co-existing ion concentration: 50.0 mg/L; pH: 6.0; Temperature:
25+1 °C].
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Figure 3.2.1.8(d): Effect of scavengers in the photocatalytic degradation of alizarin yellow
using the Au’(NP)/TiO,(B2) thin film catalyst [AY concentration: 5.0
mg/L; Scavenger concentration: 1000.0 mg/L; pH: 6.0; Temperature: 251
0
Cl.
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3.2.1.9. Mineralization of Triclosan

The essential feature of photocatalytic degradation of pollutant is the actual
mineralization of pollutant species from aqueous solutions. Therefore, the NPOC (Non-
Purgeable Organic Carbon) data was collected for the treated triclosan samples. The
mineralization of triclosan was studied varying the triclosan concentration from 0.5 to 15.0
mg/L at constant pH 6.0 employing the UV-A only, Ag’(NP)/TiO,(Al) and
Ag’(NP)/TiO,(A2) thin film catalyst. The results were collected after the 2 hours of photo-
irradiation. The percent of NPOC removal as a function of triclosan concentration was
computed and presented in Figure 3.2.1.9(a) and also shown in Table 3.2.1.9(a). The results
clearly showed that increasing the concentration of triclosan a sharp decrease in NPOC was
observed. Quantitatively, increasing the concentration of triclosan from 0.5 to 15.0 mg/L the
percent of NPOC was decreased from 68.74 to 20.12% (using Ag’(NP)/TiO,(A2) thin
films); 53.30 to 12.04% (using Ag’(NP)/TiO2(A1) thin films) and 21.66 to 5.74% (using
UV-A only). The increase in concentration greatly suppressed the percentage mineralization
of triclosan. It was again observed that similar to the concentration dependence study, the
Ag’(NP)/TiO,(A1) and Ag®(NP)/TiO,(A2) thin films showed relatively higher efficiency in

the mineralization of triclosan compared to the UV-A photolysis.

On the other hand, the percent NPOC removal as a function of pH was studied in
order to optimise the best possible pH of treatment to achieve maximum mineralization of
the triclosan in the photocatalytic treatment. The triclosan solution ([TCS]: 1.0 mg/L) was
treated at different pH values (pH 4.0 to 10.00) for 2 hours using the UV-A only,
Ag’(NP)/TiO,(A1) and Ag’(NP)/TiO2(A2) thin film catalysts. The percent NPOC removal
was presented as a function of pH in Figure 3.2.1.9(b) and Table 3.2.1.9(b). It was cleared

from the Figure that the maximum NPOC removal was achieved at pH 4.0 using the UV-A
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only, Ag°(NP)/TiO,(A1) and Ag’(NP)/TiO2(A2) thin films. Quantitatively, at pH 4.0, 57%,
46% and 19.50% NPOC removal was achieved with Ag°(NP)/TiO»(A2), Ag’(NP)/TiO,(Al)
and UV-A only treatment, respectively. These results were again in conformity with the pH
dependence removal of triclosan in the photocatalytic degradation. This clearly revealed that
the thin films greatly favoured an enhanced NPOC removal, i.e., greater mineralization of
triclosan was attained using the photocatalyst thin films compared to the photolysis using
UV-A illumination only. Despite the partial mineralization of triclosan as achieved by the
photocatalytic treatment, however, a complete mineralization could be achieved with

repeated treatment or even prolonged treatment of the samples.

Table 3.2.1.9: Percentage removal of NPOC for triclosan as a function of (a) concentration

and (b) pH [A1: Ag°(NP)/TiO,(A1) and A2: Ag°(NP)/TiO,(A2)].

(a) % NPOC Removal (b) % NPOC Removal
TCS concentration (mg/L) pH
0.5 1.0 5.0 10.0  15.0 4.0 6.0 8.0 10.0

UV-A 2166 1843 10.23 7.78 5.74 UV-A 1950 18.43 16.43 14.65

Al 53.3 425 2883 1753 12.04 Al 46 42 39 33

A2 68.74 53.78 36.05 25,54 20.12 A2 o7 54 48 41
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Figure 3.2.1.9: Percent mineralization of triclosan (a) as a function of initial triclosan
concentration and (b) as a function of pH in the photolytic and
photocatalytic degradations of triclosan [Al: Ag°(NP)TiO,(Al) and A2:
Ag’(NP)TiO2(A2)].

3.2.1.10. Mineralization of Alizarin Yellow (AY)

The mineralization of alizarin yellow was obtained in the photolytic and
photocatalytic treatment processes. The NPOC values were obtained at varied initial
concentrations of alizarin yellow as well as a function of pH. The percent of NPOC removal
as a function of alizarin yellow concentration was presented graphically in Figure
3.2.1.10(a) and in Table 3.2.1.10(a). The concentration of alizarin yellow was increased
from 0.5 to 15.0 mg/L at a constant solution pH 6.0 and employing the UV-A only,
Ag’(NP)/TiO,(A1) and Ag’(NP)/TiO,(A2) photocatalysts. The results were obtained at the
end of 2 hours of photo-irradiation. It was apparent from the Figure that a sharp decrease in
NPOC was observed with increasing the initial concentration of alizarin yellow.
Quantitatively, increasing the concentration of alizarin yellow from 0.5 to 15.0 mg/L the
percent of NPOC was decreased from 61.33 to 17.09% (using the Ag°(NP)/TiO,(A2) thin
film); from 51.63 to 13.62% (using Ag’(NP)/TiO,(A1) thin film); 10.69 to 3.75% (using
UV-A only), respectively. It was again observed that similar to the concentration
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dependence study, the Ag°(NP)/TiO,(A2) thin film showed relatively higher efficiency in

the removal of alizarin yellow compared to the Ag°(NP)/TiO,(A1) thin film catalyst.

The effect of solution pH in the mineralization of alizarin yellow was also obtained
taking constant alizarin yellow concentration 1.0 mg/L. The solution pH was varied from pH
4.0 to 10.0) and photo illumination was allowed for 2 hours. The percent of NPOC removal
was presented as a function of pH and presented in Figure 3.2.1.10(b) as well as in Table
3.2.1.10(b). The results indicated that the maximum NPOC was removed at pH 6.0.
Quantitatively, at pH 6.0, 48%, 41% and 10.21% NPOC removal was achieved using the
A’ (NP)/TiOo(A2), AgP(NP)/TiO,(ALl) and UV-A only treatment, respectively. It was
evident from the results that high pH values greatly hindered the percent removal of NPOC.
These results were in consistent with the pH dependence removal of alizarin yellow using

the Ag or Au-nanoparticles/TiO, photocatalysts.

Table 3.2.1.10: Percentage removal of NPOC for alizarin yellow as a function of (a)
concentration (b) pH [Al: Ag°(NP)/TiOz(A1) and A2: Ag°(NP)/TiO,(A2)].

@ % Removal of NPOC (b) % Removal of NPOC
AY concentration (mg/L) pH
0.5 1.0 5.0 10.0  15.0 4.0 6.0 8.0 10.0

UV-A 1069 10.21 545 481  3.75 UV-A 807 1021 720 6.83

Al 51.63 41.18 28.26 16.12 13.62 Al 38 41 36 33

A2 61.33 4836 31.85 2189 17.09 A2 44 48 38 36
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Figure 3.2.1.10: Percentage mineralization of alizarin yellow (a) as a function of initial AY
concentration and (b) as a function of pH in the photolytic and

photocatalytic degradations of AY [Al: Ag’(NP)/TiO,(Al) and A2:
Ag’(NP)/TiO(A2)].

Similarly, the percentage removal of NPOC for alizarin yellow removal was
obtained using Au’(NP)/TiO»(B1) and Au’(NP)/TiO»(B2) thin films. The percent of NPOC
removal as a function of alizarin yellow concentration was presented graphically in Figure
3.2.1.10(c) and in Table 3.2.1.10(c). The concentration of alizarin yellow was increased
from 0.5 to 15.0 mg/L at a constant solution pH 6.0 and employing the UV-A only,
AU(NP)/TiO,(B1) and Au’(NP)/TiO,(B2) photocatalysts. The results were obtained at the
end of 2 hours of photo-irradiation. Increasing the concentration of alizarin yellow from 0.5
to 15.0 mg/L the percentage of NPOC was decreased from 63.64 to 22.65% (using the
AU’(NP)/TiO,(B2) thin film); from 62.56 to 20.2% (using Au’(NP)/TiO2(B1) thin film);

10.69 to 3.75% (using UV-A only), respectively.

Further, the percentage removal of NPOC for alizarin yellow as a function of
solution pH (pH 4.0 to 10.0) was shown in Figure 3.2.1.10(d) and Table 3.2.1.10(d). The

Figure clearly indicated that initially the percentage of NPOC removal was increased with
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an increase in pH, i.e., pH 4.0 to 6.0. However, further increase in pH from 6.0 to 10.0, the
removal efficiency of NPOC was suppressed to a greater extent. Moreover, NPOC removal
was increased from 50 to 55% with the increase in pH from 4.0 to 6.0 using nanocomposite
AU’(NP)/TiO,(B2) photocatalyst. However, increasing the pH from 6.0 to 10.0 had caused
to decrease the mineralization of alizarin yellow from 55% to 39%, respectively, using the
AU’(NP)/TiO,(B2) photocatalyst. Similar trend was observed for the photocatalyst
AU’(NP)/TiO,(B1). The percent mineralization of alizarin yellow was found relatively high
using the template synthesized nanocomposite Au’(NP)/TiO»(B2) compared to the non-
template synthesized material Au’(NP)/TiO»(B1). This again showed the greater utility of
template synthesized material. On the other hand, the photolysis process showed
insignificant percentage removal of NPOC of alizarin yellow. Overall, it was noted that a
single photocatalytic operation could enable to mineralize a significant percentage of

alizarin yellow in aqueous solutions.

Table 3.2.1.10: Percentage removal of NPOC for alizarin yellow as a function of (c)
concentration and (d) pH [B1l: Au’(NP)/TiO,(B1) and B2:

AU’(NP)/TiO,(B2)].
(c) % NPOC Removal (d) % NPOC Removal
AY concentration (mg/L) pH
0.5 1.0 5.0 10.0  15.0 4.0 6.0 8.0 10.0

UV-A 10.69 1021 545 4.81 3.75 UV-A 8.07 1021 720 6.83

Bl 6256 50.11 33.89 2534 20.2 Bl 48 50 39 37

B2 63.64 5473 37.70 28.26 22.65 B2 50 55 43 39
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Figure 3.2.1.10: Percent mineralization of alizarin yellow (c) as a function of initial alizarin
yellow concentration and (d) as a function of pH in the photolytic and

photocatalytic degradations of alizarin yellow [B1: Au’(NP)/TiO,(B1) and
B2: Au’(NP)/TiO2(B2)].

3.2.2. Stability of thin film photocatalyst

Stability of nanocomposite thin film Ag’(NP)/TiO,(A2) is important for prolonged
and continuous use of catalyst in wastewater treatment plants. Nevertheless, it demonstrates
the long term use of catalyst. Therefore, the nanocomposite Ag°(NP)/TiO2(A2) thin film was
intended to employ for the six cycle of repeated operations. The results were presented in
Figure 3.2.2(a). At the completion of each photocatalytic operation, the thin film was
washed with distilled water and dried in a drying oven at 105 °C for 3 hours and it was again
used for the next cycle of operations. The initial concentration of micropollutant (triclosan
or alizarin yellow) was 5.0 mg/L at a constant pH 6.0. The results clearly showed that even
at the end of six cycle of operations, the percentage efficiency of Ag’(NP)/TiO,(A2)
photocatalyst was not hampered and almost an identical removal was obtained for triclosan
or alizarin yellow. More quantitatively, at the completion of six cycle of operations the

percentage removal of triclosan was decreased only from 38.98% to 38.33% (i.e., a decrease
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of 0.65%) and alizarin yellow was decreased only from 35.37% to 34.40% (i.e., a decrease
of 0.97%). These results showed that the nanocomposite Ag’(NP)/TiO2(A2) thin film
possessed fairly a good stability at least in successive photocatalytic operations. Hence, this
eventually enhanced the applicability of the nanocomposite thin film in the wastewater
treatment. It was reported previously that methyl orange removal using the TiO, supported
on spherical activated carbon (TiO,/SAC) was significantly decreased even at the

completion of 5 cycles of operations (Yoon et al., 2012).
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Figure 3.2.2(a). Repeated use of nanocomposite Ag°(NP)/TiO(A2) photocatalyst in the
photocatalytic elimination of triclosan and alizarin yellow using the UV-A

illumination [Initial concentration of TCS or AY: 5.0 mg/L; pH: 6.0].

Further, the stability test of the thin film Au’(NP)/TiO»(B2) was also obtained in the
photocatalytic removal of alizarin yellow. The nanocomposite Au’(NP)/TiO»(B2) thin film
was intended to employ in the six cycle of operations using the same disk. The results of six

operations were shown in Figure 3.2.2(b). The initial concentration of alizarin yellow was
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5.0 mg/L at pH 6.0. The disk was cleaned at the end of each reactor operation; it was
cleaned with purified water followed by drying at 105 °C. The dried disk was then again
employed for the next cycle of treatment. Figure 3.2.2(b) clearly showed that even for six
cycles of treatment the nanocomposite Ag(NP)/TiO2(B2) thin film possessed fairly high
stability since the degradation efficiency of alizarin yellow was not affected significantly.
Quantitatively, at the end of sixth repeated operation, the percentage degradation of alizarin
yellow was decreased from 38.58% to 37.30% only (i.e., a decrease of 1.28%). This
indicated that the nanocomposite thin film was fairly stable at least for the long term
implication of thin film. These studies further demonstrated the applicability of
nanocomposite coated disk for efficient and prolonged treatment of wastewater. However,
the use of TiO; catalyst powder for repeated operations showed marked decrease in catalytic
efficiency. This was due to the aggregation of dye particles around the TiO, particles which
substantially decreased the efficincy of catalyst (Saggioro et al., 2011). Similarly, the use of
Ag/rGO nanocomposite photocatalyst showed Ca. 10% decrease in the removal efficiency
of azo dyes, viz., congo red and bismarck brown for repeated uses (Borthakur et al., 2017).
However, use of nanocomposite thin film could enable to provide a prolonged catalytic
operations. Similar stabilty was reported previously using the 6 wt% MWCNT/Au-TIO,
catalyst in oxidative removal of cyanide for 5 repeated operations (Mohamed and Mkhalid,

2015).
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Figure 3.2.2(b). Repeated use of nanocomposite Au’(NP)/TiO,(B2) photocatalyst in the
photocatalytic removal of alizarin yellow using the UV-A illumination
[Initial concentration of AY: 5.0 mg/L; pH: 6.0].
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3.3. Photocatalytic Degradation using Ce**/TiO, Thin Films (Removal of
Amoxicillin, Tetracycline and Alizarin Yellow)

3.3.1. Batch Reactor Studies
3.3.1.1. Effect of pH

The elimination mechanism was deduced with the help of pH dependence
degradation of amoxicillin and tetracycline in photocatalytic reactor operations. The
degradation of these antibiotics (amoxicillin and tetracycline) was conducted in a wide range
of pH (pH 4.0 — 10.0) keeping the initial antibiotic concentration 1.0 mg/L with a total
illumination of 2 hours. The blank degradation was also conducted using the UV-A
illumination only in order to compare the photocatalytic degradation of these antibiotics at
the studied pH. The percentage elimination of amoxicillin and tetracycline at varied pH
values was shown in Figures 3.3.1.1(a) and 3.3.1.1(b) (Secondary axis), and Tables
3.3.1.1(a) and 3.3.1.1(b), respectively. It was evident from the Figure (Figure 3.3.1.1(a)) that
the amoxicillin elimination was increased with the increase in pH from pH 4.0 to 6.0,
however, further increase in pH caused for decrease in percentage removal of amoxicillin.
Quantitatively, increasing the pH from 4.0 to 6.0 the amoxicillin percentage removal was
increased from 55.39 to 60.97%. However, further increase in pH from 6.0 to 10.0 the
percentage of amoxicillin elimination was decreased from 60.97% to 49.82% using the
Ce**ITi02(C2) photocatalyst. The removal behaviour of amoxicillin with varied pH values
could be understood with the surface properties of photocatalysts as well as the speciation of
amoxicillin in aqueous solutions. Therefore, the two photocatalysts Ce**/TiO,(C1) and
Ce**/TiO,(C2) powders were subjected for the determination of pHpzc (point of zero charge)
using the known acid base titration method (Lalhmunsiama et al., 2016). The pHpzc of
Ce*ITiO,(C1) and Ce**/TiO,(C2) was found to be 7.1 and 7.5, respectively. Therefore, the
surface of the catalyst was negatively charged above to this pH and positively charged

142



Results and Discussions

below to this pH. On the other hand the amoxicillin molecule showed acidic dissociation
with the change in pH values. The amoxicillin possessed with three dissociable hydrogens
dissociated depending on the pK, values 2.4, 7.4 and 9.6, respectively, representing the
pKa', pKa? and pK,® (EImolla and Chaudhuri, 2010; Chemie, 2005). Therefore, using the
pK, values the speciation studies were conducted and results were shown in Figure
3.3.1.1(a) (Primary Axis). It was evident from the Figure 3.3.1.1(a) that the amoxicillin
molecule dominantly present in either neutral or positively charged species up to the pH 7.0.
However, at pH > 7.0, the negatively charged species, viz., AMX or AMX? dominated.
Therefore, the surface of photocatalyst and species of amoxicillin both possessed with
negative charged which hindered the electrostatic attraction of amoxicillin species on the
catalyst surface hence, caused for decrease in degradation at pH above 6.0. Similarly, at
lower pH value, i.e., pH 4.0, relatively less removal of amoxicillin was observed. Again
based on the surface properties, the surface of the catalyst possessed net positive charge
density and the positively charged species of amoxicillin dominated. This hindered the
surface adsorption of amoxicillin onto the catalyst surface. Therefore, the elimination of
amoxicillin was suppressed at pH below and above to 6.0. In addition to the surface charge
and speciation studies of amoxicillin, it was reported previously that amoxicillin was fairly
stable toward hydrolysis at pH 5.0 (Zia et al., 1977). However, strong acidic and alkaline
conditions, i.e., pH 2.0 and 10.0 favoured greatly the hydrolysis of amoxicillin which
suppressed the removal of amoxicillin from aqueous solutions (Yang et al., 2017).
Therefore, an appropriate pH 5.0 was suggested for the removal of amoxicillin using In-
based MOF/graphene oxide composite (Yang et al., 2017). However, the other studies stated
that pH 11.0 greatly favoured the removal of amoxicillin using the UV/ZnO photocatalytic
process (EImolla and Chaudhuri, 2010). The results were supported with the fact that higher

pH values caused excess of OH ions on the ZnO surface which enabled the formation of
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"OH radicals (Kansal et al., 2007) and the hydrolysis of amoxicillin caused instability of f-

lactam ring at very high pH 11.0 (Hou and Poole, 1971).

On the other hand, as shown in Figure 3.3.1.1(b) that the removal of tetracycline was
increased with the increase in solution pH. Quantitatively, increasing the pH from 4.0 to
10.0 the corresponding increase in tetracycline percentage elimination was increased from
52.69 to 76.35% using the Ce®*'/TiO,(C2) photocatalyst. The speciation of tetracycline
which was conducted previously using the acid dissociation constants values of 3.3, 7.7 and
9.7 corresponded to the pK,', pKa? and pK.® values, respectively, again shown in Figure
3.3.1.1(b) (Tiwari et al., 2018; Feldstein et al., 1997) The tetracycline molecule stabilized
to its zwitterion (TCH,? or TCH," * ) structures within the pH region 3.3 — 7.7. This was
because of the loss of a proton from phenolic diketone moiety. Further, the molecule turns to
its anionic species (TCH or TCH" ™ ") at pH > 7.7 by acidic dissociation of proton. Hence,
the tetracycline possessed net negative charge density at pH > 7.7. Moreover, as shown in
Figure 3.3.1.1(b), the tetracycline molecule dissociated the third proton from the tricarbonyl
and phenolic diketone moiety at pH > 9.7, which gave the di-anionic species of tetracycline
(Feldstein et al., 1997). Therefore, these results showed that at high pH conditions both
catalyst surface and the tetracycline species were possessed with net negative charge
density. This, perhaps, hindered the sorption of tetracycline onto the catalyst surface and less
removal was expected. However, the pH studies showed that increase in pH greatly
favoured the elimination of tetracycline. Similarly, the adsorption studies conducted
separately using the hybrid clay materials showed very high uptake of tetracycline was
obtained and indeed it was almost unaffected within the pH region 2.0 to 10.0
(Thanhmingliana et al., 2015). This implied that tetracycline showed greater affinity towards

the catalyst surface. Moreover, enhanced amount of hydroxide anions were present at high
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pH values which resulted the formation of more hydroxyl radicals by oxidation of holes at
the catalyst surface (Kansal et al., 2007). This, therefore, favoured the enhanced degradation
of tetracycline at high pH conditions. Similar, results were reported previously for the
photocatalytic degradation of tetracycline using the Ag°(NP)/TiO, nanocomposite (Tiwari

etal., 2018).

