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ABSTRACT

The wastewater containing dye released from industries, when discharged to water
bodies without any adequate prior treatment, ultimately leads to human health risk and
threat to the environment. A proper wastewater treatment for Chemical Oxygen Demand
(COD) and dye removal is essential. Photocatalysis with TiO2 which utilizes ultraviolet
light, is a well-known treatment method for dye wastewater. The development of visible
light active photocatalysts is gaining importance to harness solar energy. The present
study reports the synthesis of bismuth ferrite@ titanium dioxide (BFO@TiO>), bismuth
ferrite@polyaniline (BFO@PANI) heterostructured nanocomposites and their
application in degradation of dyes from mixed dye contaminated water (MDCW)
containing Methylene Blue (MB), Acid Yellow-17 (AY) and Rhodamine-B (Rh-B).
The mixed phase BFO nanoparticles were synthesized by auto combustion method and
were used in the synthesis of BFO@TiO, and BFO@PANI. The synthesis/calcination
parameters were optimized based on maximum photocatalytic activity in terms of
degradation of dyes from MDCW. BFO@TiO; particles synthesized with BFO:Ti
molar ratio of 1:2, calcined at 400°C for 2 h (BFO@TiO20pt) and BFO@PANI particles
synthesized with BFO: aniline molar ratio of 1:0.0041 (BFO@PANIot) exhibited a
maximum photocatalytic activity. The BFO@TiO2pt and BFO@PANIopt
nanocomposites exhibited superior visible light assisted photocatalytic activity than
BFO, TiO2 and PANI. BFO@TiO20pt and BFO@PANIopt Nnanocomposites were found
to form core-shell heterostructures and exhibited a band gap energy of 1.2 eV and 1.4
eV respectively. The parameters such as pH, catalyst loading and light intensity were
optimized to maximize dye degradation. The COD removal of 96.7% and 97% were
achieved with BFO@TiO2qpt and BFO@PAN o, respectively. These particles were
found to be very effective even under solar light. The presence and increasing
concentrations of other dyes were found to decrease the degradation of a target dye.
The COD removal followed Langmuir—Hinshelwood (L-H) kinetics. BFO@ TiO2qpt and
BFO@PANIqpt Nnanocomposites can be adopted for treatment of wastewater containing
multiple dyes by harnessing solar energy for photocatalytic degradation.

Keywords: Bismuth ferrite; Mixed dye; Photocatalysis; Polyaniline; Solar energy;
Visible light
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CHAPTER 1
INTRODUCTION

1.1 Background of Research and Motivation

Environmental pollution is a threat to sustainable development of human civilization.
Several synthetic dyes which are released with wastewater from various industries
contribute majorly to water pollution. Synthetic dyes are being used in enormous
quantities in several industries like food, leather, printing, textile, cosmetics and others.
The estimated worldwide annual production of dyes and pigments would reach 9.0
million tons by the end of 2020 and nearly 280,000 tons (i.e. 20-50%) of textiles dyes
are discharged into the effluents (Madamwar et al. 2019). India being the second biggest
exporter of dyestuff in the global market, has a production capacity of more than
200,000 tonnes per annum and it shares around 12.5% of the global market in dyestuff
industries (Madamwar et al. 2019). Synthetic dyes are of great environmental concern
due to their widespread usage and non-biodegradable nature.

Approximately 1.6 million tons per year of synthetic dyes are consumed in
industries globally (Homaeigohar 2020). In textile industries, 93% of the intake water
comes out as colored wastewater due to the presence of dyes containing high
concentration of organic compounds and heavy metals (Gupta et al. 2014; Wijannarong
et al. 2013). The toxic effects of dyestuffs released from industrial establishments on
the general public are widely reported.

Several synthetic dyes are used as food dyes, in textile, printing, tannery, paint,
leather, paper manufacture, and photography industries. These dyes are inevitably
discharged in industrial effluents. Many of the synthetic dyes have been reported to be
non-biodegradable under aerobic conditions (Basibuyuk and Forster 1997; O’Neill et
al. 2000). These dyes contribute to colour and Chemical Oxygen Demand (COD) in
wastewater. They affect the ecosystem of streams, by either getting adsorbed or trapped
in bioflocs. These dyestuffs affect the COD, Biochemical Oxygen Demand (BOD),
toxicity, odour, and colour of wastewater (Vinu and Madras 2010). These dyes when
released through industrial effluent and if discharged to water bodies without adequate
treatment; affect the aquatic organisms and finally indulge in causing carcinogenic and

mutagenic effect in human beings at the end of food chain. Thus, they ultimately lead



to health risk to the humans and threat to the environment. Government legislature on
discharge standards in many countries has become progressively strict in order to
protect the environment and to ensure sustainable growth. Though the removal of color
from the wastewater is the first concern, the degradation of dyes to eliminate or reduce
the toxicity has always been considered as the necessary action. Central Pollution
Control Board (CPCB), India has prescribed discharge standard limit of less than 400
Hazen units and 250 mg/L COD for industrial effluents (Gage et al. 2014). In order to
reduce the environmental risk and also to meet the discharge levels prescribed by the
pollution regulatory authorities, proper wastewater treatment to degrade the dyes for
reduction in COD level and colour removal is essential.

Several treatment methods and technologies have been intended and developed,
thus dyes can be removed from wastewater by chemical coagulation or flocculation
(Lin and Chen 1997), adsorption (Pala and Tokat 2002), ozonation (Garcia-Montafio et
al. 2008), membrane processes such as ultrafiltration or reverse osmosis (Sadr Ghayeni
et al. 1998), electrochemical processes (Naumczyk et al. 1996) and biological treatment
(Pala and Tokat 2002). The adsorption process mainly transfers the dye from water to
the adsorbent, without mineralization of the dyes. The cost of adsorbent such as
activated carbon is high. coagulation—flocculation treatments effectively eliminates
insoluble dyes (Gahr et al. 1994), but have no effect on the elimination of soluble
dyestuffs. Sludge generation leads to secondary pollution in coagulation—flocculation
and disposal is a challenge. Electrochemical processes also lead to sludge formation
(Lin and Chen 1997; Liu and Davis 1994). Decolorization of wastewater by ozonation
alone does not lead to a significant reduction in COD (Adams et al. 1995; Marmagne
and C. Coste 1996). Moreover, installation of ozonation plants can require additional
costs (Scott and Ollis 1995). The reverse osmosis and other membrane techniques
involve disadvantages like, the high cost of filters, the clogging of filters, associated
maintenance difficulties or high energy requirement (Sadr Ghayeni et al. 1998; Tinghui
et al. 1983; Treffry-Goatley et al. 1983), incomplete removal (Watters et al. 1991) and
non-mineralization of the dyes with their accumulation in the retentate (Freger 2000;
Kelly and Kelly 1995; Rossignol et al. 2000; Weber and Knauf 1998). Biological
treatment by the activated sludge process does not achieve great success due to low



biodegradability of the dyes (Marmagne and C. Coste 1996; Pala and Tokat 2002;
Specchia and Gianetto 1984) and a slower rate.

Advanced oxidation process (AOP) involving photocatalysis is cost-effective
and green approach to degrade such toxic dyes into innocuous products (Gogate and
Pandit 2004). Photocatalysis is an emerging treatment process gaining interest among
the researchers owing to its potential in mineralization of the dyes (Chen et al. 2014;
Khanna and Shetty K 2013, 2014; Nezamzadeh-Ejhieh and Karimi-Shamsabadi 2013;
Soltani and Entezari 2013c). The conditions required for the photocatalytic process are
very mild, the time required for the reaction is generally modest, and the chemical input
is less (Kabra et al. 2004). Semiconductor photocatalysts have attracted a great deal of
attention due to their potential application in environmental remediation. Among all the
semiconductors, TiO. is the focus of numerous studies owing to its attractive
characteristics as a photocatalyst, in the treatment of dye-contaminated water (Borges
et al. 2016; Garg et al. 2016; Kalpakli et al. 2014; Markad et al. 2017). Unfortunately,
its weak photocatalytic activity under visible or solar irradiation (Khanna and Shetty K
2013, 2014; Ramirez-Aparicio et al. 2016; Xia and Yin 2013) along with its
susceptibility to fast recombination of photogenerated electron-hole pairs (Chatterjee
et al. 2008a; Wang et al. 2011d) limits its application. Many approaches have been
developed to improve the photocatalytic activity of TiO> and to overcome the
drawbacks mentioned above. The development of visible light active photocatalysts are
gaining importance, to harness solar energy in photocatalysis. Fabrication of new
highly active and visible-light-responsive photo-catalysts of small band-gap is critical,
to improve the utilization of the solar spectrum. In this context, strategies should be
deviced for (1) improvement of the separation rate of photogenerated electron-hole
pairs, and (2) expansion of the absorption edge to visible light.

Bismuth ferrite (BiFeOz or BFO) is extensively known as multiferroic material
with a rhombohedrally distorted perovskite structure. BFO has attracted enormous
interest in solar applications due to its narrow band gap (2.1-2.7 eV) and the bulk
photovoltaic effect (Li et al. 2009; Yang et al. 2010). It shows chemical stability during
the photocatalytic process and visible light active (Gao et al. 2006a; Luo and Maggard
2006; Wu and Zhang 2011). However, a critical drawback of photo-corrosion (Li et al.
2009; Luo and Maggard 2006) and aggregation of the particles (Zhang et al. 2011c)



impairs their applications to a great extent. Hence, the surface of BFO nanoparticle may
be protected by creating a shell of other semiconductor material, which not only

prevents photo-corrosion but also creates a heterojunction to alter the band gap of BFO.

Nowadays a lot of effort has been made in the controlled synthesis of core-shell
structured or other heterostructured nanocomposites such as Bi12TiO20/g-CaNa4 (Sun et
al. 2016), BiFeOz@Ce-doped TiO2 (Gong et al. 2013), (Ba, Sr)TiO3/TiO2 (Li et al.
2013a), BiFeOs coupled with nanocrystalline TiO2 (Humayun et al. 2016), Bi>Ss/TiO-
(Brahimi et al. 2007), CoFe204-BiFeOs (Liu et al. 2005), BFO@TIiO> (Liu et al. 2017),
polymethyl methacrylate @BFO (Tamboli et al. 2014), BFO@ SrTiOs (Luo and
Maggard 2006) and ZnO/TiO. (Marci et al. 2001), which can improve the photocatalytic
efficacy by decreasing the recombination rate of the photogenerated electron-hole pairs.
These composite structures are gaining importance because of their conducive and
versatile compositions and structures to serve such purposes (Pang et al. 2013; Tamboli
et al. 2014). Core-shell nanoparticles (CSNs) are extremely functional materials with
improved properties (Ghosh Chaudhuri and Paria 2012). CSNs may have properties
that are synergistic amid the cores and shells, one or both offer new properties liable on
the interactions between the cores and shells and also a useful tool to engineer their
surface and functional properties (Adijanto et al. 2013; Cha et al. 2013; Kitchin et al.
2004; Liu et al. 2017b; Wang et al. 2005; Wang and Li 2011). Finally, the CSNs shows
distinctive properties which improve their functionality as compared to their individual
constituent materials due to combination of different materials that work together to
gain an inherent capability to encounter a specific application requirement (Daniel and
Astruc 2004; Ghosh Chaudhuri and Paria 2012).

The studies on photocatalysis using Bismuth ferrite-based nanocomposites are
very scarce. Li et al. (2009) and Liu et al. (2017) have synthesised core shell structured
BFO@TIiO: to prevent photocorrosion; aggregation and have shown it to exhibit visible
light activity in photocatalytic dye degradation.Chaturvedi et al. (2015) have reported
that the agglomeration of BFO could be prevented by having a polyaniline (PANI) shell
around BFO. PANI is a conducting polymer with excellent stability, corrosion
protection property, nontoxicity, facile and less cost of synthesis, and excellent instinct
redox properties (Chen and Liu 2011; Guimard et al. 2007; Hatchett and Josowicz 2008;



Huang et al. 2003; MacDiarmid 2001; Tan et al. 2004; Virji et al. 2006). PANI has
shown great potential due to its high absorption coefficients in the visible-light

(Shaheen et al. 2001) and high mobility of charge carriers.

Luo and Maggard (2006) and Sandhya et al.(2013) have shown the ability of
PANI to photosensitize TiO, under visible light by having PANI as the shell. PANI
coating may also serve to prevent photocorrosion and chemical corrosion (Sandhya et
al. 2013). Additionally, on irradiation by light, PANI not only acts as an electron donor
(Shirota and Kageyama 2007), but also as an outstanding hole acceptor. These distinct
characteristics of PANI makes it a perfect material to achieve enhanced charge
separation efficiency in the photocatalysis. Lately, many researchers have shown the
visible light mediated photocatalytic enhancement by using PANI/TiO>
nanocomposites (Kalikeri et al. 2018). Lately, many researchers have shown the visible
light and solar light mediated photocatalytic enhancement by using
PANI/semiconductor oxide nanocomposites (Chaturvedi et al. 2015; Kalikeri et al.
2018; Mirmohseni et al. 2019; Riaz et al. 2014).

The present research work was initiated on the basis of the hypothesis that BFO
based nanocomposite with TiO2 or PANI shell around the BFO core, can enhance the

photocatalytic activity and prevent the corrosion and agglomeration of BFO.

To the best of our knowledge, studies on photocatalysis using Bismuth ferrite-
based nanocomposites are very scarce. There are only a very few reports on the
photocatalytic degradation of dyes such as Congo red (CR) (Li et al. 2009); CR, Methyl
orange (MO) dye (Liu et al. 2017b); Rhodamine-B (Hengky 2013) and Methyl violet
(MV) (Liu and Wu 2019) using BFO@TIiO: core-shell nanoparticles under visible light
irradiation. However, these studies reported the photocatalytic efficacy in degradation
of a single dye with no detailed studies on optimization of process parameters for
degradation. The synthesis strategy used in these reports did not yield the composites
with good visible light mediated photocatalytic activity. There is no report showing the
photocatalytic efficacy of BFO@PANI core-shell nanoparticles or heterostructures.

Industrial wastewaters may encompass a mixture of various dyes as
contaminants. It is well known that when several components are present, there is

interaction and competition between the different components for the adsorption sites



on the catalyst. Thus, the presence of other dyes in the mixed dye system may alter the
degradation of the target dye by photocatalysis. According to literature, very few
reports on photocatalytic degradation of dyes from mixed dye solutions using
nanocomposites, viz. Core-Shell Fe304/SiO2/TiO, (Alzahrani 2017), Ni-Oxide@TiO>
(Lee et al. 2016b), BiVO4/CeO, (Wetchakun et al. 2012a) and CuO/nano-zeolite
(Nezamzadeh-Ejhieh and Karimi-Shamsabadi 2013) have been reported. There is no
report on the application of bismuth ferrite-based nanocomposites in the dye
degradation from mixed dyes containing water.

Acid yellow-17 (AY) is a mono azo dye containing N=N group, used in textiles
and for the production of personal care, laundry and cleaning agents (Liu et al. 2015) It
is mainly used for dyeing wool, silk and polyamide fibres. It is used in printing on wool
fabric, dyeing leather, paper surface shading and for colouring anodized aluminium. It
is used in paint, medicine, cosmetics, shampoo, detergent, soap and shower gel and as
edible yellow pigment (Gao et al. 2010; National Center for Biotechnology Information
2020). AY dye is harmful to living organisms and it is highly toxic to humans and
animals (Karthikeyan et al. 2014). This dye can cause dermatitis and eye irritation.
These azo dyes have a serious environmental impact, because their precursors and
degradation products (such as aromatic amines) are highly carcinogenic (Szymczyk et
al. 2007). Rhodamine B (Rh-B) is a xanthene dye widely used in printing, textile,
foodstuffs, paper and photographic industries (Ferrari et al. 2013; Guo et al. 2011;
Kornbrust and Barfknecht 1985; Richardson et al. 2004). It is a cationic dye potentially
both genotoxic and carcinogenic (European Food Safety Authority 2010). It causes
irritation in skin, eyes and respiratory tract. It is reported as harmful to human beings
and aquatic life because of its carcinogenicity, reproductive and developmental toxicity,
neurotoxicity and chronic toxicity (Carneiro et al. 2016; Kornbrust and Barfknecht
1985). Rh-B is extensively used in the textile industry due to its high stability.
Methylene blue (MB) is a synthetic cationic dye and it belongs to the phenothiazine
family. It is used in textile, plastics, food industries and medicine (Acemioglu 2004;
Purkait et al. 2007; Sodeinde and Eboreime 2013). It is mainly used on soft vegetable
fibres such as jute, flax, hemp, silk and wool (Angels Olivella et al. 2012). These dyes
are either carcinogenic, mutagenic or cause neurotoxicity and chronic toxicity in

humans and animals (Jedynak et al. 2019; National Toxicology Program 2008). The



molecular structure of these three dyes are presented in Appendix |. Water
contamination originating from the dyeing and finishing stages in textile industry has

become a major concern (Teng Ong et al. 2017), as it contains a mixture of dyes.

The present research work reports the synthesis of Bismuth ferrite@TiO>
(BFO@TiO2) and Bismuth ferrite@Polyaniline (BFO@PANI) heterostructured
nanocomposites and their application in the visible light mediated photocatalytic
degradation of three textile dyes namely, Methylene Blue (MB), Acid Yellow-17 (AY),
and Rh-B from the mixed dye contaminated water. Visible-light energy occupies about
48% of the total solar energy and this strategy may allow harnessing solar energy for

wastewater treatment.

In this research work, bismuth ferrite nanoparticles have been synthesized by
various methods and their visible light activity in terms of degradation of dyes from the
mixed dye contaminated water have been assessed. The method for the synthesis of
bismuth ferrite nanoparticles, that resulted in maximum visible light activity for
degradation of the dyes was chosen, followed by synthesis of BFO@TiO2 and
BFO@PANI heterostructured nanocomposites in the core-shell form, and optimization
of synthesis parameters to achieve maximum degradation of dyes from the mixed dye
contaminated water. The studies on the effect of various parameters affecting the

photocatalysis along with kinetics of dye degradation have also been reported.



CHAPTER 2

LITERATURE REVIEW

An extensive review of literature was undertaken, following the need for the study and
the background of this research work as discussed in Chapter 1. Based on the review of
literature, the scope of the study and objectives were formulated. The literature review

is summarized in the following sections.
2.1 Photocatalysis

Heterogeneous photocatalysis is a process based on utilization of light energy by a
photocatalyst for a chemical reaction. Photocatalysis has attracted a great deal of
attention due to its potential application in environmental remediation, where an
organic pollutant (R) is degraded. When a photocatalyst is irradiated with a light energy
which is higher than its bandgap energy, it results in excitation related to charge
separation and generation of high energy states of electron and hole pairs. The holes
and electrons are powerful oxidizing and reducing agents, respectively. The excited
electrons jump to the conduction band (CB) and positive holes are formed at the valence
band (VB). The electrons from the CB react with oxygen and reduce it to superoxide
radical ('O2’), which in turn oxidizes the organic compound to CO2 and H20. The holes
react with water to generate hydroxyl radicals (> OH) and the hydroxyl radicals further
bring about the oxidation of organic compounds. Holes can react directly with the
organic compound and oxidize it to CO, and H2O (Boroski et al. 2009). The redox
reactions occurring during photocatalysis is shown in Equation (2.1) to (2.6)

respectively.

Photocatalyst + hv = e~ + ht ., (2.1)

h* + R = intermediates = COy; +Hy O.....ccoovvevviiiiiiiiiiiiiiiiiiiiainnn, (2.2)
HyO4+ht = 0OH+ Ht oo, (2.3)

OH + R — intermediates = CO; + Hy ..o, (2.4)
O A 87 2 05 e (2.5)
05 + R — intermediates - COy; +HyO..ocoovvvviviiiiiiiiiiiiiia, (2.6)



Particularly, photocatalysis in wastewater treatment has been considered a useful
tool to remove harmful organic pollutants either by their complete mineralization (Chen
et al. 2014; Khanna and Shetty K 2013, 2014; Nezamzadeh-Ejhieh and Karimi-
Shamsabadi 2013; Soltani and Entezari 2013c), or partial degradation that permits
successive biological, chemical and physical treatment (Lee et al. 2016). It is
advantageous as it requires less time, mild chemical input, mild conditions of
temperature and pressure. It does not produce waste (sludge) and avoids creation of
toxic or harmful by-products. It involves the degradation of organic pollutants using
various semiconductors as photocatalyst, in the presence of UV, visible or solar light.

It opens up a possibility to utilize sunlight as an energy source.

Hence, the research and development in the field of photocatalysis is rising to
improve photocatalysts and systems for several environmental applications. In this
manner, it turns out to be a well-designed alternative for organic effluent treatment.
Extensive studies and research conclude that an ‘ideal photocatalyst” should possess the

following attributes.

v Should have small size and high surface area

v' Suitability towards visible or near UV light and good light absorption in the
solar spectrum

v" High conversion efficiency and high quantum yield

v’ Stability and sustained photoactivity.

v' Biologically and chemically inert, non-toxic and low cost.

A photocatalyst reduced to a nanoscale can display properties that are different
than that at macroscale size, facilitating unique applications in photocatalytic
degradation of organic pollutants (Ansari et al. 2015; Chaturvedi et al. 2015). The
increased surface area of the nanosized photocatalysts greatly influences their
physiochemical properties (Kumari et al. 2010). In photocatalysis process, many
semiconductor photocatalysts such as TiO2, ZnO, ZnS, WOs3, CdS, Fe>O3 and SrTiO3
(Chanathaworn et al. 2012; Fakhri and Behrouz 2015; Li et al. 2013a; Muhd Julkapli et
al. 2014; Senthilvelan et al. 2013; Xue et al. 2015) are being used. Among them titanium
dioxide (TiO2) and zinc oxide (ZnO) have been widely applied as photocatalyst due to



their high activity, non-toxicity, chemical stability, lower costs, optical and electrical
properties and environment friendly characteristics (Aslam et al. 2017; Bisen et al.
2013; Chen et al. 2011; Khataee and Zarei 2011; Senthilvelan et al. 2013; Shifu et al.
2009; Sobana and Swaminathan 2007). However, TiO2 and ZnO have band gap energy
of 3.2-3.5 eV and 3.3 eV respectively (Di Fonzo et al. 2009; Khan et al. 2014; Lu et al.
2008). These photocatalysts lack in efficiency due to their high band gap and low
quantum yield. It cannot be used in sunlight, which consists only 4-5% of UV
irradiations (Akhavan 2009; Nagaraja et al. 2012). The high rate of recombination of
electrons and holes in these photocatalysts, reduce the rate of photocatalysis (lkeda et
al. 2001). This impairs the technological use of TiO2 and ZnO (Sakthivel et al. 2002).
Using UV irradiation for the treatment of industrial wastewater may be uneconomical
and hazardous. Thus, there is a lot of interest in developing visible light active
photocatalytic materials. Perovskite materials such as bismuth ferrite have attracted
widespread attention due to their catalytic property, high multiferroicity and low band
gap energy ( Kalikeri and Shetty Kodialbail 2018a; Kim et al. 2005; Luo et al. 2010;
Soram et al. 2012; Xue et al. 2015). BFO is one of the prime candidates for
photocatalytic activity in a visible-light region, thus making it a potential catalyst for

visible and solar photocatalysis.

2.2 Properties of Bismuth Ferrite (BFO)

BFO is one of the few single-phase materials that exhibit both ferroelectric and
anti-ferromagnetic properties at room temperature. BFO material was first synthesized
by Royen and Swars (1957). Under an ambient temperature, BFO has a highly distorted
perovskite structure in rhombohedral symmetry. The BFO exhibits unique properties
such as high multiferroic property, potentially high magnetoelectric property and
superior electro dynamicity. Under its Curie temperature of about 1100 K, BFO shows
simultaneous piezoelectricity, pyroelectricity and ferroelectricity along its polar axis
(Lietal. 2009a). In addition to room-temperature magneto electric applications, due to
these excellent properties, BFO-based materials could provide some opportunities for
potential applications in many fields, such as photocatalysis, radio, television,

microwave and satellite communication, bubble memory devices, audio video and
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digital recording (Bucci et al. 1972; Kubel and Schmid 1990; Palkar et al. 2003; Wang
et al. 2003).

2.3 BFO as a visible light driven photocatalyst

Recently, BFO has been examined as a photocatalyst in a visible-light region
because of its small band gap value of 2.2 eV (Gao et al. 2006, 2007). Gao et al. (2007)
further demonstrated that the BFO nanoparticles show significant degradation ability
towards the photodegradation of some dyes upon irradiation with visible light due to its
unique optical and multiferroic properties. In addition, due to the presence of internal
dipole of the materials, it is being established that ferroelectric materials can be highly
photoactive with some exceptional properties (Dunn et al. 2007; Tiwari and Dunn
2009). Recent research shows that the particle sizes greatly influence the Neel
temperature and the lattice parameters of the BFO (L.i et al. 2009a; Selbach et al. 2008;
Shetty et al. 2002). BFO is a potential candidate for a valence band control element (Liu
et al. 2005) and high chemical stability. Furthermore, according to recent studies,
photocatalytic properties of BFO rely to a certain extent on the morphology of the
sample. In the BFO nanocrystals, the recombination opportunities of the
photogenerated electron and hole pairs in the volume will be reduced compared to the
bulk BFO (Chen et al. 2017b), which can effectively move to the surface and degrade
the adsorbed organic pollutant. Table 2.1 shows a brief summary of the application of
BFO as a photocatalyst for degradation of various dyes, and it shows that BFO can be

effectively used for photocatalysis under UV, visible and solar light.
2.3.1 Synthesis of BFO Nanoparticles

Initially, objectives of the synthesis approaches are for the search of
monodispersed, high stability, crystallinity with controllable morphologies and
significant progress has been made in the case of perovskite bismuth ferrite. Several
techniques have been employed to produce BFO nanostructures. The main drive behind
each technique was to obtain the highest purity at the lowest possible temperature with
a process to make cost-effective materials for industrial applications. The traditional
solid-state reactions method has the following drawbacks; they require a high sintering
temperature (>800°C) (Szafraniak et al. 2007; Wang et al. 2003), leaching in HNO3z to
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wash the secondary oxide phases and the residual Bi,O3z and did not yield the BFO
particle in the nanoscale (Achenbach et al. 1967). Due to these drawbacks, new wet
chemical approaches have gained interest and become the focus of the BFO materials
development recently. The synthesis of various BFO micro and nano-structures using

the wet chemical methods is highly controllable and tuneable.