The photolytic elimination (i.e., blank) of amoxicillin and tetracycline was shown in
Figure 3.3.1.1(a) and 3.3.1.1(b), respectively. It was clearly observed that the percentage
elimination of these two antibiotics was significantly increased in presence of photocatalysts
(i.e., Ce¥*ITiO,(C1) and Ce*'/TiO,(C2)) thin films compared to the blank test. This further
implied that the thin films employed showed fairly good photocatalytic activity towards the
degradation of amoxicillin and tetracycline in aqueous solutions. Moreover, comparing the
two thin film photocatalysts, viz., Ce*"/TiO,(C1) and Ce*/TiO,(C2), the templated
synthesized catalyst Ce®*/TiO,(C2) possessed enhanced catalytic action in the degradation

of amoxicillin and tetracycline.
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Figure 3.3.1.1(a): Effect of pH in the photocatalytic degradation of amoxicillin (AMX)
using Ce**/TiOy(C1) and Ce**/TiOy(C2) thin films. AMX (1.0 mg/L);

Irradiation time: 2 hours; Temperature 251 °C.
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Figure 3.3.1.1(b): Effect of pH in the photocatalytic degradation of tetracycline (TC) using
Ce*ITiO,(C1) and Ce*'/TiO,(C2) thin films: TC (1.0 mg/L); Irradiation
time: 2 hours; Temperature 25+1 °C.
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Table 3.3.1.1(a): Effect of pH in the photocatalytic degradation of amoxicillin (AMX).
([AMX]:1.0 mg/L; Irradiation time: 2 hours; Temperature 25+1 °C).

% Removal
(pH)
4 6 8 10
UV-A 16.6 27.7 22.2 22.2
Ce3+/Ti02(C1) 38.9 50 50 44 4

Ce*/TiOy(C2) 55.39  60.97 55.39 49.82

Table 3.3.1.1(b): Effect of pH in the photocatalytic degradation of tetracycline (TC).
([TC]:1.0 mg/L; Irradiation time: 2 hours; Temperature 25+1 °C).

% Removal
(pH)
4 6 8 10
UV-A 17.7 27.7 29.4 44.4

Ce¥/TiO,(C1) 471 555 64.7 72.2

Ce¥ITiOx(C2) 52.69 6122 7043  76.35

Further, the pH dependence degradation of alizarin yellow was also studied at varied
pH (pH 4.0 — 10.0) at a constant alizarin yellow concentration (1.0 mg/L) under the
photolysis and photocatalytic processes using UV-A light. The percentage removal of
alizarin yellow was illustrated as a function of solution pH in Figure 3.3.1.1(c) and Table
3.3.1.1(c). The photocatalytic removal of alizarin yellow using the photocatalysts
Ce**/TiO,(C1) or Ce*'/TiO,(C2) was increased by increasing the solution pH from 4.0 —

6.0. But further increase in pH, i.e., pH from 6.0 to 10.0 caused a significant decrease in
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percentage removal of alizarin yellow. Quantitatively, increasing the pH from 4.0 to 6.0
caused to increase the efficiency of alizarin yellow removal from 48.89 to 57.07% using the
nanocomposite thin film Ce**/TiO,(C2). However, further increase in pH from 6.0 to 10.0
resulted a decrease in percentage removal of alizarin yellow from 57.07 to 47.03% using
nanocomposite thin film Ce**/TiO,(C2). A similar trend of degradation of alizarin yellow

was observed for the photocatalyst Ce**/TiO,(C1) thin film.

The pH dependence degradation of alizarin yellow using the nanocomposite
photocatalysts could be described based on the speciation studies of alizarin yellow and the
surface properties of nanocomposite in aqueous solutions as a function of pH. It was evident
that at high pH values (pH 6 ~ 10) both the nanocomposite and alizarin yellow possessed net
negative charges that eventually caused to repel the alizarin yellow by the solid surface that
obstructed the electrostatic attraction of alizarin yellow by the nanocomposite. This led to
limit the sorption of the alizarin yellow onto the solid surface or even it hampered the
sorbing species to enter within the Stern plane to enable it for a chemisorption of alizarin
yellow at the nanocomposite surface. This caused a marked decrease in percentage of
alizarin yellow removal at high pH values. Similarly, the electro-Fenton degradation of acid
red 18 dye showed that increasing the pH from 2 — 3 caused to a minimal increase in
degradation efficiency of dye. However, increasing further the pH from 3 — 9, the
degradation of dye was decreased significantly from 99.2 to 78.8% (Malakootian and

Moridi, 2017).
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Table 3.3.1.1(c): Effect of pH in the photocatalytic degradation of alizarin yellow (AY).
(IAY]: 1.0 mg/L; Irradiation time: 2 hours; Temperature 25x1 °C).

% Removal
(pH)
4 6 8 10
UV-A 3.4 111 8 4.8
Ce3+/TiOZ(C1) 45.8 54 41.3 37.1

Ce*/TiOy(C2) 48.89 57.07 49.12 47.03

mUV-A mCl mC2

% Alizarin yellow removal

Figure 3.3.1.1(c): Effect of pH in the photocatalytic degradation of alizarin yellow (AY):
(C1: Ce**ITiO,(C1); C2: Ce*'ITiOy(C2)); [AY]: 1.0 mg/L; Irradiation

time: 2 hours; Temperature 25+1 °C).

3.3.1.2. Effect of Pollutant Concentration

The pollutant concentration was increased to study the photocatalytic degradation of
amoxicillin and tetracycline. Therefore, the amoxicillin and tetracycline concentration were

increased from 0.5 to 15.0 mg/L and from 1.0 to 20 mg/L, respectively. The solution pH
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taken was 6.0 and total irradiation time was 2 hours. The results were presented in Figure
3.3.1.2(a) and also given in Table 3.3.1.2(a) & 3.3.1.2(b). The increase in dilution of
antibiotics greatly favored the percentage removal of these two antibiotics. Quantitatively,
decreasing the concentration of amoxicillin from 15.0 mg/L to 0.5 mg/L had caused to
increase the percentage elimination of tetracycline from 28.44% to 66.54% employing the
Ce**/TiO,(C2) photocatalyst. On the other hand, the percentage removal of tetracycline was
increased from 25.53% to 61.22% by increasing the dilution from 20.0 mg/L to 1.0 mg/L
using the photocatalyst Ce**/TiO,(C2). The increase in degradation efficiency of these two
antibiotics with the increase in dilution was primarily due to the reason that the contact
possibilities of antibiotic towards the solid surface was relatively high at lower pollutant
concentrations (Lalliansanga et al., 2018; Tiwari et al., 2019a) . It was reported previously
that the content of free radicals which were responsible for the oxidation of pollutants was
constant, however, the number of pollutant molecules were increased at higher initial
concentration. Hence, this caused for less percentage removal of pollutant at increased

pollutant concentration (Caliskan et al., 2017).

Table 3.3.1.2(a): Effect of concentration in the photocatalytic degradation of amoxicillin
(AMX). [pH: 6.0; Temperature 25+1 °C].

% Removal

Initial concentration of AMX (mg/L)

05 1.0 5.0 10.0 15.0
UV-A 333 277 16.9 2.1 05
Ce*/TiOx(C1) 555 50 38.6 23.4 21.6

Ce**/TiOy(C2) 66.54  60.97 45.82 32.39 28.44
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Table 3.3.1.2(b): Effect of concentration in the photocatalytic degradation of tetracycline
(TC). [pH: 6.0; Temperature 25+1 °C].

% Removal

Initial concentration of TC (mg/L)

1.0 5.0 10.0 15.0 20.0
UV-A 27.7 25.5 17.5 14.8 10.8
Ce¥/TiOy(C1) 555 415 28.6 22.9 17.6
Ce3+/Ti02(C2) 61.22 52.15 35.47 32.76 25.53
70 A M Blank-AMX # Ce(3+)/Ti02(C1)-AMX | 70
0 L A A Ce(3+)/Ti02(C2)-AMX M Blank-TC 1 0
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Figure 3.3.1.2(a): Removal efficiency of amoxicillin (Primary axis) and tetracycline
(Secondary axis) at different concentration of antibiotics for blank and
photocatalytic operations using the Ce*'/TiO,(C1) and Ce*/TiO,(C2)
photocatalysts [pH: 6.0; Temperature 25+1 °C].

It was again observed that the thin film catalysts Ce**/TiO(C1) and Ce**/TiO,(C2)

showed significantly higher photocatalytic efficiency in the degradation of amoxicillin and
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tetracycline from aqueous solutions compared to the UV-A only irradiated sample. Further,
the PEG template thin film Ce**/TiO,(C2) catalyst possessed an enhanced photocatalytic
activity than the Ce®**/TiO,(C1) catalyst in the degradation of the amoxicillin or tetracycline
from aqueous solution which enhanced the applicability of template synthesized catalyst at

least in the degradation of these two antibiotics from aqueous solutions.

Further, alizarin yellow concentration dependence study was carried out at varied
concentrations, i.e., 0.5 to 15.0 mg/L at pH 6.0. The final concentration after 2 hours
irradiation was obtained and the results were presented as percent removal of alizarin yellow
as a function of initial concentration and illustrated graphically in Figure 3.3.1.2(b) as well
as in Table 3.3.1.2(c). It was obvious that the percentage degradation was increased with
decreasing the alizarin yellow concentration. Quantitatively, decreasing the alizarin yellow
concentration from 15.0 to 0.5 mg/L increased percentage removal from 18.98 to 67.9% (by
Ce**ITi0y(C2) thin film); from 17 to 64.5% (by Ce**/TiO,(C1) thin film) and from 0.1 to
13% (by UV-A only), respectively. It was evident that the increase in alizarin yellow
concentration significantly hindered the removal efficiency of alizarin yellow for all these
photolysis or photocatalytic processes. This was attributed due to the fact that the contact
possibilities of alizarin yellow were relatively high at lower concentration. However,
relative availability of active surface sites was decreased with increasing the alizarin yellow
concentrations. Similar results were reported for the degradation of dye in the photocatalytic
degradation and pointed that the surface of catalysts saturates at the higher concentration of

pollutants (Chen and Huang, 2011; Saquib and Muneer, 2003).
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Table 3.3.1.2(c): Effect of concentration in the photocatalytic degradation of alizarin yellow
(AY). [pH: 6.0; Temperature 25+1 °C].

% Removal

[Initial concentration of AY (mg/L)]

0.5 1.0 5.0 10.0 15.0
UV-A 13 11.1 4.5 0.2 0.1
Ce¥/TiOy(C1) 645 54 36.7 21.4 17

Ce**ITiOy(C2) 67.9 57.07 38.56 25.65 18.98

mUV-AmClmC2
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Figure 3.3.1.2(b): Effect of concentration in the photocatalytic degradation of alizarin
yellow [C1: Ce**/TiO,(C1); C2: Ce**ITiOy(C;); pH: 6.0; Irradiation time: 2
hours; Temperature 25+1 °C].

3.3.1.3. Degradation Kinetics

The time dependent degradation of tetracycline and amoxicillin under photolysis and
photocatalytic studies were conducted in order to deduce the reaction kinetics involved and

to obtain apparent rate constant values. The kinetics was studied as a function of pollutant

153



Results and Discussions

concentration as well the solution pH. The value of C/C, was presented graphically in
Figure 3.3.1.3(a) and 3.3.1.3(b), respectively, for the degradation of tetracycline and
amoxicillin (initial concentration of TC and AMX: 1.0 mg/L at pH ~ 6.0) as a function of
time (where Cy is initial concentration of TC or AMX and C; is the concentration of TC or
AMX at time 't). Figures 3.3.1.3(a) clearly exhibited that a sharp decrease of Ci/Cy was
occurred under the photocatalytic degradations of tetracycline or amoxicillin. A significant
increase in the rate of degradation was observed with the thin film photocatalysts
Ce**/TiO,(C1) and Ce**/TiO,(C2) compared to the UV-A photolysis process. Further, the
thin film Ce*'/TiO,(C2) showed faster degradation kinetics compared to the thin film
Ce**/TiO,(C1). Quantitatively, the C/Cy values for tetracycline at the end of 2 hours of UV-
A irradiations were 0.72, 0.44 and 0.39 for the UV-A only, Ce*/TiO,(C1) and
Ce**/TiO,(C2) samples, respectively. On the other hand, the C/Cq values at the end of 2
hours of UV-A irradiations were 0.72, 0.50 and 0.39 for the UV-A only, Ce**/TiO,(C1) and

Ce**/TiO,(C2) samples for degradation of amoxicillin, respectively.
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Figure 3.3.1.3(a): Photocatalytic degradation of tetracycline as a function of time using C1
(Ce*'/TiO,(C1)) and C2 (Ce*'/TiO,(C1)) thin film photocatalysts along with
simple photolysis [TC concentration: 1.0 mg/L; pH: 6.0; Temperature: 25+1 °C].
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Figure 3.3.1.3(b). Photocatalytic degradation of amoxicillin as a function of time using C1
(Ce**/TiO,(C1)) and C2 (Ce*/TiO,(C1)) thin film photocatalysts along
with simple photolysis [AMX concentration: 1.0 mg/L; pH: 6.0;
Temperature: 25+1 °C].

The rate of elimination enabled to assess the overall efficacy of catalyst in reactor
operations. The rate of degradation of antibiotic is presented by the pseudo-first order rate

equation (Equation 3.3.1.3(i)):

d[Antibiotic] -
r=- T = kapp [kphotolysis + kphotocatalysis] [Antlblotlc]
= Kapp [Antibiotic] ... (3.3.1.3(i))

where [Antibiotic] is used for the concentration of antibiotic and Ky is the pseudo-

first-order rate constant. The above equation 3.3.1.3(i) is simplified to equation (3.3.1.3(ii)):

In (CO) = Kapp ' t ...(3.3.1.3(ii))

Ct

where Cy and C; are the concentration of antibiotic at t = 0 and at time ‘t’. Therefore,

plots were obtained between LN(Cy/C;) vs the time t* and shown in Figure 3.3.1.3(c)
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(Insets). The kapp values were calculated for all the studied concentrations and presented in
Figure 3.3.1.3(c) (both for amoxicillin (Primary axis) and tetracycline (Secondary axis)
antibiotics) and Tables 3.3.1.3(a) & 3.3.1.3(b) (Initial concentration of antibiotics: 1.0 mg/L
at pH: 6.0). A decrease in antibiotic concentrations had caused to increase the rate constant
(kapp) values. Similarly, pseudo-first order rate kinetics were followed for the degradation of
amoxicillin, ampicillin and cloxacillin in aqueous solutions under the UV/TIO,

photocatalytic process (EImolla and Chaudhuri, 2010i)
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Figure 3.3.1.3(c). The pseudo-first order rate constant values for various concentrations of
antibiotics (amoxicillin (Primary axis) and tetracycline (Secondary axis))
for photocatalytic degradation of antibiotics using the Ce**/TiO,(C1) and
Ce**/TiO,(C2) photocatalysts. [Inset: Linear fitting of time dependence
results for the pseudo-first-order rate kinetics; Initial concentration of
antibiotics: 1.0 mg/L at pH: 6.0].
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Table 3.3.1.3(a): Kinetic data obtained for the degradation of tetracycline using the thin
film photocatalysts Ce®**/TiO,(C1) and Ce**/TiO,(C2) and UV-A only

irradiations.

Pseudo-first order rate constant (Kappx107%)/min

[Initial concentration of tetracycline (mg/L)]

1.0 5.0 10.0 15.0 20.0

UV-A only 2.6 2.1 1.7 1.3 0.9
(0.972) (0.955) (0.984) (0.983) (0.983)

C63+/Ti02(C1) 6.2 4.2 3.0 2.1 1.6
(0.976) (0.994) (0.986) (0.996) (0.997)

C63+/Ti02(C2) 8.3 5.9 3.5 29 2.6
(0.946) (0.995) (0.994) (0.978) (0.985)

R? values are given in parenthesis.

Table 3.3.1.3(b). Kinetic data obtained for the degradation of amoxicillin using the thin film
photocatalysts Ce**/TiO,(C1), Ce**/TiO,(C2) and UV-A only irradiations.

Pseudo-first order rate constant (Kappx107)/min

[Initial concentration of amoxicillin (mg/L)]

0.5 1.0 5.0 10.0 15.0
UV-A only 3.8 2.6 1.7 0.2 0
(0.930) (0.929) (0.971) (0.776) (0.706)
Ce3+/Ti02(Cl) 6.9 6.3 4.2 2.5 2.2
(0.960) (0.989) (0.998) (0.979) (0.977)
Ce3+/Ti02(CZ) 8.9 7.7 4.9 3.7 3.1
(0.953) (0.990) (0.994) (0.968) (0.983)

R? values are given in parenthesis.
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Further, the photocatalytic elimination of amoxicillin and tetracycline was optimized
to fit with the Langmuir-Hinshelwood (L-H) isotherm at various initial concentrations of
each antibiotic to its linear form (Tiwari et al., 2018; Lalhriatpuia et al., 2015). The L-H
adsorption constant ‘K’ (L/mg) and the rate constant ‘k;” (mg/L/min) were estimated for the
amoxicillin degradation (cf. Figure 3.3.1.3(d)) and found to be 0.174 and 0.044 (R? 0.998)
and 0.168 and 0.058 (R* 998) for the Ce**/TiO,(C1) and Ce**/TiO,(C2) thin films,
respectively. Similarly, the ‘K’ and ‘k;” values obtained for the elimination of tetracycline
(cf. Figure 3.3.1.3(e)) were found to be 0.153 and 0.046 (R* 0.998) and 0.144 and 0.065

(R?: 0.998) for the Ce**/TiO,(C1), and Ce**/TiO,(C2) thin films, respectively.
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Figure 3.3.1.3(d): Langmuir-Hinselwood plot for the photocatalytic degradation of
amoxicillin using using C1: Ce**/TiO,(C1) and C2: Ce**/TiO,(C2) thin film
photocatalysts and UV-A only photolysis [AMX concentration: 0.5 — 15.0
mg/L; pH: 6.0; Temperature: 25+1 °C].
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Figure 3.3.1.3(e): Langmuir-Hinshelwood plot for the photocatalytic degradation of
tetracycline using C1: Ce*/TiO,(C1) and C2: (Ce*/TiO,(C2) thin film
photocatalysts and UV-A only photolysis [TC concentration: 0.5 — 15.0 mg/L;
pH: 6.0 at temperature: 25+1 0C].

The time dependent degradation of alizarin yellow enabled to deduce the kinetics of
removal. The value of C/C, was presented graphically in Figure 3.3.1.3(f) for the
degradation of alizarin yellow (initial concentration of AY: 1.0 mg/L at pH 6.0) as a
function of time (where Cy is initial concentration of AY and C; is the concentration of AY
at time ‘t”). The Figure 3.3.1.3(f) clearly showed that a sharp decrease of C/Cy was occurred
under the photocatalytic degradations of alizarin yellow whereas, the UV-A only irradiation
showed almost no degradation of alizarin yellow within 2 hours of irradiation.
Comparatively, the thin film Ce**/TiO,(C2) showed faster degradation kinetics compared to
the thin film Ce>*/TiO,(C1). This again indicated the higher efficiency of the PEG template
thin films for the degradation of alizarin yellow from aqueous solution. Quantitatively, the
calculated C{/C, values at the end of 2 hours of UV-A irradiations were 0.89, 0.46 and 0.43

for the UV-A only, Ce**/TiO,(C1) and Ce**/TiO,(C2) samples, respectively.
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Further, a linear relationship between the LN(Co/C;) against time 't were obtained
and the results were presented in Figure 3.3.1.3(f) (inset) for the initial concentration of
alizarin yellow as 1.0 mg/L at pH 6.0. The pseudo-first-order rate constants Kap, and R
values were obtained for the Ce**/TiO,(C1) and Ce**/TiO,(C2) thin film photocatalysts
along with the UV-A only treatment for all the concentrations of alizarin yellow at pH 6.0,
the result has returned in Table 3.3.1.3(c). The time dependent kinetics was reasonably fitted
well to the pseudo-first-order rate kinetics for the degradation of alizarin yellow at the
studied concentrations using the UV-A only or photocatalyst thin films Ce**/TiO,(C1) and
Ce*/TiO,(C2). Comparatively higher rate constant values were obtained for the
photocatalytic degradation of alizarin yellow using Ce**/TiO»(C1) and Ce*'/TiO,(C2) thin
films compared to the UV-A photolysis. This again reaffirmed the utility of photocatalyst in
the degradation of alizarin yellow from aqueous solutions. Similar pseudo-first-order rate
kinetics was demonstrated for the degradation of alizarin yellow in aqueous solution by

nano-TiO; thin films (Tiwari et al., 2015).
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Figure 3.3.1.3(f). Photocatalytic degradation of alizarin yellow as a function of time using
C1: Ce**ITiO,(C1) and C2: Ce*/TiO,(C2) thin film photocatalysts along
with simple photolysis [AY  concentration: 1.0 mg/L; pH: 6.0;
Temperature: 25+1 °C].

Table 3.3.1.3(c). Kinetic data obtained for the degradation of alizarin yellow using the thin
film photocatalysts Ce®**/TiO,(C1), Ce**/TiO,(C2) and UV-A only

irradiations.

Pseudo-first order rate constant (Kappx10°)/min

[Initial concentration of alizarin yellow (mg/L)]

0.5 1.0 5.0 10.0 15.0
(0.937) (0.933) (0.966) (0.441) (0.403)
Ce3+/Ti02(C1) 8.7 5.8 3.7 1.9 15
(0.989) (0.969) (0.997) (0.991) (0.982)
C83+/Ti02(C2) 8.8 6.7 4.1 2.4 1.6
(0.977) (0.978) (0.993) (0.987) (0.976)

R? values are given in parenthesis.
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Further, using the L-H equation, the adsorption constant and the rate constant were
evaluated while plotting 1/rpagainst 1/C, (Tiwari et al., 2018; Lalhriatpuia et al., 2015). The
values of K and k; were determined from the slope and intercept of these plots presented
graphically in Figure 3.3.1.3(g). The results obtained for the k, (mg/L/min) and K (L/mg)
were 0.023 and 0.433 (R% 0.962 for Ce**/TiO,(C1) sample) and 0.029 and 0.345 (R*: 0.989
for Ce®'/TiO,(C2) sample), respectively, in the oxidation of alizarin yellow. Thus, the L-H
kinetic was reasonably fitted well to the photocatalytic degradation of alizarin yellow using

the thin film photocatalysts.
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Figure 3.3.1.3(g): Langmuir-Hinshelwood plots for the photocatalytic degradation of
alizarin yellow using Cl1: Ce*/TiO(C1) and C2: Ce*'/TiO,(C1)
photocatalytic thin films and UV-A only photolysis [AY concentration:
0.5 - 15.0 mg/L; pH: 6.0; Temperature: 25+1 °C].

3.3.1.4. Effect of Co-existing ions on Tetracycline and Amoxicillin degradation

The assessment on the degradation of tetracycline or amoxicillin from aqueous

solution by several interfering ions (50.0 mg/L), viz., sodium chloride, sodium nitrate,
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sodium nitrite, glycine, oxalic acid cadmium nitrate, copper sulphate and zinc chloride was
done using the thin film Ce**/TiO,(C2) photocatalyst. The samples were irradiated for 2
hours at pH 6.0 and the initial concentration of antibiotics was kept constant to 5.0 mg/L.
The percent removal of tetracycline and amoxicillin was presented as a function of
interfering ions and shown in Figures 3.3.1.4(a) and 3.3.1.4(b). The Figure clearly showed
that the degradation of tetracycline or amoxicillin was inhibited to different extent in
presence of different interfering ions. However, it was interesting to note that the presence
of NaCl had caused to suppress significantly the degradation of tetracycline. Similar
inhibition effect caused by chloride ion was also reported in the degradation of 4-
fluorophenol using TiO, and ZnO, (Selvam et al., 2007). It was mentioned that the
scavenging property of CI" was to remove the hydroxyl radicals ("OH) thereby decreasing

the degradation of the pollutant as given in the equation (1):

Cl™+"OH ——CI* +OH" . (1)

The presence of other ions affected to a lesser extent in the photocatalytic
degradation of tetracycline. The order of inhibition caused by the these interfering ions were
found to be NaCl > NaNO3 > oxalic acid > CuSO, > Cd(NOgz), > NaNO, > glycine > ZnCl,
for tetracycline degradation. On the other hand, the presence of several co-existing ions
affected the degradation of amoxicillin. It was noted that the presence of CuSO,4 had caused
to suppress significantly the degradation of amoxicillin. A major decrease in the degradation
of amoxicillin in presence of CuSO, was probably due to the competitive adsorption of
CuS0O, onto the catalyst surface. The order of inhibition caused by the these interfering ions
for the photocatalytic degradation of amoxicillin was found to be CuSO4 > NaNO3 > NaCl >

Cd(NO3), > glycine > oxalic acid > ZnCl, > NaNO,.
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Figure 3.3.1.4(a): Photocatalytic degradation of tetracycline in presence of co-existing ions
using Ce**/TiO,(C2) thin film catalyst [TC concentration: 5.0 mg/L; Co-
existing ion concentration: 50.0 mg/L; pH: 6.0; Temperature: 25+1 °C].
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Figure 3.3.1.4(b): Photocatalytic degradation of amoxicillin in presence of several co-
exiting ions using Ce**/TiO,(C2) thin film catalyst [AMX concentration:
5.0 mg/L; Co-existing ion concentration: 50.0 mg/L; pH: 6.0;
Temperature: 25+1 °C].
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3.3.1.5 Mechanism of antibiotic removal

The present research work was extensively studied to propose a plausible mechanism
of antibiotic removal using the Ce**/TiO,(C2) thin film photocatalyst. The 2-propanol or
HCO; were potential scavengers of "OH radicals (Lalhriatpuia et al., 2015; Xu et al., 2015).
EDTA molecule suppressed significantly the photogenerated hole in the photoexcited
titanium dioxide semiconductor (Jia et al., 2017i). On the other hand, the sodium azide
(NaNs3) inhibited the singlet oxygen generated by combining the superoxide radical and
photo generated h* (Barka et al., 2010). Therefore, the elimination of these antibiotics, viz.,
amoxicillin and tetracycline was carried out in presence of scavengers. The antibiotic
concentration taken was 5.0 mg/L at pH 6.0 and the scavenger concentration 1000.0 mg/L.
The Ce*/TiO,(C2) thin film photocatalyst was utilized in the photocatalytic reactor
operations. The elimination efficiency of amoxicillin and tetracycline using the
Ce**/TiO,(C2) photocatalyst in presence of scavengers was shown in Figure 3.3.1.5. The
results showed that the presence of these scavengers greatly suppressed the degradation
efficacy of these two antibiotics. Moreover, among these scavengers, the 2-propanol and
sodium azide suppressed significantly the tetracycline removal. Therefore, it implied that the
‘OH radicals along with the superoxide radicals generated through the excited holes were
responsible for the degradation of these antibiotics. It was reported that the doping of the
cerium played an important role to enhance and stabilize the catalytic activity of TiO,. The
excitation of electron/hole pairs by the UV-A light was likely to be trapped by the doped
cerium, followed by it moved to the adsorbed O, and "OH molecules on the catalyst surface

(Thessi et al., 2019). This resulted the formation of hydroxyl and superoxide radicals:

Ce**+0, — Ce*"+0, ... 3.3.1.5(i)
Ce* +h" — Cce™ ... 3.3.1.5(ii)
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Ce* +e > Ce* ... 3.3.1.5(iii)

Ce* +OH  — Ce* +'OH ... 3.3.1.5(iv)

The Ce*" ions reduced to Ce®" at the potential of 1.61 V (vs NHE) and similarly, the
reverse was at the potential of —1.61 V (vs NHE). Moreover, the conduction band of TiO,
was having the potential of —0.29V. This potential was significantly lower than that of
cerium reduction potential. This reaffirmed that electrons at conduction band able to reduce
the Ce** to Ce®". On the other hand, the valence band (VB) of TiO, showed potential of
+2.91V. This was more positive than the Ce** to Ce** oxidation potential. Therefore, the
hole oxidized the Ce®* to Ce**. Nevertheless, these cerium species (i.e., Ce**, Ce**) were
primarily the charge carriers on the catalyst surface which effectively trapped the e-/h* pairs

(Matejova et al., 2014; Xie et al., 2005).

On the other hand, the water molecule or the hydroxyl ions interacted with the hole

and resulted with the hydroxyl radical species:
H,O +h* — H" +'OH ... 3.3.1.5(v)
OH + h' — ‘OH ... 3.3.1.5(vi)

These reactions showed that the presence of Ce®*" greatly restricted the
recombination of electron hole pairs in the photoexcited TiO, semiconductor. Hence, it

showed enhanced photocatalytic degradation of two antibiotics in agueous solutions.

166



Results and Discussions

60
50

40
3
2
1
0

Blank 2-Propanol NaHCO3 EDTA

% of Antibiotic removal
o

o

Tetracycline

o

Amoxicillin

Figure 3.3.1.5. Photocatalytic removal of amoxicillin and tetracycline in presence of several
scavengers using the Ce**/TiOy(C2) thin film catalyst [TC/AMX
concentration: 5.0 mg/L; Scavenger concentration: 1000.0 mg/L; pH: 6.0;
Temperature: 25+1 °C].

3.3.1.6. Effect of Co-existing ions on Alizarin Yellow degradation

Similarly, the presence several anions and cations in the solution matrix could either
inhibited or accelerated the degradation of the target pollutants in heterogeneous
photocatalysis. Therefore, the efficiency of the thin film photocatalyst Ce**/TiO,(C2) was
examined in the photocatalytic degradation of alizarin yellow in presence of several co-
existing ions (50.0 mg/L) including sodium nitrite, glycine, cadmium nitrate, copper
sulphate, zinc chloride, sodium chloride, sodium nitrate, oxalic acid and EDTA. The
samples were irradiated for 2 hours at pH 6.0 and the initial concentration of alizarin yellow
was kept constant to 5.0 mg/L. The percent removal of alizarin yellow was presented as a
function of interfering ions and presented in Figure 3.3.1.6(a). The Figure clearly showed

that the degradation of alizarin yellow was inhibited to varied extent in presence of these co-
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existing ions. However, it was observed that the presence of CuSO,4 and glycine had caused
to suppress significantly the degradation of alizarin yellow. The order of inhibition caused
by the these interfering ions were found to be CuSO,4 > glycine > EDTA > NaCl > NaNO3; >
ZnCl, > NaNO, > oxalic acid > Cd(NO3),.

On the other hand the percentage removal of alizarin yellow in presence of
scavengers, viz., 2-propanol, sodium azide and sodium biocarbonate was shown in Figure
3.3.1.6(b). The scavenger sodium bicarbonate significantly suppressed the catalytic activity
of the thin film Ce®*/TiO,(C2) since a marked decrease in percent removal of alizarin yellow
was recorded. It was reported that HCO3;~ was a good scavenger of the ‘OHpyx ((OH in
aqueous medium) or surface "OH radicals (Chang et al., 2013). This indicated that the ‘OH

radicals predominantly attributing the degradation of alizarin yellow from aqueous

solutions.
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Figure 3.3.1.6(a): Photocatalytic degradation of alizarin yellow in presence of interfering
ions using Ce**/TiO,(C2) thin film catalyst [AY concentration: 5.0 mg/L;
Co-existing ion concentration: 50.0 mg/L; pH: 6.0; Temperature: 251 °C].
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Figure 3.3.1.6(b): Effect of scavengers in the photocatalytic degradation of alizarin yellow
using the Ce**/TiO,(C2) thin film catalyst [AY concentration: 5.0mg/L;
Scavenger concentration: 1000.0 mg/L; pH: 6.0; Temperature: 25+1 °C].

3.3.1.7. Mineralization Study

The mineralization of tetracycline was studied varying the tetracycline concentration
from 1.0 to 20.0 mg/L at constant pH 6.0 employing the UV-A only, Ce**/TiO,(C1) and
Ce**/TiO,(C2) samples. The results were obtained at the end of 2 hours of photo-irradiation.
Percent of NPOC removal as a function of tetracycline concentration was computed and
presented in Figure 3.3.1.7(a) and also shown in Table 3.3.1.7(a). The results clearly showed
that increasing the concentration of tetracycline a sharp decrease in NPOC was observed.
Quantitatively, increasing the concentration of tetracycline from 1.0 to 20.0 mg/L the
percent of NPOC was decreased from 34.0 to 11.0% (using Ce**/TiO,(C2) thin film); 29.67
to 7.4% (using Ce**/TiO,(C1) thin film) and 21.27 to 3.17% (using UV-A only). The
increase in concentration greatly suppressed the percentage mineralization of tetracycline. It

was again observed that similar to the concentration dependence study, the Ce®**/TiO,(C1)
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and Ce*'/TiO,(C2) thin films showed relatively higher efficiency in the mineralization of

tetracycline compared to the UV-A photolysis.

On the other hand, the percent NPOC removal was studied as a function of pH. This
enabled to optimise the best possible pH of treatment to achieve maximum mineralization of
the tetracycline in the photocatalytic treatment. The tetracycline solutions ([TC]: 5.0 mg/L)
was treated at different pH values (pH 4.0 to 10.00) for 2 hours using the UV-A only,
Ce**/TiO,(C1) and Ce**/TiO,(C2) thin film catalysts. The percent of NPOC removal was
presented as a function of pH (cf. Figure 3.3.1.7(b) and Table 3.3.1.7(b)). It was apparent
from the Figure that the maximum NPOC removal was achieved at pH 10.0 using the UV-A
only, Ce**/TiO,(C1) and Ce**/TiO,(C2) thin films. Quantitatively, at pH 10.0, 33.0, 23.0
and 17.2% NPOC removal was obtained using the Ce**/TiO,(C2), Ce**/TiO,(C1) and UV-A

only treatment, respectively.

Table 3.3.1.7: Percentage removal of NPOC for tetracycline as a function of (a)
concentration: (b) pH [C1: Ce**/TiO,(C1); C2: Ce*/TiO,(C2)].

(@) % Removal of NPOC (b) % Removal of NPOC
TC concentration (mg/L) pH
1.0 50 100 150 20.0 4.0 6.0 8.0 10.0

UV-A 2127 141 97 74 3.17 UV-A 62 141 160 172
C1 29.67 216 189 129 74 Ci1 200 220 250 230

C2 34.0 285 247 155 110 c2 270 280 310 330
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Figure 3.3.1.7: Percent mineralization of tetracycline (a) as a function of initial tetracycline
concentration and (b) as a function of pH in the photolytic and photocatalytic
degradations of tetracycline [C1: Ce**/TiO,(C1); C2: Ce**/TiO,(C2)].

Similarly, the percentage NPOC removal was obtained for the degradation of
amoxicillin from aqueous solutions. The results were presented graphically in Figure
3.3.1.7(c) and in Table 3.3.1.7(c). The concentration of amoxicillin was increased from 0.5
to 15.0 mg/L and solution pH was kept constant pH 6.0 employing the UV-A only,
Ce**/TiO,(C1) and Ce**/TiO,(C2) samples. The results were obtained at the end of 2 hours
of photo-irradiation. It was obvious from the Figure that increasing the concentration of
amoxicillin, a sharp decrease in NPOC was observed. Quantitatively, increasing the
concentration of amoxicillin from 0.5 to 15.0 mg/L the percent of NPOC removal was
decreased from 63.4 to 40.9% (using the Ce**/TiO,(C2) thin film); from 54.0 to 35.4%
(using Ce**/TiO,(C1) thin film) and from 35.2 to 20.3 % (with UV-A only), respectively. It
was again interesting to note that a significant mineralization was achieved using the thin
films. However, the prolonged irradiation with the thin films might enable to enhance
significantly the NPOC removal or to mineralize the amoxicillin significantly. Besides,

similar to the concentration dependence study, the Ce**/TiO,(C1) thin film showed
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relatively lower efficiency in the mineralization of amoxicillin compared to the
Ce**/TiO,(C2) thin film. Similarly, the UV-A photolysis showed significantly lower NPOC
removal compared to the photocatalytic treatments using the Ce*'/TiO,(C1) and

Ce**/TiO,(C2) thin films catalysts.

The pH dependence mineralization of amoxicillin was studied using the initial
amoxicillin concentration (1.0 mg/L). The solutions were treated at different pH values (pH
4.0 to 10.0) for 2 hours using the UV-A only, Ce**/TiO,(C1) and Ce**/TiO,(C2) thin films
and the percent of NPOC removal was presented as a function of pH in Figure 3.3.1.7(d)
and in Table 3.3.1.7(d), respectively. It was evident from the Figure that the maximum
NPOC removal was obtained at pH 6.0 using the UV-A only, Ce*/TiO,(C1) and
Ce**/TiO,(C2) thin films. Quantitatively, at pH 6.0, the percentage of NPOC removal was
achieved as 60.0, 50.0 and 26.6% using the thin film catalysts Ce**/TiO,(C2),
Ce**/TiO,(C1) and UV-A only treatment, respectively. It was evident from the results that
basic conditions slightly hindered the percent NPOC removal of amoxicillin from aqueous
solutions. These results were again in agreement with the pH dependence removal of

amoxicillin in the photocatalytic degradation.
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Table 3.3.1.7: Percent removal of NPOC for amoxicillin as a function of (c) concentration:
(d) pH [C1: Ce*/TiO,(C1); C2: Ce**ITiO,(C2)].

(© % Removal of NPOC (d) % Removal of NPOC
AMX concentration (mg/L) pH
0.5 1.0 5.0 10.0 150 4.0 6.0 80 10.0

UV-A 352 266 244 211 203 UV-A 195 266 256 215

C1 54.0 499 453 400 354 C1l 41.0 50.0 47.0 40.0
C2 63.4 59.7 48.7 458 40.9 C2 51.0 60.0 56.0 49.0
(c) HUV-A mCl mC2 (d) EUV-A mCl mC2
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Figure 3.3.1.7: Percent mineralization of AMX (c) as a function of initial AMX concentration
and (d) as a function of pH in the photolytic and photocatalytic degradations
of AMX [C1: Ce**/TiOy(C1); C2: Ce*/TiO,(C2)].

The mineralization of alizarin yellow was also studied by varying the alizarin yellow
concentration from 0.5 to 15.0 mg/L at constant pH 6.0 employing the UV-A only,
Ce**/TiO,(C1) and Ce**/TiO,(C2) thin film samples. The results were obtained at the end of
2 hours of photo-irradiation. Percent of NPOC removal as a function of alizarin yellow

concentration was computed and presented in Figure 3.3.1.7(e) and also shown in Table
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3.3.1.7(e). The results clearly showed that increasing the concentration of alizarin yellow a
sharp decrease in NPOC was observed. Quantitatively, increasing the concentration of
alizarin yellow from 0.5 to 15.0 mg/L the percent of NPOC removal was decreased from
65.0 to 21.2% (using Ce**/TiO,(C2) thin films); 62.8 to 19.8% (using Ce**/TiO,(C1) thin
films) and 10.7 to 3.8% (using UV-A only). The increase in concentration greatly
suppressed the percentage mineralization of alizarin yellow. It was again observed that
similar to the concentration dependence study, the Ce**/TiO,(C1) and Ce*'/TiO,(C2) thin
films showed relatively higher efficiency in the mineralization of alizarin yellow compared

to the UV-A photolysis.

On the other hand, the percent NPOC removal as a function of pH was also studied
and the results were shown in Figure 3.3.1.7(f) and in Table 3.3.1.7(f). The initial alizarin
yellow concentration taken was 1.0 mg/L and the samples were treated at different pH
values (pH 4.0 to 10.0) for 2 hours using the UV-A only, Ce**/TiO,(C1) and Ce**/TiO,(C2)
thin film catalysts. It was evident from the results that the maximum NPOC removal was
achieved at pH 6.0 using the UV-A only, Ce*"/TiO,(C1) and Ce*'/TiO,(C2) thin films.
Quantitatively, at pH 6 the percentage removal of NPOC was found to be 54.0%, 51.0% and
10.2% using the Ce**/TiO,(C2), Ce*'/TiO,(C1) and UV-A only treatment, respectively.
These results were again in conformity with the pH dependence removal of alizarin yellow
in the photocatalytic degradation. This clearly revealed that the thin films greatly favoured
an enhanced NPOC removal, i.e., greater mineralization of alizarin yellow was attained
using the photocatalyst thin films compared to the only photolysis treatment, i.e., UV-A
illumination. Despite of partial mineralization of these pollutants as obtained by the
photocatalytic treatment, however, a complete mineralization could be achieved with

repeated treatment or even prolonged treatment of the samples.
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Table 3.3.1.7: Percent removal of NPOC for alizarin yellow as a function of (e)

concentration: (f) pH [C1: Ce*'/TiO,(C1); C2: Ce**/TiO,(C2)].