A broad range of wet chemical methods have been applied to generate BFO
nanoparticles in the past years (Chen et al. 2006; Hardy et al. 2009; Ke et al. 2011; Kim
et al. 2005; Wei and Xue 2008). One among them is the sol-gel method, in which
hydrated bismuth nitrate and iron nitrate salts are dissolved in 2-methoxyethanol and
acetic acid to form a solution, followed by the addition of chelating agents to form a
homogeneous polymeric precursor, ageing of the precursor to form dried gel and finally
annealing at 600°C in air or N2 environment to yield nanoparticles (Kim et al. 2005).
The sol-gel method exhibits a number of merits: (a) the procedures involved are simple,
resulting in high reproducibility; (b) the method is cost effective due to the low sintering
temperature with respect to the solid-state reaction (c) different particle sizes can be
obtained by varying the sintering temperatures. However, the sol-gel process generally
poses limitations such as a long synthetic duration (up to several days or even weeks)
to form the dried gel and the toxicity of some emergent gases (such as NOx from the
decomposition of metal nitrates) along with a large volume of shrinkage during the
decomposition of the chelating compound. These limitations have led to the search for
other wet chemical approaches towards the BFO nanoparticles synthesis. For instance,
the hydrothermal method was commonly used to prepare sub-micron BFO particles or
BFO nanoparticles. In this type of closed reaction system, the crystallization
temperature will be effectively decreased due to autogenous pressure. Wei and Xue
(2008) have reported the synthesis of BFO nanoparticles by a solution evaporation
process. The resultant powder was collected and sintered for around 5 minutes at
different temperatures (300—-600°C) using the rapid thermal processor with a heating
rate of up to 80°C/s to obtain BFO nanoparticles. Jiang et al. (2011c) have synthesized
BFO powders with the Pechini method in which citric acid or EDTA are used as
chelating agent. Chelation takes place in the solution to get desired nanomaterials

(Galceran et al. 2007; Pathak and Pramanik 2001) and a very fine and homogeneous
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multicomponent metal oxide materials are formed (Galceran et al. 2007; Pathak and
Pramanik 2001).

Co-precipitation technique is a low cost and simple method in general. The
method has the main advantage of a significantly lower synthesizing temperature.
However, the disadvantage of this technique is the impurity phase’s formation, which
made this technique unpopular. Recently, Ke et al. (2011) and Kalikeri and Shetty
Kodialbail (2018) investigated the synthesis of the BFO using a co-precipitation
method with various parameters, but could not get rid of the formation of an impurity
phase of BFO as BizsFeQOao.

One of the most widely used and useful methods of preparation of the BFO is
the combustion synthesis route using a fuel. The fuel used may be glycine, citric acid,
urea or sucrose (Farhadi and Zaidi 2009; Seema et al. 2010). Farhadi and Zaidi (2009)
synthesized BFO using sol-gel auto combustion technique with sucrose as the fuel and
it resulted in the formation of pure (single-phase) rhombohedral crystal structure and
nano-size BiFeO3z with the particle size observed to be around 40 nm. Combustion
synthesis technique has become one of the most popular methods for the preparation of
a wide variety of materials due to its simplicity, effectiveness, low cost, the broad
applicability range, and the high-temperature self-purifying feature (Aruna and
Mukasyan,2008). An aqueous solution of ions of metal nitrates acting as an oxidizer,
and fuels such as glycine, urea or citric acid is heated up to moderate temperatures.
Upon dehydration, the strongly exothermic redox reaction takes place and provides the
energy for the formation of the oxide. BFO nanoparticles synthesized by ethylene
glycol assisted, low temp (140°C) hydrothermal method have shown photocatalytic
activity for degradation of Rh-B under visible-light illumination (Chen et al. 2014; Liu
et al. 2013). The weak magnetic BFO nanoparticles synthesized by the sol-gel method
have shown photocatalytic activity for degradation of MO dye under visible light
irradiation (Gao et al., 2007).The pure BFO nanoparticles synthesized via ultrasound at
low temperature was used for the degradation of MB dye under sunlight irradiation
(Soltani and Entezari 2013c). Various synthesis methods and calcination conditions
have been adopted to prepare BFO in the past few years for degradation of dyes (Table
2.1).

13



Table 2.1: Application of BFO synthesized by various methods, as a photocatalyst for degradation of dyes

o Percentage
) Calcination Band _ ] _
Synthesis Method o Dye Light degradation/Time Reference
conditions gap (eV) _
(min)
o _ Liu et al.
Co-precipitation 600°C/2h 2.10 MO uv 92% at 460 min
(2010b)
o _ 86% as compared Huo et al.
Solvothermal 160°C /24 h 2.1 MB Visible-light o
with TiO2 P25 (2010)
L o Xian et al.
Co-precipitation 600°C /3 h 2.12 MO (10 mg/L) | UV and Visible 70% at 3 h
(2011b)
Modified
_ o Zhang et al.
polyacrylamide gel - 2.08 MO Visible light -
(2011b)
method
o _ Jiang et al.
Hydrothermal 200°C /6 h 2.05 Rh-B Visible-light 90.5%
(2011b)
i . . Huo et al.
Aerosol- spraying 80% 500°C/5h 2.1 Rh-B Visible-light 80% (2011)
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Wang et al.

Sol gel Method 80°C /48 h 2.06 Rh-B Visible light -
(2011b)
Auto-combustion o Hengky et al.
650°C /48 h 2.1 Rh-B Visible light 95%
method (2012)
Rh-B 100% 90 min
400°C +500°C | 2.00; 2.1 Soltani and
o 4 0 .00; 2.1; 0 i
Ultrasound MB Sunlight 100% at 90 min Entezari
/0.5h 2.07 _
Reactive ) (20134; b; ¢)
60-95% at 65 min
Black5 (RB5)
o L Wang et al.
Electrospinning 550°C/ 2 h 2.19 Rh-B Visible light 100%
(2013b)
Visible light )
MV, Rh-B 90% in the
Sol-gel 500°C/2h 2.05 photo-Fenton- An et al. (2013)
and phenol ) presence of H20>
like catalyst
R _ Sun et al.
Hydrothermal method 60°C/ 12 h - MB Visible light 64.9% at 20 min
(2013)
) | Gheorghiu et al.
Hydrothermal 180°C /72 h - MO UV-light 52-61% at 180 min (2013)
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Gao et al.

Hydrothermal 200°C/5h MO Visible light 72.5% at 350
(2015b)
) ) . _ _ Kaur et al.
Combustion reaction 500°C/ 4 h 2.6 RB5 Visible-light 43% at 100 min
(2015)
Co-precipitation S _ Shabbir et al.
950°C/8h - MB Visible light 100% at 30 min
method (2016)
Evans Blue Paliwal et al.
Hydrothermal 200°C/3h - - 80% -
(EB) (2017)
o ) Fatima et al.
Hydrothermal- - - (CR) Visible light 44%-
(2017)
. 500°C & 600°C Visible light 61% at 90 min Masoudpanah et
Thermal decomposition 2.1 MB
/2 h al. (2017)
) ) S _ Mohd Azmy et
Bio templating method 550°C /2 h - MB Visible light 96% at 180 min
al. (2017)
Co-precipitation Acid yellow- 90%, 85% Kalikeri and
400°C/2h 2.2 uv )
Method 17 (AY-17) 100% at 135 min Shetty
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and Reactive Visible and Kodialbail
) 86%, 84%
blue-19 (RB- Solar light ) (2018)
100% at 135 min
19)
) o _ Siddique et al.
Sol-gel technique 500°C/4h ~2.1 Rh-B Visible light 94% at 180 min
(2019)
) o Haruna et al.
Sol-gel technique - 2.0-2.77 Rh- B Visible light -
(2020)
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2.3.2. Limitations of BFO as a photocatalyst

Jones et al. (2008) have shown that perovskite ferroelectric materials can photo
corrode. Li et al. (2009a) and Luo and Maggard (2006) have reported that as a visible
light photocatalyst, BFO lacks stability due to photo-corrosion on the surface of the
particle. Zhang et al. (2011b) have also reported that BFO has a tendency to aggregate.
Thus, the catalyst modifications and new developments are required in order to improve
photocatalytic efficiency, prevent photocorrosion, complete degradation of organic
pollutants, improve visible light absorption, improve stability and reproducibility, and

to improve recycle and reuse abilities of nanoparticles.

Though noble metal doped catalysts have shown improved visible light
photocatalytic activity by prevention of electron—hole recombination, the cost of noble
metals and the possible corrosion of these during photocatalysis are the noted
disadvantages (Bumajdad and Madkour 2014). The review of literature suggests that
bismuth ferrite nanoparticles have band gap energy of 2.2 eV (Soltani and Entezari
2013b) and they exhibit good visible light photocatalytic activity. The syntheses of
these nanoparticles are simpler and cost effective. Hence, the surface of BFO
nanoparticle may be protected by creating a shell of other semiconductor material
which not only prevent photo-corrosion but also create a heterojunction to alter the band

gap of BFO along with prevention of electron-hole recombination.

Recently researchers are making efforts in the controlled synthesis of core-shell
structured or other heterostructure bismuth based nanocomposites such as Bi12TiO20/g-
C3Na4(Sun et al. 2016), BiFeOz@ Ce-doped TiO2 (Gong et al. 2013), (Ba, Sr)TiOs/TiO>
(Li et al. 2013a), BiFeO3 coupled with nanocrystalline TiO> (Humayun et al. 2016),
Bi2Ss/TiO2 (Brahimi et al. 2007), Co0404-BiFeOs (Liu et al. 2005), BiVO4/ TiO>
(Zalfani et al. 2015), BiFeOs-TiO, (Humayun et al. 2016; Liu and Wu 2019),
BFO@TIiO2 (Hengky 2013; Li et al. 2009b; Liu et al. 2017b; Zhu et al. 2014),n-
SrTiOa/p-BiOl (Xia et al. 2018), polymethyl methacrylate @BFO (Tamboli et al.
2014), BFO@ SrTiO3 (Luo and Maggard 2006), ZnO/TiO2 (Marci et al., 2001), and
BiFeOs/ZnFe>04 (Safizade et al. 2018) which can improve the photocatalytic efficacy
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by decreasing the recombination rate of the photogenerated electron-hole pairs. These
composite structures are gaining importance because of their conducive and versatile
compositions and structures to serve such purposes (Pang et al. 2013; Tamboli et al.
2014). The studies on photocatalysis using bismuth ferrite-based nanocomposites are
very few. Li et al.(2009a) and Liu et al.(2017b) have synthesised core shell structured
BFO@ TiO to prevent photocorrosion, aggregation and have shown it to exhibit visible

light activity in photocatalytic dye degradation.
2.4 BFO@TiO2 hanocomposites

The photo-corrosion and aggregation of BFO can be prevented by having a shell
around the BFO core. Such a shell can prevent aggregation of BFO nanoparticles and
the photo-corrosion by UV radiation in sunlight. The protection of the surface of the
BFO nanoparticles by creating a heterojunction of BFO with TiO2 forming BFO core -
TiO2 shell nanoparticles Li et al.(2009a) and BFO with SrTiO3 forming BFO core
SrTiOs shell nanoparticles Luo and Maggard (2006) to alter the band gap of the BFO
have been reported.

> TiO, BFO
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Figure 2.1: Schematic illustration for the calculated energy band level of TiO2
and BFO

Li et al. (2009a) synthesized BFO by hydrothermal approach combined with a
hydrolysis precipitation process of tetrabutyl titanate (Ti(C4H9O)4) to form BFO@TiO>
core-shell nanoparticles. They varied the mass ratio of BFO to TiO> and found that the
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nanoparticles with the mass ratio of 1:1 exhibited a band gap energy of 2.2 eV and
showed maximum photocatalytic activity. They studied the photocatalytic degradation
of CR dye under 500 W Xenon lamp with 2 g/L catalyst loading and observed 70%
degradation in 120 min with 1:1 mass ratio. However, with 2:1 and 1:2 mass ratio, they
were able to achieve only 50% and 48% degradation respectively. The core-shell
structured BFO@TIiO, systems reported by Li et al. (2009a) consisted of two
semiconductors in contact with each other and an electronic interaction occurs at their
point of contact (heterojunction). They calculated the position of a valence band and a
conduction band of the BFO and the TiO- against the normal hydrogen electrode. As
shown in Figure 2.1, when BFO and the TiO: are in contact, a heterojunction is created
that improves the photogenerated charge carrier’s lifetime by enhancing the charge
separation, thus improving the efficiency of the photocatalytic activity. The separation
of photogenerated electrons and holes induce redox reactions according to the relative
potentials of the conduction and the valence bands of the two semiconductors and the
redox potentials of the redox couples present at the interface.

Hengky (2013) has synthesized BFO by auto combustion method with glycine
as a fuel and coated BFO with TiOz by hydrolysis of Titanium Tetra (IV) Iso Propoxide
(TTIP) with various molar ratios of BiFeOs to Ti precursor of 1:1, 1:2 and 2:1. They
observed a thin film of TiO. of around 1-3 nm thickness around the BFO particle.
Maximum photocatalytic activity was exhibited by TiO> coated BFO synthesized with
1:2 molar ratio, which resulted in >90% degradation of 10 ppm Rh-B in 150 min with
3 g/L catalyst loading under solar simulator. They proposed that in TiO; coated BFO,
the heterojunctions are created at the contact point of BiFeOsz and the TiO2, which
improves the life time of the photogenerated charge carriers by enhancing the charge

separation. It enhances photo redox reactions and improves photocatalytic activity.

Zhu et al (2014) developed the BFO/TiO2 Nanotube (NT) arrays composite
electrode system. TiO>-NTs were prepared by anodic oxidation of a titanium sheet,
BFO synthesized by solution precipitation method, followed by deposition of BiFeO3
nanoparticles on TiO>-NTs via an ultrasonic-immersion strategy to form the composite
electrode system with a band gap energy of 2.12 eV. They found that the surface

modifications of BiFeOsz nanoparticles can extraordinarily improve the surface
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photovoltage. The photochemical responses of BFO/TiO2-NTs composite electrode
exhibited much greater photoelectrocatalytic activity for Rh-B degradation under
visible-light irradiation compared to TiO2-NTs. Though 20 mg/L Rh-B was completely
degraded in 150 min by photo electrocatalytic process, only 16% degradation was
achieved by photocatalytic process with visible light irradiation under 500 W Xenon
lamp. They found that, the BFO component plays a key role in promoting the generation
of photo-induced charges under visible light and an appropriate positive bias voltage to
the composite electrode could greatly enhance BFO/TiO2-NT photochemical
performance. They attributed it to the ferroelectric properties of polarized BFO
nanoparticles in the composite. The photocatalytic activity of this BFO/TiO2-NT arrays
composite electrode system was found to be very low.

Liu et al. (2017b) synthesized BiFeOs by a citrate self-combustion method and
coated with TiO2 by hydrolysis of titanium butoxide to form BFO@TiO core shell
structured photocatalyts. They studied the photocatalytic activity by photocatalytic
oxidation of MV, MO and CR dyes under visible-light irradiation with 400 W lamp and
obtained 95%, 56% and 76%, degradation respectively in 150 min with 1g/L catalyst.
BiFeOs@TiO, synthesized with a mass ratio of 1:1 and TiO2 shell thickness of 50-100
nm showed a band gap energy of 1.77 eV and the highest catalytic activity. The high
visible light activity was reported to be due to its strong photo-absorption ability and
charge recombination rate. The low electron—hole recombination rate of BFO@TiOz is
credited to the presence of electronic-accumulation centres formed by the electronic
interaction between the BiFeOs core and TiOz shell. These centres effectively separate
the electrons and holes, leading to high quantum efficiency. Theoretically, an internal
electric field from TiO2 to BFO will be generated when BFO and TiO2 come in contact
and form a heterojunction interface. Driven by this internal electric field, the holes and
electrons will flow in opposite directions, thus leading to the efficient separation of
photogenerated electrons and holes and enhanced photocatalytic activity.

Liu and Wu (2019) conducted studies on the BiFeOs/TiO, core-shell
nanocomposites (NCs) and reported different degradation mechanism involving the
piezo catalytic, photocatalytic, and piezophototronic activity. They synthesized
micrometre-sized BiFeOs particles by a hydrothermal process and ball milled it to
reduce to nano-size. The BiFeOz nanoparticles were then coated with TiO-
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nanoparticles by sol gel method, and an external bias was applied through a high voltage
power supply for polling the composite. They found that BiFeO3z/TiO2 shows a much
high piezophototronic catalytic activity than piezo catalytic or photocatalytic process.
They have reported that, in photocatalytic process, the charge carriers migrate to either
side from TiO; to BiFeOz and BiFeOsz to TiO». In piezophototronic catalytic process,
the p-n junction has a band alignment which is steeper than that in photocatalytic
process. When, the polarization is from the BiFeOs to TiO- side, the electrons migrate
from the TiO2to BiFeOs direction while the holes move in the opposite direction. They
have reported that TiO> plays vital role as photo-induced charge carriers, while the BFO
acts to narrow down the band bending for charge transfer, which significantly enhances
the separation of the electron and hole pairs at the heterostructure interface. Therefore,
both the individual components are very important to enhance the activity and
heterostructure formation. Without the presence of each of the components, the
persuaded charge carriers in the catalysts may be blocked. These BiFeO3/TiO, with
polling when used for photocatalytic degradation of 10 ppm MV dye under irradiation
by 150 W xenon lamp and they obtained only 50% degradation in 120 min, showing
that the synthesis approach adopted by Liu and Wu (2019) is not favourable to develop

an efficient photocatalyst.

The literature review suggests that there are very limited reports on BFO@TiO>
nanocomposites which are core-shell structured or as composite electrode system. They
have studied the degradation of a single dye and obtained very low degradation even
with high power lamps or when appreciable degradation was achieved high catalyst
loading was used. It appears that there is a necessity to modify the synthesis method,
calcination conditions and/or or optimize the composition so as to improve the

photocatalytic activity.

2.5 PANI based nanocomposite as visible light driven photocatalyst

Recently, conducting polymers with extending n conjugated electron systems
have been widely studied for their electronic and optoelectronic properties. Due to their
excellent high absorption coefficients in the visible spectrum, high electron-hole
mobility, and environmental stability, conducting polymers have attracted considerable
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attention of researchers. Due to their essential electron-hole mobility properties,
conducting polymers have been demonstrated to perform as constant photo-sensitizers
for semiconductors, such as ZnO, WOs3, TiO2, ZnS, BFO etc. (Aksu 2005; Autin et al.
2013; Chen et al. 2012; Golsheikh et al. 2015; Nasreen et al. 2013; Sadek et al. 2008;
Shahabuddin et al. 2016). In integrative scientific research areas, conducting polymers,
such as, polyphenylene, polyaniline, polypyrrole, polyacetylene and polythiophene,
have been studied vastly, including for sensors (Sadek et al. 2007), batteries (Sengodu
and Deshmukh 2015), electronics and thermoelectric, electromagnetic, electro-
luminescence and electromechanical applications (Bhadra et al. 2009; Hu et al. 2015b;
Sengodu and Deshmukh 2015).

Owing to its notable physical and chemical properties, such as thermal stability,
high conductivity, easy preparation procedure, better processability, excellent optical
and magnetic properties and low cost (Karim et al. 2009; Lu et al. 2011; Riaz et al.
2014) PANI is the widely examined conducting polymer amid all of the conducting
polymers. Moreover, PANI is an efficient electron donor and an excellent hole
transporter upon visible light excitation. It has been studied broadly because of its
unique conjugation mechanism, engaging benzenoid and quinoid rings accompanying
to three different oxidation states (Ahuja et al. 2018; Reddy et al. 2016). PANI has been
proved as a potential candidate in commercial applications owing to its significant
absorption coefficient in a visible region, easy protonation reversibility, excellent redox
properties, and good environmental stability (Ahuja et al. 2018; Ayad and EI-Nasr
2010; Xiong et al. 2012; Karim et al. 2009; Lu et al. 2011; Tran et al. 2009; Wang et
al. 2010b). Because of these useful properties, the photoactivity can be enhanced by
using PANI as a photosensitizer to modify the photocatalysts by extending its spectral
response to visible region (Shang et al. 2009). And forming a composite of PANI with
a semiconductor, the spatial separation of charge carrier increases, which leads to
reduction in the probability of recombination which is due to interfacial charge transfer
(Sarmah and Kumar 2011). On absorption of visible light ©- * transition is induced in
PANI. The electrons in the excited state of PANI are transported into the d-orbital of
TiO». The energy level of the d-orbital of TiO2 (CB) and the n*-orbital of PANI match
well. The electrons then lead to redox reaction (Sandhya et al. 2013).
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PANI as a semiconductor polymer and semi-flexible rode polymer has been
used to improve the photocatalytic performance of several semiconductors (Cui et al.
2018; Liu et al. 2017a; Shirmardi et al. 2018). In the combined state with wide bandgap
semiconductors, PANI can handover the electrons produced upon visible light
irradiation to the conduction band of semiconductor, such as TiO, since the lowest
unoccupied molecular orbital (LUMO) level of PANI is energetically higher than the
conduction band (CB) edge of TiO. (Kalikeri et al. 2018; Wang et al. 2010). As per a
significance, a considerable quantity of interfacial charge transfer occurs, and
recombination of the electron-hole pair is considerably reduced, which could provide a
significant photo response in the visible/solar light range of the spectrum. This
expansion will benefit the application of the photocatalysis under visible/sunlight.
Composite materials comprising conjugated polymers and wide bandgap inorganic
semiconductors have been widely investigated for exploring optical, photocatalytic and
photoelectric conversion applications (Glimcher and Sparks 1992; Jang et al. 2000;
Luzzati et al. 2002; Pron and Rannou 2002).

2.5.1 PANI based nanocomposites for photocatalytic degradation of dyes

Various modified photocatalysts based on PANI such as PANI/TiO; (Li et al.
2008), PANI/ BiVOas (Li et al. 2008), PANI /SnO> (Geng et al. 2007), and PANI/Mo0O3
(Wei et al. 2010) have been reported for photocatalytic applications. Wang et al. (2016)
have designed and synthesized monodisperse PANI @CdS core-shell nanospheres to
probe the mechanisms of photo-corrosion inhibition and for photocatalytic H:
production. Zhang et al. (2012) revealed that the exciting enhanced visible light
photocatalytic activity and excellent anti-photo corrosion performance of CdS
photocatalysts are obtained after hybridizing by monolayer PANI. Table 2.2 presents
PANI based nanocomposites used for photocatalytic degradation of dyes. These studies
suggest that PANI with various semiconductors acts as a visible light active

photocatalysts, with good performance in degradation of dyes.
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Table 2.2: PANI based nanocomposite as photocatalyst in dye degradation.