(e % NPOC Removal ()] % NPOC Removal
AY concentration (mg/L) pH
0.5 1.0 50 100 150 4.0 6.0 80 10.0
UV-A 107 102 55 4.8 3.8 UV-A 81 10.2 7.2 6.8
C1 628 509 346 239 198 Cl 470 510 39.0 36.0
C2 650 54.1 382 266 212 C2 490 540 470 440
(e) muv-AmCLRC (f) mUV-AECL =C2
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Figure 3.3.1.7: Percent mineralization of alizarin yellow (e) as a function of initial alizarin
yellow concentration and (f) as a function of pH in the photolytic and
photocatalytic degradations of alizarin yellow [Cl: Ce**/TiO,(C1) C2:
Ce¥/TiOy(C2)].
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3.3.2. Stability of Thin Film Photocatalyst

The photocatalytic stability of the catalyst Ce**/TiO,(C2) thin film was assessed in
the repeated reactor operations. The repeated use of photocatalyst impacted the long term
implication of catalyst and eventually could show the cost effectiveness of the overall
process. Threfore, the six cycles of photocatalytic operations were conducted using the
Ce*/TiO,(C2) thin film photocatalyst. In order to perform the stability tests, the initial
concentration of amoxicillin or tetracycline or alizarin yellow taken was 5.0 mg/L at pH 6.0.
Once after completion of reactor operation, the catalyst disk was washed with purified water
and dried at 105 °C and again employed for next reactor operation. The results of efficiency
test of the Ce**/Ti0,(C2) thin film for tetracycline and amoxicillin were illustrated in Figure
3.3.2(a). It was evident from the Figure that even at the completion of six cycles of reactor
operations the photocaatlytic activity of the Ce**/TiO,(C2) thin film photocatalyst was not
affected at least in the elimination of amoxicillin and tetracycline. Quantitatively, the
removal efficiency of catalyst was decreased from 48.8% to 43.4% (for amoxicillin) and
from 52.1% to 51.1% (for tetracycline) at the end of sixth reactor operation. Similarly, at the
end of six repeated cycles had caused a decrease in alizarin yellow removal efficiency from
45.78% to 43.37% (i.e., a decrease of 2.41%) using the Ce**/TiO,(C2) (cf. Figure 3.3.2(b)).
The results clearly revealed that very minimal decrease in efficiency of Ce**/TiO,(C2)
photocatalyst was recorded for these antibiotics/dye removal. This implied the potential use
of photocatalyst in the reactor operations. On the other hand, it was reported that the TiO,
powder showed marked decrease in catalytic efficiency for dye removal (Saggioro et al.,
2011). However, similar excellent stability of 1%Ce — 0.6%Mn/TiO, was obtained in the

four cycle of operations in the removal of diclofenac (Tbessi et al., 2019).
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Figure 3.3.2(a). Cycling runs for photocatalytic degradation of amoxicillin and tetracycline
using the Ce**/TiO,(C2) thin film photocatalyst ([AMX and TC] = 5.0

mg/L, pH: 6).
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Figure 3.3.2(b). Cycling runs for photocatalytic degradation of alizarin yellow using the
Ce**/TiO,(C2) thin film photocatalyst ([Alizarin Yellow]= 5.0 mg/L, pH: 6).
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4. CONCLUSIONS

Zerovalent Ag-nanoparticles doped TiO, thin films were synthesized by the template
method using polyethylene glycol as filler medium. The materials were characterized by the
advanced analytical methods. SEM (Scanning electron microscopy) images showed that the
grains of TiO, were evenly distributed and forming uniform surface morphology on the
borosilicate glass substrate. The TEM (Transmission electron microscopy) images showed
that the Ag(NPs) were distributed within the titania network and the particles were in the
range of 10 — 15 nm for the solids i.e., Ag’(NP)/TiO,(Al) (non-template) and
Ag(NP)/TiO,(A2) (template) samples. Moreover, the interplanar distance of the Ag-
nanoparticles were obtained to be 0.20 and 0.17 nm for the Ag’(NP)/TiO,(Al) and
Ag’(NP)/TiO,(A2) solids, respectively. EDX elemental mapping enabled to ascertained the
doping of Ag(NPs) with titania network. AFM images confirmed the pillar formation of
TiO, onto the glass substrate and the pillar height was found to be Ca. 35 and 250 nm for
the thin films Ag°(NP)/TiO»(A1) and Ag’(NP)/TiO,(A2), respectively. XRD (X-Ray
diffraction) data showed that the thin films were predominantly amorphous in nature.
However, a distinct peak observed at 20 value 25.39 confirmed the anatase phase of TiO; in
both the solids. BET analytical results indicated that nanocomposite materials were having
the H2 type of hysteresis loops and the BET specific surface area and pore sizes were found
to be 5.61 nm and 49.55 m?%/g (for Ag°(NP)/TiO,(A1)); 5.67 nm and 12.02 m?/g (for
Ag’(NP)/TiO,(A2)) solids, respectively. Further, the DRS analysis showed that the band gap
energies were found to be 3.12, 2.88 and 2.89 eV respectively for the bare TiO,,

Ag°(NP)/TiO,(A1) and Ag°(NP)/TiO,(A2) solids.

Similarly, the thin films of TiO, were prepared using the polyethylene glycol (PEG)

as template medium and the Au-nanoparticles were doped in situ in the sol-gel preparation
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method. The surface morphology of thin films were obtained by the SEM and TEM/EDX
imaging that indicated nanoparticles of TiO, were evenly distributed within the thin film
AU’(NP)/TiO,(B1) (prepared without PEG) and some crack were visible with the PEG
template thin film Au’(NP)/TiO2(B2). The Au-nanoparticles were clearly visible at places
with TEM images of these films. Moreover, EDX elemental mapping indicated that Au-
nanoparticles were very evenly distributed within the titania network. AFM images showed
that TiO, were forming pillars onto the borosilicate glass substrate and pillar height was
found to be Ca. 50 and 300 nm for the thin films Au’(NP)/TiO,(B1) and Au°(NP)/TiO,(B2),
respectively. XRD data showed that the thin films were amorphous in nature. However, a
peak was clearly visible at 20 of around 25 indicated the anatase phase of TiO,. N
adsorption and desorption data indicated that the materials showed H2 type of hysteresis
loops and the BET specific area and pore sizes were found to be 5.27 nm and 41.47 m%/g
(for Au’(NP)/TiOy(B1)); 5.59 nm and 19.91 m%g (for Au°(NP)/TiOx(B2)) thin films,
respectively. The band gap energies were found to be 2.86 and 2.87 eV respectively for the

AU(NP)/TiO,(B1) and Au’(NP)/TiO2(B2) solids.

Further, The Ce** doped titanium dioxide thin film was synthesized by one step
facile template method. The Ce**/TiO,(C1) (non-template) and Ce**/TiO,(C2) (template)
thin films showed anatase TiO, mineral phase. The XPS analysis showed that cerium (Ce)
was predominantly doped in its Ce®* oxidation state. SEM images showed that both the thin
films possessed with heterogeneous surface structure. Moreover, the fine particles of TiO,
were evenly distributed on the substrate surface. The Ce-particles were clearly visible at
places with TEM images of these materials. The interplanar distances of the Ce-particles
within the solids were found to be 0.29 and 0.33 nm for the Ce*/TiO,(C1) and

Ce*ITiO,(C2) solids. 3D-AFM images showed maximum surface roughness (Rmax) Values
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of 30.1 nm and 18.2 nm for the Ce**/TiO,(C1) and Ce**/TiO,(C2) thin films, respectively.
Further, the thin film catalysts were fully employed in the photocatalytic degradation of
several micropollutants and dye viz., triclosan (TCS) (using AgO(NP)/TiOZ(Al) and
A’ (NP)/TiO,(A2)), alizarin yellow (AY) (using Ag’(NP)/TiOx(A1), Ag’(NP)/TiO5(A2),
AU’ (NP)/TiO(B1), Au’(NP)/TiO(B2), Ce**/TiO,(C1) and Ce*'/TiO,(C2)), tetracycline
(TC) (using Ce**/TiO,(C1) and Ce*/TiO,(C2)) and amoxicillin (AMX) (using

Ce**/TiO,(C1) and Ce**/TiO,(C2)) under the reactor operations.

Various physico-chemical parametric studies revealed that triclosan showed highest
degradation at pH ~ 4.0. Alizarin yellow and amoxicillin showed highest degradation at pH
~ 6.0 whereas tetracycline showed highest degradation at pH ~ 10. The effect of pollutant
concentration studies showed that decreasing the pollutant concentration favoured greatly
the percent degradation of these pollutants. The results suggested that these thin films could
be employed effectively at a wide range of solution pH and concentration for the pollutant
degradations. The thin film photocatalysts were found to be potential in the removal of these
residual pollutants from aquatic environment. The total organic carbon measurement using
TOC analyser was used to further study the apparent mineralization of these pollutants. The
results clearly showed that the mineralization of these pollutants increased with decreasing

the micropollutants/dye concentrations.

The time dependence photocatalytic degradation of micropollutants/dye was further
utilized to deduce the kinetics of degradation. The kinetic data was obtained for the
degradation of triclosan, alizarin yellow, tetracycline and amoxicillin which were found to
be pseudo-first-order rate kinetics and the degradation rate was applicable with Langmuir-
Hinshelwood isotherm. The L-H isotherm fitted reasonably well to the photocatalytic
degradations of triclosan, alizarin yellow, tetracycline and amoxicillin.
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Besides, the scavengers effects in the photocatalytic degradation processes of
triclosan, alizarin yellow, tetracycline and amoxicillin were studied using several scavengers
to trap the radical species, viz., ‘'OH or O, or singlet oxygen species. The scavengers
studies inferred that ‘OH radicals were greatly taking part in the degradation of these
pollutants when using Ag’(NP)/TiOx(AL), Ag’(NP)/TiO»(A2), Au’(NP)/TiOx(B1),
AU(NP)/TiO,(B2), Ce**/TiO,(C1) and Ce*'/TiO,(C2) thin films. The presence of several
cations and anions affected the photocatalytic degradation of these pollutants at varied level.
The presence of EDTA, sodium azide and HCO3 inhibited significantly the percentage
degradation of alizarin yellow which clearly indicated that the ‘OH radicals, holes and the
singlet oxygen was involved in the alizarin yellow degradation. Besides, the presence of 2-
propanol, EDTA, sodium azide or HCO3; also inhibited significantly the percentage
degradation of triclosan which clearly inferred that the 'OH radicals and holes were
predominantly involved in the degradation process. Additionally, the singlet oxygen was
also involved in the triclosan degradation mechanism. Moreover, presence of these
scavengers greatly suppressed the degradation efficacy of tetracycline and amoxicillin,
Moreover, among these scavengers, the 2-propanol and sodium azide suppressed
significantly the tetracycline removal. Therefore, it implied that the "OH radicals along with
the superoxide radicals generated through the excited holes were responsible for the

degradation of tetracycline and amoxicillin.

The repeated use of thin films, viz., Ag’(NP)/TiOy(A1), Ag’(NP)/TiO,(A2),
AW(NP)/TiOo(B1), AU’(NP)/TiO(B2), Ce**/TiO»(C1) and Ce**/TiO(C2) showed no
significant decrease in percentage degradation of these micropollutants/dye from aqueous
solutions which inferred that the thin films were fairly stable at least for six photocatalytic

operations. Overall, the template synthesized photocatalysts Ag’(NP)/TiO,(A2),
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AU’(NP)/TiO,(B2) and Ce**/TiO,(C2) showed significantly enhanced catalytic activity than
the corresponding non-template  synthesized photocatalysts ~ Ag’(NP)/TiO,(Al),
AW(NP)/TiO,(B1) and Ce*/TiO,(C1). The photocatalytic efficiencies were found
remarkably higher than the photolytic degradations of triclosan, alizarin yellow, tetracycline
and amoxicillin. This pointed further the greater applicability of thin film photocatalysts
without much decline in activity which conveyed the cost effectiveness and makes it
potential practical applications in real wastewater treatment. The overall treatment process
was found to be “greener” and showed greater applicability of the photocatalysts (viz.,
AQC(NP)/TIOo(AL),  Ag’(NP)/TiOx(A2),  AW(NP)TIO,(B1),  Au’(NP)/TiO,(B2),

Ce**/TiO,(C1) and Ce**/TiO,(C2)) in the advanced treatment technologies.

4.1. Future Scope of Present Work

The present research works deals with efficient, cost-effective studies for the
remediation of aquatic environment contaminated with the emerging micropollutants/dye,
viz., triclosan, alizarin yellow, tetracycline and amoxicillin. The photocatalyst thin films,
viz, Ag’(NP)/TiOy(AL), Ag’(NP)/TiOy(A2), Au’(NP)/TiOx(B1), Au’(NP)/TiOy(B2),
Ce*/TiO,(C1) and Ce**/TiO,(C2) were successfully applied for the photocatalytic
degradation of these contaminants from aqueous solutions in the laboratory reactor
processes. The promising laboratory experiments could be, perhaps, employed for its further
implications at the larger scale treatment under the pilot plant level for real wastewater
treatment. The input research data perhaps implied for scaling the unit operations for the

technology development.

The research studies may further be extended for academic development for finding

the insights of oxidation process by unveiling the oxidation pathways; conducting the
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experiments with the mass-spectrometry to identify the by-products and involvement of

specific radicals using the fast analytical techniques.

The fabrication of photocatalysts could possibly be employed using the natural clay
support media which eventually make the materials more indigenous and profitable. Also,
the production of Ag or Au or Ce nanoparticles could be obtained using the plant extracts

which make the fabrication process greener and environment benign.
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The present communication aims to synthesise the plasmonic nanocomposite Au°(NPs)/TiO, by a
facile route and to utilize material in the efficient removal of Alizarin Yellow in aqueous solutions using
the UV-A light. Au®-nanoparticles were in situ doped with titania network using template method.
Polyethylene glycol was employed as filler media. The nanocomposites Au®(NPs)/TiO; (non-template)
and Au°(NPs)/TiOz(T) (template) were characterized by the XRD and DRS (Diffuse Reflection
Spectroscapy) methods. Surface characteristics were discussed by the SEM and TEM pictures of these
materials. The interplanar distance of Au(NPs) were found to be 0.14 nm and 0.20 nm for the materials
Au®(NPs)/TiO; and Au®(NPs)/TiO(T), respectively. The Atomic Force Microscopy (AFM) analysis showed
heterogeneous surface structure and TiO» were pillared on the surface. Physico-chemical studies
deduced the mechanistic pathways of removal. The pseudo-first order rate constant values were
decreased with the increase in dye concentrations. Further, mineralization of Alizarin Yellow was
obtained at wide range of pH (pH 4.0-8.0). The nanocomposite thin films showed fairly a good stability
for repeated cycle of operations in removal of Alizarin Yellow. The photocatalyst shown greater
applicability in the real matrix treatment using Tlwang river water.
© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.
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Introduction

Synthetic dyes are known to be complex organic compounds
and widely used in various modern industries including textile,
leather, food, paper production, cosmetics, pharmaceuticals, hair
colourings, photoelectrochemical cells etc. A rough estimate states
that every year Ca 2.8 x 10° tons of textile dyes seemingly
discharged through the industrial effluents only [1-3]. Moreover,
during the synthesis and processing of dyes it releases Ca. 15% of
total dyes to the terrestrial environment [4]. Dye compounds are
potential recalcitrant in nature since these are insignificantly
biodegradable and found fairly stable towards several oxidizing
agents [5]. Therefore, the dye compounds easily escaped through
the existing wastewater treatment plants and caused serious

* Corresponding authors.
E-mail addresses: yoonyy@cku.ac.kr (Y.-Y. Yoon), leesm@cku.ac.kr (S.-M. Lee).
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impact on the aquatic ecosystem as entered into the waterbodies
|6]. The water contaminated with dyes therefore; experiences a
reduced transmission of solar radiation. This causes reduced or
complete inhibition of photosynthesis. Further, several dyes are
reported to be bio-accumulative, toxic and potentially causes skin
diseases or even found to be carcinogenic and teratogenic [7-9].

Among the variety of synthetic dyes, the azo dyes constitute Ca
80% of all reactive dyes which contains the azo chromogen [10-12].
Azo dyes are found highly toxic and showed the carcinogenic/
mutagenic activities [9,13]. Therefore, a complete elimination of
dyes from the aqueous effluents is required as to maintain the
stringent water standards as prescribed by the regulatory bodies.
There are several conventional methods implied and demonstrat-
ed in the removal of dyes from water bodies [14-16]. However,
several methods have shown limitations in required efficiency,
high energy requirement or huge sludge formation that further
creates additional environmental burden to be dealt amicably.
Additionally, literature reveals that several advanced or hybrid

1226-086X/© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.
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treatment methods are proposed for the effective degradation of
azo dyes. Hollow cobalt nanoparticles are obtained by a galvanic
replacement reaction using Al-nanoparticles template. The hollow
Co(NPs) showed efficient in the degradation of methyl orange from
aqueous solutions having the degradation rate constant 2.444
min ! [17]. Similarly, palladium nanoparticles (PdNPs) were
obtained by using the cellulose (CMC) and palladium chloride in
an aqueous solution which was stable for years and showed good
catalytic activity towards the removal of several azo dyes viz,
p-aminoazobenzene, acid red 66, acid orange 7, scarlet 3G and
Reactive Yellow 17 by sodium borohydride [18]. A hybrid system
contained with the hydrodynamic cavitation along with the photo
catalyst TiO, or ZnO showed promising treatment process, at the
pilot plant level, in the decolourization of Reactive red 180 dye [ 16].
CdS loaded Ag-ZnO catalysts were obtained by the precipitation
and thermal decomposition process. The composite material was
intended to utilize in the efficient removal of azo dyes RR 120, RO 4
and RY 84 from aqueous solutions using the solar radiations.
Moreover, the composite material has shown fair stability in the
repeated operations [19]. Similarly, composite materials viz., TiO,-
Pt(NP)/graphene oxide and TiO,-Pt(NP)/reduced graphene oxide
were utilized in the degradation of several azo dyes under UV and
natural sunlight. Results indicated that the removal efficiencies
were found to be 99.56%, 99.15%, and 96.23%, respectively for the
amaranth, sunset yellow and tartrazine using the photocatalyst
TiO,-Pt(NP)/graphene oxide [12]. ZnO nanostructures were
obtained by the sodium dodecylsulfate (SDS) or polyvinyl alcohol
(PVA) as templating materials in a low temperature precipitation
process. ZnO possessed predominantly wurtzite hexagonal phase
and showed good catalytic activity in the degradation of reactive
red (RR141) [4]. Bio-electrochemical degradation processes were
shown enhanced oxidative removal of azo dyes. The method is
integrated with bio-contact oxidation in the efficient performance
of this hybrid system [20,21]. Dy,;Sn,07-Sn0O, ternary nano-
composites were synthesized using propane-1,2-diol as novel
polymerizing agent and trimesic acid as stabilizing agent. The
nanocomposite was employed for the photocatalytic degradation
of several dyes including the eosin Y, eriochrome black T,
erythrosine and methyl orange [22]. Erichrome black T was
efficiently degraded using the nanostructured ZrO, photocatalyst.
The precursors were employed as zirconyl nitrate and ethylene
diamine [23]. An interesting study was conducted using the
bimematic photocatalyst i.e., 2D nanostructured Bi,WOg impreg-
nated with the monomeric hemin (HBWO). The hemin take part as
electron shuttle along with play important role in efficient oxygen
transfer which results an efficient photocatalytic behaviour of
catalyst [24]. Similarly, the HBWO is employed in the Fenton-like
process in the degradation of organic pollutants [25].

On the other hand, the semiconductor TiO, showed useful
applications in the advanced oxidation processes in removal of
several persistent pollutants from aqueous media. The widespread
use of TiO5 is because of its high photocatalytic efficiency, stability
and biologically not active [16,26-30]. However, the wide energy
band gap i.e., 3.05 eV for rutile and 3.2 eV for anatase phase of TiO,
restrict it to employ with UV light only. Moreover, the solar light
contribute only 5% of UV-radiations and as well known fact that
UV-radiations are associated with serious harmful effects towards
human being [31]. However, the impregnation of noble metals viz.,
Au, Ag, Pt nanoparticles with the titania network facilitate greatly
to overcome the problems associated with large band gap [32-35].
These nanoparticles reduce significantly fast recombination of the
photogenerated e /h* pairs since it retains electrons and behaves
like sink for interfacial charge transfer reactions [36,24]. Therefore,
the photo-excitation of nanoparticles enhances markedly the
photocatalytic efficiency of titanium dioxide. The presence of these
NPs with the titania enables to reduce the band gap energy of the

titanium dioxide, that results an enhanced interaction between the
NPs and titania [37]. Additionally, the Ag or Au nanoparticles
decorated TiO, absorbs the light in the visible region and
undergoes with the surface plasmon resonance that stimulates
the localized electric field around titanium dioxide and resulted
the facile generation of charge carriers at the surface of titanium
dioxide [38]. Similarly, the NPs on titanium dioxide surface
behaves like a co-catalyst which enhances the e [h* separations
[39,40]. On the other hand, the novel magnetic ternary nano-
composites TiO,/Fe304/CoW0, were found to be useful photo-
catalytic materials for the enhanced photocatalytic activity
through the p-n heterojunction [41]. Nanostructured praseodymi-
um oxide was synthesized by simple facile and solvent less method
employing the praseodymium nitrate and triethylenetetramine
(Trien) or the Schiff base ligand as precursor materials. The
materials were shown an enhanced photocatalytic activity for
several persistent water pollutants [42,43]. Integration of carbon
dots and polyaniline with titanium dioxide resulted ternary
nanocomposite. The visible light driven materials have shown
enhanced photocatalytic activity in the removal of several water
pollutants [44]. The other studies showed that the morphological
control was obtained in the sol-gel synthesis of ZnTiOs; nano-
particles and the material was employed in the efficient photo-
catalytic removal of methyl orange [45]. The ZnS nanoclusters were
synthesized by the hydrothermal processing using the [bis
(salicylidene)zinc(Il)] [46]. Sonochemical method was employed
to synthesize the nanorods of NiMoQ,4. The shape and size of the
nanorods or nanoparticles of NiMoQO4 was greatly controlled with
the irradiation power, concentration of initial precursors, sonica-
tion time, pH etc. [47]. Highly photocatalytic active CulnZnS
nanoporous structure was theoretically and experimentally
studied for the removal of atmospheric NO gas [48].