Dye Percentage
Catalyst /Dye _ Amount of ) Source of
Dye concentration Degradation/ ] Reference
catalyst (mg/L) _ _ light
(mg/L) Time (min)
Fez0s@Polyaniline@Au ] Visible Xuan et al.
Rh-B 25 25 85% / 10 min )
light (2009)
PANI@TiO> ) 94.4% / 360 min
) Malachite ) ) Sarmah and
Ratio 10 10 99.4% /360 min | UV-Light
Green (MG) ) Kumar (2011)
1:9; 2:8; 3:7 92.2% / 360 min
Polyaniline/graphene Rose Bengal ) Visible Ameen et al.
10 - 56% / 180 min )
(PANI-Gr) (ROB) light (2012)
Reactive o
PANI-ZnO o ) Visible- Ma et al.
Brilliant Blue 20 20 72% / 180 min _
light (2011)
KN-R (RBB)
PANI/TIO> ) Visible Linetal.
MO 20 80 100% / 360 min )
light (2012)
PANI/TIO- _ Visible Olad et al.
MO 10 10 50% / 120 min )
light (2012)
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Olad and

PANI/ZnO ) Visible )
MB 10 30 82% / 60 min light Nosrati
i
: (2012)
Polyaniline/graphene _ Visible Ameen et al.
Rh-B - - 56% / 180 min )
(PANI-Gr) light (2012)
) ) Gllce et al.
PANI/CdO MB 4.8 0.4 97% / 240 min Sunlight
(2013)
PANI/Ag/AQsPO4 ] Visible Bu and Chen
Rh-B 10 30 95% / 10 min )
light (2014)
Chitosan Grafted- Visible Shahabuddin
N MB 10 15 - ]
Polyaniline/CO304 light et al. (2015)
PANI-Fe304s@2Zn0O ) Visible- Zhang et al.
MB 10 20 90% / 40 min )
light (2016b)
GR-PANI ) Visible- Neelgund et
Rh-B 4 10 55% / 10 min )
light al. (2016)
RGO/PANI/Cu20 ] Visible- Miao et al.
CR 10 25 81% / 30 min )
light (2016)
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PANI-Fez04 Acid violet 19 ) Visible Patil et al.
20 60 90% / 80 min )
(AV-19) light (2016)
69.8% / 180 min
PANI/Zn0O (different 74.6% / 180 min
molar ratio (1 M, 1.5 M 98.3% / 180 min Visible Saravanan et
. MO and MB 100 100 . )
and 2 M polyaniline) 99.2% / 180 min light al. (2016)
24.7% / 180 min
39.9% /180 min
: Pandiselvi
Reactive .
. ] 96% / 120 min ] and
Polyaniline/ZnO/chitosan | orange (RO) 50 30 ) Sunlight ) )
88.5% / 120 min Thambidurai
and MB
(2016)
_ . ) Visible _
SrTiOs /Polyaniline 84% /90 min ) Shahabuddin
MB 30 10 ) light
97% / 90 min ) et al. (2016)
Sunlight
Polyaniline/Fez04 o _ Visible Patil et al.
Acid violet 19 20 600 95.2% / 80 min )
light (2016)
PANI@TiO2 Visible Yang et al.
MB 30 40 71% /- )
light (2017)
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Polyaniline/BiYTi,O7 Azocarmine G ) Visible Luan et al.
20 20 78% / 60 min )
(AG) light (2017)
Ag/AgCl-Polyaniline ] ] Ghaly et al.
MB 10 70 50% / 90 min Sunlight
(2017)
) ) ) Visible o
PANI/TIO> Reactive Red 77% / 90 min ) Giljaetal.
30 100 ] light
45(RR-45) 95% / 90 min _ (2017)
Sunlight
Cds, Hybrid _
) 71% / 300 min _
Nanocomposites, _ ) Hiragond et
MB 10 25 77% / 300 min Sunlight
(CdS/PTh), (CdS/PPy), _ al. (2018)
67% / 300 min
(CdS/PANI),
ZnSe/PANI ) Visible Shirmardi et
MB - - 50% / 30 min )
light al. (2018)
) Sunlight
) 100% / 120 min o o
PANI/TIO: ) Visible Kalikeri et al.
RB 50 1000 100% / 120 min )
) light (2018)
98.4% / 120 min )
UV-light
Polyaniline/ZnO ) Visible Nerkar et al.
MO 100 100 87.5% / 60 min ]
Light (2018)
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52% /120 min

PANI-ZnO MB _ Visible- Qinetal.
50 - 90% / 120 min ]
1:1; 1:2; 1:3 ) light (2018)
58.9% / 120 min
_ ) Hiragond et
CdS/PANI MB 10 25 60% / 360 min Solar light
al. (2018)
Activated Charcoal
(AC)/PANI _ . Steplin Paul
) _ ) 62% / 120 min Visible _
Zinc oxide activated 50 50 _ ) Selvin et al.
- 95% / 120 min light
charcoal polyaniline (2018)
(ZACP)
_ Giljaet al.
PANI/ZnO AB 30 10 80% /60 min Solar
(2018)
MG 99.68% / 15 min o )
PANI/RGO ) Visible- Mitra et al.
Rh-B 10 17 99.38% / 30 min ]
) light (2019)
CR 98.73% / 40 min
Hydrolysed pectin Alipour and
YEToysEap _ 76% / 150 min P
(HPECc)-g-PANI ] ) Mansour
_ RB 10 250 84% / 150 min UV-light _
CdS@HPEc-g-PANI ) Lakouarj
i 86% / 150 min
mCdS@HPEc-g-PANI (2019)

29




MB

MG 12.2% / 60 min
PANI@TIO> Eosin Yellow 32.5% / 60 min ) Raveendran et
10 23 ) UV-light
(EY) 44.2% / 60 min al. (2018a)
Rose Bengal 14.2% / 60 min
(RoB)
) ) Saha et al.
MoS,-PANI MB 33 50 75% / 150 min UV-light
(2019)
g-C3N4/ ) ) Alenizi et al.
) N 20 30 100% / 150 min | Solar light
TiO2@polyaniline (2019)
Habibi-
Fe304/ZnO/PANI Yangjeh and
MO 100 100
Shekofteh-
Gohari (2019)
Nair and
PANI/TIO; Visible Shetty
AY 10 10 89% ) T
light Kodialbail
(2020)
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2.5.2 BFO@PANI nanocomposites

Luo and Maggard (2006) and Sandhya et al.(2013) have shown the ability of
PANI to photosensitize TiO2 under visible light by having PANI as the shell. Sandhya
et al (2013) have reported that PANI coating may also serve to prevent photocorrosion
and chemical corrosion. Chaturvedi et al. (2015) have reported that the agglomeration
of BFO could be prevented by having a PANI shell around BFO. Additionally, on
irradiation by light, PANI not only acts as an electron donor (Shirota and Kageyama
(2007), but also as an outstanding hole acceptor. These distinct characteristics of PANI
makes it a perfect material to achieve enhanced charge separation efficiency in the
photocatalysis. On considering the excellent properties of PANI in acting as a
photosensitizer for other semiconductors to utilize the spectral region in visible range,
and also based on its charge carrier efficiencies to prevent the electron-hole
recombination rate, it can be considered as a suitable candidate to form a shell/coating

over BFO to prevent photocorrosion and aggregation.

The synthesis of BFO@PANI core-shell statured nanocomposites (NCPs) is
challenging as it requires generating the polymer coating uniformly and completely on
the surface of the metal oxide core by a polymerization reaction in a solution phase
(Prabhakaran and Hemalatha 2008). The difficulty is at slowing down the rate of
polymerization and controlling the polymerization on the surface of the core rather than
in the solution. In the process of coating of BFO with PANI, the requirement of high
acidic environment for polymerization of PANI leads to etching of the BFO core of the
material. To overcome this problem, Chaturvedi et al. (2014, 2015) and Prabhakaran
and Hemalatha (Prabhakaran and Hemalatha 2008, 2012) have adapted synthetic route
which effectively controls the polymerization of PANI onto the surface of BFO.
Multiferroic polymer core-shell combination for tuning the band gap and coercivity has
been reported by Chaturvedi et al. (2015). They achieved a variation in the band gap of
BFO from 2.24 eV to 1.98 eV and changes in the coercivity from 118 to 100 Oe by
increasing the polyaniline shell thickness from 0 nm to 15 nm. BFO@PANI
nanocomposites showed the ability to prevent the agglomeration of the particles to crate
the heterojunction between individual particles and structural changes in terms of lattice

parameters and bond angles which is due to shifts in the vibrational frequencies. PANI
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exhibited significant reduction in coercivity and change in exchange bias fields
compared to that of BFO nanoparticles. They concluded that the magnetic properties
observed in BFO@PANI core-shell nanoparticles are a result of de-agglomeration as
well as PANI induced structural changes. Zhu et al. (2017a) used the BFO particles of
size 200 nm synthesized by normal citric acid sol-gel method in synthesizing BFO/
PANI composites with the different weight ratio by in situ emulsion polymerization.
They studied the microwave absorption properties of BFO/PANI composite and found
it to be promising lightweight and multiband microwave absorber.

However, to the best of our knowledge there is no reports on the photocatalytic
activity of BFO@PANI nanocomposites. Hence, detailed studies on the photocatalytic

degradation of single and mixed dye system are required.

With a view that BFO is a visible light active photocatalyst it was hypothesized
that the BFO nanoparticles with TiO2 or PANI as the shell, forming a core shell
nanoparticle can not only enhance the visible light activity either by photosensitization
or band gap tuning but also can prevent photocorrosion and aggregation of BFO.
Therefore, the present study reports the synthesis of BFO@TiO2 and BFO@PANI core
shell nanoparticles and their application in photocatalytic degradation of dyes under

visible light irradiation.
2.6 Photocatalytic degradation of dyes in water containing mixture of dyes

As the dye-containing industrial effluents may include a mixture of many dyes,
hence it is essential to study the degradation of the dyes in the mixed dye system. The
presence of other dyes may influence the degradation rate of a target dye. The
photocatalytic degradation process starts with the adsorption of the dyes on the catalyst
surface. It is well known that when several components are present, there is interference
and competition between the different components for the adsorption sites. The
adsorption isotherms for a single component system are thus inapplicable for the
thematic-component system. The interference or competition by other dye molecules
thus affects the rate of degradation of the dyes. Thus, detailed studies on the

photocatalytic degradation of dyes in a mixed dye system are required.
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2.6.1. Photocatalytic degradation of dyes in mixed dyes agueous systems and the

photocatalysts

Photocatalytic degradation of dyes in mixed dye aqueous solutions using
various photocatalysts have been reported. Various photocatalysts employed in
degradation of dyes from mixed dye aqueous solutions is presented in Table 2.3. When
many organic compounds like dyes are present in wastewater, selective treatment is
possible in defined conditions. It is possible to prioritise the degradation of one or the
other pollutants when they coexist in wastewater (Robert and Malato 2002). Conditions
like pH and catalyst loading have been found to influence the selectivity of compounds
towards degradation. Robert and Malato (2002) have studied selective photocatalytic
degradation of organic compounds under solar irradiation for the mixture of 4-
hydroxybenzoic acid (4-HBz) and benzamide (Bz) using TiO; as a catalyst. They
observed that at pH 4, the selectivity for degradation was towards 4- HBz than Bz,
whereas at pH 8 the selectivity for degradation was towards Bz than 4- HBz. At pH 6,
the degradation rates for both the organic compounds were similar. They have also
found that at higher TiO2 concentrations, the catalyst loading differently influenced the
degradation of different organic compounds, thus showing that catalyst loading

influences the selectivity.

The presence of another dye in the solution influences the degradation of the
target dye. The presence of other dye may promote or inhibit the degradation of a target
dye. Sahel et al. (2010) have investigated the photocatalytic degradation of a mixture
of two anionic dyes, Remazol Black (RB5) and Red Procion (MX-5B) using TiO:
(Degussa P-25) as a catalyst under irradiation with light of wavelength higher than 290
nm. They observed that adsorption of MX-5B was not affected by RB5. However,
extent of RB5 adsorption from the mixed dye solution was different as compared to that
when it was present individually as a single dye. They observed that, above 15 pmol/L
dye concentration, both anionic dyes competed for the same adsorption site. But at
lower concentration of dyes, the rate of disappearance of the dyes in single dye solution
or in mixed dye solutions were found to be similar, even though adsorption of RB5 was
modified. At high concentration their disappearance rates in the mixture decreased

owing to decrease in the number of available sites. This difference of behaviour was

33



explained by considering the modification of pH on increasing the initial concentration
of MX-5B in the mixture. Their studies on analysis of Total Organic Carbon (TOC) and
inorganic ions suggested that the degradation mechanism for a dye in the mixed dye
solution is different than that when it is present as a single dye.

Veldurthi et al. (2015) assessed the photocatalytic activity of LiMgosMnos02
based on the degradation of dyes from mixed aqueous solutions containing MB and
MO under visible light. MO was found to be preferentially decomposed when compared
to MB in the mixed dye solution. Photocatalytic degradation of both the dyes when they
were present as single dyes was lower than that when they were in mixed dye solution.
The presence of MB promoted the degradation of MO in the mixed dye solution. Romao
and Mul (2016) studied photocatalytic decomposition of MO and Atrazine in mixed
dye aqueous solution in a top illumination reactor with irradiation using UV tubular
lamps with TiO,- P25. At catalyst concentration of 0.25 g L™, the catalyst showed
substrate selective activity favouring the degradation of MO over Atrazine. At higher
catalyst loading, decomposition of both the compounds was achieved simultaneously.
However, the presence of MO did not affect the decomposition rate of Atrazine when
initial concentration of MO was 10 times lower than that of Atrazine. Their results
proved that the adsorption of dyes on the catalyst is one of the determinant steps in
simultaneous degradation of dyes by photocatalysis. They attributed the lower rate of
Atrazine decomposition in the presence of MO as associated with strong adsorption of

MO on the catalyst surface under acidic and neutral conditions of pH.

Hassan Zaki and Mohamed Ali. El Rouby (2019) studied the photodegradation
of the three mixed organic dyes: Tartrazine (Tz), Rh-B and MB using Au-functionalized
sodium titanate nanotubes (Au-NaTNT) as catalyst under simulated sunlight. 65% of
MB was decomposed after 240 min, while Tz and Rh-B remained in solution showing
no trace of reaction after that time. The authors reported that Au-NaTNT composite
showed selectively to MB degradation. They attributed the selectivity towards MB to
the net charge of the dyes under consideration. Xie et al. (2018) have reported the
degradation of RhB and MB in a simulated dye effluent of binary dye mixture using
carboxymethylcellulose (CMC-Na) modified SrTiOs as a photocatalyst under UV light.
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They found that, group hindrance significantly enhanced the preferential adsorption and
photodegradation to MB in Rh-B-MB binary solution at 10 mg/L.

Saha and Chaudhuri (2003) studied the solar light mediated photocatalytic
degradation of three metal complex azo dyes Acidol yellow, Acidol grey and Acidol
scarlet from the dye mixture and treatment of woolen textile dye house waste using
ZnO as a catalyst. They found that when the dyes were simultaneously degraded, 67-
93% decrease in degradation was obtained as compared to that obtained with single dye
degradation. The studies by Chomkitichai et al. (2019) showed that MB degradation is
faster as compared to Rh-B in mixed dye solution of MB and Rh-B solution under UV
light irradiation with multi—phase BiVO; as the catalyst. A preferential degradation of
MB over MO was also observed by Alzahrani (2017) in their studies on degradation of
binary azo dyes, MO and methylene blue in aqueous solution under UV light irradiation

using core-shell Fe3O4/SiO2/TiO2 nanospheres with magnetic cores.

Taghdiri (2017) in their studies on photocatalytic degradation of dyes from the
mixtures of MB, MO, Rh-B, in various combinations using magnetic activated carbon
(MAC) nanoparticles coated with an organic hybrid of silicotungstic acid under
sunlight, visible, and UV irradiation have found that, while the MO and Rh-B were not
degraded when present as single dye under sunlight, these dyes were degraded in mixed
dye solution containing MO, Rh-B and MB. Their results also showed that the
composite can selectively adsorb MB molecules from binary mixtures of MB/MO or
MB/Rh-B.

Wongkalasin (2011) studied on photocatalytic degradation of binary mixture of
azo dyes AY and Acid Black (AB) using TiO». They noticed that at any given initial
concentrations of AY and AB mixtures, AY degradation was always greater than AB,
which indicated that AY was easily degraded, as it is a mono azo dye with less
complexity in molecular stature than AB, which is a diazo dye. The resultant oxygen

species actively react with the AY dye.

The review of literature suggests that, the adsorption and photocatalytic
degradation rates of dyes are altered by the presence of other dyes. Preferential

degradation of one dye over the other in mixed dye aqueous solutions depends on
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solution pH, catalyst concentration and concentration of the dyes which are present in
the solution. In a mixed dye solution, each of the dye gets degraded to a different extent
based on the nature of the dyes and the complexity of the molecular structure of the
dyes. The photocatalytic degradation behaviour of dyes in mixed dye solutions also
depend on the type of catalyst used. Most of the catalysts used for mixed dye

degradation are semiconductor oxides.
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Table 2.3: Photocatalytic decolorization of mixture of dyes

Irradiation ) ) _
Dyes Catalyst used Percentage degradation and Time (min) Reference
source
A mixture of blue and red dyes took 6 h for
_ complete removal under UV-light in
Yellow Procion H-4R; ]
_ TiO2 presence of 30% H20z, whereas complete
Bright Blue Remazol (blue Solar and _ _ Costa et al.
_ (Degussa P-25) ) removal at 3 h under solar light; A mixture
reagent-19), Red Procion H- UV-light _ (2004)
. of red and yellow dyes around 93% in 6 h
under UV- light with presence of 30% H20>
and 5 h under solar light.
Methyl Red (MR) and _ ) ) o ) ) Gupta et al.
) Ag+ doped TiO2 UV-light >86% mineralization of dyes in 90 min
Crystal Violet (CV) (2006)
a) Binary dye mixture 25 ppm
Reactive Orange 84 (RO 84)
and 25 ppm Reactive Black 5 . . .
. . _ a) 14% RO84 and 63% RB5 in 360 min Chatterjee et al.
(RB5) TiO2 Visible-light ] ]
_ _ b) 39% RO16 and 43% RB5 in 360 min (2008b)
b) Binary dye mixture 25 ppm
Reactive Orange 16 (RO 16)
and 25 ppm RB 5
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_ 68, 76 and 75% mineralization were obtained
Basic Red 46 (BR46) and _ ) GOzmen et al
_ TiO2 UV-light for 100 mg/L BY28, 100 mg/L BR46 and 50
Basic Yellow 28 (BY28) ) o ) (2009)
+ 50 mg/L mixed solutions in 180 min
Acid Orange 7 (AO-7) and _ ) ) )
_ TiO2 UV-light 100% of RR-2 and 80% of AO-7 in 120 min Juang (2010)
Reactive Red 2 (RR-2)
Mixture of two anionic dyes, _ light of >290 _ _ Sahel et al.
TiO2 (P-25) 20-25 ppm TOC removal in 480 min
RB5 and MX-5B nm (2010)
) Mesoporous- o )
Mixtures of two azo dyes ) ] 98% of AY and 97% of AB degradation in | Wongkalasin et
assembled TiO> UV-light )
AY and AB 90 min al. (2011)
nanocrystal
Mixture of six commercial
azo dyes namely, Solophenyl
yellow, Solophenyl orange, | TiO2P-25 with UV-light Complete decolourisation in 240 min for all Palécio et al.
- |g
Solo phenyl black, H20> the dyes (2012)
Solophenyl scarlet, and
Solophenyl blue
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Bright Blue Remazol (BR-

Hydrogen peroxide used as bleaching

reagent in degradation system; Complete

) ) Solar and ) ) ) Costa and Alves
19), Red Procion H-7B (RP TiOz (P-25) ) degradation of dye mixture under solar light
UV-light ) _ (2013)
H-7B) in 300 min; 70% of RP H-7B and 93% of
BR-19 degraded under UV-Light in 360 min
Binary mixture of Rh-B and ) Complete degradation of Rh-B and 66.7% )
) _ TiO> catalysed ) ) ) Lietal.
4-(P-Nitrophenyl) Resorcinol ) Solar degradation of 4-(P-Nitrophenyl) Resorcinol
microsphere ) ) (2014)
(Magneson 1) (Magneson 1) in 120 min under solar
P25, Hombikat,
Pt promoted P25 _ )
Mixture of MO and Acid (PUP25):  TiO UV tubular | Complete degradation of the both the dye in | Romzg and Mul
’ 60 min
Orange (AO) P25 showed lamps (2016)
better activity
_ 100% of MO, 90% Rh-B and 80% MB
Ni-oxide @ TiO: ) ) )
Mixed dye solution of MO hell UV and degradation at 360 min under UV-light; 100% Lee et al
' | core-she '
Rh-B, MB Visible lights of MO, 95% Rh-B and 83% MB degradation (2016b)

materials

in 360 min under Visible-light
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Binary dye mixture
containing Acid Blue 113 Ti0 UV light (UV- | Around 93% mineralization of the dyes as Garg et al.
102
(AB113) and Acid Red 114 C) evidenced through TOC removal at 180 min (2017)
(AR114))
Core-Shell )
_ UV light o
Fe304/Si0 . 90.2% of MB and 100% MO degradation in )
MB + MO ] irradiation Alzahrani (2017)
TiO2 5h
(365 nm)
Nanospheres
] ) Cellulose acetate ) Complete degradation of IC and MB in 180 Salama et al.
MB - Indigo Carmine (IC) ) UV -light ) )
CNT/TiO>—NH and 300 min respectively. (2018)
CMC-Na
Rh-B, MB binary dye modified SrTiOs _ _ _ )
) ) UV light. 97% of MB, 60.7% of Rh-B in 180 min Xie et al. (2018)
mixture solution at 10
mg/L
MB+ Brilliant Green (BG)+ gCsNs-TiO2 Solar and 100% degradation of the dyes mixed solution
_ S ) _ Sutar et al.(2020)
MO Nanocomposites | Visible light in 270 min
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Three metal complex azo
dyes Acidol yellow (ACY), 93-67% decrease in degradation in mixed dye
Acidol grey (ACG) and Solar liaht solution compared to singe dye solutions; Saha and
i olar li i
Acidol scarlet (ACS) from Zn0 : 63% COD reduction in dye house waste; 86% Chaudhuri
the dye mixture and of ACY: 85% of ACG: 85% of ACS in 15 min (2003)
treatment of woolen textile
dye house waste
Zn0O nanorod- Ultrasonic-
Binary mixture of Safranin O loaded activated assisted 99% of MG and 95% of SO short time Nasiri Azad et
and MG carbon adsorption al. (2015)
2NO 93.83% of 2.5 mg/L MO and 100% of 5 mg/L
MYG were degraded at solution pH of 6.5 at
MG and Methyl green micro/Nanoflow UV-light ] ; P Kee (2017)
(MYG) mixture ors 240 min and COD removal around 94.14% at
240 min
Binary dye mixture system UV (254 and Venkatesh et al
of (Rh-B) and Malachite SN0, . 86% of Rh-B and 94% of MGO in 120 min 2019) '
nm),
Green Oxalate (MGO)
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40% of MB and 60% of MO degradation in

Wetchakun et al.

MB and MO BiVOs@CeO2 Visible light .
g 90 min (2012&)
i i Ag-loaded i
Mixed dye solution of MB v Visible-light | 99% MB and 98% Rh-B in 180 min Regmi etal.
and Rh-B BIVO, (2018)
Mixed dye solution of MB Multi—phase UV-light 24% MB and 24% Rh-B in 60 min Chomkitichai et
and Rh-B. BiVO, al.(2019)
Mixed dye solution of two Agl-AgsPO4/ e 190 of s decraded
i icibla-li 4% of dyes degrade i
acidic azo dyes orange Il and MWCNTSs 95.4 Visible-light y 9 Cai et al.(2015)
ponceau 4R
Mesoporous Co—
Mixed dyes Fe/Al,03—-MCM- Visible-light 100% degradation in 60 min Pradhan et al
MB, CR 41 (2016)
nanocomposite
MAC
) nanoparticles _ MB/MO: 91% % i 7
Mixture of MB, MO, Rh-B Y _ Sunlight, /IMO; 91% and 50% degradation at 75
) coated with an o min -
with MB/MO, MB/Rh-B visible, and Taghdiri (2017)

binary dye solutions

organic hybrid of
silicotungstic

acid

UV irradiation

MB/Rh-B; 90% and 63.8% at 120 min
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Au- 65% of MB was decomposed after 240 min, | Hassan Zaki and
Three mixed organic dyes: functionalized Simulated while Tz and RhB remained in solution | pohamed Ali. El
Tz, Rh-B, and MB sodium titanate Sunlight showing no trace of reaction after that time Rouby (2019)
nanotubes
Graphene
Mixture of three dyes as CV; nanosheets _ Complete degradation took 180 min for MB, Gunture et
_ isolated from th Sunlight. )
Rh-B; MB from the mixture | 'Solated iromine and 225 min for CV and Rh-B al.(2019)
BC soot
CNT/graphite in
i 0, . 0, 0,
Mixed CI (BR46), MG and the presence of UV-light 90.52% of BR46; 100% of MG and 97.88% Khataee et al.
Cl Basic Blue 3 (BB3) dyes H,0, of BB3 degraded at 30 min (2012)
Nezamzadeh-
MO+ Bromocresol Green ) ] o
(BG) Cus Solar light 60% MO and 80% BG degraded at 500 min Ejhieh and
Moazzeni (2013)
Nezamzadeh-
) Ejhieh and
CuO/nano- ) 15% Rh-B and 35% MB degraded in 160 o
Rh-B + MB ) Solar light ) Karimi-
zeolite X min _
Shamsabadi
(2013)
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Nezamzadeh-

Ejhieh and
MB+ Bromophenol Blue CuO ) ] o
) o UV-light 45% MB and 23% BMP degraded at 250 min Zabihi-
(BMP) clinoptilolite
Mobarakeh
(2014)
R 75% and 70% of Rh-B and JG degraded in Abhilash et al.
Rh-B + Janus green (JG) Fe203/Cu0 Visible light _
120 min (2019)
CoFe204-humic
acid (HA)
Remazol-red (RR) and MB ] Dye removal reached to 99.6% RR and Badawy et al.
o nanocomposite - :
in mixture (10 ppm each) _ ) 98.1% of MB respectively. (2020)
fabricated via
co-precipitation
Ce0O,/CuO/Ag2C
) rO4 ternary ) o
A mixture of RB and MB ) _ 90% and 87% of RB and MB at 80 min, Sabzehmeidani
nanocomposite LED light

dyes under irradiation.

fabricated by

electrospinning

respectively.

et al. (2020)




As presented in Table 2.3, there are very few reports on photocatalytic
degradation of dyes from mixed dye solutions using nanocomposites. Only one report
on photocatalytic degradation of dyes from mixed dye solutions using Bismuth based
nanocomposites, viz. BiVO4/CeO. (Wetchakun et al. 2012a) has been reported . The
degradation efficiencies of the mixed solution of MO and MB over the composite
evidently showed that both MB and MO dyes were favourably degraded, which is due
to the strong interaction between CeO and BiVOa.

To the best of our knowledge, there is no report on the application of bismuth
ferrite-based nanocomposites in the degradation of dyes from mixed dye aqueous
solutions. In the present study, the visible light and solar light-mediated photocatalytic
degradation of dyes from mixed dye contaminated water containing three dyes namely
Rh-B, AY and MB using two BFO based nanocomposites, BFO@TiO. and

BFO@PANI heterostructured nanocomposites is reported.
2.6.2. Quantification of dye degradation in mixed dye solutions

Photocatalysis encompasses mainly three important steps/process. i) Removal
of chromophore group in the dye molecule or change in the position in organic ring in
terms of decolourization by photocatalysis ii) Complex dye molecule breakdown into
simpler molecule or make the solution complete colourless. iii) In a dye molecule,
creation of stable inorganic ions mainly to complete mineralization. Decolourization of
dye can be determined using UV-visible spectrophotometer by measurement of
decrease in dye concentration. Mineralization of the dye can be confirmed by decrease

in COD and upsurge in CO> of dye solution.

Photocatalytic degradation studies on, the wastewater containing mixture of
dyes, requires the analysis of dye concentration in mixed dye aqueous system. The
spectrophotometric measurement of absorbance in a mixture of dye compounds has
been complex due to passible interaction between individual components (Peralta-
Zamora et al. 1999). There are number of analytical methods for quantitative analysis
of colourant mixture in aqueous solution. Among all the methods, UV-visible
absorption spectroscopic method is simpler and the best to determine the concentration

of each dye in the mixture of dyes in aqueous solution. Many methods have been
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reported, such as H-point standard addition method to avoid the superimposition of
absorbance resultant from the interaction between the individual component of the
binary mixtures, including derivative methods. First order derivative method is
identified as a simple method to prevent spectral interferences caused by the interaction
of the dyes in the mixture (Ekrami et al. 201; O’Haver et al. 1982). In the First order
spectrophotometric method, the zero-order spectrum is transformed into its
corresponding first order derivative. The zero crossing points can then be used for the
determination of the wavelength of dye analysis without the spectral inference of the

other compounds in the mixture (Ekrami et al. 2010).

Derivative spectrophotometry (DS) method is based on the principle that the
rate of absorption changes according to the wavelength. It obeys all the law of classical
spectroscopy e.g., dependence of derivative value on analyte concentration and
additivity law and derivatives. DS is one of the advanced spectrophotometric method
in past few decades, based on derivative spectra which are generated from parent zero-
order ones (Karpinska 2004; Talsky 1994). The removal of background signal caused
by occurrence of other compounds in a sample which is due to derivatisation of zero
order spectrum, can lead to separation of overlay signals. The stated properties can
permit quantification of one or other analyte without early separation or purification.
Currently, this method becomes very beneficial and used versatile, especially in
clinical, biochemical, pharmaceutical, environmental, as well as in inorganic or organic
analysis. However, it helps in solving the issues involved in analytical problems
associated with determination of concentration in complex systems. DS is accurate in
multicomponent analysis. It can determine one or other analyst in complex
matrix/mixture, which lead to increased selectivity, sensitivity and/or accuracy of

assays.

The features stated above allow the determination of a number of components
(x) in a mixture by measuring the amplitude of derivative spectrum of mixture at several
(minimum x) wavelengths. If the measurements of the height of derivative peak of
analyte is performed at those wavelengths at which the spectra of other components
undergo zeroing, the measured amplitude is proportional only to concentration of

assessed compounds. This approach of quantitative determination is called ‘zero-
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crossing method’. It allows concurrent resolve of a few analytes in a sample. The extra
property of DS, as compared with the classical method, is the dependence of
derivatisation result on the shape of zero-order spectra. The signals of analyte which
are in basic spectrum narrow, undergo amplification, whereas broad even intense zero-
order signals undergo flattening and, in the end, derivatisation leads to their zeroing.
This property allows to eliminate the influence of the background and increases

selectivity of determination.

The above discussed properties of derivative spectrophotometry technique are
valuable from analytical point of view. The derivative technique has found wide
application in resolving these analytical problems where analyte is accompanied by

constant matrix, mainly in analysis of pharmaceuticals, cosmetics or food additivities.

Turabik (2008) in their studies on adsorption of basic dyes from binary mixture
of R46 and BY28 on bentonite, reported the dye analysis by zero order and first order
derivative spectrophotometric method. As shown in the Figure 2.2 (a) the individual
BR46 and BY28 dyes (initial concentration of each dye is 10 mg/L) were recorded
between 300 and 700 nm by zero order absorption spectra. It showed the wavelength
of maximum absorbance (Amax) Of BR46 at 529 nm and BY28 at 437 nm, respectively.
The BR46 and BY 28 dyes were overlying due to interference in the zero order spectra,
thus concentrations of each dye in mixed condition could not be determined by direct
absorbance measurement. Thus, derivative spectrophotometric method and
simultaneous analysis was used by them to determine the concentration of each dye in
binary mixture. They further plotted the first order derivative spectra of BR46 and
BY28 dyes in single and binary mixture aqueous solution as shown in Figure 2.2 (b).
They chose 560 nm as the wavelength for the analysis of BR46 in the presence of BY 28,
where the first order derivative of absorbance for BY28 dye is zero. Similarly, 380 nm
was chosen for the analysis of BY28 in the presence of BR46, where the first order
derivative for absorbance of BR46 was zero. The calibration for BR46 and BY 28 dyes
were then obtained at 560 nm and 380 nm to analyses their concentration in binary dye

solution respectively.
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Figure 2.2: (a) Zero order absorption spectra of BY28 and BR46 in single and
binary solutions. (b) First order derivative spectra of BY28 and BR46 in single
and binary solutions (initial dye concentration of 10 mg/L) (Turabik 2008).

Juang et al. (2010) in their studies on degradation of single and mixed dyes
namely Acid Orange 7 (AO7) and Reactive Red 2 (RR2) using TiO2 nanoparticles
under UV-light, determined the wavelengths at 482 nm for AO7 and 538 nm for RR2
by zero-order absorption spectra for individual dyes. Due to overlap and interference
between the zero-order spectra of both the dyes, their concentrations could not be
concurrently determined by direct absorbance measurements at these wavelengths.
They found 425 nm for AO7 in presence of RR2 and 571 nm for RR2 in the presence
of AO7 by first order derivative spectral method.

Wongkalasin et al. (2011) studied on the photocatalytic activity for single and
mixed azo (AY and Acid Black-AB) degradation use TiO> catalyst. They noticed that
in the binary dye mixture, the dyes don’t interfere with each other, and individual dye
absorption spectra showed the maximum absorption of AY at 425 nm and AB at 619
nm, respectively. The photodegradation of each dye in mixed condition confirmed in
terms of decreases in maximum absorbance at their wavelength. Similarly, in the binary
mixture of CV and MR, each of the dyes could be examined alone by using their
corresponding maximum absorption values of 590 and 430 nm, respectively (Gupta et
al. 2006).

Gadigayya Mavinkattimath et al. (2017) in their studies on the adsorption of
Remazol brilliant blue (RBB) and Disperse orange 25 (DO2s) dyes from mixed aqueous
solution, found that the wavelengths which showed maximum absorbance for single

dyes by zero order spectral analysis viz. 608 nm and 475 nm for RRB and DO25
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respectively, showed interference effect in the case of mixed dyes. So, they used first
order derivative method and determined the wavelengths for analysis of RBB at 550

nm in the presence of DO25 and 480 nm for DO25 in the presence of RBB.

Garg et al. (2017) used two different methods, namely multivariate calibration
and first order derivative spectrophotometric method to quantify each dye separately in
binary dye solutions of Acid Blue 113 (AB-113) and Acid Red 114 (AR-114) in their
studies on photocatalytic treatment in a slurry pond reactor using TiO2 as a

photocatalyst with UV light irradiation .

Zero-order method of analysis may not be suitable for mixed dye solutions;
Hence, DS is a systematic method and advantage for dye mixtures with overlying
spectra. The issue of overlapping of the spectra and interference between the dyes can
be overcome by the plot of wavelength against the rate of change of absorbance; viz.,
the first-order derivative spectrophotometry (G6zmen et al. 2009; Kapoor et al. 2006;
Turabik 2008). The zero-order spectrum derivatization can separate overlapped signals,
narrow down the effect of spectral background interferences caused by the presence of
other dye molecule (Bosch Ojeda and Sanchez Rojas 2004; Kapoor et al. 2006;
Karpinska 2004; Konstantinou and Albanis 2004). Therefore, the concurrent analysis
of the dye mixtures are to be carried out using the first-order derivative
spectrophotometric method (Ben Douissa et al. 2014; Turabik 2008).

Garg et al. (2017) used two different methods, namely multivariate calibration
and first order derivative spectrophotometric method to quantify each dye separately in
binary dye solutions of AB-113 and AR-114 in their studies on photocatalytic treatment
in a slurry pond reactor using TiO> as a photocatalyst with UV light irradiation (UV-
C). They used TOC measurements to obtain total mineralization of the dyes.

The dye may be degraded to form specific intermediates during the oxidation
and few of them might be more toxic than the parental/original compounds. Thus, it is
important to understand the mineralization of the dye (Kalikeri et al. 2018; Medien and
Khalil 2010). Mineralization accounts for the oxidation of the dye into CO>, water and
other simpler compounds. The decrease in oxygen demand during the enhancement of

reaction checks the degradation of the dye during the photocatalytic process
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(Nezamzadeh-Ejhieh and Karimi-Shamsabadi 2013). COD determines the natural
stability of wastewater and can be assessed with reference to the total oxygen required
for the oxidation of organic matter to CO. and H>O .COD test determines the oxygen
required for the chemical oxidation of organic matter with the help of strong chemical
oxidant (APHA 2012). COD is the most often used parameter in measuring the
pollution level in wastewater and it is used as a parameter to show the amount of dye

mineralization.

Pare and Singh (2009) measured colour intensity and decrease in COD level
with increase in the time for better understanding of decolorization and degradation
processes in their studies on degradation of Lissamine Fast Yellow under visible light

using ZnO nano catalyst.

Ps et al. (2013) have also monitored the decrease in COD level to study the
degradation and mineralization of mixed dyes under UV-light using TiO2 nanoparticles
fabricated by precipitation method covered with biopolymer calcium (Ca)-alginate.
They observed that even when the dye solution looked very clear due to
decolourization, toxic trace molecules remained indicating incomplete mineralization

as observed from COD test. Thus, COD test is very important in waste water treatment.

Nezamzadeh-Ejhieh and  Karimi-Shamsabadi  (2013) reported the
decolorization of a binary dye mixture (MB and Rh-B) and the mineralization as
determined by COD, in their studies on photocatalytic treatment using CuO/nano-
zeolite X (CuO/NX) catalyst under solar irradiation. A decrease in COD level approved
that the dyes are degraded in photocatalytic process. MB produce ‘N’ and Rh-B dyes
may produce either of NOs-NHz or N2, CO2 and H20 due to mineralization (Gupta et
al. 2006; Li et al. 2008). Kee (Kee and Wei 2017) used COD analysis by HACH Reactor
Digestion Method 8000 to measure the level of mineralization Mahalingam and Ahn
(2018) measured COD values using APHA (American Public Health Association)
method (APHA 2012), in their studies on degradation of Methyl green (MYR) and CV
under visible light using graphene oxide Fe3s04-NiO hybrid nanocomposite. Kalikeri et
al. (2018) adopted dye concentration measurement by spectral method and
mineralization in terms of COD levels in their studies on degradation of Reactive Blue
(RB-19) using PANI-TiO2 nanocomposite under visible light. Zuorro et al. (2019)
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indicated dye degradation in terms of COD removal efficacy in the studies on
photocatalytic degradation of Reactive Violet 5 (RV5) using Fe-doped TiO>
nanoparticles under visible light. Kiwaan et al. (2020) reported COD removal in the
degradation of Rh-B and Acid Red 57 (AR57) under UV-light with TiO> catalyst. Thus,
the analysis of dye concentrations can show the extent of decolourization and COD

analysis gives the extent of mineralization.

2.7 Factors affecting photocatalytic activity of nanocomposites and the rate of

photocatalysis

The photocatalytic activity of the nanocomposites is influenced by intrinsic
factors such as morphology, size, structure and composition of the catalyst which are
governed by synthesis method, synthesis conditions and calcination conditions. The
factors that affect the rate of photocatalysis leading to degradation of dyes are: pH of
the solution, catalyst loading, initial dye concentration and light intensity.

2.7.1. Factors affecting photocatalytic activity of nanocomposites

Photocatalytic activity of nanocomposites depends on morphology, size,
structure and the composition. These characteristics are dependent on synthesis method,

synthesis conditions and calcination conditions.

Nanocomposites have been developed as appropriate substitutes to get rid of
some of the limitations of nanoparticles containing a single component like, metal,
metal oxide or semiconductor oxides. They possess unique properties. However, a lot
of challenges in terms of their preparation to get a desired composition such as,
stoichiometric ratios of components in the nanocluster, phase control and elemental
composition are involved (Camargo et al. 2009; Gawande et al. 2015). Usually, NCs
are made up of two components depending on the compositions and preparation of these
materials, NCs can be divided into different classes, including inorganic/inorganic,
inorganic/organic, organic/inorganic and organic/organic type NCs (Amouri et al.
2012; Lauhon et al. 2002; Park et al. 2013). Attention is towards developing specific
nanomaterials with multifunctional abilities with improved properties. NCs have
conducive and multipurpose compositions and structures (Douvalis et al. 2012; Jiang

etal. 2011a; Maity et al. 2012; Pang et al. 2011). Furthermore, NCs may have properties
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that are synergistic between the cores and shells NCs and/or offer new properties
depending on interactions between the two metals, core and shell or other
heterostructures (Adijanto et al. 2013; Cha et al. 2013; Kitchin et al. 2004; Wang et al.
2011a).

When TiO2, ZnO or WOs3 are used as a photocatalyst, fast recombination of
photogenerated electron-hole pairs takes place resulting in the low quantum efficiency
of TiO2 and reduced photocatalytic activity. In order to minimize the above drawbacks
and improve the photocatalytic activity, composites made from TiO, and other metal,

metal oxides or semiconductor oxides are often used (Li and Zhao 2013).

Secondary semiconductors can act as either electron or hole acceptors and
improve charge separation. Thus, junction architecture plays an important role in
photocatalysis (Moniz et al. 2015). Metal, metal oxides or semiconductor oxides trap
the photogenerated electrons of TiO. and reduces the electron-hole recombination time
of TiO2 (Bahadur et al. 2019).

The electron characteristics of semiconductors like TiO2 and ZnO are often
amended to harvest visible light with interfacial charge carrier transfer (Habibi-Yangjeh
et al. 2020). The coupling of two semiconductors (i) allow these catalysts to absorb
visible light (ii) modify the energy levels of the conduction and valence bands for
charge transfer to external entities (iii) favour charge separation and (iv) make them
more photostable (Ganguli et al. 2020). It has been proved that the heterojunctions
constructed among semiconductors with proper alignment of their band edges and the
synergistic effect between them promotes the harvesting of visible light absorption,
prevent the recombination of electro and hole pairs and enhance the transfer of charge
carriers (Akhundi et al. 2019; He and Zhang 2019; Koutavarapu et al. 2019; Kumar and
Rao 2017; Pirhashemi et al. 2018; Shekofteh-Gohari et al. 2018). Heterojunction is
formed at the interface of two dissimilar semiconductors. The heterostructures are
formed on the basis of band gap, electron affinity and band position which leads to
formation of new energy levels (Wang et al. 2013c). The type of heterostructures
depend on the band alignment and the movement of charge carriers in a reaction is
controlled by the formation of heterojunctions (Agrawal et al. 2014; Kroemer 2001;
Wang et al. 2013c).
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The advanced nanocomposite structures like core-shell structured
nanocomposites (CSNs) have been designed such that the shell material improves the
reactivity, thermal or oxidative stability of the core material (Ghosh Chaudhuri and
Paria 2012; Srdic et al. 2013). The composition of the core and the shell material, its
geometry and design, impart unique properties to CSNs. Core-shell architectures
provide more uniform and larger area of contact between the components, promoting
better transfer of the charges and excitation lifetime. Reactivity can be altered and
thermal or oxidative stability of the core material may be enhanced by the shell
materials (Ganguli et al. 2020). Chen et al. (2019) synthesized mBiVO4/BiOl core-shell
heterostructured photocatalyst and they ascribed the excellent photocatalytic activity
and superior adsorption capability to formation of the p—n heterojunction, close core-
shell heterostructure and high specific surface area. These factors were reported to
favour the electron-hole separation and transfer. Liu and Wu (2019) synthesized
BiFeOs/TiO2 core-shell nanocomposites by a sol-gel-assisted hydrothermal process
forming a p-n heterojunction at the interfacial area which creates an internal electric
field by the band alignment. Li et al. (2009a) have synthesized BFO by hydrothermal
method and coated it with TiO2 by controlled hydrolysis of TiO2 precursor in the
presence of BFO to form BFO/TiOz core-shell nanocomposites and they reported that
the good visible-light absorption property of the nanocomposite is induced by Fe or
Bi/Ti interdiffusion in the interfaces.

CSNs are generally synthesised using solution methods involving two steps of
synthesis of the core structure followed by coating the core structure with the shell (Ishii
et al. 2013; Nomoev et al. 2015; Sahu et al. 2012). In this heterostructure (core-shell),
the shell formed on the core increases the specific surface area and possess high
porosity, and also decrease the band-gap thus it shows high catalytic activity in
photocatalytic field. Superior efficacy/selectivity in catalytic applications may be
achieved by synergetic effect between the core and shell.
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2.7.1.1. Synthesis methods and conditions

Numerous synthetic strategies have been attempted to fabricate nanocomposites
in different ways such as chemical and physical methods. including sol-gel, wet
chemical, seeding method, electroless plating, layer-by-layer self-assembly, in-situ
reduction, stabilizer- or core-assisted reduction, and spraying, microwave ultrasound
irradiation, and electrodeposition, etc (Choi et al. 2013; Gawande et al. 2015; Ghadami
and Rouh Aghdam 2020; Liao et al. 2019; Manivannan and Ramaraj 2009)

Particle size plays a crucial role in determining the properties of nanoparticles.
Shape, size, and surface morphology controls the physiochemical, biological, electronic
and optical and catalytic properties of nanomaterials. High surface area nanoparticles
are highly reactive, and most of them undergo aggregation due to unprotected surfaces
(Freeman et al. 1995; Gomathi et al. 2019; Qiu et al. 2010). Photocatalytic activity has
been found to vary with the change in particle size and surface areas (Adhikari and
Lachgar 2016). The improved photocatalytic activity with decrease in particle size has
been observed by several researchers (Amano et al. 2013; Retamoso et al. 2019).
However, Dodd et al. (2006) have found that there exists an optimum particle size at
which the photocatalytic activity was maximized. The existence of an optimum size
was attributed to counteracting effect of increase in the charge carrier recombination
rate with increased activity due to higher specific surface area when particle size is very

small. Similar observations were made by Li et al. (2013b).

Shape of the nanoparticles are dependent on their energy which stimulates the
changes in shapes (José Yacaman et al. 2001). The shape and nature of the nanoparticles
significantly affect their chemical properties (Baer et al. 2013). By controlling the size
and tailoring the shape of the nanoparticles, photocatalytic activity may be improved
(Liao and Liao 2007; Wu et al. 2010a).

Nucleation is a process to form a crystal which has a crucial role in the growth
of particles and crystallites. Nucleation process involves the growth species generation,
diffusion, adsorption and growth on the surface to produce crystallite. At lower
synthesis temperatures, the nucleation rate predominates over the growth rate of the

species, leading to narrow size distribution. At high synthesis temperatures, the growth
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rate is high, the nucleation and growth species are simultaneous. Earlier formed nuclei
grow to larger particles than the newly formed ones, resulting in a broad grain-size
distribution (Cao 2004; Gao et al. 2003; Yu 2006). Thus, nucleation and growth rates
are governed by synthesis method and conditions, which govern the size distribution.

The type and quality of nanoparticles fabricated are significantly influenced by
the time of reaction for synthesis in the reaction medium (Darroudi 2011; Patra and
Baek 2014). Similarly, characteristics of the synthesized nanoparticles changed with
the synthesis process and the time, contact with light, and storage conditions
(Kuchibhatla et al. 2012; Mudunkotuwa et al. 2012). The aggregation and shrink of the
particles is influenced by the synthesis process, variation in synthesis time, shelf-life
and storage (Patra and Baek 2014).

Darroudi (2011) in their studies on the synthesis of silver nanoparticles (Ag-
NPs) synthesised by green chemistry route reported that the reaction time influences
the composition and size of the synthesized nanoparticles. Ahmad et al. (2016) and
Sundarrajan et al. (2018) reported that the synthesis time affects the rate of reduction,
size and stability of the nanoparticles through their studies on the synthesis of gold and

silver nanoparticles respectively by green synthesis methods.

pH of reaction plays a key role in the creation of nanoparticles. pH controls the
creation of nucleation centres, framing the size as well as morphology of the NPs. The
pH of the solution medium impacts on the surface of the fabricated nanoparticles
(Armendariz et al. 2004; Gamez et al. 2003). The size and shape of the particles are
altered by varying the pH as nucleation and aggregation is influenced by pH
(Armendariz et al. 2004; Handayani et al. 2020; Rajesh et al. 2016; Soni and Prakash
2015). Okitsu et al. (2009) reported that pH affects the size and the aspect ratio of gold
nanorods. The structure, morphology and interaction strength of the nanoaprticles
depend on the pH of the syntheis media (Zhang et al. 2010; Handayani et al. (2020).

Li and co-workers (2015) reported the sol-gel technique for the synthesis of
SAg@SIiO. core-shell nanostructure, which effectively avoided the Ag core
agglomeration. Chen et al. (2017a) prepared Ni-Cu-Zn ferrite@SiO.@TiO2Ag

nanocomposites Via sol-gel route, to reduce the particle size and shape of the magnetic
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nanocomposites and they obtained desired NCs with an average particle size of 20 nm.
Islam et al. (2019) reported that a visible light active Bio.gHOo.1FeO3
nanoparticles/TiO. nanocomposite thin films with different molar ratio can be prepared
through sol-gel method and they found that nanocomposite film can be a possible
candidate for a better photocatalyst. Ratova et al. (2016) found that Bismuth Tungstate
onto Titania Nanoparticulate materials obtained via deposition method are good for
visible light active photocatalysis. Hirakawa and Kamat (2005) are synthesized
Ag@TiO2 by one pot synthesis method with simultaneous reduction of Ag ions and
hydrolysis of TiO precursor, which prevented corrosion/leakage of Ag. Electrons

excited from TiOz shell are stored in Ag core and prevented recombination.

According to literature survey, researchers have observed that size of the
catalyst and band gap depend on the synthesis method or condition involved (Dong et
al. 2009). In spite of the nanoscale providing high surface area and surface defects, the
charge recombination become dominant at nanoscale, which thus reduces the benefits
of nanosized semiconductors (Serpone et al. 1995; Zhang et al. 1998). The highest
activity may not always be achieved with the smallest size. So optimum size of the
nanoparticles is a key factor for achieving highest photocatalytic efficiency (Bao et al.
2007; Ishihara et al. 2004). Crystallinity of nanoparticles plays a more important role
than the high surface area (Kudo and Miseki 2009). In the heterojunctions, the defects
of O (oxygen) vacancies offer a greater contribution to the photocatalytic process than
the defects at deep levels and the direct transfer of charge between the conduction and
valence bands (Coleto et al. 2019).

Currently, researchers are gaining interest on discovering different methods of
synthesis of NCs, their nucleation, subsequent arrangement as well as on the influence
of the surface (Armelao et al. 2006). The diverse physical/chemical structures of
different nanocomposites can be obtained by using different methods and conditions.
The changes in synthesis process or conditions involved in the process are very
important factors in nanocomposites, and these factors influence the photocatalytic
activity. However, by changing the synthesis methods or by using different substitutes
for chemicals or by changing the calcination temperature and time, dopant (adding other

metal for making capping agents) or by using surfactant as electrostatic stabilization
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agent, or by varying the pH of precursor solution the formation a catalyst with desired
characteristics and activity can be achieved. Hence synthesis method and conditions

involved in the methods play vital role in the photocatalytic activity.

Commonly catalyst with a narrow band gap is good for photocatalysis to
produce more electron-hole pairs (Wu et al. 2010b). Moreover, small band gap incites
the impurity energy level, and oxygen-deficient sites in the catalyst to enhance the
photocatalytic activity (Asahi 2001; Cao et al. 2013; Fuerte et al. 2002; Rodriguez-
Gonzaélez et al. 2008; Zaleska 2008). The activity of any photocatalyst depends on how
the recombination of photoinduced electron-hole pairs is prevented (Liu et al. 2010;
Sobana and Swaminathan 2007). It may be changing the morphology, particle size (Ma
et al. 2010), crystal structure (Rajabi et al. 2013), and surface area of nano catalyst
which are important factors that resolve the photocatalytic activity of prepared
photocatalyst. Proper composition of the material plays a vital role in the interactions
of the material and strengthen filler matrix in the composite. Bharadwaj (2001) reported
that composition ratio of the composite materials is one of the important factors that
governs the microstructure and morphology of nanocomposites, and also determines
the charge transport mechanism. The uniformity and orientation of the nanocomposite
which leading to a more bending path and improved barrier properties, depends on the
composition (Bharadwaj 2001). Camargo et al. (2009) reported that the characteristics
of nanomaterials such as, crystalline structure, large surface area and reactivity and its
interaction with the environment are related to their composition. Mirzadeh and Kokabi
(2007) reported that the composition of the composite plays a key role in solubility and
orientation of the material. Variations in the composition alters the solubility factor and
it supress the barrier effect of orientation and also diffusion coefficient might be
affected.

In the TiO./ZnO nanocomposites, the band gap energy, morphology and
photocatalytic activity have been reported to be dependent on the levels of Zn precursor
used for the synthesis, and molar ratio of ZnO to TiO. in the composite
(Prasannalakshmi and Shanmugam 2017; Wang et al. 2013a). It has been reported by
Li et al. (2019a), that the band gap energy and photocatalytic activity of BFO/TiO>

nanocomposite is influenced by BFO to TiO, mass ratio (Li et al. 2009a; Liu et al.
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2017b). The charge carrier efficiency, charge separation tendency, band gap energy and
photocatalytic activity have been found to be influenced by mass percentage of N-TiO>
in BiFO2@nitrogen doped mesoporous TiO2 in BFO/n-TiO2 composite (Mohamed et
al. 2020). The variation in mass ratio of SnO> to g-CsN4 in SnO2/g-C3N4 photocatalyst
influenced the photocatalytic activity (Singh et al. 2019). The photocatalytic activities
depended on the mass ratio of CdS : Graphene or CdS :CNT in CdS- Graphene and
CdS - CNT nanocomposites (Ye et al. 2012). In Zn3(VO4)2/BiV Oy, as the ratio of BiVOs
increased, particle size increased, which was attributed to aggregation/agglomeration
of the particle. The photocatalytic activity was also found to be influenced by mole ratio
of Zn3(VO4)2 to BiVO4 (Sajid et al. 2018).

Zalfani et al. (2015) reported that in BiVO4/TiO2 nanocomposites, the crystallite
size of TiO2 was lower than that of pure TiO2 and concluded that BiVO4 nanoparticles
prevent grain aggregation. They further found that increasing the BiVOa4 content in
BiVOy TiO2 lifted the nanocrystals of BiVO4 to an agglomerated state to coagulate in
the development of the crystal. Mai et al (2019) studied on influences of silicon dioxide
nanoparticles (SiO2) on structure and phase transition of a conventional ferroelectric of
triglycine sulphate (TGS). Sajid et al. (2018) noticed numerous irregularities in the
composite and it caused wide range band stretch in the composite with an increase in
BiVO4 content in the composite.

From the review of literature, it was concluded that the composition of the
nanocomposite greatly influences the photocatalytic activity and composition may be
varied by varying the ratio of precursors for the components. Thus, the optimization of
the ratio of precursors for the components to maximize the photocatalytic activity was

required.
2.7.1.2. Calcination conditions

The structural properties of a photocatalyst such as crystalline phase, crystallite
size, surface area and pore distribution, are important for its photocatalytic activity and
these factors are influenced by calcination temperature and time (Cai et al. 2016; Yu et
al. 2006). Crystallinity and particle size are the critical parameters that influences the

photocatalytic performance of photocatalyst (Leghari et al. 2011; Zhang et al. 2011a).
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Several researchers have reported that the crystallinity of the particles increases with
increase in calcination temperature, in turn resulting in enhanced photocatalytic activity
(Kusuma and Chandrappa 2019; Menon et al. 2018). An increase in calcination
temperature results in nanocomposites with well-defined morphology (Menon et al.
2018). Though in certain cases, the particle size increased with increase in calcination
temperature (Kusuma and Chandrappa 2019; Menon et al. 2018; Pranwadee
Kaewmuang et al. 2018), in other cases it decreased (de Luna et al. 2018). Calcination

influences morphology of the nanoparticles (Satapathy et al. 2014).