Therefore, the advanced nanocomposite materials showed
enhance use in advanced oxidation processes (AOP) in particular
with visible light driven, however, the use of solid powders in unit
operations showed several limitations including with difficult
phase separation, shadowing effect etc. This restricts the wider
applications of solid samples in AOPs. However, on the other hand,
the titanium dioxide thin films which alternately used as photo
catalyst showed greater applicability in AOPs. This provides an easy
removal from the reactor therefore; shows enhanced applicability
for successive operations. However, doping of NPs with titanium
dioxide network with thin film is found to be daunting task [49].
Our previous attempt intended to impregnate the Au(0) (NPs) with
the titania network and fabricated the thin film samples. The thin
film photocatalyst were employed in the degradation of some of
micro-pollutants viz., tetracycline, sulfamethoxazole and triclosan
in aqueous solutions [50,51]. Therefore, the present study is
eventually the extension of previous studies to provide facile
synthesis of plasmonic nanocomposite Au’(NPs)/TiO, thin films
with the template synthetic method. The Au®(NPs) were impreg-
nated in situ to obtain even and fine distribution of Au’(NPs) within
the titania network. Further, the nanocomposite materials are
intended to utilize for the decontamination of aquatic environ-
ment contaminated by one of potentially important azo dye
Alizarin Yellow from aqueous solutions. The detailed physico-
chemical studies contributed to devise the mechanistic aspects of
the degradation process.

Materials and methods
Chemicals and instruments
Titanium(IV)isopropoxide (>>97.0%), gold chloride (>>99.9%) and

Alizarin Yellow (50%) were obtained from the Sigma Aldrich. Co.,
USA and were utilized without further purification. Polyethylene
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glycol (mol. weight 2000) was obtained from Samchun Pure
Chemical Co. Ltd., Korea. NaNOs (99.0%), EDTA (98%) and CH3COOH
(glacial) (99.9%) were procured from Loba Chemicals, India.
Ethanol (anhydrous) (99.9%) was procured from Daejung Chem-
icals & Metals Co. Ltd., Korea. Sodium chloride (99.0%), sodium
azide (>99%), oxalic acid dihydrate (>99%), sodium hydrogen
carbonate (99.0%), 2-propanol (99.7%), zinc chloride dry, (>95%),
cadmium nitrate tetrahydrate (99%), copper (11) sulphate pentahy-
drate (>99%), glycine (99.0%) and acetonitrile (99.7%) were
procured from Merck India Ltd., India. Water was purified by
using the Sartorius water Purification System (model: arium Mini
Plus UV Lab., SterilePlus, Sartopore 2150, Germany; Pore Size of
0.45+ 0.2 pm). The river water sample was collected from the local
river Tlawng, Aizawl (India). The river water sample was analysed
for and the analytical results are reported elsewhere [52].

Spectrophotometer (Shimadzu Model: UV 1800, Japan) was
used for quantitative estimation of Alizarin Yellow at the \,,,, of
372 nm. The standard solutions of Alizarin Yellow were prepared
having the concentrations 0.5, 1.0, 5.0, 10.0 and 15.0 mg/L.
Calibration curve was obtained and utilized for the determination
of unknown concentration of Alizarin Yellow. The TOC (Total
Organic Carbon) Analyser (Shimadzu, Japan; Model: TOC-VCPH/
CPN) was used for NPOC (Non-Purgeable Organic Carbon)
measurement of the solutions. This data, perhaps, provides the
mineralization of Alizarin Yellow. A UV-A lamp, wavelength (A ;,.x)
=360 nm (Model: 9W, PLS9W BLB/2P 1CT, Philips) was procured
from Hansung UV Pvt. Co. Ltd., Korea. SEM (Scanning Electron
Microscope) machine (Model FE-SEM SU-70, Hitachi, Japan) was
used for surface characterization. TEM (Transmission Electron
Microscopic) analysis was performed using the TEM/EDX Analyser
(Tecnai F20 Transmission Electron Microscope, FEI, USA). AFM
(Atomic Force Microscope) images of the solids were obtained
using the AFM machine (XE-100 apparatus from Park Systems,
Korea) having sharp tips (>8 nm tip radius; PPP-NCHR type from
Nano sensors™). The X-ray diffraction (XRD) data was collected
using XRD machine (i.e., PANalytical, Netherland; Model X'Pert
PRO MPD). The X-ray diffraction pattern was obtained at the scan
rate of 0.033 of 26 illumination.

Methodology

Synthesis of nanocomposite materials

Gold (NPs) are obtained by previously described process [53].
Further, the TiO, was synthesized by sol-gel synthetic route. The
polyethylene glycol is used as modifier in sol gel process. Titanium
(IV) isopropoxide (28 g) along with polyethylene glycol (2 g) was
introduced and dissolved in acetyl-acetone (13 g). 25 mL of Au(0)-
nanoparticle solution was immediately introduced. Moreover,

ethanol (184 g), acetic acid (5.8 g) and distilled water (22.5 g) was
carefully introduced with the titanium solution. This mixture was
stirred continuously for 2h at room temperature. Then it was
sonicated for 30min. A transparent sol solution of Au®(NPs)/
TiO,(T) is obtained. This was aged Ca. 24h and this was then
utilized for the coating of glass disks. Similarly, the Au’(NPs)/TiO-
was prepared without introducing the filler media polyethylene
glycol.

Nanocomposite thin films

Thoroughly cleaned and dried circular glass disk (1.15 cm radius
and 0.05 cm thickness) was utilized for the thin film coatings. The
detailed procedure of fabrication is demonstrated elsewhere [51].
The two thin films are obtained and are named as Au®(NPs)/TiO-
and Au®(NPs)/TiO,(T). The disks were kept safely for further use in
photocatalytic reactor operations.

The sol solutions were then used to obtain the powder of the
precursors [51]. The powder samples were employed for some
characterizations of these materials.

Characterization of nanocomposite thin films

Au’(NPs)/TiO, or Au®(NPs)/TiO5(T) nanocomposite disks were
exposed to obtain SEM images of thin films. Nanocomposite
powder materials were utilized for obtaining the TEM images of
these solids. Nanocomposite Au’(NPs)/TiO, or Au®(NPs)/TiO5(T)
thin films were subjected for obtaining the topographical 3D
images using the AFM. XRD pattern of powder samples (Au’(NPs)/
TiO5 or Au®(NPs)/TiO5(T)) was recorded and presented.

Further, the diffuse reflection spectra (DRS) was obtained for
the solids viz., Ag%(NPs)/TiO»/or Ag°(NPs)/TiO5(T) along with the
nano TiO, prepared with template method using the UV-VISNIR
spectrophotometer (DS104 Optical Spectrometer, Varian/Model
Cary 5G, USA). The optical band gap of these solids was then
estimated. The equipment was employed using the diffuse
reflectance spectra (DRA) having the absorbance conversion and
F(R) conversion. The data was collected in the wave length range of
200-1000nm having the bandwidth of 1 nm.

Reactor operations

A standard bulk solution of Alizarin Yellow (40.0 mg/L) was
prepared by direct weighing of dye. This solution was appropri-
ately diluted to obtain the required experimental concentrations of
Alizarin Yellow. Solution pH was maintained by drop-wise addition
of conc. HCI/NaOH. The concentration effect in the degradation of
dye was studied varying the Alizarin Yellow concentrations from
0.5 to 15.0mg/L.

The reactor operations were conducted for the photolytic and
photocatalytic degradation of Alizarin Yellow in the self-assembled

Fig. 1. SEM images of the nanocomposites (a) Au’(NPs)/TiO, and Au®(NPs)/TiO(T) thin films.
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reactor. 50.0 mL solution of Alizarin Yellow was taken in a beaker
and placed inside the black box. Further, cautiously, thin film disk
(Au®(NPs)/TiO, or Au®(NPs)/TiO5(T)) was placed horizontally
inside the reactor. The UV-A light source was mounted about 10
cm above to the reactor vessel. This ensures the photocatalytic
process to take place on the surface of photocatalysts. Reactor
temperature was maintained to 25+ 1°C by water-bath. The pH
dependence degradation of Alizarin Yellow was conducted taking
the Alizarin Yellow Solutions (1.0 mg/L) having pH values (4.0, 6.0,
8.0 and 10.0). In order to perform the kinetics of degradation, the
sample of Alizarin Yellow solution was withdrawn from the reactor
at definite but constant time intervals and dye concentration was
analysed using the UV-vis Spectrophotometer. The photolytic
operation was conducted by the UV-A irradiation only and the
results were compared with the photocatalytic removal of Alizarin
Yellow. The real matrix treatment was conducted employing the
Tlwang river water. The Alizarin Yellow solutions (1.0 mg/L) were
prepared having different pH values using the river water. The
samples were treated using the photocatalyst thin film Au®(NPs)/
TiO(T). The percentage removal of Alizarin Yellow was obtained
and compared with the distilled water samples removal.

Results and discussion
Characterization of nanocomposite thin films

SEM pictures of Au®(NPs)/TiO, and Au®(NPs)/TiO5(T) nano-
composite coated disks are shown in Fig. 1. Fig. 1 illustrated that the
small sized particles of titanium dioxide are uniformly dispersed
on to substrate surface for both the samples. It is further noted that
the titanium dioxide is forming a heterogeneous surface structures
on the surface with no aggregation of titanium dioxide particles.
The Au®(NPs)/TiO5(T) thin film showed some cracks on the surface.
Moreover, the white reflections seen on the surface is, possibly,
because of the Au’(NPs) which are orderly distributed within the
titania network. Moreover, the Au®(NPs) are not aggregated or
clustered to form bulk gold particles. Similar results shown
elsewhere where gold nanoparticles are doped with TiO, nano-
tubes by two-step anodization process [53]. Moreover, the
Au-nanoparticles having the size of 15-20 nm in diameter were
obtained on the surface of TiO,/Preyssler composite and the
gold nanoparticles were well dispersed on the surface of the
titania [36].

an

Fig. 2. TEM images of nanocomposite materials having different resolutions (a) Au°(NPs)/TiO,; and (b) Au’(NPs)/TiO,(T) [50].
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TEM pictures of nanocomposite Au’(NPs)/TiO, and Au®(NPs)/
TiO,(T) materials were obtained and shown in Fig. 2(I & II). TEM
images showed that Au-Nanoparticles are rather uniformly
distributed within titanium dioxide network and particles were
ranged within 20-25 nm (Fig. 2(I)). It is also observed that at places
the Au (NPs) are clustered and forming relatively bigger sized
particles in both the samples. Fairly a good heterogeneous and
disordered structure was obtained. Further, the profile analysis of
these solids indicated that the average interplanar distance of the
Au-nanoparticles are found to be 0.14nm and 0.20nm for the
solids Au®(NPs)/TiO, and Au®(NPs)/TiO,(T), respectively. The other
studies showed that Ti doped with MCSM-41 (silica) found a
lattice distance 3.98 nm [54]. The other studies indicated that the
4-amino-3-hydrazino-5-mercapto-1, 2, 4-triazole (AHMT) was
functionalized with gold nanoparticles (AuNPs) and the TEM
images showed that nanoparticles of gold are well dispersed in the
AHMT [55]. Further, the TEM-EDX elemental mapping was
conducted and results were shown elsewhere [50]. It is evident
from the figure that the Au(NPs) are intimately distributed with the
titania network.

The 3D-AFM images of nanocomposite Au®(NP)/TiO, and
Au®(NP)/TiO5(T) coated disks are obtained and presented previ-
ously [50,51], however, it is worth to include the brief description.
TiO, is forming relatively more disordered and heterogeneous
surface structure with the Au®(NP)/TiO5(T) thin film sample
compared to Au®(NP)/TiO-, thin film. This indicated that template
synthesis of titanium dioxide provided an enhanced heterogeneity.
Further, the titanium dioxide is pillared on the substrate surface.
The pillar height is estimated to be 300 and 600 nm respectively for
the nanocomposite Au’(NP)/TiO,, Au®(NP)/TiO5(T) coated disks.
Similarly, root mean square roughness (Rq) and mean roughness
(Ra) were found to be 7.314nm and 1.333 nm (for Au®(NP)/TiO-);
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124.330 nm and 94.659 nm (for Au’(NP)/TiOx(T)), respectively. This
concludes that template process enabled to synthesize a good
heterogeneous surface structure having with increased pillar
height of TiO,. However, the non-template titanium dioxide solid
showed more smooth surface than the template synthesized
titanium dioxide.

The XRD patterns of two nanomaterials viz., Au’(NPs)/TiO, and
Au®(NPs)/TiO, (T) were obtained and presented previously [50]. It
is evident from the XRD patterns that the TiO, in both the samples
possessed predominantly the amorphous mineral phase. However,
a distorted peak at the 20 value of 25.27 is due to the anatase
mineral phase of TiO; [56]. The materials are annealed at moderate
temperature hence, it was devoid with crystallinity. However, the
powder sample was annealed at 800 'C and the results are shown
in Fig. 3. The TiO, annealed at this temperature, showed a good
crystalline structure however, it is predominantly converted in to
rutile phase. In order to reveal the silver nanoparticles, the
intensity was further resolved using the Au®(NPs)/TiO, nano-
composite and interesting to note that (Fig. 3 (Inset)), a clear
reflections are observed at the 26 values of 39.27, 44.25, 64.29
which are characteristic diffraction peaks of the gold nano-
particles [57].

Further, the spectral analysis based on the diffuse reflectance
spectroscopy was conducted to estimate the band gap of these
solids. The Kubelka Munk theory as elaborated by the Tauc
mathematical equation was utilized in deducing the band gap
energy [58]. The band gap energies were found to be 3.12, 2.86 and
2.87eV respectively for the bare TiO(T) Au’(NPs)/TiO> and
Au°(NPs)/TiO,(T) solids. The silver nanoparticles doping greatly
decreases the band gap energy of these solids. Similar results were
obtained in the copper chromite nanostructured material prepared
hydrothermally and shown the Eg value 3.38 eV [59]. On the other
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Fig. 3. X-ray diffraction pattern of nanocomposite Au®(NPs)/TiO, and Au®(NPs)/TiO,(T) materials annealed at 800 C.
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hand the Nanostructured Nd,Sn,0; was obtained using the
pomegranate juice at low temperature. The solid showed the
band gap of 2.8eV and was efficiently employed as visible light
driven photocatalyst [60] (Fig. 4).

Reactor operations

pH dependence removal

The solution pH is an important parameter that affects greatly
the removal of Alizarin Yellow from aqueous solutions since the
physico-chemical properties of dye and catalyst both are changed
significantly with the variation of pH [61,62]. Moreover, the photo
induced radicals generated also showed varied reactivity with the
change in pH [63]. Therefore, to demonstrate the insight of
degradation mechanism of Alizarin Yellow, a systematic study was
carried out varying the solution pH from 4.0 to 10.0. The percentage
removal of Alizarin Yellow as a function of solution pH is obtained
and illustrated in Fig. 5 (Secondary axis). The concentration of
Alizarin Yellow is taken 1.0 mg/L and the UV-A illumination was
given 2 h. Fig. 5 shows that photocatalytic removal of Alizarin
Yellow was increased by increase in pH from 4.0 6.0 however;
further increase in pH i.e., pH 6.0 to 10.0 had caused to decrease the

percentage of Alizarin Yellow removal was increased from 53.12
to 59.38% with increase in pH from 4.0 to 6.0 employing the
nanocomposite Au°(NPs)/TiO,(T) thin film. However, further
increase in pH 6.0-10.0 had suppressed the removal efficiency
of Alizarin Yellow from 59.38 to 40.63%, respectively. A similar
removal trend was obtained for the photocatalyst Au’(NPs)/TiO-
thin film.

The pH dependence removal of Alizarin Yellow using the
nanocomposite photocatalysts could be, explicitly, demonstrated
by the speciation studies of Alizarin Yellow and the surface
behaviour of nanocomposite in aqueous solutions at varied pH
conditions. Hence, a systematic speciation studies of Alizarin
Yellow was conducted separately at wide range of pH i.e., pH 2.0-
10.0. Alizarin Yellow molecule that contains invariably two
dissociable hydrogens (ie., attached with the phenolic and
carboxylic groups (¢f Scheme 1)). The values of pk,' and pk,?
were reported to be 5.0 and 11.0, respectively [64]. Therefore, the
speciation studies indicated that the mono-anionic species
of Alizarin Yellow is dominantly present within the pH region
6.0-10.0 (¢f Fig. 5 (Primary axis)). However, it the mono-ionic
species exists in equilibrium with the non-ionic species as resulted
with the hydrogen bonding between the two phenolic and
carboxylic oxygen atoms (c¢f Scheme 1) [64]. Further increase in
pH > 10.0, due to the dissociation of the phenolic hydrogen, the
Alizarin Yellow turned to di-anionic species that eventually carried
net negative charge density. On the other hand, titanium dioxide
possessed point of zero charge pHpzc 5.9 [65]. This suggests,
titanium dioxide possessed net positive charge density at pH < 5.9
which turns to negatively charged at pH>5.9. Therefore, it is
evident that at higher pH conditions (pH 6-10) both the nano-
composite and Alizarin Yellow are carrying the net negative
charges which causes to repel each other. Hence, this greatly
hinders the electrostatic attraction of Alizarin Yellow by the
nanocomposite materials. Therefore, this restricted the sorption of
Alizarin Yellow by the surface active sites of nanocomposites or
even it restricted the sorbing species to enter within the Stern
plane to enable it for a chemisorption of Alizarin Yellow at the solid
surface. This led to a mark decrease in removal of Alizarin Yellow at
high pH values. Moreover, relatively high percentage removal of
Alizarin Yellow at pH 6.0 is explicable by the fact that at this pH the
anionic species of Alizarin Yellow is seemingly attracted by the

percentage degradation of Alizarin Yellow. Moreover, the positively charged surface of nanocomposite which enabled an
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enhanced sorption of Alizarin Yellow species on to the surface of
catalyst and hence; undergo with an enhanced catalytic degrada-
tion of Alizarin Yellow. A similar very high sorptive removal of
several anionic dyes was recorded at pH Ca 5 which was
significantly decreased at pH 10.0 using the isorecticular nano-
porous Zn(II)-MOFs (metal oxide framework) known as TMU-16
and TMU-16-NH; [66]. The enhanced removal of Alizarin Yellow at
pH 6.0 was also supported with the fact that the hydroxyl ions were
readily oxidized to the "OH at the catalyst surface and are found to
be predominant and stable at the neutral pH conditions [67] which
further synergised the removal of Alizarin Yellow. However, the
photocatalytic degradation of Congo red was decreased by
increasing the pH from 3.0 to 10.0 whereas the dye Bismarck
brown removal was increased by increasing the similar pH i.e., 3.0
to 10.0 using the Ag/reduced graphene oxide nanocomposite [68].
However, at lower pH conditions the percentage removal of
Alizarin Yellow is obtained relatively less. This is due to the reason
that the Alizarin Yellow species are predominantly present to its
un-dissociated species and the surface of nanocomposite also
contained with high positive charge density. Therefore, relatively
less sorption of Alizarin Yellow is occurred onto the solid surface
which caused to decrease in percentage removal of Alizarin Yellow.
Moreover, at low pH conditions the hydroxyl species are also
readily reduced as associated with the H* ions which then
suppressed the "OH induced degradation of Alizarin Yellow Eq. (1)
[69,70,44,45].
‘OH+H"+e —H,0 (1)

Similar degradation trend was shown for the oxidative removal
of Alizarin Yellow by the nanopillar-TiO, using the UV irradiation

[71]. Relatively high percentage removal of Alizarin Red S is
obtained at pH 7.0 using the biomimetic peroxidase-like photo-
catalyst  5,10,15,20-tetrakis(4-sulfonatophenyl)porphine-Mn(III)
[63].