Common synthesis methods for nanoparticles involve high-temperature
calcination to convert amorphous form into crystalline structure, for fine particle
growth and to decrease the surface area in order to enhance the photocatalytic efficiency
(Gnanaprakasam et al. 2015; Jing et al. 2013; Shi et al. 2009; Venkatachalam et al.
2007). Shi et al. (2009) reported that, with an increase in calcination temperature for
TiO2 nanoparticles, the light absorption turns from lower wavelength to longer
wavelength. The concentration of anatase phase in TiO> increased with increase in
calcination temperature. Anatase to rutile transformation was found between
calcination temperature of 500 and 600°C, and then completely transformed to rutile
phase at 600°C (Wetchakun et al. 2012b). Higher calcination temperature favour
particles growth and agglomeration occurred which decreased specific surface area
(Wetchakun et al. 2012b; Zhang et al. 2006a). Higher calcination temperatures led to
formation of anatase phase at the surface of TiO> than that at bulk during phase
transformation (Zhang et al. 2006a). Shi et al. (2009) and Zhang et al.( 2001) have also
reported that increase in calcination temperature leads to higher stability and
photocatalytic activity. Calcination temperature influences the band gap energy and
native defects distribution (Sifontes et al. 2013; Sugihartono et al. 2019). Hence
calcination temperature influences the crystallinity, size, shape, morphology and optical
property of the particle, and thus governs the photocatalytic activity (Liang et al. 2006;
Rai et al. 2006; Sifontes et al. 2013).

Gharagozlou (2011) studied the effect of calcination temperature in the range
of 400 to 1000°C on the structural properties of CoFe204/SiO, nanocomposite
synthesized by sol-gel process. They obtained higher crystallinity without impurity
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phases on calcination. Crystallite and particle sizes were found to slightly increase with
increase in calcination temperature. Satapathy et al. (2014) in their studies on Nd doped
Y203 nanoparticles reported that, both crystallite and particle size increases with
increase in calcination temperature and morphology of the particles also changes with
changing calcination temperature. Kayani et al. (2015) have found that the crystallinity,
band gap, crystallite and particle size of ZnO nanoparticles synthesised via sol-gel
method increased with an increase in calcination temperatures. Similar results of the
effect of calcination temperature on crystallinity, band-gap and particle size distribution
were observed by Ali et al. (2018) in ZnO/SnO; (ZS) nanocomposites, fabricated via
co-precipitation route. However, they obtained lesser photocatalytic activity in the
nanocomposites calcined at higher temperatures due to the creation of new transitional
phase in the composite and bigger bandgap with larger particle size.

Amadine et al. (2017) in their studies on CuO@CeO_ composite synthesised via
surfactant-template process have found that calcination temperature plays a vital role
in the formation of the composite with good co-occurrence and stability of the
nanoparticles, due to oxygen vacancies on the surface of the particles. They also
attributed calcination temperature as the reason for lattice expansion. The increase in
crystallite size of the composite with increase in calcination temperature has been
observed in Ni-NiO nanocomposites fabricated by coprecipitation and Sol-Gel (SG)
method (da Silva et al. 2019).

Desiati et al. (2019) in their studies on TiO2/Ag nanocomposites synthesised via
sol-gel route, have found that the particles size and its distribution are dependent on
calcination temperature. Calcination temperature plays a crucial rule in adhesion of
particles in the composite, Zhang et al. (2020) studied on morphology of silica
microspheres surface-coated nano-TiO> composite material (MS-SiO2/TiO;) at
different calcination temperatures and found that increase in the temperature leads to a
stronger bond between TiO2 and MS-SiO,. Wang et al. (2012) reported on that in
ordered titanate nanoribbon (TNR)/SnO: films synthesized via electrophoretic
deposition (EPD) method, increase in the calcination temperature and time led to
increase in crystallinity. Dudhe and Nagdeote (2014) reported that increase in

calcination time, improved the structure and size of CaNb.Os nanomaterials fabricated
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through co-precipitation process. BR and XR (2016) reported that for nickel oxide
(NiO) nanoparticles fabricated by coprecipitation method, increase in calcination time
particles, results in increase in the crystallite size. Mohammed et al. (2020) studied on
CazCo0409 nanoparticle synthesised by sol-gel method (using starch as a fuel) with
different calcination temperatures (773, 873, 973, and 1073 K) and time (4, 6, 8,10, 12,
and 14 h). They found out particles size increases as calcination time increased from 4
to 12 h which is due to the grain growth. But after 12 h, the size remained same due to
saturation. They also reported that crystallite size and percentage of crystallinity in the

crystal structure depends on calcination time.

The review suggests that photocatalytic activity of any catalyst depends on the
calcination conditions like temperature and time. Thus, it is important to study the effect
of calcination temperature and time to improve the photocatalytic activity of the catalyst

in terms of the degradation of dyes.

2.7.2 Factors affecting the rate of photocatalysis/photocatalytic degradation

efficiency

2.7.2.1 Effect of pH of the solution

The pH plays a vital role in photocatalytic degradation (Reza et al. 2017),
though the effect may vary with the type photocatalyst and the reaction media
compositions, as the process takes place on the catalyst surface (Akpan and Hameed
2009; Neppolian 2002). The effect is related to the ionization state of the surface, as
well as that of the reactant dyes and products such as acids and amines (Akpan and
Hameed 2009; Kiwaan et al. 2020). It also affects the charge on the catalyst surface,
aggregation of the particle in terms of size and the positions of conduction and valence
bands (Giwa 2012; Neppolian 2002; Shah et al. 2019). The pH can influence the
adsorption of dye molecules onto the catalyst surfaces, an important step for the
photocatalytic oxidation to take place (Shah et al. 2019). The holes (positive) are
considered as the major oxidation species at low pH, whereas hydroxyl radicals are
considered as the key species at neutral or high pH levels. Under acidic condition, the
excitation of H.O and *OH radicals will be suppressed due to an excessive

concentration of H* and a low concentration of OH-. Furthermore, the formation of
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HO, from H+ and O radical proceeds inversely and, thus, is inhibited when the pH
exceeds the acid dissociation constant (pKa). As a result, there will be less-OH radicals,
which are lower in redox potential and leading to lesser oxidizing capacity in the
reaction system (Paul et al. 2019). Furthermore, the lack of HO. radicals will also
inhibit oxidation, as they produce oxidizing substances lower in oxidize ability (Xue et

al. 2015). Thus, pH is a very important factor which governs the photocatalytic rate.

Costa et al.(2004) reported, the effect of pH on mixed dye (Red Procion and
Bright Blue Remazol) solutions during photooxidation with changing pH from 8 to 12.
During photodegradation in the mixture of dye solution, a slight change in the
photooxidation time was observed, which meant there is no variation on the acid

dissociation constant (pKa) or base dissociation constant (pKb).

Gdzmen et al. (2009) studied the photocatalytic degradation and mineralization
of BR46 and BY28 dyes in single and mixed solutions in the presence of periodate ion
(1047), at different pH conditions. They reported that degradation is pH dependent and
a diverse behaviour with the chemical nature of the dye was observed. The degradation
of BY 28 insignificantly influenced by varying the pH, but the degradation of BR46 was
significant at pH 3.2 compared to other pH. According to percentage degradation, the
optimum pH value was achieved at pH 3.2 for the degradation of both the dyes, which
is due to the point of zero charge (pHzpc) for anatase TiO», Sakthivel et al. (2003) and
Vohra and Tanaka (2001) have reported that the catalyst surface charge is positive at
acidic medium and negative at basic medium. As BR46 and BY28 are cationic dyes,
the repulsive forces between the catalyst surface and dyes do not facilitate their
adsorption on the catalyst surface in acidic medium. But hydroxyl radicals formed react
with dye molecules in acidic medium. Therefore, high degradation was achieved at
acidic solution. At higher pH value such as 5.2, 6.1 and 7.0, TiO; particle surface is
neutral, causing agglomeration of the catalyst and leading to lower degradation. The
greater degradation efficiency of BY28 in alkaline pH (8.0) could be attributed to weak
adsorption or molecular interaction of the BY28 on catalyst surface than BR46. Hence,

the dye molecules are directly oxidized by the TiO2 holes.
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Juang et al. (2010) in their studies on photodegradation and mineralization of
individual and mixed dye solutions of AO7 and RR2 dyes under UV irradiation by TiO>
photocatalyst found that degradation increased with increase in solution pH from 1.5 to
6.3.The pHpzc of TiO, is 6.2 - 6.6 (Doong et al. 2001; Hoffmann et al. 1995). The TiO:
particle surface charge may be negative, positive, or neutral depending on whether the
pH of the solution is greater than, smaller than or equal to pHpzc. The degradation and
mineralization do not only depend on the adsorption—desorption properties of catalyst
surface, it also depends on the pollutants and their surface charge. However, both the
dyes being negatively charged, the reactions of hydroxylase of both the dyes form a

complex in the entire pH range.

Romao and Mul (2016) studied the degradation of MO and Atrazine dyes in
mixed dye aqueous solutions with TiO2. According to their report, the degradation of
mixed dyes was better in acidic condition and lower degradation was observed in
neutral condition. MO degradation rate was much slower in basic medium compared to
acidic condition, in both individual or mixed dye system. However, it was found that
the degradation of atrazine was not affected by the presence of MO. The catalyst surface

charge affected by pH, was reported to play a vital role in the degradation of the dyes.

Alzahrani (2017) studied the effect of pH on mixed MO(anionic)+MB (cationic)
dye degradation using core-shell Fe304/SiO2/TiO> nanospheres synthesized via
precipitation method. They reported that dye degradation does not depend on the
formation of hydroxyl radicals at the edge of nanospheres. The dye degradation was
totally dependent on the photocatalyst surface charge and the dye stuff charges; their
physical and chemical properties. In a mixed dye condition, competition between the
two dyes for adsorption at catalyst surface may occur (Nezamzadeh-Ejhieh and Karimi-
Shamsabadi 2013; Wang et al. 2011c). In addition, for catalysts suspended in aqueous
solution, the surface of the catalyst is enclosed by hydroxyl groups, and the surface
charge of TiO> is the main function of the solution pH. When pHpzc of the catalyst is
higher than the pH of the solution, catalyst surface charge is positive and favour the
MO (anionic) degradation, If the pHpzc of the catalyst is lower than the pH of the
solution, catalyst surface charge is negative and it favours MB (cationic) degradation
(Alzahrani 2017; Sahel et al. 2010).
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Taghdiri (2017) studied the degradation of mixed dyes (MO and Rh-B/MB) on
MAC nanoparticles coated with silicotungstic acid (MAC-HMT-STA-MB)
nanocomposites under sunlight with different pH. The photocatalytic degradation of
Rh-B, the adsorption process was studied in aqueous solution (pH =7.4). Rh-B in the
mixed dye solution was not adsorbed on the catalyst under neutral pH. However, both
of the dyes were degraded at other pH conditions, but degradation of MB was greater
than Rh-B. The composite surface charge is being negative and MB dye being charged
positive; MB degradation was superior than Rh-B. The degradation of Rh-B was
superior at lower pH which was due to anionic form of Rh-B is at pH 2.5 in mixed dye

solution.

Salama et al. (2018) in their studies on photocatalytic degradation of MB and
Indigo carmine (IC) using combination of cellulose acetate (CA), multiwall carbon
nanotubes (MCNT) and TiO2 nanocomposite under UV light, reported that dye
degradation is dependent on pH of the solution. They reported that in lower pH, TiO-
produces extreme oxidizing capacity. Both the dyes degraded under strong acidic
conditions (pH2), which was attributed to the electrostatic interactions between the
positive and negative surface charge of catalyst and dye molecule respectively, leading
to strong adsorption of dye molecule. In addition, the enhanced efficacy of the process
was attributed to the creation of hydroxyl radicals by interaction of hydroxide ions with
the positive holes which are considered as the main oxidation species at low pH.

Chomkitichai et al. (2019) studied the photocatalytic degradation of a mixture
of MB and Rh-B solution under UV light irradiation by multi—phase bismuth vanadate
(BiVO4) nanoparticles. They studied the effect of pH on degradation of mixed dye
(MB/Rh-B) solution and found that the degradation of MB/Rh-B increased with
increases the pH, which was attributed to the repulsive force between the hydroxyl ions

of the solution and the negatively charged catalyst.

Venkatesh et al (2019) studied the effect of pH on degradation of mixed dyes,
Rh-B and MGO, in aqueous medium using SnO2 nanoparticles synthesized via co-
precipitation method. They showed that adsorption between dyes and the catalyst

surface and redox processes of photocatalysts playing a role in degradation (Gupta et
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al. 2017). In mixed dye solution the degradation of Rh-B was faster at pH 7 and
degradation of MGO was faster at pH 9. The degradation rate of dyes was lower in
strong acidic (pH4) and strong alkaline (pH9) conditions, which is due to surface charge
and suspension of nanoparticles in acidic medium. In acid medium, the catalyst surface
charge is negative so it enhances reaction rate and stronger electrostatic repulsion with
dye molecules. So, this catalyst prevents adsorption of hydroxide ions, collapse
oxidative species in the reaction (Yang et al. 2016). In alkaline medium, the generated
reactive species and dye molecules interacted to enhance the dissolved oxygen level,

so photocatalytic activity also increased.

These literature review suggest that, pH of the solution affects the degradation
of dyes differently and the optimum pH depends on the catalyst and dye characteristics.
So, it is important to study the effect of pH for any catalyst-dye system to facilitate

maximization of degradation.
2.7.2.2. Effect of catalyst loading

The rate of the photocatalytic reaction depends on catalyst loading. Many
researchers reported that the photocatalysis rate increases with increase in catalyst
loading, but after certain loading, the rate decreases and becomes independent of
catalyst loading. The increase in the catalyst loading increases the number of available
active sites and thus increases the dye molecules being adsorbed. But., further increase
in catalyst loading beyond a certain limit leads to interception of the light by the
suspension which decrease the rate of photocatalysis (Saquib and Muneer 2002). The
density of particles in the area of illumination increases when catalyst loading is
increased (Adesina 2004; Paul et al. 2019). Higher amount of the catalyst may not be
useful in view of possible aggregation as well as reduced irradiation field due to
increase in light scattering. The catalyst amount has both positive and negative impact

on the photodecomposition rate.

Juang et al. (2010) in their studies on the effect of TiO, concentration range
from 0.1-6.0 g/L on photodegradation and mineralization of sole and mixed dyes AO7

and RR2 under UV irradiation, observed that the photodegradation of individual dyes
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and mixed dyes, increases with increasing catalyst concentration. Many researchers
have reported that photodegradation is dependent on the catalysts and their active sits
on the surface (Lathasree et al. 2004). With appropriate increase in the concentration of
the catalyst, the creation of electron/hole pairs increases and thus the formation of OH

radicals for higher photodegradation.

Wongkalasin et al. (2011) studied the effect of catalyst concentration on the
photocatalytic degradation of mixed dyes AY and AB in aqueous solution using
mesoporous-assembled TiO2 nanoparticles. They observed an increase in the rate of
photocatalysis with an increase in the catalyst concentration upto 10 g/l. However, with
further increase catalyst concentration, they observed that the degradation rate
decreased. Hence, they found catalyst concentration of 10 g/l as the optimum. A
superior TOC removal for the individual dye aqueous solution was 92.5%, which was
greater than that of mixed dye aqueous solution (91.3%), which was attributed to the
availability of active site on TiOz surface, the light absorption capability of the catalyst,
and light penetration depth in the dye solution (Konstantinou and Albanis 2004). They
inferred that in the catalyst concentration range of less than 10 g/l, the active sites of
TiO, surface and the light absorption ability increase due to a greater number of TiO:
particles available in the system. Contrarily, further increase in the catalyst
concentration beyond the optimum, light penetration and active sites on the surface of
the catalyst restricted. More concentration of the catalyst hinders the light penetration
and also leads to agglomeration of the catalyst which is due to interaction of the
particles. Hence, photocatalytic activity is less reduced as compared to optimum

catalyst concentration.

Romao and Mul (2016) in their studies on the effect of TiO2 (P25) concentration
on the photocatalytic decomposition rates for MO and Atrazine, have reported that
catalyst loading is an important parameter to optimize the photocatalytic efficacy. They
observed that the rate constant of MO and Atrazine increased with increase in catalyst
concentration. MO showed a similar rate constant value when decomposed in the
presence of Atrazine, while for Atrazine in the presence of MO, the increase in rate

constant by increasing the catalyst concentration was insignificant.

66



Venkatesh et al. (2019) studied the photocatalytic degradation of Rh-B and Rh-
B + MGO degradation on SnO; nanoparticles synthesized via co-precipitation method,
and the effect of catalyst dosage on photocatalytic activity. Increase in degradation with
increase in catalyst dosage was observed by them. They attributed it to the formation
of active sites and generation of oxidative species (*OH and *O2") which improves the
adsorption and catalytic activity as proposed by Wang et al. (2018). The optimum
concentrations of SiO2 for Rh-B were reported to be 50 mg in 100 mL and Rh-B +
MGO as 75 mg in 100 MI. They reported that at these catalyst concentrations, a greater
number of active cites would be available and more photons pass through the dye
solution. So, the catalyst effectively endorses the electron/hole generation to degrade

the dye molecules (Poulios et al. 2000).

Chomkitichai et al. (2019) studied on multi—phase bismuth vanadate (BiVOa)
nanoparticle synthesised via solvothermal method for photocatalytic degradation of
MB and Rh-B in mixed dye solution under UV light irradiation. MB being a cationic
dye, gets adsorbed more on BiVOs surface (negative charge) than Rh-B (anionic). The
degradation efficiency increased with an increase in the concentration of the catalyst
till the optimum level was reached, but further increase in catalyst concentration above
the optimum resulted in a reduction in degradation efficiency. The main mechanism
behind the photocatalytic efficiency for mixed dye aqueous solution is dependent on
the number of active sites and photo—absorption ability of the catalyst. The catalyst
concentration increases the creation of electron-hole pairs and thus the producing OH
radicals for increase in the degradation. Further increase in the concentration of the
catalyst, hinders the light penetration through defensive effect of the suspended catalyst
and so decreases the photocatalytic efficacy (Chiou et al. 2008; Guillard et al. 2003;
Sayilkan et al. 2006).

The review of literature on the effect of catalyst concentrations (loading), there
exist an optimum catalyst concentration which depends on the catalyst-dye
combination. The optimum depends on the active sites available on the catalyst and the
light scattering effect or hindrance caused for light absorption due to high

concentrations of the catalyst. Thus, a study of the effect of catalyst loading for any
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dye-catalyst combination is important to obtain an optimum for maximum degradation

of any dye.
2.7.2.3 Effect of initial dye concentration

The degradation of dyes by photocatalysis prominently depends on the
concentrations of the dyes. The industrial effluents containing the dyes, may be diverse
in nature with varying concentrations of the dyes. So, the photocatalytic reactor may be
subjected to varied dye concentrations. Even though dye concentration increases, the
number of active sites remains constant, with fixed catalyst loading (Mohan and
Pittman Jr. 2006). Once the catalyst is saturated there will be no more active sites for
the degradation of dyes (Kalikeri et al. 2018). The increase in dye concentration also
hinders the light penetration (Mortazavian et al. 2019). As the initial dye concentration

increases, the residual dye concentration in the reactor also increases.

Gdzmen and co-workers (2009) have reported a decrease in the dye degradation
with increase in the dye concentration in their studies on the activity of TiO; for the
degradation of BR46 and BY28 dyes in separate and mixed condition under UV
irradiation with different concentrations range of 20 to 100 mg/L, in the presence of 3
mM periodate ion concentration (104). Juang et al. (2010) have also reported a decrease
in the photocatalytic degradation of dyes with increases the dye concentration in their
studies on the degradation and mineralization of single and mixed dyes (AO7 and RR2)
using TiO2 nanoparticles under UV-light. They attributed the decrease to the prevention
of light penetration on to the catalyst, as well as high turbidity due increase the dye
concentration. Kiriakidou et al. (1999) reported a decrease in azo dye degradation with
increase in the initial dye concentration at pH 6 for initial dye concentration range from
25 to 100 mg/L. However, several researchers have stated that photodegradation is
dependent on initial dye concentration up to a certain level, after which it reaches a
saturation (Glaze et al. 1993; Ku and Hsieh 1992).

Wongkalasin et al. (2011) studied on photocatalytic degradation of binary
mixture of azo dyes AY and AB using TiO2. In order to understand the optimum

degradation rate using different mixture conditions, they investigated on six different
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concentration mixtures. They used initial concentrations AY such as 2.5, 5 and 10 mg/I
and AB initial concentrations in the range of 0-10 mg/l and vice versa. With the initial
concentration of both the dyes increasing, there was no change in degradation observed
upto 2.5 mg/L, whereas further increase in the concentration of these dyes resulted in a
gradual decrease in degradation rate. Wongkalasin et al. (2011) have attributed it to the
presence of a greater number of the dye molecules making the solution turbid and
preventing light penetration on to the catalyst to react with the dye molecule. They
noticed that, with a constant concentration of AB and varying initial AY concentration,
the degradation rate was higher than constant concentration of AY and varying

concentrations of AB.

Romao and Mul (2016) reported that decomposition of MO and Atrazine in
aqueous solutions using TiO2. They reported how one dye is affected other dye
decomposition in mixed condition. Their studies revealed that when the MO initial
concentration was 10 times lower than Atrazine, the rate of degradation of Atrazine was
not affected significantly by the presence of MO. However, in their studies on the
degradation of AO and MO in mixed condition by TiO., MO degradation was fund to
be significantly delayed by the presence of AO.

Kee (2017) in his studies on application of ZnO micro/nanoflowers synthesised
through a PVP assisted co-precipitation technique for photodegradation of mixed dyes
(MO and MYG) in aqueous solution, reported the effect of initial concentration of dyes
on the degradation efficiency. He reported a decrease in the photocatalytic degradation
of dyes with increase in the dye concentration. He opined that, since the catalyst
concentration and light intensity is constant, dyes do not get degraded instantly due to
higher adsorption of dye molecules on the catalyst surface. According to Gupta et al.
(2013) the light penetration in the aqueous solution reduces to reach the catalyst surface,
as the dye concentration increases, causing limited creation of free super hydroxy
radicals on the catalyst surface to react with the dye molecules, so photocatalytic
degradation decreases (Gupta et al. 2013).

Venkatesh et al. (2019) studied the effect of initial concentration of the dyes on the

degradation of Rh-B and MGO dye in individual and binary dye aqueous solution using
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SnO; nanoparticles under UV light. They reported that the degradation of dyes was
effective at low concentrations and as the concentration increased the dye degradation

decreased.

Many other researchers Abu Tariq et al.(2008; Daneshvar et al. 2007; Sobana and
Swaminathan 2007) also reported a decrease in dye degradation efficiency with
increase in the dye concentration in the solution. Overall, the mentioned reports
explained high dye concentration with fixed catalyst concentration, hinder the light
absorption capacity, hence low degradation is achieved. Salama et al. (2018) in their
work on photocatalytic degradation of MB and indigo carmine (IC) using cellulose
acetate, MCNT and TiO2 composite nanofibers under UV-Light, have reported that
degradation rate depended on the concentration, the nature of the compound and
presence of other existing compounds in the solution.

Mohamed et al. (2018) in their studied the photodegradation of pharmaceuticals,
viz Ibuprofen (IBP), Naproxen (NPX), and Cetirizine (ClZ) using MWCNT/TiO2-NH>
composite under UV-Light have reported that the high concentration of
pharmaceuticals inhibits the reaction with hydroxyl radicals, due to indirect contact.
They also reported that the UV-light is absorbed by drug due to increase in the drug
concentration and the photons are unable to reach the photocatalyst surface to generate
hydroxyl radicals (Li et al. 2018).

As the industrial effluent may contain dyes of varying composition, studies on the effect
of dye concentration is important from the view point of extent of degradation
achievable or to study the kinetics of degradation which helps in the design of reactors
for photocatalysis. When different dyes co-exist in wastewater, the presence of one dye
may inhibit the degradation rate of the other and it may depend on the concentration of
each of the dyes. Higher dye concentrations may also inhibit the redox reactions during
the photocatalysis and thus reduce the degradation efficiency. As the allowable
concentration of the dye in the treated effluent is limited by regulatory standards, it is
important to investigate, what is the residual concentration achievable with the given
dye concentrations in the reactor influent and to suitably vary the parameters or design

the reactor to achieve the desired residual concentration. Thus, it is important to study
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the effect of initial dye concentrations on the photocatalytic degradation of dyes for any

dye-catalyst system.
2.7.2.4 Effect of irradiation source and light intensity

The wavelength and intensity of the light play a crucial rule in the photocatalytic
activity. The type of irradiation source which can be used depends on the nature of the
catalyst. The artificial UV-light is more duplicatable than sunlight and enhance the dye
degradation rate. However, solar energy is cost effective and abundant and non-
hazardous nature, so expected to develop as an alternate light source (Muruganandham
2004; Neppolian 2002). Generally, solar light is directly used for photocatalytic
degradation reactions or by using parabolic collectors (Goncalves et al. 2005; Malato
et al. 2002).

Rao et al. (2004) found that the AO7 degradation rate with TIO2 is around 1.5 times
higher under sunlight than artificial UV light. Even though in AO7, sunlight influence
in direct photocatalysis was found to be low. The wavelength of the light was found to
play a vital rule in degradation rate. Shorter wavelength irradiation can promote to
create an electron-hole generation and catalyst efficiency in terms of degradation with
TiO> catalyst (Nguyen et al. 2014). However, suitably modification of the catalyst to
reduce the band gap energy may impart visible light activity and thus solar energy can

be utilized for photocatalysis.

Ollis et al. (1991) stated that: Light intensity governs the reactor deigns and distribution
in the reactor, and also determine the conversion of pollutant and degradation (Pareek
et al., 2008). Light intensity is playing a vital rule in degradation as well as the reaction
rates (Carneiro et al. 2011). Creation of the electron-hole pair, which is the initiation
step in the photochemical reaction is dependent on the light intensity. The light intensity

governs the rate of photocatalysis.

e The rate of reaction increases linearly with increase in light intensity at low
intensity lights (0-20 mW/cm?) (first order).
e Beyond certain value, at middle light intensities (approximately 25 mW/cm2)

rate of reaction is dependent on the square root of the light intensity (half order).
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e The rate of the reaction is not dependent on light intensity, at high light
intensities. At high light intensities, due to more photons per unit area and unit
time; the probability of activation of catalyst surface by photons is higher, so
catalyst activity increases. Even though, light intensity increases the number of
active sites remain same on the catalyst, thus reaction rate reaches a saturation

level even though light intensity continuously increases.