Fig. 5 further indicated that the percentage efficiency of Alizarin
Yellow is markedly higher using the nanocomposite Au®(NP)/TiO-
or Au®(NPs)/TiO,(T) photocatalysts than the corresponding blank
process using UV-A illumination. Therefore, it again demonstrated
that nanocomposite thin films possesses an enhanced catalytic
activity, at least, in the degradation of Alizarin Yellow in aqueous
media. Moreover, the template synthesized photocatalyst
Au°(NPs)/TiO5(T) showed relatively higher removal efficiency of
Alizarin Yellow than the non-template nanocomposite Au®(NPs)/
TiO,. This indicates that templated synthesized TiO, with in situ
impregnation of Au-nanoparticles resulted a dense titania network
which showed an enhanced photocatalytic efficiency.

Change in Alizarin Yellow concentration

Alizarin Yellow dye concentration is varied from 0.5 mg/L to
15.0 mg/L at pH 6.0. The Alizarin Yellow solution was irradiated for
a period of 2h. Further, the degradation efficiency of Alizarin
Yellow with reference to dye concentration was obtained and
illustrated in Fig. 6. Fig. 6 shows that increasing the concentration
of Alizarin Yellow had suppressed significantly the percentage
removal of Alizarin Yellow for both photolytic and photocatalytic
treatment. Quantitatively, the percentage efficiency of Alizarin
Yellow was decreased from 71.88 to 24.27% increasing the
pollutant concentration from 0.5 mg/L to 15.0 mg/L, respectively
using the nanocomposite Au®(NPs)/TiOx(T) catalyst. This decrease
in degradation efficiency of Alizarin Yellow at increased dye
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concentration is due to the reason; at higher concentration of dye
molecules have relatively less contact possibilities to the catalyst
surface. Previous study indicated that increasing the pollutant
concentration causing to scavenge the surface active sites which
suppressed significantly the removal efficiency [72,73]. A similar
decolourization rate (%) was observed in the removal of Acid
Brilliant Scarlet GR using the bio-AuNPs (bio: strain Trichoderma sp.
WL-Go) [74]. The other study showed a similar decrease in
percentage removal of Reactive Red 180-RR180 in a hybrid process
contained with UV+ZnO+HC (HC: hydrodynamic). It was further
demonstrated that the content of free radicals that take part in
decomposing the organic molecules are constant however; the
pollutant molecules are increased significantly at higher initial
concentration this eventually reduced the percent degradation of
dye at higher initial concentration of dye [16].

Kinetic studies
Kinetics of dye removal under the photolytic or photocatalytic
treatments are conducted using the time dependence data. The
rate of degradation enables eventually the overall efficiency of
catalyst. The rate of degradation of Alizarin Yellow was presented
by pseudo-first order rate equation Eq. (2):
d[Dye

r=-— [d{ ] = kﬂPP [kphomlysis + kphotommlysis] [Dye}

= kapp [Dye] (2)
where [Dye] is used for the concentration of Alizarin Yellow and

kapp is the pseudo-first-order rate constant. The above Eq. (2) is
simplified to Eq. (3):

[«
In (?‘:) = kapp-t (3)

where Cp and C; are the concentration of Alizarin Yellow at t=0 and
at time ‘t". Therefore, plots were obtained between In(Cy/C,) vs the
time t° and shown in Fig. 8 (Insets) (Initial concentration of
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Alizarin Yellow: 1.0mg/L at pH: 6.0). The k,p, values were
calculated for all the studied concentrations and presented in
Fig. 7. Adecrease in Alizarin Yellow concentration greatly enhanced
the k,pp values. Further, interesting to observe that the k,p, value
for the catalytic removal of Alizarin Yellow was found readily
higher than photolytic process carried out in UV-A light only. This
further confirms the greater applicability of catalyst in the
oxidative removal of Alizarin Yellow. The other studies showed
that the removal of methylene blue using P25 titanium dioxide
catalyst followed pseudo-first-order kinetics [75]. Similarly, the
degradation of several dyes viz, amaranth, sunset yellow and
tartrazine in the photocatalytic processes using the catalysts TP,
TPt-GO and TPt-rGO catalysts (T: Titanium, Pt: Platinum Nnao-
particles; GO: Graphene oxide; and rGO: reduced graphene oxide)
are followed pseudo-first order rate law. It was further indicated
that rate constant values were significantly increased for the
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photocatalyzed processes compared to the photolytic processes
[12].

Further, the photocatalytic degradation of Alizarin Yellow was
modelled with the Langmuir-Hinshelwood (L-H) isotherm at
varied concentrations of Alizarin Yellow to its linear form [76].
The L-H adsorption constant ‘K’ (L/mg) and the rate constant ‘k,’
(mg/L/min) values are found to be 0.362 and 0.026 (R?: 0.987; for
nanocomposite Au’(NPs)/TiO,); 0.372 and 0.029 (R?: 0.968; for
nanocomposite Au’(NPs)/TiO,(T)) thin films, respectively.

NPOC removal of Alizarin Yellow

Further, percent mineralization of dye in the degradation
process is an important aspect of this study. Hence, NPOC results
were obtained for treated and untreated Alizarin Yellow samples.
The percentage of NPOC removal was shown at varied pH (¢fFig. 8).
The Alizarin Yellow concentration was taken 1.0mg/L and the
solution was illuminated for a period of 2 h. Fig. 8 clearly indicated
that initially the percentage of NPOC removal was increased with
increase in pH 4.0-6.0. However, further increase in pH from 6.0 to
10.0, the removal efficiency of NPOC was suppressed to a greater
extent. Moreover, NPOC removal was increased from 50.26 to
54.73% with the increase in pH from 4.0 to 6.0 using nano-
composite Au’(NPs)/TiO,(T) photocatalyst. However, further
increase in pH from 6.0 to 10.0 had caused to decrease the
mineralization of Alizarin Yellow from 54.73% to 38.89%, respec-
tively using the Au®(NPs)/TiO5(T) photocatalyst. Similar trend was
observed for the other photocatalyst Au°(NPs)/TiO-. The percent
mineralization of Alizarin Yellow was found relatively high using
the template synthesized nanocomposite Ag°(NPs)/TiO5(T) com-
pared to the non-template synthesized material Ag°(NPs)/TiO..
This again showed the greater utility of template synthesized
material. On the other hand, the photolysis process showed
insignificant percentage removal of NPOC (cf Fig. 8). Overall, it was
noted that a single photocatalytic operation could enable to
mineralize a significant percentage of Alizarin Yellow in aqueous
solutions.

Stability of thin film catalyst
Stability of nanocomposite coated disk is important for
prolonged and continued use of catalyst in wastewater treatment
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plants. Nevertheless, it demonstrates the long term use of catalyst.
Threfore, the nanocomposite Au’(NPs)/TiOx(T) thin film was
intended to employ in the six cycle of operations using the same
disk. The results of six operations are shown in Fig. 9. The initial
conecntration of Alizarin Yellow was used 5.0 mg/L at pH 6.0. The
disk was cleaned with purified water at the end of each reactor
operation. After washing of disk it was dried at 105 C in drying
oven. The dried disk was again employed for the next cycle of
treatment. Fig. 9 clearly showed that even after six cycles of
treatmnet the Nanocomposite Ag®(NPs)/TiO»(T) thin film pos-
sessed fairly high stability since the degradation efficiency of
Alizarin Yellow was not affected significantly. Quantitatively, at the
end of sixth repeated operation, the percentage degrdation of
Alizarin Yellow was decreased from 38.58% to 37.30% only (i.e., a
decrease of 1.28%) or otherwise the Cy/C; value was increased from
0.614 to 0.640. This indicated that the nanocomposite thin film is
fairly stable at least for the long term photocatalytic implication.
These studies further demonstrated the applicability of nano-
composite coated disk for efficient and prolonged treatment of
wastewater. However, the use of TiO; catalyst powder for repeated
operations showed marked decrease in catalytic efficiency. This
was due to the aggregation of dye particles around the TiO,
particles which substancially caused to decrease the efficiency of
catalyst [77]. Similarly, the use of Ag/rGO nanocomposite photo-
catalyst showed Ca 10% decrease in the removal efficiency of azo
dyes viz., Congo red and Bismarck brown for repeated use [68].
However, use of nanocomposite thin film could enable to provide a
prolonged catalytic operations. Similar stability was reported
previously using the catalyst 6 wt% MWCNT/Au-TiO, in oxidative
removal of cyanide for 5 repeated operations | 78] or the molecular
oxygen activation using the boron nitride quantum dots decorated
ultrathin porous graphitic carbon nitride (g-CsN4) [ 79]. Further, the
SEM images and the XRD data was collected for the six cycles used
Ag(NPs)/TiO»(T) thin film. The results are shown in Supplemen-
tary Figures S1 and S2 respectively for SEM image and XRD
patterns. Figure clearly revealed that the surface structure of the
nanocomposite Ag(NPs)/TiOx(T) thin film was slightly changed
and in addition to the fine grains of the TiO; the aggregated
particles are visible. This is, perhaps, because of the presence of the
pollutant particles on the TiO, surface. On the other hand, the XRD
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Fig. 9. Repeated cycle of photocatalytic operations using the Au’(NPs)/TiO»(T) nanocomposite thin film for the degradation of Alizarin Yellow ([Alizarin Yellow]:

5.0mg/L; pH: 6.0).
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pattern of the thin film showed similar amporphous nature of solid
contained with chracteristic peak of anatase phase of TiO; which is
very distortly observed at the 20 of 25.27. These results further,
evidenced the stability of thin films to be employed for successive
reator operations.

Real matrix treatment

The study was further intended to implement for the real water
samples. The water from the local river Tlawng was collected. The
water sample was analysed for various physico/chemical param-
eters and reported elsewhere [52]. The analytical results indicated
that the water is having relatively high concentrations of Ca, Zn and
Fe along with high value of inorganic carbon and some NPOC. The
solutions of Alizarin Yellow were prepared in this water having
different concentrations at constant pH 6.0. The photocatalytic
treatment of Alizarin Yellow was conducted using the Au®(NPs)/
TiO,(T) catalyst. The total duration of UV-A irradiation was kept
constant to 2.0h. The percentage removal of Alizarin Yellow
was obtained and compared with the purified water removal
(Cf Fig. 10). It is indeed to observe that the removal of Alizarin
Yellow was not significantly affected even in river water samples
which pointed greater applicability of catalyst in the degradation
of Alizarin Yellow.

Degradation mechanism

The radical scavengers viz., 2-propanol or HCO; are known to
scavenge the "OH radicals [80,81]. Similarly, the EDTA inhibits
significantly the formation of hole in titanium dioxide [82]. Sodium
azide (NaNs) suppresses singlet oxygen which is generated with
combining the superoxide radical and photo generated h* [83].
Therefore, photocatalytic removal of Alizarin Yellow was studied in
presence of these scavengers each having 1000 mg/L employing
the nanocomposite Ag®(NPs)/TiO5(T) coated disk. Percentage
removal of Alizarin Yellow is illustrated in Fig. 11. Figure indicated
that the presence of these scavengers affected significantly the
percentage removal of Alizarin Yellow. Among these scavengers,
EDTA and NaNs; suppressed significantly the degradation of
Alizarin Yellow. These results, therefore, inferred that the holes
were involved in generating the ‘OH radicals that caused to oxidize
the Alizarin Yellow. Similarly, the singlet oxygen is partly taking
part in the degradation pathway. Additionally, the decrease in
percentage removal of Alizarin Yellow in presence of 2-propanol or
HCO; indicated the direct involvement of *OH radical in the
degradation of Alizarin Yellow.

Therefore, photocatalytic removal of Alizarin Yellow by nano-
composite Au’(NPs)/TiO5(T) thin film is to be proposed in possible
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Fig. 10. Comparison of photocatalytic degradation of Alizarin Yellow in distilled
water and Tlwang river water using the Ag®(NPs)/TiO,(T) thin film catalyst [pH: 6.0
and irradiation time: 2 h].
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Fig. 11. Photocatalytic degradation of Alizarin Yellow in presence of several
scavengers using the nanocomposite Au®(NPs)/TiO(T) thin film.

two different mechanistic pathways. The UV-A (A=360nm)
photons excites the electrons from valance band to conduction
band in titanium dioxide. The Au(NPs) traps the excited electron
around conduction band. Then, this restricts the possibility of
recombination of e /h* in TiO,. Electron that trapped undergoes to
form superoxide radical and hence the generation of "OH. On the
other hand, h* which is formed in the valance band, combined with
the O, and generates the O,". This again produces the ‘OH.
Therefore, the reactive ‘OH radicals are, perhaps, involved in the
degradation of Alizarin Yellow. Moreover, the Au’(NPs) absorbs
photons energy in the UV-A region that generates local electro-
magnetic field. This causes local excitation of electrons in
semiconductor titanium dioxide and hence, the formation of
e /h* pairs. This further generates hydroxyl radicals and simulta-
neously involved in the oxidative degradation of Alizarin Yellow.

Conclusion

A newer facile synthesis was adopted to obtain the plasmonic
nanocomposite Au’(NPs)/TiO, materials. The in situ impregnation of
Au®-Nanoparticles with the titania network was proceeded by
template process and polyethylene glycol was employed as filler
media. X-ray pattern showed that both the solids Au’(NPs)/TiO,
(non-template) and Au®(NPs)/TiOy(T) (template) possessed pre-
dominantly the amorphous in nature. However, the annealed
powder at 800°C showed a good crystalline structure and
diffraction peaks of Au(NPs) are occurred. The SEM images indicated
that the TiO, grains were distributed uniformly onto the borosilicate
substrate surface. TEM images showed that Au(NPs) are spatially
distributed within titanium dioxide network having the sizes of
20-25nm. The average interplanar distance of the Au(NPs) were
found to be 0.14nm and 0.20 nm for the solids Au’(NPs)/TiO, and
Au®(NPs)/TiO5(T), respectively. AFM images of these nanocompo-
site thin films showed that titanium dioxide was pillared onto the
substrate and forming very hetrerogeneous surface structure. Au(0)
(NPs) doping with TiO, caused to decrease the band gap energies
from 3.12 eV to 2.86 and 2.87 eV respectively for the Au’(NPs)/TiO5
and Au®(NPs)/TiO,(T) solids. The photocatalytic degradation of
Alizarin Yellow was favored at pH 6.0 and at lower concentration of
Alizarin Yellow. Pseudo-first order rate law was followed the
degrdation and pseudo-first order rate constnts were increased
with a decrease in Alizarin Yellow concentration 15.0 to 0.5 mg/L.
The proposed treatment was enabled to mineralize the significant
amount of Alizarin Yellow. Additionally, the scavengers studies
inferred that "OH radicals were greatly took part in the degradation
of AlizarinYellow. The thin film photocatalyst was found to be fairly
stable for successive photocatalytic operations since the catalytic
efficiency of catalyst was not affected in the repeated operations.
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Moreover, the real matrix treatment of Alizarin Yellow using the
Tlwang river water indicated that no significant change in removal
efficiency was occurred compred to the purified water treatment.
The study showed that the template synthesized photocatalyst
Au®(NPs)/TiOs(T) possessed relatively higher removal efficiency
than non-template synthesized nanocomposite Au’(NPs)/TiO, thin
film. The Nanocomposite thin film materials therefore; showed
potential applicability in a large scale treatment of waste waters
contaminated with Alizarin Yellow.
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Abstract

The present communication specifically aims to synthesize novel nanocomposite material Au NPs/TiO, in a simple template
process using the polyethylene glycol as filler media. The thin film of the nanocomposite material was characterized by the
advanced analytical tools. The surface morphology was obtained by the scanning electron microscopic (SEM) and transmission
electron microscopic (TEM) images of solids. Similarly, the surface topography and roughness of solid were obtained by the
atomic force microscopic (AFM) image of thin film. X-ray diffraction (XRD) data enabled to confirm that the TiO, was
predominantly present with its anatase phase. The specific surface area and pore size of the solid were obtained using the N,
adsorption/desorption data. Nanocomposite Au NP/TiO, thin film was employed in the photocatalytic removal of sulfamethox-
azole and triclosan from aqueous solutions using less harmful UV-A light (.« = 330 nm). Various physicochemical parametric
studies enabled to deduce the mechanism involved in the degradation process. The degradation kinetics as a function of pH (pH
4.0-10.0) and micro-pollutant concentrations (0.5-15.0 mg/L) was extensively studied. The mineralization of these pollutants
was obtained using the non-purgeable organic carbon (NPOC) data. The stability of thin film was assessed by the repeated
operations, and presence of several co-existing ions simulates the studies to real matrix treatment. Further, the presence of
scavengers enabled to pin point the radical-induced degradation of sulfamethoxazole and triclosan from aqueous solutions.

Keywords Emerging water pollutants - Nanocomposite Au NPs/TiO, - Degradation kinetics - Mineralization - Stability of
catalysts

Introduction

The detection of several pharmaceuticals and personal care
products (PCPs) in water bodies is found ubiquitous and wide-
spread (Mompelat et al. 2009; da Silva et al. 2011; Wu et al.
2012). These water contaminants are persistent and found
difficult to eliminate completely in the existing biological or
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physicochemical wastewater treatment plants. Hence, they are
eventually escaped through the wastewater treatment plants
(WWTPs), at low level, and subsequently enter into the fresh
water system, contaminating the water bodies, viz., drinking
water, surface water, or even the river/lake waters. Based on
its toxicity or prevalence to drug resistance in the environment
and human commensal microbes or due to persistence in na-
ture, these compounds are known as emerging water pollut-
ants (Constantin et al. 2018; Han et al. 2017). Although the
regulatory bodies have not prescribed the permissible limit of
these emerging pollutants in the water bodies, however, based
on its potential risk towards the human being, animals or
aquatic life, it is important to eliminate effectively from aque-
ous solutions (Kosera et al. 2017).

Sulfamethoxazole is one of widely used antibiotics which
belongs to the sulfonamide group of antibiotics. This is in-
cluded with the other antibiotics sulfadiazine, sulfamerazine,
sulfamethazine sulfathiazole, and sulfapyridine (Kolpin et al.
2002a; Cheng et al. 2017). It was most detected (100%) water
contaminants as monitored in 139 streams in the USA from
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1999 to 2000 (Ahmed et al. 2015; Kang et al. 2018).
Sulfamethoxazole possesses the log K, and pK, values of
0.89 and 1.6/5.7, respectively. This antibiotic is widely used as
bacteriostatic agent and frequently supplemented in human
and veterinary medicines (Hu et al. 2007; Wang et al.
2018b). This is also prescribed as a synergistic additive with
trimethoprim to treat urinary tract infections (Dias et al. 2014).
The contamination of aquatic environment by the pharmaceu-
ticals, in general, is mainly due to the wastewaters that origi-
nate from the hospitals, veterinary clinics, households, phar-
maceutical manufacturing facilities, etc. Similarly, a large and
significant contribution is from the wastes originating from
the livestock as the feces and urine of animals contained with
significant load of antibiotics (Behera et al. 2011). A report
suggested that about 29.9 million pounds of antibiotics were
used on farm animals (Leavey-Roback et al. 2016; Wang and
Wang 2016). Since, only part of it is metabolized and Ca 70—
90% 1is excreted through feces and urines as such or its me-
tabolite forms (Massé et al. 2014). This subsequently enters as
influent of WWTPs and eventually contaminates the water
bodies.

On the other hand, the triclosan (5-Chloro-2-(2,4-
dichlorophenoxy)phenol) is polychlorinated aromatic antimi-
crobial drug. It effectively inhibits the enoyl-acyl carrier pro-
tein reductase for fatty acid synthesis in bacteria, blocking
lipid biosynthesis in Escherichia coli and promoting a muta-
tion in a Fabl gene (Heath et al. 2000; Heath and Rock 2000;
Jones et al. 2000). It is often included as an additive for many
health and personal care products (Sivaraman et al. 2003).
Triclosan is introduced as a preservative or as an antiseptic
agent for several consumer products of daily use, viz., hand
soaps, skin creams, toothpastes, and household cleaners or
even in textiles (Singer et al. 2002; Yang et al. 2011). It is
reported that triclosan is less toxic, hence less health concerns;
however, triclosan is readily photo-transformed in aqueous
media and generating 2,8-dichloro-dibenzo 1,4-
dioxincompounds which are potential carcinogens (Aranami
and Readman 2007; Sanchez-Prado et al. 2006). Similarly, it
was pointed that methyl triclosan occurred through the bio-
logical methylation was known to be more lipophilic and
bioaccumulative than the parent triclosan compound
(Lindstrom et al. 2002). The acidic dissociation constant
(pK,) of triclosan is ranged between 7.9 and 8.1; hence, the
solubility of triclosan increases with the increase in pH (Grove
et al. 2003). The octanol-water partition coefficient (log K,,)
was reported to be 5.4 that indicates the compound is a stable
lipophilic (Hart 1999). Therefore, triclosan feebly accumu-
lates in aquatic and terrestrial organisms (Son et al. 2009).
Triclosan is one of abundantly detected contaminants in the
aquatic environment (Huang et al. 2016; Thomaidi et al. 2017)
and reported to be 57.6% in US streams and 62.7% in Elbe
River water samples (Kolpin et al. 2002a). It is often detected
in the human urine, plasma, breast milk, etc. samples
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(Adolfsson-Erici et al. 2002; Allmyr et al. 2006; Arbuckle
et al. 2015). Triclosan is reported to be geno- and cytotoxic
compound studied for the aquatic organisms and species such
as algae and fish (Kolpin et al. 2002b). Another report indi-
cated that triclosan itself shows weak androgenic activity to-
wards aquatic life (Foran et al. 2000) and, hence, the estrogen-
ic and androgenic responses in human breast cancer cells (Gee
et al. 2008). These studies further demonstrated that triclosan
is a potential endocrine-disrupting compound.

Therefore, the widespread and ubiquitous presence of these
emerging water contaminants poses a serious environmental
challenge to tune better the existing wastewater treatment
technologies to eliminate these contaminants effectively. The
role of advanced hybrid materials or metamaterials showed
widespread applications in the area of electronics
(Srinivasarao et al.; Guslienko 2008; Shankar et al. 2018;
Sun et al. 2018), enhanced interfacial shear strength (IFSS)
and tensile strength materials (Wang et al. 2017), mechanical
properties (Liu et al. 2017), and electrically conducting ther-
moplastic materials (Liu et al. 2015, 2016, a; Hu et al. 2018; Li
et al. 2018) or even in several environmental remediation
strategies (Song et al. 2012; Ahmed et al. 2015). Similarly,
the 2D photocatalysts were employed in the efficient water
splitting process (Su et al. 2018). The composite materials
based on titania were used for an enhanced catalytic activity
or even in self-cleansing titania mesh membrane for efficient
oil/water separation process (Zhang et al. 2017b; Kang et al.
2018). The antibacterial and bacterially adhesive cotton fab-
rics coated with cationic fluorinated polymer materials were
synthesized by co-polymerization process (Lin et al. 2018).
An interesting computer simulation study was overviewed to
study the physical properties of several nanocomposite mate-
rials (Zhao et al. 2017). In a line, the advanced oxidation
process integrated with the TiO, or titania-based
photocatalysts is found to be an effective method to degrade
the stable and potentially emerging micro-pollutants (Zhang
et al. 2017a). The process includes with in situ generation of
highly reactive hydroxyl radicals (rate constants in the order of
10°to 10° M ' s7") that are predominantly responsible for the
degradation/or even mineralization of micro-pollutants from
wastewaters (Buxton et al. 1988; Zhang et al. 2017a, b). The
variety of template materials were introduced in literature to
synthesize several nanocomposites that include acrylonitrile-
butadiene-styrene, polydimethylsiloxane, poly(acrylic acid),
polyacrylonitrile, and poly(vinyl alcohol) (Li et al. 2017;
Sun et al. 2017a; Ma et al. 2017; Wang et al. 2018a; X. Cui
et al.). Literature survey further reveals that the graphene-
based titanium oxide composite materials were found useful
in the removal of antibiotics, viz., sulfamethoxazole (SMX),
erythromycin (ERY), and clarithromycin (CLA), antibiotic-
resistant bacteria, and their associated genes using the solar
radiation. The results indicated that the composite materials
could degrade ERY (84 +2%), CLA (86 +5%), and SMX (87
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+4%) which were slightly higher than the pristine TiO,
photocatalyst (Karaolia et al. 2018). Iron phthalocyanine is
supported with activated carbon fiber (FeMATNPc) to en-
hance the catalytic degradation of sulfamethoxazole from
aqueous solutions. The EPR results demonstrated that the rad-
ical species and the higher valent iron (Fe(IV)) were domi-
nantly involved in the degradation of sulfamethoxazole (Wang
et al. 2018b). Similarly, several photo-Fenton or Fenton-like
processes were demonstrated in the removal of sulfamethox-
azole using the materials Ce-Fe-graphene nanocomposite
(Wan et al. 2016) or ferrioxalate complexes (Dias et al.
2014). On the other hand, a photoelectrocatalytic (PEC) pro-
cess along with the UV illumination showed to achieve 78.7%
removal of triclosan; however, the harmful intermediate 2,7-
dichlorodibenzodioxin (DCDD) was formed in the degrada-
tion process (Liu et al. 2013). The TiO,-based photocatalytic
degradation of triclosan using the UV-A illumination showed
a high percentage removal, and the kinetic studies showed that
the degradation process followed the Langmuir-Hinshelwood
model (=27.99 mM ", Kyiciosan=9.49 mM ") (Son et al.
2009). A CPC reactor (packed bed reactor type CPC) was
packed with the TiO,-impregnated tezontle stones, and it
was then operated for the removal of triclosan using the solar
radiations. This could achieve a removal efficiency of 74% in
presence of persulfate as an effective electron acceptor
(Martinez et al. 2014). TiO, (Degussa) photocatalyst was
employed in the degradation of triclosan from aqueous solu-
tions using the UV light (A <365), and it is interesting to
observe that no dichlorophenol intermediate was formed in
the photocatalytic degradation process (Yu et al. 2006). The
heterogeneous zinc oxide (ZnO: crystal phase wurtzite)
immobilized with sodium alginate showed fairly a high re-
moval efficiency of triclosan within 20 min of contact whereas
solar-irradiated sample required 90 min of contact to achieve
the degradation efficiency 90% (Kosera et al. 2017). Similarly,
the Fenton-like processes using the BiFeO; magnetic nano-
particles (BiFeO; MNPs) (Song et al. 2012) or ferric ion
(Munoz et al. 2012) were introduced to achieve a high degra-
dation efficiency of triclosan from aqueous solutions.

The TiO, catalyst decorated with the noble metal nanopar-
ticles (NPs), viz., NPs of Ag or Au could absorb the photon in
the visible region since these NPs enable to cause the surface
plasmon resonance effect and stimulate the localized electric
field in the vicinity of TiO, that results in facile generation of
e /h* pairs at the surface of TiO, (Ihara et al. 1997).
Additionally, the NPs on TiO, act as co-catalysts which pro-
mote the e /h* separations (Seery et al. 2007). The catalytic
activity of TiO, largely depends upon the particle size, geom-
etry, and the type of noble metal NPs doped in its sphere (El-
Sayed 2001). Previously, the BaTiO5; nanoparticles were syn-
thesized by the thermohydrolysis route which provides a nov-
el low-temperature route in the synthesis of perovskite films.
The films possessed with a stable dielectric constant of 30

having the frequency ranged from 0 Hz to 1 MHz (Sun et al.
2017b). Similarly, the enhanced lithium ion batteries were
obtained using the nanocomposites of TiNb,O-/carbon nano-
tubes or nanoparticles of FeNb;;0,9 as anode materials (Lou
et al. 2017; Hou Qinzhi et al. 2018). In a line, the TiO, thin
films are a viable option of utilizing the photocatalysts in the
treatment of wastewater treatment plants that makes the phase
separation easy and possesses greater applicability in the re-
peated catalytic operations. However, the impregnation of
NPs with TiO, network in thin film is a challenging objective.
A simple deposition of NPs is found unstable under reaction
conditions, and it readily migrates and aggregates to the larger
particles. This causes the loss of its unique properties (Huang
et al. 2017). Therefore, present communication aims to syn-
thesize a Au NP/TiO, nanocomposite thin film with the tem-
plate synthetic method. Further, the nanocomposite material
was employed in the remediation of aqueous solutions con-
taminated with emerging water pollutants, viz., sulfamethox-
azole and triclosan. The detailed physicochemical parametric
studies enabled to deduce the mechanism of degradation, and
kinetic studies revealed the efficiency of nanocomposite ma-
terials in the degradation process.

Materials and methods
Chemical and materials

Gold(III) chloride hydrate, triclosan (99.999%), sulfamethox-
azole, acetic acid (99%), and sodium borohydride (98%) were
obtained from the Sigma-Aldrich. Co., USA. Titanium (IV)
isopropoxide (99%) and polyethylene glycol (average molec-
ular weight 800) were obtained from the Samchun Pure
Chemical Co. Ltd., Korea. Sodium nitrate and ethylenedi-
aminetetraacetic acid disodium salt was obtained from Loba
Chemicals, India. Ethanol anhydrous was obtained from the
Daejung Chemicals & Metals Co. Ltd., Korea. Sodium chlo-
ride, sodium azide, oxalic acid dihydrate, sodium hydrogen
carbonate, 2-propanol, zinc chloride dry, cadmium nitrate
tetrahydrate, copper (II) sulfate pentahydrate, glycine, and
acetonitrile (HPLC grade) were obtained from the Merck
India Ltd., India. Purified water (18.2 M) c¢cm at 25 °C) was
collected from the Millipore Water Purification system (mod-
el: Elix 3).

UV-visible spectrophotometer (Thermo Fisher Evolution
Model-220, UK) was employed for the spectrophotometric
determination of sulfamethoxazole or triclosan in aqueous so-
lutions. The sulfamethoxazole and triclosan give the distinct
absorption peaks at the wavelength (A,.) 360 and 254 nm,
respectively. The standard solutions of sulfamethoxazole or
triclosan were prepared having the micro-pollutant concentra-
tions 0.5, 1.0, 5.0, 10.0, and 15.0 mg/L. Calibration lines were
drawn between the concentrations of these standard solutions
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and its corresponding measured absorbance (correlation coef-
ficient R? =0.999). The total organic carbon (TOC) analyzer
(Shimadzu, Japan; model: TOC-VCPH/CPN) was employed
to measure the non-purgeable organic carbon (NPOC) values
to study the, possible, mineralization of sulfamethoxazole or
triclosan from aqueous solutions by the photolytic/or photo-
catalytic treatments. A UV-A lamp, wavelength (Apax) =
360 nm (model: 9W, PLSO9W BLB/2P 1CT, Philips), was
obtained from the Hansung UV Pvt. Co. Ltd., Korea.

Methodology
Synthesis of gold nanoparticles

Nanoparticles of gold were obtained by using previously de-
scribed method (McFarland et al. 2004). Briefly, 0.1 mmol/L
of gold(Ill) chloride solution was prepared in distilled water.
Fifty-milliliter gold(IlI) solution was taken into a conical flask
and was heated up to its boiling. Then slowly, under the stirred
conditions, 2-mL 1% trisodium citrate solution was added
quickly to the gold(II) solution. The solution was taken off from
the hot plate. The gold(Ill) rapidly reduces to Au(0) and the
color of the solution was quickly changed to deep red. The gold
nanoparticles were formed and it was found stable for hours.

Synthesis of Au/titania sol

A template synthesis of TiO, was carried out using the titani-
um alkoxide precursor. The polyethylene glycol was intro-
duced as a template to generate titania network.
Titanium(IV) isopropoxide 28 g was mixed with 13 g of
acetylacetone and 2 g of polyethylene glycol was dissolved
in it. Simultaneously, freshly prepared 10 mL of Au(0) nano-
particle suspension was mixed. Further, a solution mixture of
ethanol (184 g), acetic acid (5.8 g), and distilled water (22.5 g)
was mixed slowly to the titanium solution. The solution mix-
ture was stirred vigorously for 2 h followed by sonication for
30 min in a sonication bath. A clear sol Au NP/TiO, was
obtained which was aged for Ca. 24 h and employed for the
fabrication of thin films.

Preparation of nanocomposite Au NP/TiO, thin film

Borosilicate glass disk (2.3 cm diameter and 0.5 mm thick-
ness) was cleaned by 0.1 mol/L HNOj; and washed repeatedly
by the distilled water and dried in a drying oven. Further, the
disk was taken slowly in the transparent solution of Au NPs/
TiO, and placed vertically in the titania sol for 1 h. It was then
taken out slowly using a forceps. The disk was kept in air for
Ca 12 h and then dried first at 100 °C for 1 h followed by
annealing at 500 °C for 3 h in an electric furnace (Nabertherm;
model no. LT/15/12/P330, Germany). This results a very fine
thin film formation of nanocomposite Au NPs/TiO, onto the
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substrate surface. Further, the process was repeated for anoth-
er two times that enables to obtain a fine and smooth thin film
formation onto the surface. The thin film samples were stored
in a vacuum desiccator under dark conditions for its further
use as photocatalyst.

Further, the solvents of sol solution Au NPs/TiO, were
evaporated at 105 °C followed by annealing at 500 °C to
obtain the nanocomposite Au NP/TiO, solid. The solid was
crushed in a mortar to obtain the fine powder of material. It
was kept in the airtight polyethylene bottle.

Morphological study of material

The surface morphology of thin film Au NPs/TiO, was ob-
tained by the scanning electron microscope (SEM) machine
(model FE-SEM SU-70, Hitachi, Japan). Similarly, the nano-
composite Au NP/TiO, powder was subjected for the trans-
mission electron microscopic (TEM) analysis using the TEM
analyzer (Tecnai F20 Transmission Electron Microscope, FEI,
USA). The topographical 3D image of thin film was obtained
by the atomic force microscope (AFM) machine (XE-100
apparatus from Park Systems, Korea) having sharp tips
(>8 nm tip radius; PPP-NCHR type from Nanosensors ).
The images were taken over the area of 10 x 10 um? and it
was conducted in a non-contact mode. The 3D data clearly
enabled the pillar height of TiO, along with the surface
roughness.

Characterization of thin films

The X-ray diffraction (XRD) data of Au NP/TiO, thin film
was collected using the X-ray diffraction machine (i.e.,
PANalytical, Netherland; model X’Pert PRO MPD). It was
recorded at the scan rate of 0.033 of 20 illumination and hav-
ing the generator settings 30 mA, 40 kV. The CuK,,; and
CuK,; radiations were employed having wavelengths of
1.5406 and 1.54443 A. The BET specific surface area was
obtained using BET surface area analyzer (model ASAP
2020; Protech Korea) based on the liquid N, adsorption and
desorption method.

Photocatalytic removal of micro-pollutants

Stock solutions of sulfamethoxazole or triclosan (each
20.0 mg/L) were prepared in a purified water. In order to
increase the solubility of these micro-pollutants, the solutions
were sonicated for 10 min in a sonication bath. Further, the
required experimental concentrations of sulfamethoxazole or
triclosan were obtained by the successive dilution of each
stock solution. The pH of micro-pollutant solution was adjust-
ed by the dropwise addition of conc. HCI/NaOH solutions.
The concentration dependence data was collected by varying
each micro-pollutant concentrations from 1.0 to 15.0 mg/L.
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In order to conduct the photolytic or photocatalytic opera-
tions, a self-assembled photo reactor was used. A black box
(dimension 60 x 45 x 45 cm) was made by cardboard and
wrapped with black paper. A borosilicate glass beaker
(100 mL) was contained with 50.0 mL of micro-pollutant
solution and was placed inside the black box. Carefully, the
nanocomposite Au NP/TiO, thin film disk was placed hori-
zontally at the bottom of the reactor vessel. A UV-A lamp was
mounted Ca 10 cm above to the micro-pollutant solution. The
UV-A radiations enter the photocatalyst through the pollutant
solution that enables the photocatalytic oxidation of micro-
pollutants, i.e., sulfamethoxazole or triclosan. The tempera-
ture of reactor was maintained to 25+ 1 °C using a self-
assembled water bath. The sample solution was taken out
from the reactor at definite time intervals in order to analyze
the micro-pollutant concentrations using a UV-Vis spectro-
photometer. Always a blank experiment was performed using
only UV-A irradiation without the thin film photocatalyst for
comparison of photocatalytic degradation of these micro-
pollutants.

Results and discussion
Morphological study of thin films

The SEM image of Au NP/TiO, thin film is shown in Fig. 1a.
Figure 1a clearly indicated that fine grains of TiO, are distrib-
uted on the surface of borosilicate glass-making thin film of
composite material of Au NPs/TiO,. Very heterogencous

Fig. 1 a SEM image, b TEM
image, and ¢ TEM elemental
mapping of the nanocomposite
Au NPs/TiO,

surface structure is visible on the surface having some cracks
at places. Moreover, some of the mesopores are also seen on
the surface. Interesting to note that at places, the Au(0) nano-
particles are visible with the TiO, structure. A similar
Au(NPs) were impregnated/decorated with the TiO, nano-
tubes using the two-step anodization method. The Au nano-
particles were clustered at the TiO, surface, and the density of
gold clusters depends largely on the gold concentrations along
with the bias voltages (Noothongkaew et al. 2017).

The TEM image of the powder nanocomposite Au NPs/
TiO, was taken and presented in Fig. 1b. It is evident from the
TEM image that the Au nanoparticles are distributed with the
TiO, network. The particle size was ranged within 25-30 nm.
Further, the interplanar distance of the Au Nanoparticles was
estimated to be 0.25 nm for the solid sample of Au NPs/TiO,.
It was reported previously that Au (NPs) are well dispersed
with the spherical surface of SiO, having a mean diameter of
about 3—5 nm, and the interplanar distance of Au NP adjacent
lattice planes was measured to be 0.32 (Huang et al. 2017).
The other studies also indicated that the average Au particles
were ranged between 3 and 5 nm on the TiO, catalyst surface
(Nguyen et al. 2008).

Further, the TEM/EDX elemental mapping was conducted
for the nanocomposite material Au NPs/TiO, and results are
illustrated in Fig. 1c. The EDX mapping was recorded for the
elements titanium (Ti), oxygen (O), and gold (Au). The figure
clearly demonstrated that the oxygen is intimately associated
with Ti that confirmed the presence of TiO, and forming a
chemical bond between the titanium and oxygen (Ti-O).
Moreover, it is evident from the figure that the Au

@ Springer



20130

Environ Sci Pollut Res (2018) 25:20125-20140

nanoparticles are very evenly and distinctly distributed within
the titanium dioxide network. The Au’ nanoparticles are not
aggregated on the surface of titanium dioxide. Therefore, the
in situ impregnation of Au nanoparticles enabled to distribute
evenly within the titanium dioxide network. Similar EDX re-
sults were reported for the composite material TiO,-Pt/
graphene oxide solid that confirms the presence of Ti, O, Pt
elements, and uniform distribution of Pt nanoparticles over the
graphene sheets. The results further inferred that the intimate
contact within these components has provided an enhanced
photocatalytic activity of catalyst by the efficient carrier mo-
bility (Rosu et al. 2017).

Further, a 3D atomic force microscopic image of nanocom-
posite Au NP /TiO, thin film is obtained and shown in Fig. 2.
It is observed that TiO, is forming a very disordered hetero-
geneous structure on the surface. Moreover, it is pillared on
the surface and the average pillar height was found to be Ca
600 nm. Further, the root mean square roughness (Rq) and
mean roughness (Ra) were found to be 124.330 and
94.659 nm, respectively. It is evident again that the template
synthesis enabled to synthesize a good heterogeneous surface
structure with an enhanced pillar height of TiO,.

Characterization of thin films

The X-ray diffraction data was collected for the nanocompos-
ite Au NP/TiO; thin film. Results are shown in Fig. 3. The
figure clearly reveals that the material is having predominantly
amorphous in nature. This is because the material was not
annealed at required high temperature. However, characteris-
tic peak was observed around the 20 value of 25.5 indicated
the presence of anatase phase of TiO, (Shorke et al. 2018).

Fig. 2 Atomic force microscopic
image of nanocomposite Au NP/
TiO, thin film

Further, the BET specific surface area, pore volume, and
pore sizes of nanocomposite Au NPs/TiO, were obtained by
the usual N, adsorption/desorption method. The N, adsorption/
desorption curves are illustrated in Fig. 4. Adsorption/
desorption isotherms revealed that it possessed the hysteresis
loop of H2 type, which indicated the pores are having narrow
mouths and cannel-like (Mendioroz et al. 1987; Seaton 1991).
The pore size, pore volume, and the specific surface area of
nanocomposite Au NPs/TiO, were found to be 5.60 nm,
0.034 cm®/g, and 19.91 cm*/g, respectively. Therefore, the ma-
terial was possessed with good mesoporosity.

Photolytic and photocatalytic removal of triclosan
and sulfamethoxazole

pH dependence study

The pH dependence degradation of sulfamethoxazole and tri-
closan was conducted as a function pH and illustrated in
Fig. 5. Simultaneously, the speciation of sulfamethoxazole
and triclosan was carried out and presented in Fig. 5. The
pH dependence degradation of micro-pollutants greatly influ-
enced with the species distribution of these micro-pollutants
as well as the surface properties of solid catalyst. The photo-
catalytic processes largely depend upon the sorption of these
species onto the catalyst surface. Figure 5 clearly demonstrat-
ed that the increase in pH caused for decrease in percentage
removal of both the micro-pollutants from aqueous solutions.
More quantitatively, increasing the pH from 4.0 to 10.0, the
pollutant degradation was decreased from 64.45 to 55.18%
(for sulfamethoxazole) and from 60.94 to 40.63% (for triclo-
san), respectively.