Neppolian (2002) studied the photocatalytic degradation of Reactive Yellow 17,
Reactive Red 2, Reactive Blue 4 dyes using TiO> under solar/UV irradiation. They
noticed that solar irradiation is less effective compared to UV-light. Band gap of the
catalyst is smaller than the wavelength of UV-light. So, UV-light excites the electrons
leading to electron-hole formation. However, as sunlight contains less than 5% of light
in UV range, only this part of the of the total optimum energy can be utilized with TiO;
(Fatin et al. 2012). Hence, degradation rate is less under solar light. Neppolian (2002)
have noticed that the percentage degradation of the dyes increased with increase the
solar light intensity, which they attributed to creation of electron—hole pair and
prevention of recombination. However, at lower light intensity, electron—hole
recombination rate is high, which decreases the creation of free radicals, hence the
degradation rate reduces (Bahnemann 1999). Chanathaworn et al. (2012) used the light
intensity of black light lamp in the range of 0-114 W/m? and observed the effects of
light intensity on Rh-B decolorization. They obtained enhanced dye degradation with
increase in the light intensity. Liu et al. (2006) studied on photodegradation of AY
affected by three different light intensities (1.24 mW/cm?, 2.04 mW/cm?, 3.15
mW/cm?) and they observed that decolorization increases with increasing light
intensity. Several researchers reported an increase in decolorization rate with increasing
light intensity (Sakthivel et al. 2003; So et al. 2002).

Bharathkumar et al.(2015) in their studies on MB dye degradation using BFO mesh
under sunlight, have reported that when the light intensity increases photocatalytic
activity increases. They attributed this effect to increase in the reaction rate between the
dye and the catalyst, and more importantly to bend-bending. Band bending provides an

extra penetration path for transport of photo-generated charge carriers to dye and
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photocatalyst interface region, which prevent the recombination rate of charge carriers,

resulting in an enhanced photocatalytic performance.

Romao and Mul (2016) studied the effect of light on decomposition of MO and Atrazine
in aqueous solutions using TiO2.They noticed that the degradation rate of MO is slower
at lower light intensity. The degradation of Atrazine proceeded at a significantly slower
rate in the presence of MO at low light intensity, as compared to high light intensity.
The rate constant for MO degradation followed a non-linear (0.5-order) dependency
with light intensity. However, the influence of light intensity on the rate of degradation

of Atrazine was significant, as rate constant increased exponentially.

Anku et al. (2016) reported the photocatalytic degradation of MO and CR under
Simulated Visible Light using Fe**/C/S-doped-TiO2 nanoparticles with varied visible
light intensities such as 0.5 sun, 0.7 sun, 1.0 sun and 1.3 sun intensities. The dye
degradation was found to increase with the light intensity upto 1 sun. With an increase
in light intensity upto 1 sun, the number of photons that reach the surface of the catalyst
increases. However, at the light intensity to 1.3 sun, the degradation efficiency was
found to be moderate, which is due to optimum number of photons required for a
degradation of the dye. So, at 1.3 photon numbers more than that required to fact
reaction and doesn’t change the reaction rate. Hence, there was no change in

degradation efficiency.

Salama et al. (2018) reported on photocatalytic degradation of MB and IC using
CA/CNT/TiO2 composite nanofibers under UV-Light. They reported that
photodegradation rate dependent by the light intensity, and photodegradation rate
increased with increase in the light intensity. Sun et al. (2018) a non- linear dependency
of degradation of benzene on light intensity in their studies using nitrogen-doped TiO-
(N-TiO2) under visible light irradiation, wherein benzene degradation improved with
increasing light intensity. Chiu et al. (2019) in their studies on the effect of light
intensity on photocatalytic degradation of dyes, noticed that photodegradation rate
increases linearly with light intensity at low intensities, whereas at higher light
intensities, the photodegradation rate was independent of light intensity. At low light

intensity, the photoexcited electron and holes are contest with for their recombination,
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consequently hindering the generation of reactive radicals. The electron-hole pair
generation increases as the light intensity increases, resulting in a greater
photodegradation efficiency. However, as the active sites on the catalyst for degradation
remains constant, the reaction rate demonstrations a maximum rate, although the light

intensity endures to increase (Ollis et al. 1991).

Alkaykh et al. (2020) studied the MB degradation using MnTiOs nanoparticle
synthesized via sol-gel technique under sunlight with varying source of irradiation. The
light intensity and the wavelength play a crucial rule in photo-degradation of pollutants
(Ahmed et al. 2010; Kaneco et al. 2004; Li Puma and Yue 2002). They were changed
the light source and intensity and noticed that the degradation of MB under solar light
was more effective compared to artificial UV light. However, they observed that the
percentage degradation under artificial UV-C radiation was higher than UV-A
radiation. However, they did not notice any change in degradation rate with increase in
light intensity, which was due to optimum number of photons essential for
photocatalytic degradation being reached with the lowest intensity light used in their
study. So, the higher intensity light was incapable to affect for degradation rate (Anku
et al. 2016; Reza et al. 2017).

The review suggests that the studies on various irradiation sources are important to
suitably apply the photocatalytic process in an economic and energy efficient manner.
The knowledge on the effect of light intensity on degradation would help in better
understanding of the kinetics of degradation under the irradiation conditions used. This

information is important in the design of photocatalytic reactors.
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2.8 Scope and Objectives of the Research Work

Based on the literature review and the research gaps identified thereof, the scope

and objectives of the present study were specified.
2.8.1 Scope of the study

The main focus of this research work is to synthesize two BFO based
nanocomposites (BFO@TiO, and BFO@PANI) for their application in the degradation
of dyes from mixed dye contaminated water containing, MB, AY and Rh-B dyes under
visible light irradiation. The degradation of the dyes in water is represented in terms of
decrease in dye concentrations as analyzed by spectrophotometric analysis and COD
removal. The base constituent in the synthesis of BFO@TiO2and BFO@PANI is BFO.
According to literature, the method used for synthesis of individual constituents of the
nanocomposite greatly affects the properties of the nanocomposite. Thus, a best method
for the synthesis of BFO which is the base constituent for both the nanocomposites
(BFO@TiO2 and BFO@PANI) is to be chosen, based on the maximum photocatalytic
activity in terms of degradation of MB, AY and Rh-B, dyes and COD removal from
mixed dye contaminated water under visible light irradiation.

The optimization of the ratio of BFO to the precursor of other semiconductor to
be used in the synthesis mixture is essential. The properties that determine the
photocatalytic activity of any nanocomposite vary with the synthesis conditions and the
ratios of the individual constituents or precursors used in the synthesis. The
ooptimization of catalyst composition plays a very important role in determining the
structure and morphology of the catalyst. The structure of the composite helps in the
charge transfer at the heterojunction interface (Liu et al. 2017). It is well known that
calcination temperature and time are the significant factors that influence the
crystallinity, phase transition, morphology, and surface area of nanoparticles, which
can clearly affect the photocatalytic activity (Li et al. 2005; Sathish et al. 2007). Thus,
the optimization of the ratio of BFO to the precursor of other semiconductor, calcination
conditions like calcination temperature and time is to be carried out in order to

maximize the degradation of dyes and COD removal.
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The characterization of nanocomposite particles is essential in order to compare
and understand the variations in their activities and functionalities. It is required to
characterize the synthesized nanocomposite particles by X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Fourier Transform Infrared spectroscopy (FTIR), UV-Vis absorption spectroscopy, X-
Ray Photoelectron Spectroscopy (XPS) analysis in order to determine the crystallinity,
crystalline composition, morphology, shape, size, presence of surface chemical groups
and light absorption properties of the synthesized nanocomposites.

The dye degradation and COD removal efficiency can be enhanced by adequate
optimization of the photocatalytic process parameters such as pH, catalyst loading and
light intensity. The studies on optimization of these parameters by a simple One factor
at a time optimization strategy is essential in order to maximize the degradation of the
dyes. Further, the degradation of a target dye in mixed dye contaminated water depends
not only on its own concentration, but also on the presence and concentration of the
other dyes. The degradation of dyes and COD removal efficiency may vary due to
interaction between the dye molecules and competition for the catalyst sites. The studies
on the effect of presence of the other dyes and dye concentrations on the degradation
of each of the dyes in the mixed dye contaminated water would be beneficial to

understand how the simultaneous degradation of dyes is affected.

The ultimate focus of development of visible light active catalysts is to harness
solar energy for photocatalytic water treatment. The assessment of the photocatalytic
activity of the synthesized nanocomposites in terms of degradation of the dyes from
mixed-dye contaminated water under solar irradiation is an important aspect of any
study on photocatalysis. The design and scale up of any largescale photocatalytic
reactors to be used for effluent treatment makes to evaluate the Kkinetics of
photocatalytic degradation. The studies on reusability potential of the nanocomposite
particles are required to assess if, these nanocomposites can be reused in multiple
batches of photocatalysis. A study on the leachability of the metals from the
nanocomposite to the reaction mixture during photocatalysis is essential to assess if the

nanocomposites contribute to any secondary metal pollution of treated water.
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2.8.2 Objectives of the Research Work

The main objective of the research work is to study the efficacy of BFO@TiO>

and BFO@PANI heterostructured nanocomposites as photocatalysts for the

degradation of dyes from mixed dye contaminated water containing three textile dyes:
Methylene Blue (MB), Acid Yellow-17 (AY) and Rhodamine B (Rh-B), under visible
light irradiation.

The specific objectives are:

To choose a suitable method for the synthesis of BFO to be used in the synthesis
of heterostructured nanocomposites, based on maximum photocatalytic activity
in terms of degradation of the dyes and COD removal from mixed dye

contaminated water.

To synthesize BFO @TiO2 nanocomposite by varying the molar ratio of BFO
to Ti in the synthesis mixture, calcination temperature, calcination time and to
optimize these parameters for maximum photocatalytic activity in terms of

degradation of dyes and COD removal from mixed dye contaminated water.

To optimize the ratio of BFO to aniline in the synthesis of BFO@PANI
nanocomposite for maximum photocatalytic activity in terms of degradation of

dyes and COD removal from mixed dye contaminated water.
To characterize the nanocomposites

To optimize the initial pH of the reaction mixture and catalyst loading for the
degradation of dyes from mixed dye contaminated water using BFO@TiO and
BFO@PANI nanocomposites.

To study the effect of the initial concentration of individual dyes in the mixed
dye contaminated water on photocatalytic dye degradation and COD removal to
assess the mutual interacting effect of the dyes in photocatalysis.

To determine the effect of light intensity on the degradation of dyes from mixed

dye contaminated water using BFO@TiO2 and BFO@PANI nanocomposites.
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To assess the solar photocatalytic activity of BFO@TiO2 and BFO@PANI

nanocomposites for degradation of dyes from mixed dye contaminated water.

To study the kinetics of degradation of dyes from mixed dye contaminated water

under visible and solar light irradiation.

To assess the reusability potential of the BFO@TiO, and BFO@PANI

nanocomposites for subsequent batch photocatalysis.
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CHAPTER 3
3 MATERIALS AND METHODS

This chapter describes the experimental details and various methodologies adopted to
achieve the stated objectives in the current study. The detailed procedure for the
synthesis of BFO, BFO@TiO, and BFO@PANI heterostructured nanocomposites is
presented. The experimental set up and the method for photocatalytic degradation of
three textile dyes, viz. MB, AY and Rh-B present in mixed dye contaminated water is
also presented. The procedure for the analysis of dye concentration and COD are
presented. All the experiments for the study were conducted in triplicates and the

average values are reported.
3.1. Materials

Acid Yellow-17 (60% pure), Rhodamine-B (90% pure), Titanium Tetra (IV)
isopropoxide (TTIP), Bismuth (111) nitrate pentahydrate (BiN3Og-5H20) (99.99%, trace
metals basis), Iron (l11) nitrate nonahydrate (FeN3Og-9H20) (99.99%), trace metals
basis), polyvinylpyrrolidone (PVP: MW 40 000), Sodium dodecyl sulphate (SDS)
(NH4)2S20g (APS- di ammonium per sulphate) and citric acid were purchased from
Sigma-Aldrich Chemicals Pvt. Ltd., Bangalore, India. Methylene Blue (100% pure) and
acetylacetone were purchased from Merck specialities Pvt. Ltd, Mumbai, India. Nitric
acid and potassium hydroxide (KOH) were purchased from NICE Chemical Pvt. Ltd,
Cochin, India. Degussa P-25 (TiO2) which was used for the comparison studies was

purchased from Intelligent Material Pvt. Ltd, Haryana, India.
3.2. Synthesis of Bismuth ferrite particles (BFO)

BFO nanoparticles were synthesized by three different Methods: Co-precipitation
method (Method 1); Auto-combustion Method (Method 2) and Combustion synthesis
method (Method 3).

Method 1: Co-precipitation method using KOH as the precipitant:

Co-precipitation method for the synthesis of BFO particles was adopted from
Egorysheva et al.(2010) and Li et al. (Li et al. 2009a). For the synthesis of BFO by co-
precipitation method, bismuth nitrate (BiN3Og-5H20) and iron nitrate (FeN3O9-9H20)
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in 1:1 molar ratio was used. One hundred millilitres of 0.3 M bismuth nitrate and iron
nitrate solutions were prepared in distilled water separately. Bismuth nitrate solution
was sonicated for 15 min and then mixed with iron nitrate solution. Ten millilitres of
0.1 M nitric acid were added to the above solution. The mixture was then precipitated
slowly by adding 10 mL of 12 M KOH solution. After stirring for an hour, the mixture
was centrifuged at 1200 rpm for 10 min to separate the nanoparticles and washed with
distilled water and ethanol. The nanoparticles were further separated by centrifugation
and dried. The particles were calcined at 400 °C for a duration of 2 h in a muffle furnace.

Synthesis procedure of Method 1 is shown in the Figure 3.1.

0.3 M Bismuth nitrate dissolved in 100 ml 0.3 M Iron nitrate dissolved
of distilled water and sonicated for 15 min in 100 ml of distilled water

Both the solutions mixed and 10 mL 0.1 M nitric acid added

l

Mixture pprecipitated slowly by adding 10 ml of 12 M
KOH solution with stirring about 1 h

l

Centrifuged at 1200 rpm for 10 min and washed with
distilled water and ethanol several times

l

Calcined at 400°C for 2 h

Figure 3.1: Synthesis procedure of Method 1.

Method 2: Auto-combustion method

Three different modifications of the auto-combustion method with citric acid as
the chelating agent have been used in the present work.
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Method 2A

The auto-combustion method reported by Bo et al. (2010) was adopted for the
synthesis of BFO nanoparticles in Method 2A. 4.85 g of bismuth nitrate and 4.04 g of
iron nitrate were dissolved in 50 mL solution of 3% glacial acetic acid to obtain bismuth
ferrite to iron nitrate with molar ratio of 1:1. 0.21 g of citric acid was added to the above
solution, and the solution was stirred for an hour followed by evaporation of solvent at
80°C for two hours. The granular product was collected, washed and filtered with
deionized water for several times. Finally, the product was calcined at 600°C for 4 h in

a muffle furnace. Synthesis procedure of Method 2A is shown in the Figure 3.2.

4.85 g of bismuth nitrate and 4.04 g of iron nitrate were
dissolved in 50 mL solution of 3 % alacial acetic acid

l

0.21 g of citric acid added to the solution and stirred
for 1 h and solvent evaporated at 80°C for 2 h

l

Granular product was washed and filtered with
water several times and calcined at 600°C for 4 h

Figure 3.2: Synthesis procedure of Method 2A.
Method 2B

BFO nanoparticles were also synthesized by the auto-combustion method as
reported by Lu et al. (2015). Bismuth nitrate (4.85 g) and iron nitrate (4.04 g) in 1:1
molar ratio was dissolved in 20 mL of acetic acid, and a yellow solution was obtained.
Then, 10 g citric acid was added slowly into the solution under stirring conditions. The
mixture was heated at 50°C under vigorous stirring conditions for one hour to form the
sol, which was then dried at 150°C for 2-3 hours to obtain a dry gel. Finally, the dry gel
was calcined at 550°C for 3 h in a muffle furnace. Synthesis procedure of Method 2B

is shown in the Figure 3.3.
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4.85 g of Bismuth nitrate and 4.04 g of Iron nitrate
were dissolved in 20 mL acetic acid

l

10 g citric acid added slowly into the solution at 50°C
under stirring for 1 h to form the sol

l

Dried at 150°C for 2-3 h

l

Dry gel was ccalcined at 550°C for 3 h

Figure 3.3: Synthesis procedure of Method 2B.
Method 2C

BFO nanoparticles were prepared by following the auto combustion method
reported by Ganapathi (2015). Bismuth nitrate and iron nitrate in 1:1 molar ratio was
used. 4.85 g of bismuth nitrate was dissolved in dilute nitric acid. 4.04 g of iron nitrate
was dissolved in a minimum amount of double distilled water. Then both the solutions
were mixed. The stoichiometric amount of citric acid (3.9 g) required for the molar ratio
of 1:1 (total moles of metal nitrates to citric acid in the synthesis mixture) was dissolved
in an equal amount of double distilled water separately. Then, the aqueous solution of
citric acid was added drop by drop into the metal nitrate solution. This mixed solution
was stirred continuously on a hot plate at 45°C for the chelating of Bi%+ and Fe* ions
in the solution. The clear brownish solution thus obtained had a pH=2. The aqueous
ammonia (25% w/v) solution was then added drop by drop under constant stirring in
order to adjust the pH value to about 7. Then the neutralized solution was kept on a hot
plate at 80°C to get combusted powder of bismuth ferrite. The combusted powder was
then annealed at 500°C for 3 h in a muffle furnace. Synthesis procedure of Method 2C

is shown in the Figure 3.4.
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4.85 g Bismuth nitrate dissolved in nitric acid
(minimum amount) and 4.04 g Iron nitrate
dissolved in distilled water (minimum amount)

l

The metal nitrate solutions were mixed

l

3.9 g Citric acid dissolved in same amount of
water and then added drop by drop to the metal

nitrate solution at 45°C under Stirring

l

Agueous aammonia solution (25% w/v) was added
drop by drop to the solution, until solution pH
reaches 7. The solution was heated at 80°C to get
combusted powder

l

Calcined at 500°C for 3 h

Figure 3.4: Synthesis procedure of Method 2C.

Method 3: Surfactant-assisted combustion synthesis method with glycine as the

fuel.

BFO nanoparticles were prepared by adopting the combustion synthesis process
reported by Kisku (2009) with modifications. 4.85 g of bismuth nitrate (BiN3Og-5H20)
and 4.04 g of iron nitrate (FeN3Og-9H20) were dissolved in dilute nitric acid to get 1:1
molar ratio of the nitrates. 0.1 mole (7.5 g) of glycine and 0.05 mole (0.66 g) of the
surfactant, Triton X were then added to the solution of nitrates. This solution was then
heated on a hot plate under the continuous stirring condition to its boiling temperature
until all the liquid evaporated. There was an immense evolution of brown fumes,
towards the end of the reaction and a fluffy brown mass was obtained at the base of the
beaker. The fluffy mass was powdered and the powder was calcined at 500°C for 3 h.

Synthesis procedure of Method 3 is shown in the Figure 3.5.
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4.85 g Bismuth nitrate and 4.04 g Iron nitrate
dissolved in nitric acid (minimum amount)

l

7.5 g of glycine (0.1 mole) and 0.66 g
(0.05 mole) Triton X added

l

Heated with constant stirring
until the liquid evaporated

l

Fluffy brown mass obtained was
powdered, calcined at 500°C for 3 h

Figure 3.5: Synthesis procedure of Method 3.
3.2.1. Choice of method for the synthesis of BFO nanoparticles

The BFO nanoparticles synthesized by Method 1, Method 2A, 2B and 2C and
Method 3 were used as photocatalyst for the degradation of dyes from mixed dye
contaminated water containing 10 mg/L each of MB, AY and Rh-B dyes with 0.1 g/L
of catalyst loading and initial unadjusted pH of 7.26, under visible light irradiation with
two numbers of 18 W lamps (263 p W/cm?). The photocatalysis was carried out as
described in Section 3.7. The method that yielded maximum percentage degradation of
the dyes and COD removal was chosen for the preparation of BFO to be used in the
synthesis of BFO@TiO2 and BFO@ PANI heterostructured nanocomposites.

3.3. Synthesis of BFO@TIiO- heterostructured nanocomposite particles

In the preparation of BFO@TiO> heterostructured nanocomposite particles, the
method followed by Hengky (2013) was adopted, by varying the molar ratio of BFO to
Ti in the synthesis mixture. They have used the BFO nanoparticles synthesized by
combustion route using a fuel (Glycine) for the synthesis of BFO@TiO2. The present
study reports the use of BFO, synthesized by auto combustion method (Method 2C) for
the synthesis of BFO@TiO>. The mole ratio of BFO powder to Ti (Titanium tetra (IV)
isopropoxide (TTIP), the precursor salt for TiO.) in the synthesis mixture was varied
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as 1:0.5, 1:1, 1:2, 1:3 and. 1:4. 1 g (0.0032 moles) of the BFO powder was suspended
in 100 mL ethanol in beaker A. The required volume of TTIP (to get the desired ratio
of BFO to Ti with 1 g BFO) was mixed in beaker B with an equal volume of
acetylacetone and 100 mL of ethanol, well stirred and dispersed with sonication at 20
kHz for 1h. The volume of TTIP used for varying ratios of BFO to Ti in the synthesis
mixture is presented in Table 3.1. TTIP solution from beaker B was then added to the
dispersed BFO suspension in beaker A. The pH of the dispersed BFO-TTIP solution
was adjusted to approximately pH 5 with dilute nitric acid and constant stirring was
continued. After one hour, the sol was centrifuged at 12000 rpm for 10 minutes to
separate the powder. The powder was then washed with ethanol and then water,
followed by centrifugation. The powder was then dried in an oven at 100°C until it is
scorched. The synthesized BFO@TiO, particles were then calcined at 500°C in a
muffle furnace for 3 h. Synthesis procedure of BFO@TiO: heterostructured

nanocomposite particles is shown in the Figure 3.6.

Further, for optimization of calcination temperature, the calcination temperature
was varied from 300°C to 700°C, in increments of 100°C for calcination time of 3 h.
For optimization of calcination time, the calcination was carried out at 400 °C, but the
calcination time was varied from 1 h to 5 h at increments 1 h. BFO@TiO:
nanocomposites synthesized with varying mole ratio of BFO to Ti in the synthesis
mixture, calcination temperature and calcination time were used as photocatalyst for
the degradation of dyes from mixed dye contaminated water containing 10 mg/L each
of MB, AY and Rh-B dyes with 0.1 g/L of catalyst loading and initial unadjusted pH
of 7.26, under visible light irradiation with two numbers of 18 W lamps (263 p W/cm?).
The photocatalysis was carried out as described in Section 3.7. The molar ratio,
calcination temperature and time were optimized based on the maximum photocatalytic
activity in terms of degradation of the dyes and COD removal from the mixed dye

contaminated water.
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Solution A Solution B

A required volume of TTIP (to get a 1 g of BFO (0.0032M)
desired molar ratio of BFO to Ti) powder suspended in ethanol
mixed with equal volume of acetyl and dispersed by sonication
acetone and 100 mL ethanol forlh

1

Solution A and B were mixed

l

Dilute nitric acid was added until
solution pH reaches pH 5. Stirred
forlh

l

Centrifuged at 12000 rpm for 10
minutes. Washed with ethanol
and water

l

BFO@TIiO; separated by
centrifugation, dried in oven at 100°C

l

Calcined at required
temperature and time

Figure 3.6: Synthesis procedure of BFO@TIiOz2 heterostructured
nanocomposite particles.
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Table 3.1: Volume of TTIP used for varying ratios of BFO to Ti in the synthesis

mixture.
Molar ratio of BFO to Ti Volume of TTIP (mL)
in the synthesis mixture used for 1 g BFO
1:0.5 0.47
11 0.94
1:2 1.88
1:3 2.84
1:4 3.76

3.4. Synthesis of BFO@PANI heterostructured nanocomposite particles

In the preparation of BFO@PANI heterostructured nanocomposite particles, the
method followed by Chaturvedi et al. (2015) was adopted as a base method, with
modification in terms of amount of aniline used. The molar ratio of BFO to aniline for
the synthesis was varied by changing the volume of aniline used for polymerization.
Chaturvedi et al. (2015) have used the BFO nanoparticles synthesized through a
chemical route and coating of polyaniline was achieved by a double surfactant layer
technique along with post-synthesis annealing for the synthesis of BFO@PANI. In the
present study, the BFO nanoparticles synthesized by auto combustion method (Method
2C) as explained in Section 3.1 have been used for the synthesis of BFO@PANI.

To advance the reliability of the BFO core, 1 g (0.032 moles) of the BFO powder
and 1 g polyvinylpyrrolidone (PVP: MW 40 000) were suspended in 120 mL Milli-Q
water. The mixture was ultrasonicated for 12 h to confirm that the adsorption of PVP
was complete. To remove the un adsorbed PVP molecules, the dispersion was
centrifuged and washed with ethanol several times. Subsequently, PVP stabilized BFO
was re-dispersed in 50 mL distilled water containing 0.08 g sodium dodecyl sulphate
(SDS), and 0.01 g (NHa4)2S208 (APS). This solution was held for 12 h at room
temperature. Then adequate volume of aniline (to obtain desired BFO to aniline mole
ratio) and 104 pL 1 HCI were added to the above solution, and the reaction was carried

out at 4°C for 12 h with stirring (Ice packs were used to maintain the temperature during
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the reaction). The resulting product was then filtered, washed with distilled water and
then ethanol to remove the impurities. The product was then dried in a hot air oven.
Synthesis procedure of BFO@PANI heterostructured nanocomposite particles is shown
in the Figure 3.7.