Scale X 2 oam/div
Z 600 nm/div
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Fig.3 X-ray diffraction pattern of 600
nanocomposite Au NP/TiO, thin
film

Intensity (a.u.)
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It was reported that the sulfamethoxazole (SMX) is having
two dissociable hydrogens with the acid dissociation constant
values pK,' and pK,?, respectively 1.8 and 5.6 (Lucida et al.
2000). Therefore, the speciation studies revealed that above
pH 3.6, the sulfamethoxazole is dominantly present with an-
ionic species either SMX(-) or SMX(2-) (cf Fig. 5). Below pH
3.8, it partly exists as neutral sulfamethoxazole species of
SMX(0). On the other hand, the pHpy (point of zero charge)
values of anatase TiO, lie within the pH 4.8 to 6.5 with an
accepted average value of 5.9. This indicated that the TiO,
surface carries a net positive charge below pH 5.9, and even-
tually with the dissociation of proton, it turns to dissociated
species and carries net negative charge above pH 5.9 as
depicted in Eq. (1):
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4 —@— Adsorption == Desorption
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Fig. 4 BET adsorption/desorption isotherms of the nanocomposite Au
NP/TiO, powder
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=Ti-OH; <> = T- OH’ =Ti-O~ (1)
PHpzc

This indicates that at moderate to high pH values, i.e., pH >
5.9, both the surface and sulfamethoxazole species are nega-
tively charged; hence, it electrostatically repels to each other.
This causes less sorption of sulfamethoxazole onto the catalyst
surface; therefore, a reduced degradation of sulfamethoxazole
at high pH value is recorded. However, an increased degrada-
tion of sulfamethoxazole at low pH value, i.c., at pH 4.0, is
due to the fact that the negatively charged sulfamethoxazole
species are strongly sorbed onto the positively charged TiO,
surface which favored the degradation of sulfamethoxazole.

———SMX(0) —— SMIX(+) ——— SMIX(2-)
- — =TCL(0) - = =TCL(-) X  SMX(UV-A)
m  TCL(UV-A) A SMX(Nanocomposite) € TCL(Nanocomposite)
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Fig. 5 Percentage distribution of species of sulfamethoxazole (smooth
line) and triclosan (dotted lines) as a function of pH (Primary axis) and
percentage removal of sulfamethoxazole and triclosan as a function of pH
(Secondary axis) under the photolytic and photocatalytic operations
[initial concentration of micro-pollutants, 1.0 mg/L]
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Similarly, pH dependence sorption of sulfamethoxazole by the
carbon nanotubes (CNT) was demonstrated under the fixed
bed column reactor studies (Tian et al. 2013). It was pointed
previously that the "OH radicals are having the same degrada-
tion tendency towards the anionic or neutral species of sulfa-
methoxazole; hence, a constant rate was obtained, i.e., ksy,
.og and ks .opg having the value of (7.63 +£0.85) x
10° M ! s7! (Yang et al. 2017). Other studies revealed that
in a Fenton-like process, a similar less degradation of sulfa-
methoxazole was obtained at higher pH values employing the
zero-valent iron under the oxic and anoxic environment
(Kobayashi et al. 2017).

On the other hand, triclosan is a monoprotic acid and hav-
ing the acid dissociation constant pK, value 7.9 (Muzvidziwa
etal. 2017). Hence, triclosan predominantly exists as a neutral
species below pH 7.9 and pH >7.9; it turns to the anionic
species (cf Fig. 5). Therefore, increasing the pH causes a de-
crease in the sorption of triclosan by the TiO, surface; hence, a
decreased degradation percentage of triclosan is obtained at
high pH values, i.e., pH 8~10. These results further indicated
that the neutral species of triclosan is readily degraded by the
photocatalytic degradation. This is possibly due to the affinity
of neutral triclosan species towards the TiO, surface, and the
neutral species are less stable compared to the anionic species
of triclosan. The results are in a line to the other reports indi-
cated that a decrease in pH from 7.0 to 10.0 greatly decreased
the pseudo-second-order rate constant (k,p,,) values in the deg-
radation of triclosan by ferrate(VI) (Yuval et al. 2017).
Moreover, the sorption of triclosan by the carbon nanotube
(CNT) and functionalized CNT was decreased with the in-
crease in pH (Li et al. 2017).

Further, it was noted that significantly less degradation of
sulfamethoxazole or triclosan was obtained with the photolyt-
ic process at all studied pH compared to the photocatalytic
process conducted with using the nanocomposite Au NP/
TiO; thin film (cf Fig. 5). This clearly demonstrated that the
thin film nanocomposite Au NPs/TiO, showed a greater cata-
lytic activity that enabled to enhance the degradation percent-
age of sulfamethoxazole or triclosan from aqueous solutions.
Moreover, increasing the pH from 4.0 to 10.0, a marked de-
crease in percentage degradation of these micro-pollutants is
recorded. More quantitatively, increasing the pH from 4.0 to
10.0, the percentage degradation of sulfamethoxazole is de-
creased from 22.72 to 14.99, respectively. Similarly, the tri-
closan removal was decreased from 23.44 to 15.63% for the
similar increase in pH. These results are pointed that the an-
ionic species of sulfamethoxazole or triclosan are more stable
than the neutral species of these micro-pollutants.

Concentration dependence removal of micro-pollutants

The initial concentration of sulfamethoxazole and triclosan
was increased from 0.5 to 15.0 mg/L at constant pH 6.0.

@ Springer

The micro-pollutants were treated for a constant time interval
of 2 h using UV-A lamp. The percentage removal of sulfa-
methoxazole or triclosan was recorded and presented as a
function of micro-pollutant concentration in Fig. 6. It is evi-
dent from the figure (Fig. 6) that increasing the micro-
pollutant concentration significantly decreases the percentage
removal of both the micro-pollutants, viz., sulfamethoxazole
or triclosan, from aqueous solutions for the photolytic or pho-
tocatalytic processes. Increasing the concentration of micro-
pollutant from 0.5 to 15.0 mg/L has caused to decrease the
percentage removal of micro-pollutant from 75.27 to 35.60%
(for sulfamethoxazole) and from 71.87 to 22.19% (for triclo-
san), respectively, using the nanocomposite Au NP/TiO, thin
film. This decrease in percentage removal of micro-pollutants
with the increase in initial concentration of micro-pollutant is
explained with the fact that the contact possibilities of pollut-
ants to the catalyst surface are relatively high at lower pollut-
ant concentrations. Additionally, the catalyst surface
contained with relatively higher percentage of surface active
sites for lower number of total pollutant species present at
lower concentration of pollutant (Lalhriatpuia et al. 2015).
Moreover, the high concentration of pollutant species scav-
enges the catalyst activity; hence, a lower removal of pollutant
was obtained at higher concentration of pollutants (Nasseri
et al. 2017). Similarly, the results indicated that the photolytic
degradation of sulfamethoxazole or triclosan is significantly
less than the corresponding photocatalytic removal of these
pollutants using the nanocomposite Au NP/TiO, thin film.
This further inferred the potential catalytic activity of nano-
composite in the degradation of these emerging water
contaminants.

Kinetic studies of micro-pollutant degradation
The time dependence photolysis or photocatalytic degradation

of sulfamethoxazole and triclosan was carried out, and the
observed values were modeled with a known pseudo-first-
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Fig. 6 Percentage removal of sulfamethoxazole and triclosan at various
initial concentrations of micro-pollutants under the photolytic and photo-
catalytic processes using the nanocomposite Au NP/TiO, thin film
photocatalyst [pH 6.0]
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order rate equation (Tiwari et al. 2015). The kinetics was per-
formed at all studied concentrations and at pH 6.0.

The pseudo-first-order rate constant (k,y,) values were ob-
tained at all the studied concentrations and presented in Fig. 7.
The linear and non-linear (exponential) fitting for the pseudo-
first-order rate equations was conducted to obtain the pseudo-
first rate constant values for both the micro-pollutants, viz.,
sulfamethoxazole and triclosan, and the fitting data is shown
in insets of Fig. 7. It is evident from Fig. 7 that a decrease in
micro-pollutant concentration from 15.0 to 0.5 mg/L was ap-
parently favored the rate constant values. More quantitatively,
decreasing the concentration of sulfamethoxazole from 15.0
to 0.5 mg/L had caused to increase the pseudo-first-order rate
constant values from 2.9 x 10> t0 9.7 x 10> min !, respec-
tively, using the nanocomposite Au NP/TiO, thin film.
Similarly, for a similar decrease in triclosan concentration,
the rate constant value was decreased from 1.7 x 10> to
8.8 x 107> min ', respectively, using the photocatalyst thin
film. On the other hand, the pseudo-first-order rate constant
values obtained for the photolytic degradation of sulfameth-
oxazole or triclosan are significantly lower than the corre-
sponding rate constant values obtained for the photocatalytic
degradation of these micro-pollutants (cf Fig. 7). This again
reaffirmed the utility of nanocomposite Au NP/TiO, thin film
photocatalyst in the removal of sulfamethoxazole or triclosan
in aqueous solutions. A similar pseudo-first-order kinetics was
obtained for the photocatalytic degradation of dyes (methy-
lene blue, rhodamine B, eosin Y, and Congo red) from aque-
ous solutions using the CuS (NPs) photocatalyst (Ayodhya
et al. 2016). Similarly, the triclosan degradation by the
electro-Fenton process showed to be the pseudo-first-order
rate kinetics (Sirés et al. 2007).

Further, it is interesting to find that the photocatalytic deg-
radation of sulfamethoxazole and triclosan followed the
known Langmuir—Hinshelwood (L-H) isotherm to its linear
form at the studied concentrations (Lalhriatpuia et al. 2015).
The L-H adsorption constant “K” (L/mg) and the rate constant
“k,” (mg/L/min) values were estimated and found to be 0.167
and 6.02 x 1072 (R2 0.979; for sulfamethoxazole) and 0.384
and 2.64 x 102 (R2 0.984; for triclosan), respectively, using
the nanocomposite Ag NPs/TiO, thin film. These results in-
ferred that the photocatalytic degradation of these micro-
pollutants fairly well demonstrated with the L-H kinetic
modeling.

NPOC removal of micro-pollutants

The removal of micro-pollutants was intended to its mineral-
ization, and the percentage mineralization of sulfamethoxa-
zole or triclosan was obtained for the photolysis or photocat-
alytic processes. Therefore, the non-purgeable organic carbon
(NPOC) data was collected for the treated aqueous samples.
Using the initial NPOC values of micro-pollutants, the

percentage mineralization was obtained at different pH values.
The initial concentration of these micro-pollutants was kept
constant 1.0 mg/L and the total illumination time was 2 h. The
results were presented in Fig. 8. Figure 8 clearly demonstrated
that increasing the solution pH, i.e., pH 4.0-10.0, had caused
to decrease significantly the percent mineralization of these
two pollutants. Quantitatively, increasing the pH from 4.0 to
10.0 the respective decrease in percentage NPOC removal
was decreased from 54.30 to 39.49% (for sulfamethoxazole)
and from 32.29 to 26.84% (for triclosan), respectively, using
the nanocomposite Au NP/TiO, thin film photocatalyst. On
the other hand, the photolytic mineralization of these two pol-
lutants was obtained significantly less than the corresponding
photocatalytic degradation. Although, a partial but significant
amount of the micro-pollutants was mineralized in the photo-
catalytic process, however, a complete mineralization could
be achieved with a prolonged or multiple operations of the
process. The NPOC removal results were quite in a line to
the results obtained for the degradation of pollutants in the
concentration dependence studies.

Repeated use of thin film catalyst

The nanocomposite Au NP/TiO, thin film was subjected for
the repeated photocatalytic operations, i.e., at least six-cycle
operations, and results are presented in Fig. 9. The thin film
was washed with distilled water and dried in a drying oven at
105 °C for 3 h and again was used for the next cycle of
operation. The initial concentration of micro-pollutant was
taken 5.0 mg/L with a constant pH 6.0. The results clearly
demonstrated (Fig. 9) that even at the end of six cycle of
operations, the percentage efficiency of photocatalyst was
not hampered and almost an identical removal of sulfameth-
oxazole or triclosan was obtained. More quantitatively, at the
completion of six cycles, the percentage removal of sulfa-
methoxazole was decreased from 55.24 to 54.60% (i.e., a
decrease of 0.64%). Similarly, the triclosan percentage remov-
al was decreased from 36.22 to 35.26% only (i.e., a decrease
0f 0.96%) at the end of six cycles of operations. These results
showed that fairly a good stability of nanocomposite Au NP/
TiO, thin film was achieved at least in successive operations
of photocatalytic treatment. This eventually enhanced the ap-
plicability of the nanocomposite thin film in the wastewater
treatment. It was reported previously that methyl orange re-
moval using the TiO, supported on spherical activated carbon
(TiO,/SAC) was significantly decreased even at the comple-
tion of five cycles of operations (Yoon et al. 2012).

Presence of co-existing ions
Further, the presence of several co-exiting ions in the removal

of micro-pollutants is an important parameter which simulates
the study to the real matrix treatment. Therefore, the study was
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Fig. 8 Percentage removal of total NPOC of sulfamethoxazole and
triclosan as a function of pH under the photolytic and photocatalytic
degradation processes [initial concentration of micro-pollutant 1.0 mg/L]

extended to assess the photocatalytic degradation of sulfa-
methoxazole and triclosan from aqueous solutions in presence
of several co-existing cations and anions, viz., NaCl, NaNO3,
NaNO,, CuSQ,4, Cd(NOs),, ZnCl,, glycine, oxalic acid, and
EDTA using the Au NP/TiO, photocatalyst. The initial con-
centration of sulfamethoxazole and triclosan was taken
5.0 mg/L and pH 6.0. The total illumination time was provid-
ed 2 h. Moreover, the co-existing ion concentration was taken
50.0 mg/L. The percentage of degradation of these micro-
pollutants in presence of co-existing ions is presented in
Fig. 10. The figure clearly revealed that the presence of these
ions affected to a greater or lesser extent the degradation of
sulfamethoxazole or triclosan. However, it is interesting to
note that the presence of EDTA, NaNO,, and oxalic acid
had caused to suppress significantly the degradation of triclo-
san. Similarly, the presence of EDTA affected the degradation
of sulfamethoxazole in the photocatalytic degradation

Fig. 9 Repeated use of
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Fig. 10 Photocatalytic removal of sulfamethoxazole and triclosan in
presence of several co-existing ions using the nanocomposite Au NP/
TiO, thin film photocatalyst ([micro-pollutant] 5.0 mg/L; [co-ions]
50.0 mg/L; pH 6.0)

process. The presence of other ions was affected to a lesser
extent in the photocatalytic degradation of these two micro-
pollutants.

Radical scavenger study

The 2-propanol and HCO; molecules readily scavenge the
*OH radicals in aqueous solutions (Xu et al. 2015;
Lalhriatpuia et al. 2015). Similarly, the EDTA could scavenge
the h* in TiO, semiconductor (Jia et al. 2017), and sodium
azide (NaNj3) suppresses the singlet oxygen that occurred by
the interaction of superoxide radical and photogenerated
holes. The singlet oxygen readily degrades the organic com-
pounds in aqueous media (Barka et al. 2010). Therefore, the
photocatalytic degradation of sulfamethoxazole and triclosan
(initial concentration of each pollutant 5.0 mg/L and pH 6.0)
in presence of 2-propanol, HCO;, and sodium azide (each
one is having 1000 mg/L) was carried out using the nanocom-
posite Au NP/TiO, thin film photocatalyst. The percentage
removal of sulfamethoxazole or triclosan in presence of these
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radical scavengers is shown in Fig. 11. The presence of these
scavengers, viz., 2-propanol, sodium azide, and sodium
biocarbonate, along with the EDTA (shown before) showed
a significant decrease in percentage removal of sulfamethox-
azole or triclosan from aqueous solutions. This indicated that
these radicals are scavenging greatly the involved radical spe-
cies; therefore, the removal of these pollutants was greatly
inhibited. It was therefore affirmed that the *OH radicals were
predominantly taking part in the photocatalytic degradation of
triclosan. Moreover, the hole was involved to produce the
*OH radicals that also degrade the micro-pollutants from
aqueous solutions. Similarly, the presence of sodium azide
that inhibited the removal of these pollutants showed that the
singlet oxygen, possibly, induces the oxidation of triclosan.
Overall the study therefore demonstrates that the absorp-
tion of UV-A radiations (A =360 nm) by the nanocomposite
Ag NPs/TiO, thin film catalyst induces the photocatalytic
degradation of sulfamethoxazole or triclosan by the two dif-
ferent mechanistic pathways. UV-A photons cause to excite
the electrons from the VB to CB in the TiO, semiconductor
where the Au(NPs) traps efficiently the excited electrons at the
CB. This eventually restricts the recombination of electron/
hole pairs in TiO, catalyst. The trapped electrons are able to
generate the superoxide radical followed by the formation of
*OH radicals. On the other hand, the hole that is created in the
VB interacts with the O, molecule and produces the O,e rad-
ical species. This results the formation of *OH radicals.
Therefore, the reactive radical species are predominantly in-
volved in the degradation of micro-pollutants. Similarly, the
other possible pathway of degradation is due to the localized
surface plasmon resonance effect which produces the electro-
magnetic field created by the absorption of photon energy by
the Au NPs. This electromagnetic field causes the local exci-
tation of the TiO, with the generation of electron/hole pairs.
Therefore, it again enables the formation of *OH radical,
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Fig. 11 Photocatalytic degradation of sulfamethoxazole and triclosan in
presence of scavengers using the nanocomposite Au NP/TiO, thin film
photocatalyst ([micro-pollutant] 5.0 mg/L; [scavengers] 1000.0 mg/L; pH
6.0)
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which simultaneously takes part in the degradation of sulfa-
methoxazole or triclosan from aqueous solutions.

Conclusion

Nanocomposite material Au NPs/TiO, was synthesized by
the template method. SEM image of nanocomposite thin
film showed fine grains of TiO, were distributed on the
surface of borosilicate glass and a heterogeneous structure
was obtained. Similarly, the TEM image of nanocomposite
powder showed the distribution of gold nanoparticles hav-
ing the particle size in the range of 25-30 nm and the
interplanar distance of the Au nanoparticles 0.25 nm.
AFM image of nanocomposite thin film showed that the
TiO, was making a heterogeneous surface structure on the
surface and the root mean square roughness (Rq) and mean
roughness (Ra) were found to be 124.33 and 94.66 nm,
respectively. The TiO, was predominantly possessed the
anatase phase with the thin film material. Moreover, the
liquid N, adsorption/desorption results indicated that the
solid was having the H, type of hysteresis loop and the
pore size, pore volume, and the specific surface area of
nanocomposite Au NPs/TiO, were found to be 5.60 nm,
0.034 cm’/g, and 19.91 cm?/g, respectively. The thin film
nanocomposite materials were then successfully utilized in
the photocatalytic degradation of emerging micro-
polltants, viz., sulfamethoxazole and triclosan, from aque-
ous solutions using the less harmful UV-A light (Aax
360 nm). Increase in solution pH (pH 4.0-8.0) and initial
micro-pollutant concentrations (0.5-15.0 mg/L) greatly
hampered the percentage removal of these two pollutants
both in the photolytic and photocatalytic processes. The
kinetic studies showed that the degradation of sulfameth-
oxazole or triclosan was followed by the pseudo-first-order
rate kinetics and increase in concentration from 0.5 to
15.0 mg/L caused to decrease the pseudo-first-order rate
constant values from 9.7 x 107 to 2.9 x 107> min™'
(for sulfamethoxazole) and from 8.8 x 107> to 1.7 x
107 min~" (for triclosan), respectively. Moreover, the deg-
radation of these micro-pollutants followed reasonably
well the Langmuir—Hinshelwood isotherm. A significant
decrease in percentage of non-purgeable organic carbon
(NPOC) was achieved in the photocatalytic degradation
of sulfamethoxazole and triclosan. The simultaneous pres-
ence of several co-existing ions was tended to affect the
removal of these micro-pollutants. Moreover, the presence
of 2-propanol, sodium azide, HCO5, and EDTA inhibited
significantly the percentage removal of sulfamethoxazole
and triclosan from aqueous solutions. This confirmed the
active *OH radicals were involved in the degradation pro-
cess. The stability of nanocomposite thin film was
reassessed with the repeated use of catalyst which showed
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that no significant decrease in photocatalytic degradation
efficiency of these two micro-pollutants from aqueous so-
lutions. Overall, the template-synthesized photocatalyst Au
NP/TiO, possessed an improved and enhanced catalytic
activity in the degradation of emerging micro-pollutants.
Moreover, the photocatalytic efficiency was found to be
remarkably higher than the photolytic degradation efficien-
cy at least for the removal of sulfamethoxazole and
triclosan.
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