The volume of aniline used for the synthesis was varied as 8uL, 10uL, 12uL,
14uL, and 16uL by keeping the amount of BFO constant at 1 g, and prepared samples
were named as BFP1, BFP2, BFP3, BFP4 and BFP5 respectively. The molar ratio of
BFO to aniline used in the synthesis of these BFO@PANI samples were 1:0.0027;
1:0.0034; 1:0.0041; 1:0.0048 and 1:0.0055. BFO@PANI nanocomposites thus
synthesized with varying mole ratio of BFO to aniline, were used as photocatalyst for
the degradation of dyes from mixed dye contaminated water containing 10 mg/L each
of MB, AY and Rh-B, dyes with 0.1 g/L of catalyst loading and initial unadjusted pH
of 7.26, under visible light irradiation with two numbers of 18 W lamps (263 p W/cm?).
The photocatalysis was carried out as described in Section 3.7. The molar ratio of BFO
to aniline, that yielded maximum photocatalytic activity of the synthesized
photocatalyst in terms of degradation of the dyes and COD removal from the mixed

dye contaminated water was chosen as the optimum ratio.
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1 g of BFO particles and 1 g polyvinylpyrrolidone
(PVP: MW 40 000) were dispersed in 120 ml Milli-Q
water, ultrasonicated for 12 h

l

The dispersion was centrifuged and
washed with ethanol several times

l

PVP stabilized BFO was redispersed in 50 ml of distilled
water containing, 0.08 g sodium dodecy! sulphate (SDS),
and 0.01 g (NH4)2S20s (APS)

l

Solution was held for 12 h at room temperature

l

Desired volume of aniline (8-16 pl) and
104 pl of HCI was added to the solution

l

The reaction at 4°C for 12 h with stirring

l

The resulting solid product separated by centrifugation
and washed several times with water and ethanol

l

The product was then dried in a hot air oven

Figure 3.7: Synthesis procedure of BFO@PANI heterostructured nanocomposite
particles.
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3.5. Characterization of synthesized nanoparticles

X-Ray diffraction, normally called as XRD, is a non-destructive test tool used
to analyse crystal structure, and to identify the crystalline phases present in the material
and their chemical composition information (Bunaciu et al. 2015). XRD analysis of the
calcined BFO nanoparticles and BFO@TiO2,and BFO@PANI nanocomposite particles
was carried out by using Rigaku diffractometer (Miniflex 600) under Cu-Ka radiation
(1.5406 A). And the crystallite size was determined by using the Debye Scherrer’s
formula (Equation 3.1).

KA
D 3.1)

where D = crystallite size

K =0.90 the Scherrer’s constant

A = X-ray wavelength

B = the peak width at half maximum (FWHM)

0 = the Bragg diffraction angle

The Scanning Electron Microscope (SEM) is a type of electron microscope
which produces images of a sample by scanning the surface with a focused beam of
electrons (Akhtar et al. 2018). The electrons interact with atoms in the sample,
producing various signals that contain information about the surface morphology of the
sample. SEM image of the nanoparticle samples was recorded by using Jeol (JSM-
6380A) microscope operated at 20kV, after sputtering. To make surface of the sample
conductive, 10 minutes gold sputtering was done with a sputtering unit. Most
commonly used sputter coating has been gold, due to its high conductivity and its

relatively small grain size that enables high resolution image.

Transmission Electron Microscopy (TEM) is a microscopy technique in which
a beam of electrons is transmitted through a sample to form an image (Wang 2003). An
image is formed from the interaction of the electrons with the sample as the beam is
transmitted through the specimen. The nanoparticle samples were suspended in double
distilled water (10 mg in 10 ml), sonicated for 30 minutes, poured on copper grid evenly
and dried overnight. TEM of the prepared sample was performed using a Tecnai G2T20

model with filament LaB6, and point resolution was 0.24 nm. Energy Dispersive
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Spectroscopic (EDS) analysis was carried out using TEM, to determine the elemental

composition of the samples.

Fourier transform infrared spectroscopic (FTIR) technique used to obtain an
infrared spectrum of absorption or emission of a solid, liquid or gas (Dendisov4 et al.
2018). An FTIR spectrometer simultaneously collects high-spectral-resolution data
over a wide spectral range. FTIR analysis of the particles was performed using Bruker

Alpha FTIR spectrometer by using KBr pellets.

Zeta potential of the particles were analysed using Horiba scientific zetasizer,
SZ-100 to determine the stability of the nanoparticles (Bhattacharjee 2016).

To determine the band gap energy of the synthesized BFO@TiO; and
BFO@PANI articles, the UV-Vis spectra of the photocatalyst suspended in distilled
water (1 mg/mL) was obtained using Hitachi U-2000 spectrophotometer in a
wavelength range of 200 to 800 nm and the absorbance values were recorded. The
optical band gap energy of the synthesized nanoparticles was calculated by using
Tauc’s plot drawn from the data of the absorption spectra. Tauc’s plot of (Ahv)?vs (hv)
was plotted, where A is the absorption coefficient, h is the Plank’s constant, and v = ¢/A
(c = speed of light and A is the wavelength). The extrapolation of the linear region of
the Tauc’s plot intersecting the x-axis gives the value of the optical band gap. (Feng et
al. 2015; Kalikeri et al. 2018)

X-ray photoelectron spectroscopy (XPS), also called as electron spectroscopy
for chemical analysis (ESCA) is used to analyse the surface chemistry of a material,
and measure the elemental composition, empirical formula, chemical state and
electronic state of the elements within a material (Pamidimukkala 2006). X-Ray
penetrates a depth of a few nanometres (approximately 5 nm). The XPS analysis was

performed using PHI Versa Probe 11 with AES X-ray photoelectron spectroscopy.

XPS analysis involves exciting a sample surface with monochromatic X-ray.
When a sample surface is bombarded with X-rays in a vacuum, the energy of the
photoelectrons (50-2000 eV) are emitted. From intensity of a photoelectron peak and
the binding energy, the chemical state, elemental identity, and quantity of a detected

element can be determined.
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3.6. Preparation of mixed dye contaminated water (aqueous solution of mixture of
MB, AY and Rh-B)

100 mg/L stock solution of MB, AY and Rh-B were prepared separately. The
desired volume of the stock solution of each of the dyes were taken in 100 mL standard
flask and diluted with distilled water up to the mark to get desired concentration of each
of the dyes in the mixed dye aqueous solution. e.g., mixed dye contaminated water with
10 mg/L of each of the dyes was prepared by taking 10 mL each of 100 mg/L stock
solution of each of the dyes in 100 mL volumetric flask, followed by dilution with

distilled water up to the mark.
3.7. Photocatalysis for degradation of dyes from mixed dye agueous solution

Photocatalysis was carried out in a reactor which is a 500 mL borosilicate glass
beaker placed at the center of an aluminium chamber of dimensions 40 cm X 70 cm X
70 cm, equipped with two irradiating visible lamps (unless otherwise specified) of 18
W (Polite gold tube light, Mysore Lamps, India) each adjacent to the side walls of the
chamber. The reactor was placed at the centre equidistant from both the lamps. The
distance between the lamps was 20 cm and the distance between the lamp and beaker
walls was 7 cm. As shown in Figure 3.8 (a), the batch experiments for the photocatalytic
degradation of dyes from mixed dye contaminated water containing Rh-B, AY and MB,
dyes were carried out using the fabricated BFO, BFO@TiO., and BFO@PANI
nanocomposite particles as the photocatalysts under visible light irradiation with 150
mL of aqueous dye solution containing 10 mg/L (unless otherwise specified) of each of
the dyes. The airflow of 2 LPM was provided into the reactor to ensure the supply of
oxygen as the oxidant. The experiments were conducted with the catalyst loading of 0.1
g/L unless otherwise specified. The unadjusted initial pH of the mixed dye
contaminated water was pH 7.26. The reactor contents were magnetically stirred.
During photocatalysis, the samples were withdrawn from the reaction mixture at regular
intervals of time and then centrifuged at 12,000 RPM for 10 min to separate the catalyst
particles from the liquid samples before the analysis of dye concentration. The
photocatalysis was carried out for a total duration of 210 min. The light intensity at the
reactor walls was measured using lux meter (KM-LUX-100K) and the average intensity

was found to be 263 uW/cm?, with two lamps.
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Studies on mixed dye solution face challenges in the measurement of dye
concentration due to problems encountered with interferences. Thus, the simultaneous
analysis of AY, MB, and Rh-B dyes was carried out using the first order derivative
spectrophotometric method. The wavelength for the analysis was chosen by first-order
derivative spectrophotometric method to avoid the interference of the dyes in the
analysis. These wavelengths were found to be 531 nm for Rh-B, 415 nm for AY, and
694 nm for MB analysis. The first order derivative method for the choice of wavelength
for analysis of MB, AY and Rh-B in mixed dye solution is explained in Section 3.10.
The absorbance of the reactor samples containing the mixture of these dyes was
measured at all the three wavelengths using a UV-Visible spectrophotometer (model:
U-2000, Hitachi) and the concentrations of, MB, AY and Rh-B were determined using
the calibration plots at the corresponding wavelengths. The COD of the dye solution

was analysed by APHA (2012) standard method explained in Appendix II.

For optimization of pH for photocatalytic degradation of dyes from mixed dye
solution, the photocatalysis was carried out at different initial pH conditions of pH 3,
pH 5, pH 7, pH 9 and pH 11. The pH of mixed dye contaminated water was adjusted
using 0.1 N NaOH and 0.IN HCI. For optimization of catalyst loading for
photocatalytic degradation of dyes from mixed dye solution, the photocatalysis was
carried out at optimum initial pH 5 by varying the catalyst loading from 0.1 g/L to 0.5
g/L at increments of 0.1 g/L. For the optimization of light intensity, the experiments on
photocatalysis were carried out at optimum initial pH 5, and optimum catalyst loading
of 0.3 g/L for BFO@TIiO2 and 0.2 g/L for BFO@PANI nanocomposite. To study the
effect of light intensity, the number of lamps were varied from 1 to 4. The positioning
of the lamps for these cases are shown in Figure 3.8 (b). The lamp was placed
horizontally above the beaker adjacent to the top roof wall of the chamber for one lamp.
For two and four lamps the lamps were placed vertically adjacent to the side walls of
the chamber, For the experiments with three lamps, one of the lamps was placed
horizontally above the beaker adjacent to the top roof wall of the chamber and other

two were placed vertically adjacent to the side walls of the chamber.

The experiments under solar light were performed in the month of March

between 10.00 AM to 1.00 PM, in the same reactor set-up without any enclosure in the
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open terrace. The light intensity at the beaker walls was measured at regular intervals
of time during photocatalysis using lux meter (KM-LUX-100K) and the average
intensity was determined as 739 pW/cm?.

A wireless lux meter was used to determine the light intensity. One lux equals one
lumen per square metre. Light intensity was measured by converting lux into watt per
square centimetre (WW/cm?) at 555 nm, and was estimated using the formula, 1 lux [Ix]
=1.464 X 10 pW / cm? (555 nm). The maximum intensity of the emitted solar energy
occurs at a wavelength of about 555 nm and the fluorescent lamp maximum also occurs
generally in the range of 480 nm to 630 nm, the average being at 555 nm. So, the

conversion of lux to pW/cm? was made with 555 nm as the reference.

To study the effect of dye concentrations, the photocatalytic degradation
experiments were conducted by varying the concentration of each of the dyes in the
range of 10 mg/L to 30 mg/L at increments of 10 mg/L. Totally 27 (3% experiments
were conducted with mixed dye aqueous solutions containing three dyes, by varying
the individual dye concentrations with BFO@TiO> and BFO@PANI (synthesized
under optimum conditions) as photocatalyst. These experiments were conducted at
initial pH 5, catalyst loading of 0.3 g/L for BFO@TiO2 and 0.2 g/L for BFO@PANI
nanocomposites under irradiation by two lamps. The dye concentration conditions are
specified in Table 5.1 and 5.2 respectively. Experiments were also conducted with
aqueous solutions containing two dyes and single dye, to compare with those containing
all the three dyes in order to study the effect of presence of one dye on the degradation
of other dyes. The percentage degradation of each dye and the COD removal were
analysed under each set of conditions of concentrations.
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Figure 3.8: (a) Experimental set up of dye degradation under artificial visible

light and (b) positioning of lamps in experimental set up chamber.

The percentage of degradation of each of the dye was estimated using Equation 3.2

% Degradation = S 100m.... .oy eeeeeeeeeeeee e, (3.2)

Where Cj and C are the initial concentration and the concentration of dye at a particular
time in the reactor, respectively. Percentage COD removal was determined using Eq.
(3.2), but by using the COD values in mg/L in place of dye concentrations. All the
experiments on photocatalysis were carried out in triplicates, and the average values

with error bars are presented.

3.8. Method to assess the reusability potential of BFO@TiO2 and BFO@PANI

nanocomposites synthesized under optimum conditions

The reusability potential of BFO@TiO2> and BFO@PANI nanocomposites
synthesized with optimum conditions were assessed. The BFO@TiO2 nanocomposites
synthesized with the optimum molar ratio of BFO to Ti and calcined at optimum
temperature and time are herein after referred as BFO@TiOzpt. The BFO@PANI
nanocomposites synthesized with the optimum molar ratio of BFO to aniline; calcined
at optimum temperature and time are herein after referred as BFO@PANIqpt. The
photocatalytic experiments were carried out with similar reaction conditions under
visible light irradiation with the fresh and recycled BFO@TiO2opt and BFO@PAN ot
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as photocatalyst. For these experiments, photocatalytic degradation of dyes was carried
out at optimum initial pH 5, and optimum catalyst loading of 0.3 g/L for BFO@TiO20pt
and 0.2 g/L for BFO@PANIopt nanocomposite with irradiation by two lamps. After
completion of the photocatalysis experiment with a fresh catalyst (cycle 1), the reaction
mixture was centrifuged at 10000 rpm for 10 minutes and the nanocomposite particles
were separated. These particles were washed with water and then with ethanol for 3 to
4 times, further centrifuged, the recovered catalyst was dried in hot air oven and reused
for the next batch of photocatalysis. BFO@TiO2opt and BFO@PANGpt ware reused
thrice, and four experiments were done, out of which the first cycle was with the fresh
catalyst, and the remaining three cycles were with the recycled catalyst. Before the next
cycle (reuse) of experiment, the catalyst recovery was carried out as explained earlier.
Then the next cycle of batch experiments was conducted, and the same experimental
conditions were used for all the four cycles. The percentage degradation of dyes and
COD removal using fresh particles (Cycle 1), particles of single previous use (Cycle 2),
particles of two previous uses (Cycle 3), and particles of three previous uses (Cycle 4)
after 210 minutes of irradiation were noted.

3.9. Method to assess the leachability of metals from the nanocomposites

The batch photocatalysis was carried out for degradation of dyes from mixed
dye contaminated water containing 10 mg/L of and Rh-B, AY and MB at initial pH 5,
a catalyst loading of 0.3 g/L and 0.2 g/L under irradiation with visible light (2 lamps)
with BFO@TiO2pt and BFO@PANIqpt nanocomposite particles respectively. The
liquid sample was collected after 210 min, centrifuged at 10000 rpm for 10 min to
remove the catalyst. The supernatant was subjected to analysis of metals such as Bi, Fe
and Ti by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
made by Agilent Technologies (Modal 5100 ICP-OES) to determine if these metals
have leached out from the nanocomposites during the photocatalysis process under the

conditions of the study.
3.10. Analysis of dye concentration in mixed dye contaminated water

Figure 3.9 (a) shows the wavelength scan for the aqueous solutions of Rh-B,
AY and MB as single dyes and as mixture of dyes with 10 mg/L concentration of each

of the dyes. As shown in the Figure 3.9 (a), Rh-B, AY and MB have maximum
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intensities at 535 nm, 418 nm, and 690 nm respectively when used as single dye
aqueous solutions. So, when these dyes are present singly, the dye analysis can be done
by using the UV-Vis spectrophotometer calibration at the corresponding wavelengths.
However, the wavelength scan of the mixed dye aqueous solution shown in Figure 3.9
(a) indicates that, the peak at 418 nm corresponding to AY and the peak at 690 nm for
MB has higher intensity in the mixed dye solution, compared to that in aqueous solution
of corresponding single dyes. The intensity at 535 nm corresponding to Rh-B in the
mixed dye solution is lower than that in aqueous solution of Rh-B. Thus, it is clear that
when these dyes are present together in solution, the presence of other dyes interferes
with the analysis of any given dye in the solution. Thus, the concentration of MB, AY
and Rh-B, in the mixed dye aqueous solution, if determined using the calibration plots
drawn using the absorbance readings at 690 nm, 418 nm and 535 nm respectively,

would lead to erroneous results.

3.10.1. First order derivative spectrophotometric method to choose the

wavelengths for analysis of dyes present in mixed dye aqueous solution

The derivative spectrophotometric method has been used to determine the
wavelengths at which these dyes show minimum interference. First order derivative
method is identified as a simple resolution enhancement technique for attrition of
spectral interferences caused by the interaction of the components (i.e.) dyes in the
mixture (O’Haver et al. 1982). In the first order spectrophotometric method, the zero-
order spectrum is transformed into its corresponding first order derivative (dA/d))
(O’Haver et al. 1982). The zero crossing points can then be used for the determination
of the wavelength of dye analysis without the spectral inference of the other compounds

in the mixture.

The first order derivative spectra for single dye aqueous solutions of Rh-B, AY
and MB at 10 mg/L concentrations were recorded and are shown in Figure.3.9 (b). The
wavelength of 531 nm was chosen for the analysis of Rh-B in the mixed dye solution,
as the ordinate of derivative spectra for AY and MB is zero at that wavelength. The
wavelength of 415 nm was chosen for the analysis of AY in the mixed dye solution, as

the ordinate of derivative spectra for Rh-B and MB is zero at that wavelength. The
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wavelength of 694 nm was chosen for the analysis of MB in the mixed dye solution, as

the ordinate of the derivative spectra for Rh-B and MB are zero at that wavelength.

3.10.2 Calibration of spectrophotometer and analysis of dye concentrations in
mixed dye solution

The UV-Visible spectrophotometer (Hitachi) was calibrated with the single dye
solutions at wavelengths of 694 nm for MB, 415 nm for AY and 531 nm for Rh-B.
Figure 310 (a), (b) and (c) present the calibration plots for MB at 694 nm, AY at 415
nm and Rh-B at 531 nm, in 1-10 mg/L concentration range respectively.

The mixed dye aqueous samples collected from the reactor at regular intervals
of time during photocatalysis were centrifuged at 10000 rpm for 10 min and the
absorbance of the supernatant was measured using the spectrophotometer at 531 nm,
415 nm and 694 nm. The concentration of MB, AY and Rh-B, were determined using
the calibration plots drawn at 694 nm, 415 nm and 531 nm respectively. If the
concentration of dyes in the reactor samples are at higher range than that used in
calibration, then the liquid sample was diluted using distilled water before determining
the absorbance values. The concentration obtained from the calibration plot was

multiplied by the dilution factor to obtain the concentration in the reactor samples.
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Figure 3.9: (a) UV-Visible spectrum of single and mixed dye containing MB, AY

and Rh-B aqueous solution. (b) First order derivative spectroscopy of mixed dye

containing Rh-B, AY and MB aqueous solution.

0.5 0.5

(a) MB at 694 nm (b) AY at 415 nm
Y04 - 1o 0.4 -
5 e o
8 03 - |8 03 o
S 0.2 - g S 0.2 - g
a ™ o'y=00387x [ 7 y=0.0862x
<014 - R=09999 |§01{ R? = 0.9998

et e
0 ] L] T L T T ] T 0

0

¥
12345678910
Concentration (mg/L)

1

012345678910
Concentration (mg/L)

() Rh-Bat531nm
§ 0-8 - ‘o
gos-
S o
§ 0.4 1 " y=0.0892x
<02 o7 R? = 0.9998
0 1 1 ] 1 1 || ) ]

0 234567 8 910

1
Concentration (mg/L)

Figure 3.10: Calibration plots for (a) MB at 694 nm (b) AY at 415 nm and (c)
Rh-B at 531 nm.

99



CHAPTER 4

RESULTS AND DISCUSSION

OPTIMIZATION OF NANOCOMPOSITE SYNTHESIS CONDITIONS

This chapter presents the results of the experiments conducted to meet the stated
objectives of the research work along with the discussions thereof. BFO@TiO> and
BFO@PANI nanocomposites were synthesized and were used for the degradation of
dyes from mixed dyes contaminated water containing three dyes, viz, MB, AY and Rh-
B, under visible light irradiation. Their efficacy in solar photocatalytic degradation of
dyes were also evaluated. Initially, a best method for the synthesis of BFO nanoparticles
were chosen among the available methods, based on maximum photocatalytic activity
of the synthesized BFO nanoparticles in terms of degradation of the dyes from mixed
dye aqueous solution. The method thus chosen, was further used for the synthesis of
BFO nanoparticles to be used in the synthesis of BFO@TiO, and BFO@PANI
nanocomposites. Further, various synthesis and calcination parameters in the synthesis
of BFO@TiO2 and BFO@PANI nanocomposites were optimized in order to maximize
the degradation of the dyes from mixed dye aqueous solution. The synthesized
nanocomposites were characterized and further used in photocatalytic degradation of
dyes from mixed dye aqueous solution under visible light irradiation. The parameters
affecting the photocatalytic reaction were further optimized to maximize the
degradation efficiency.

4.1. Choice of synthesis method for BFO nanoparticles and characterization

4.1.1 Choice of synthesis method for BFO nanoparticles

BFO nanoparticles were synthesized using different methods (1) Co-precipitation
method (Method 1) (II) Auto-combustion method with three different modifications
(Method 2A,2B, and 2C) and (I11) Combustion synthesis method (Method 3). Batch
experiments for the photocatalytic degradation of dyes from mixed dye aqueous
solution containing MB, AY, Rh-B dyes were carried out using the BFO nanoparticles
fabricated by the above methods, as photocatalysts under visible light irradiation with
an initial concentration of each of the dye at 10 mg/L and catalyst loading of 0.1 g/L.

The synthesis method which yielded a maximum degradation of dyes from mixed dye
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aqueous solution was chosen for the synthesis of BFO nanoparticles to be used further
for the synthesis of BFO@TiO, and BFO@PANI nanocomposites.

As observed in Figure 4.1(a), maximum degradation of each of the dyes could
be achieved with the BFO nanoparticles synthesized by auto-combustion method
(Method 2C) with the removal of 93% MB; 71% AY and 67% of Rh-B in 210 minutes
of irradiation. The percentage removal of each of the dyes in the presence of BFO
nanoparticles synthesized by different methods under dark conditions did not exceed
10%. However, the dye removal in the presence of BFO nanoparticles on irradiation
with visible light was appreciably higher. It shows that the removal of dyes cannot be
attributed solely to adsorption process and the contribution of adsorption on dye
removal is minimal. The dye removal under light irradiation in the absence of catalyst
has also been found to be very less, confirming that photolytic degradation of the dyes
is a very slow process.

The reaction intermediates can form during the oxidation of the dyes and some
of them could be long-lasting and extra toxic than the parent compounds. Consequently,
it is essential to realize the mineralization of these dyes concurrently (Medien and
Khalil 2010). COD is the most commonly used parameter for pollution levels in water
and it is used as the indicative parameter for dye mineralization (Vineetha et al. 2013).
The COD of mixed dye aqueous solution was measured at regular intervals during
photocatalysis to ensure the degradation of dyes into simpler compounds. The
percentage of COD removal (mg/L) by photocatalysis is presented in Figure 4.1 (b). As
observed in Figure 4.1 (b), the COD removal occurs by photocatalysis in the presence
of BFO nanoparticles. Maximum removal of COD (~76.6%) has occurred in the
presence of BFO nanoparticles synthesized by Method 2C, confirming that maximum
extent of mineralization of dyes can be achieved with these BFO nanoparticles. The
reduction in oxygen demand during the progress of reaction confirms the degradation
of the dyes during the photocatalytic process (Nezamzadeh-Ejhieh and Karimi-
Shamsabadi 2013).

Figure 4.1 (c) is a representative plot showing the effect of light and the catalyst
on the dye removal process. It shows that in the presence of BFO nanoparticles
synthesized by Method 2C and under visible light irradiation for 210 minutes, all the
three dyes have been degraded to an appreciable extent. The dyes are photocatalytically
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degraded successfully in the mixed dye aqueous solution in the presence of BFO
nanoparticles. These results show that BFO particles are visible light active
photocatalysts and the BFO nanoparticles synthesized by Method 2C exhibit a superior
visible light mediated photocatalytic activity as compared to the BFO nanoparticles

synthesized by other methods.
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Figure 4.1: (a) Percentage dye degradation;(b) Percentage COD removal by BFO
nanoparticles synthesized by different methods; (c) Percentage dye removal by
BFO particles (Method 2C) of mixed dye aqueous solution. Conditions: catalyst

loading-0.1g/L; concentration of each dye-10 mg/L; irradiation time-210 min.

Owing to the highest photocatalytic activity and better mineralization ability of
the BFO nanoparticles synthesized by Auto-combustion method (Method 2C), it serves
as the best photocatalyst for the degradation of dyes from mixed dye aqueous solution
as compared to those synthesized by other methods under visible light irradiation in the

present study.
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4.1.1.1 Characterization of BFO nanoparticles

In order to understand the reason for the maximum activity of the BFO
nanoparticles synthesized by Method 2C, the BFO nanoparticles synthesized by
different methods were characterized using XRD, SEM and UV-VIS spectroscopy and
the results are compared.

Figure 4.2 shows the XRD of BFO particles synthesized by co-precipitation
method (Method 1) with KOH as a precipitant. Prominent peaks are exhibited at 20 =
22.4°, 31.8°, 32.07°, 46", 51.5°, 51.8°, 56.46° and 57.16° corresponding to BiFeO3 of
different crystalline plane (100), (110), (1-10) (200), (210), (2-12), (211) and (1-2 1)
respectively, which confirmed the formation of perovskite BiFeOs (JCPDS NO-01-
072-2035) with rhombohedral crystal system. The peaks at 20 = 12.4°, 24.7°, 27.6",
32.8°,35.2°,37.5°, 39.5°, 42", 43.5", 48.9", 54.09°,56.5°, 61.74°, and 64.7°, corresponding
to BixsFeOgo of different crystalline planes (110), (220), (310), (321), (400), (330),
(024), (332), (442), (521), (600), (631), (631) and (710) indicate the formation of
BixsFeOaso (JCPDS reference NO-01-078-1543) with cubic crystal system. The peaks at
20 = 26.8°, and 47° correspond to the impurity phase Bi2FesOg with planes (201) and
(141) indicating the formation of Bi2FesOg (JCPDS reference NO-00-025-0090) with
orthorhombic crystal system. XRD revealed the formation of mixed phase BFO
nanoparticles of crystallite size 70 nm (Table 4.1) as calculated using Scherrer equation,
containing the impurity phases BizsFeOa0 and Bi2FesOg along with BiFeO:s.

Figure 4.2 presents the XRD pattern of BFO nanoparticles synthesized by auto
combustion method viz. Method 2A, 2B and 2C. The XRD pattern for the particles
synthesized by Methods 2A and 2B, exhibit common prominent peaks at 26 =22.3’,
31.7°, 32°, 39.4°, 51.6°, and 56.3°, corresponding to BiFeOs of different crystalline
planes (012), (112) (202) (122) and (018). It confirmed the formation of perovskite
BiFeOs (JCPDS NO-01-071-2494) with rhombohedral crystal system by both the
modifications of the auto-combustion methods of synthesis. However, for the particles
synthesized by Method 2A, the peaks were also observed at 20 = 12.4°, 24.7°, 27.6",
45.3°, and 54° corresponding to BixsFeOao of different crystalline planes (110), (220),
(310), (134), and (600) indicating the formation of BixsFeOasg (JCPDS reference NO-
01-078-1543) with cubic crystal system and another peak at 20 = 26.8 corresponding
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to the impurity phase Bi2FesOg with planes (201) with orthorhombic crystal system
(JCPDS reference NO-00-025-0090). Thus, the XRD of the particles synthesized by
Method 2A revealed the formation of mixed phase BFO nanoparticles of crystallite size
42 nm (Table 4.1), containing BiFeOs and the impurity phases BizsFeOaso and Bi2FesOs.
However, the XRD of the particles synthesized by Method 2B has one impurity peak
exhibited at 26 = 12.4°, corresponding to BizsFeO4o of the crystalline plane (110) with
cubic crystal system. The XRD shows that the particles synthesized by Method 2 B are
the mixed phase BFO nanoparticles of crystallite size 45 nm (Table 4.1), consisting of
BiFeOs with the impurity phase BizsFeOao.

The XRD pattern of BFO particles synthesized by auto combustion method at
neutral pH (Method 2C), shown in Figure 4.2, exhibits the presence of prominent peaks
at 20 = 22.3°, 31.7°, 32.0°, 37.5°, 39.9°, 51.7°, corresponding to perovskite BiFeOs of
different crystalline planes (012) (104) (110) (202) (024) (125) (JCPDS NO-01-086-
1518) with Rhombohedral crystal system. A peak at 20 = 27.6°, corresponds to
BixsFeOaso (JCPDS NO-01-078-1543) of the crystalline plane (310) with cubic crystal
system. The XRD showed the formation of BFO particles majorly consisting of BiFeOs
with one impurity phase BiosFeOso. The average crystallite size was found to be 33 nm
(Table 4.1). The particles synthesized by Method 2A and 2B have higher crystallite size
of 42 nm and 45 nm (Table 4.1) compared to those synthesized by Method 2C. The
broader peaks in XRD of particles synthesized by Method 2 A and 2B suggests poor
crystallinity of these particles.

The XRD pattern of BFO synthesized by Surfactant-assisted combustion
synthesis method (Method 3) shown in Figure 4.2 exhibit peaks at 26 =22.3°, 31.7",
32.0°, 37.5°, 38.9%, 39.9°,50°, corresponding to BiFeOs of the different crystalline planes
(012) (104) (110) (003) (006) (021) as referenced in JCPDS NO-01-071-2494, with
Rhombohedral crystal system. The peaks at 20 = 27.6°, 32.8°, 45.3°,54° and 57.1°
corresponding to BixsFeOao of the different crystalline plane (310), (321), (134) (600)
and (620) indicate the formation of impurity phase BixsFeOas (JCPDS NO-01-078-
1543) with cubic crystal system. XRD showed the formation of mixed phase BFO
nanoparticles containing BiFeOs/BizsFeOq0 phases with the crystallite size of 35 nm
(Table 4.1).
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XRD analysis shows the formation of binary phase BFO containing
BiFeOs/BixsFeO40 by Method 2B, 2C and Method 3; whereas the mixed phase BFO
containing BiFeOa/ BixsFeOaso/ Bi2FesOg was formed by Method 1. The formation of
BixsFeOao, the oxygen-deficient impurity phase and Bi2FesOo, which is the Bi deficient
or Fe rich impurity phase might be ascribed to the decomposition of BiFeOs during the
slow heating process. The involved chemical reactions can be expressed as following
(Wang et al. 2011b):

4BiFe03; = BiyFey09 + BigOg.uonininiiiiiiiiiiiiiieeceeieeee 4.1)

BiFeOsz; + 12Biy03 4+ 0.50, = BiysFeOg...c.cueeinininiiiiiiiinn., (4.2)

XRD analysis showed that the BFO particles synthesized by Method 1 and
Method 2A contain BiFeOz along with two impurity phases, BixsFeOaso and Bi2FesOo.
However, Method 2A has only one peak of BioFeOg and Methodl has two peaks of
BioFesOg. The peaks for Bi2FesOg are absent in XRD of the particles synthesized by
Method 2B, 2C and Method 3. The BFO particles synthesized by Method 2B, 2C and
Method 3 contain only two phases of BFO, viz. BixsFeOs and BiFeOs. The particles
synthesized by Methodl, 2B and 2C showed maximum intensity of the peak
corresponding to BiFeOz (110), which show that these particles contain maximum
fraction of BiFeO3z (110). The particles synthesized by Method 2A and Method 3
showed maximum intensities for peaks corresponding to BixsFeOao, but with different
crystalline planes corresponding to 20 of 12.49" and 28" respectively. Thus, these
particles contained maximum fraction of BizsFeOao. Particles synthesized by Method
2C showed only one peak of BixsFeOao (310), which is with similar intensity as that of
BiFeOs (110). The BFO particles synthesized by Method 2C and Method 3 showed
much better photocatalytic activity compared to those synthesized by Methods 1, 2A
and 2B as shown in Figure 4.1 (a and b). The lower activity of particles synthesized by
Methods 1 and 2A may be attributed to the presence of the impurity phase Bi2Fe4Os.
The particles synthesized by Method 2C and Method 3 contained considerable fractions
of both BiFeOs and BixsFeOaso, which appear to be the reason for their better
photocatalytic activity. The lower photocatalytic activity of particles synthesized by
Method 2B as compared to Method 2C and Method 3, may be attributed to the presence
of a very small fraction of BixsFeOas. The particles synthesized by Method 2C

contained almost similar fractions of BiFeOs (110) and BizsFeOao (310) corresponding
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to 20 of 12.48° and 28.08°. The results of XRD and the photocatalytic activity show that
whenever, the impurity phase Bi:FesOg9 is present in BFO, it renders lower
photocatalytic activity. However, the BFO nanoparticles synthesized by Method 3
showed several peaks of the oxygen-deficient impurity phase indicating that the
percentage of impurity is higher in BFO synthesized by Method 3 as compared to that
synthesized by Method 2C. BFO synthesized by Method 2C, which showed only one
peak of oxygen deficient impurity phase exhibits better visible light mediated
photocatalytic activity. The presence of BizsFeOuso (310) in considerable fraction as
BiFeOs (110) and absence of other peaks for BixsFeOs, may have rendered better
photocatalytic activity.

Gao et al. (2014) have reported the visible light activity of pure BiFeOs
synthesized by sol-gel method with ethylene glycol as the solvent, in the degradation
of MO dye. Xian et al. (2011a) have synthesized pure BiFeO3 by thermal decomposition
process of xerogel and have reported its UV and visible light photocatalytic activity for
the degradation of MO dye. Zhang et al. (2016a) have shown that the oxygen-deficient
phase of bismuth ferrite, BixsFeOso also shows excellent visible light mediated
photocatalytic activity. Zhang et al. (2015b) have successfully synthesized BizsFeQOao
tetrahedrons through a facile, mild and rapid hydrothermal route, and have reported
visible light photocatalytic activity for the degradation of Rh-B. The BFO particles
synthesized by Method 2C and Method 3 are mixed phase BFO majorly containing
BixsFeO40 and BiFeOs, both of which have been reported to have an excellent visible
light photocatalytic activity. Thus, the mixed phase BFO nanoparticles synthesized by
Method 2C and Method 3 in the present work, exhibit good visible light activity. Many
oxides have different polymorphic crystal structures, which can be used for
heterojunction performance because their different crystal structures at two sides of the
interface may be helpful for carrier separation across the interface (Fan et al. 2012; Ju
et al. 2014; Ohno et al. 2002). For example, rutile-anatase mixed-phase TiO2 has been
shown to have much higher activity than single-phase systems for water splitting (Li
and Gray 2007; Ohno et al. 2002; Pan et al. 2011). Thus, the maximum photocatalytic
activity of BFO synthesized by Method 2C is attributed to the absence of Bi2FesOg and
presence of almost similar fractions of BiFeOs (110) and BixsFeOg4o (310), with a
smaller number of peaks for the BizsFeOao. Thus, it can be concluded that BFO particles
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containing appropriate amount of oxygen deficient impurity phase can serve as a better
photocatalyst. Thus, the presence of appropriate amounts of BixsFeOas provides
heterojunction with BiFeOs and enhances the photocatalytic activity by reducing the
rate of electron-hole recombination.

The SEM images of the BFO nanoparticles synthesized by different methods
are presented in Figure 4.3 (a-€). As observed in Figure 4.3 (a), the BFO particles
synthesized by Method 1 are large sized, aggregated and polymorphic containing quasi-
spherical and oval shaped particles. As observed in Figure 4.3 (b and c), the BFO
particles synthesized by Method 2A and 2B are highly aggregated. As observed in
Figure 4.3 (e), the particles synthesized by Method 3 are also large sized. However, as
observed in Figure 4.3 (d), BFO nanoparticles synthesized by Method 2C shows the
presence of smaller, uniform sized, seemingly cubic structured, distinct particles. The
BFO particles synthesized using Method 2A and 2B are highly aggregated leading to
reduced specific surface area resulting in lower photocatalytic rate of degradation of
dyes. One of the factors attributing to lower photocatalytic activity of BFO particles
synthesized using Method 1, 2A, 2B and 3 as compared to those synthesized by Method
2C may be the higher size and aggregated nature of the particles.

The TEM image of the BFO nanoparticles synthesized by Method 2C is
presented in Figure 4.4 (a) which confirms that the particles formed are distinct,
uniform sized and approximately hexagonal structured. The particles are with average
size of 42.7 nm.

Zeta Potential is an important tool for understanding the surface state of the
nanoparticles and predicting its long-term stability. Dispersions with a low zeta
potential value will eventually aggregate due to Van-Der Waal inter-particle attractions.
The stability of colloidal suspensions of nanoparticles depends on the charged species
present at the particle surface, which influence the aggregation and the consequent
collapse. The more positive or negative is the zeta potential, larger is the colloidal
stability. Generally, zeta potentials outside the range of -30 mV to +30 mV are
considered stable (Agrawal and Patel 2011; Bhattacharjee 2016). Zeta potential of +/-
30 to 40 mV are sufficient to ensure good colloidal stability (Chatterjee et al. 2008a).
The zeta potential values of the nanoparticles synthesized by various methods are
presented in Table 4.1 and the values indicate good stability of these nanoparticles.
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To determine the band gap energy, the absorption spectrum of the BFO
nanoparticles was obtained using UV-Vis spectrophotometer. The optical energy band
gap of the synthesized BFO nanoparticles was calculated by using Tauc’s plot drawn
from the data of the absorption spectra. Tauc’s plot of (Ahv)? vs (hv) was plotted, where
A is the absorption coefficient, h is the Plank’s constant, and v = ¢/A (¢ = speed of light
and A is the wavelength). The extrapolation of the linear region of the Tauc’s plot
intersecting the x-axis gives the value of the optical band gap, Eg. The values are
presented in Table 4.1. The band gap energy values range from 1.9 eV- 2.3 eV
indicating their high visible light activity. The band gap value is the lowest for BFO
nanoparticles synthesized by Method 2C, which is another reason for maximum visible
light activity as compared to those synthesized by other methods. The Tauc’s plot for
BFO particles synthesized by Method 2C is shown in Figure 4.4 (b). As observed in
Table 4.1 the BFO particles synthesized by Method 2C has the smallest band gap energy
as compared to those synthesized by other methods used in the present study. The cut
off wavelength for the particles synthesized by Method 2C was found to be 652 nm
showing that these nanoparticles can absorb light in almost the entire visible range. The
calculated value of band gap energy of 1.9 eV is lower than the bandgap values reported
by Xie et al. (2014) and Li et al. (Li et al. 2009a) for BFO synthesized by co-
precipitation and hydrothermal method. Lower band gap values of the synthesized BFO
nanoparticles show them to be the promising and highly active visible-light
photocatalysts.

In Figure 4.4 (c) the FTIR spectra of BFO nanoparticles synthesized by
Method 2C is shown. Three intense peaks at 500 cm™ are due to stretching and bending
vibrations of the Fe-O bond and are fundamental absorptions of FeOs octahedral in
perovskite. The formation of perovskite structure of BFO in the present work can be
confirmed by the presence of metal oxide band at 400-600 cm™ (Ke et al. 2011). The
peak around 1300 cm™ is due to the strong vibration of NOs~ (Zalesskii et al. 2003)
attributed to nitro compounds formed by the residual nitric acid which was used during
the synthesis. The strong and broad peak at 3500 cm™ indicates O-H stretching vibration
due to intermolecular H bonds. The peaks around 1700 cm are the characteristics of
C=0 stretching (Gabbasova et al. 1991; Simdes et al. 2008), which may be due to the
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presence of residual citric acid used during the synthesis or thermal decomposition

products of citric acid.
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Figure 4.2: XRD pattern of BFO nanoparticles synthesized by Co-precipitation
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Figure 4.3: SEM images of BFO nanoparticles synthesized by Co-precipitation
method (Method 1-(a)), Auto-combustion method (2A(b), 2B(c) and 2C (d)) and
combustion method (Method 3(e))

(@)

Transmittance (%)

0.04— T T T T T T
500 1000 1600 2000 2500 3000 3600 4000

Figure 4.4: (a) TEM image (b) Tauc’s plot for band gap (c) FTIR spectra of BFO

(b)

1.0

0.8

0.6

0.4

0.2

Wave number cm !

nanoparticles (Method 2C)

110



Table 4.1: Crystallite size, Absorbance edge, Bandgap (eV), Zeta potential (mV) and
Particle size (TEM) of BFO particles by different synthesis method.

Crystallite )
. Particle
size(nm) by Band Zeta )
Absorbance ] size
Method Debye- gap (eV) | potential
edge(nm) TEM
Scherrer (mV)
. (nm)
equation
Method 1 70 563 2.2 -38.0 -
Method 2A 42 620 2 -46.0 -
Method 2B 45 539 2.3 80.4 -
Method 2C 33 652 1.9 -79.1 42.7
Method 3 35 620 2 -55.6 -

The mixed-phase BFO nanoparticles containing BiFeOs along with a considerable
fraction of BixsFeOao (310) were formed by Method 2C and these particles were found
to have the lowest crystallite size, smallest band gap energy and a small average particle
size of 42.7 nm, which attributed to the highest visible light activity of these
nanoparticles. Owing to the maximum dye degradation efficiency of these
nanoparticles from the mixed dye aqueous solution under visible light irradiation,
further for the synthesis of BFO@TiO, and BFO@PANI nanocomposite particles, the
BFO nanoparticles synthesized by Method 2C were used.

4.2. Synthesis of engineered BFO@ TiO2 nanocomposite particles by optimization
of synthesis mixture composition and calcination conditions, in terms of visible
light photocatalytic activity for dye degradation from mixed dye contaminated
water.

Further to enhance the photocatalytic activity, BFO@TiO2 nanocomposite
particles were synthesized as described in Section 3.2.1 using the BFO nanoparticles
prepared by Method 2C (Auto combustion Method at neutral pH), by varying the molar
ratio of BFO to Ti in the synthesis mixture and calcination conditions such as

calcination temperature and time. The BFO@TiO2 nanocomposite particles were
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engineered by optimization of these parameters in order to maximize the degradation

of dyes and COD removal from mixed dye contaminated water.

4.2.1 Optimization of BFO to Ti molar ratio in in the synthesis mixture

Optimization of catalyst composition plays a very important role in the
structure and morphology of the catalyst. The contact area between BFO and TiO> is
increased by the composite structure of BFO@TiO, which also helps charge transfer
at the BFO and TiO: heterojunction interface. It can be inferred that TiO> shells of
different thickness can be achieved by changing the loading amount of Ti in the
synthesis process. It is known that only when a suitable amount of TiO is composited
with BFO, both BFO and TiO; efficiently form a heterojunction interface to speed up
the photocatalytic process (Li et al, 2009a). Hence, mass or molar ratio BFO to Ti in
the synthesis mixture is a crucial parameter that controls the morphology of the
BFO@TiO2 heterostructured nanocomposite particles. Thus, the molar ratio of BFO to
Ti was optimized by varying the amount of TTIP and BFO in the synthesis mixture for
the formation of BFO@ TiO> heterostructured nanocomposite.

Figure 4.5 (a and b) show the effect of BFO: Ti molar ratio on percentage
degradation (after 210 min of irradiation) and COD removal of the mixed dye aqueous
solution by the nanocomposite particles calcined at 500°C for 3 h. Batch experiments
for the photocatalytic degradation of dyes from mixed dye aqueous solution containing
MB, AY, Rh-B dyes were carried out using BFO@TiO nanoparticles synthesized with
different molar ratios of BFO to Ti in the synthesis mixture, as photocatalysts under
visible light irradiation with initial concentration of each of the dye at 10 mg/L and
catalyst loading of 0.1 g/L.

In Figure 4.5 (a), it can be observed that as the BFO to Ti molar ratio in the
synthesis mixture was varied from 1:0.5, 1:1 to 1.2, the percentage degradation
increased, but further variation in the ratio to 1:3 or 1:4 has led to decrease in the
degradation. The maximum degradation of the dyes occurred with nanoparticles
synthesized with BFO to Ti molar ratio of 1:2. Around 97.4% of MB, 81.5% of AY and
78.7% of Rh-B dye were degraded with BFO@TiO2 nanocomposite particles
synthesized with BFO to Ti molar ratio of 1:2 in 210 min of irradiation time under
visible light.
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The COD of mixed dye aqueous solution was measured at intervals during
photocatalysis to confirm the degradation of the dyes into simpler compounds. The
percentage of COD removal (mg/L) during photocatalysis is presented in Figure 4.5
(b). The COD removal gradually increased as the molar ratios of BFO to Ti used in the
synthesis of BFO@TiO2, nanocomposite particles was varied from 1:0.5, 1:1 to 1:2.
However, further variation in molar ratios to 1:3 or 1:4 resulted in gradual decrease in
COD removal. The BFO@TiO2 nanocomposite particles synthesized with molar ratio
of 1:2 shows highest COD removal of 80% compared to those synthesized with other
molar ratios.

The results show that the dyes are photocatalytically degraded successfully in
the mixed dye aqueous solution in the presence of BFO@TiO2 nanocomposite particles.
The study revealed that BFO@TiO2 nanocomposite particles synthesized with 1:2
molar ratios of BFO to Ti show better photocatalytic activity and mineralization ability
compared to those synthesized with other molar ratios of BFO and Ti. Thus, BFO to Ti
molar ratio of 1:2 in the synthesis mixture may be considered as the optimum for the
synthesis of BFO@TiO. nanoparticles for maximum photocatalytic activity and dye
mineralization ability.

The BFO@TIiO; particles show a high photocatalytic activity under visible light,
which is due to its strong photo absorption ability and charge recombination rate. The
low electron-hole recombination rate of BFO@TiO: is credited to the formation of BFO
and TiOz heterojunction and the presence of electronic- accumulation centres formed
by the electronic interaction between the BFO and TiO.. These centres effectively
separate the electrons and holes, leading to high quantum efficiency. Wang and Zhang
(2011) and Humayun et al. (Humayun et al. 2016) have explained that theoretically an
internal electric field from TiO2 to BFO will be generated when BFO and TiO2 come
in contact and form a heterojunction interface. Driven by this internal electric field, the
holes and electrons will flow in opposite directions, thus leading to the efficient
separation of photogenerated electrons and holes and enhanced photocatalytic activity.

Li et al. (2009a) and Liu et al. (2017b) have synthesised BFO by hydrothermal
method and by citrate self-combustion method respectively, and further coated with
TiO2 by hydrolysis of titanium butoxide to form BFO@TiO2 nanocomposites with
different mass ratios of BFO to TiO,. They have also found that the ratio influences the
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thickness of the shell and the photocatalytic activity of BFO@TiO nanoparticles. Li et
al. (2009a) and Liu et al.(2017b) have reported that, too much or too little Ti in the
synthesis mixture is not favourable to form a BFO@TiO2 heterostructured

nanocomposite particles with highly efficient charge transfer.
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Figure 4.5: (a) Percentage dye degradation (b) Percentage COD removal from

mixed dye aqueous solution by BFO@TiOz particles synthesized with different

molar ratio of BFO to Ti, Conditions: catalyst loading-0.1g/L; concentration of
each dye-10 mg/L; irradiation time-210 min.

4.2.1.1 Characterization of BFO@TiO2 nanocomposite particles synthesized with
different molar ratios of BFO to Ti

Figure 4.6 shows the XRD pattern of BFO@TiO. nanocomposite particles
synthesized with different molar ratios of BFO to Ti as 1:0.5, 1:1, 1:2, 1:3 and 1:4
calcined at 500°C for 3 h. The prominent peaks are exhibited at 20 =22.4°, 32.01°, 45.7°,
50.7° and 57.1°. The peaks correspond to perovskite BiFeOs of the different crystalline
plane (100), (1-10), (200), (2-10), and (1-20) with Rhombohedral crystal system,
respectively (JCPDS NO-01-073-0548). The peaks at 20 = 27.43°, and 39.18’,
corresponding to TiO> of crystalline planes (110), and (200) indicate the formation of
Rutile phase of TiO, (JCPDS NO-00-034-0180) with tetragonal crystal system. The
same peaks were observed in BFO@TiO2 nanoparticles synthesized with all the five-
mole ratios. The presence of TiOz in XRD indicates the formation of the layer of TiO:
on the BFO particle surface. However, the impurity phase of BFO, BizsFeQag that was
present in the BFO particles (synthesized by Method 2C) used for the synthesis of
BFO@TiO2 nanocomposite particles, had disappeared when BFO@TiO2 was formed.
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The process of synthesis of BFO@TiO has resulted in impurity free BFO, which
confirms that there is no impurity phase formation in the interface between TiO. and
BFO (Li et al. 2009). The process of formation of BFO@TiO2 nanocomposite particles
may lead to filling of oxygen vacancies in the BizsFeOgo lattice which results in removal
of impurity phase. This suggests the occurrence of lattice strain change in BFO during
the formation of TiO, over BFO.

The XRD patterns of the BFO@TiO2 nanocomposite particles show that, with
an increase in Ti content in the synthesis mixture the intensity of TiO2 peaks at 20 =
27.3" have decreased till the ratio was varied from 1:0.5 to 1:2. However, the TiO; peaks
at 20 = 39.79° have remained the same. It appears that, even though the amount of Ti
added during the synthesis (with reference to the amount of BFO used) was increased,
the TiO> fraction in the composite has reduced till BFO:Ti ratio of 1:2. The decrease in
intensity with increase in Ti precursor used in the synthesis may be due to the
dominating nucleation rate as compared to growth rate. But with further increase in Ti
with ratio of 1:3 and 1:4, the TiO. peak intensity has been found to increase. The
increase in the amount of Ti used for the synthesis, further above that in 1:2 ratio, may
have resulted in growth rate dominating over the nucleation rate, causing maximum.
amount of TiO2 formed over BFO with BFO: Ti ratio of 1:4.

The average crystallite sizes for BFO and TiOz in BFO@TiO2 nanocomposite
particles were calculated and are presented in Table 4.2. The crystallite size was also
found to decrease as the BFO:Ti ratio was changed from 1:0.5 to 1:2. Further increase
in the Ti content of the ratio, resulted in increase in the crystallite size of both BFO and
TiO2 in BFO@TIiO2 nanocomposite. The particles synthesized with BFO to Ti molar
ratio of 1:2 contained BFO and TiO with the smallest crystallite size of 6.4 nm and 5.3
nm respectively. These results show that the particles are nanocrystalline. It has been
observed that the crystallite size of BFO in the composite is much lesser than that of
BFO presented in Table 4.1.

The morphology of the nanoparticles was further characterized using SEM
and are presented in Figure 4.7 (a-e). As observed in Figure 4.7 (c) the BFO@TIiO>
nanocomposite particles synthesized with BFO to Ti molar ratio of 1:2 appear to be
smaller and distinct, less agglomerated as compared to the particles synthesized with

other molar ratios.
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The TEM image of the BFO@TiO2 nanocomposite particles synthesized with
BFO to Ti molar ratio of 1:2 presented in Figure 4.8 (a), shows that the nanocomposite
consists of BFO nanoparticle, apparently quasi-spherical in shape and surrounded by
nanocrystalline TiO2 shell, confirming the formation of BFO core-embedded in TiO:
shell. BFO core size is found to be 37 nm and the TiO2 shell is of the average thickness
of around 8 nm. The TEM confirms that the BFO@TiO2 nanocomposite particles are
core-shell structured.

A comparison of the size of BFO in the BFO@TiO2 nanocomposite particles
(Table 4.2) with that of BFO particles synthesized by Method 2C (Table 4.1) indicate
that the crystallite size and the particle size of BFO has reduced during the process of
formation of BFO@TiO2 nanocomposite. The process of formation of BFO@TIiO-
nanocomposite particles may have caused lattice strain changes and reorientation of
crystal structure causing phase transformation to remove the impurity phase, BizsFeOao.
Densification and shrinkage may also result due to the bonding of TiO. with BFO,
leading to reduction in the size of BFO on forming the nanocomposite. Similar results
were observed by Lu et al. (2007), when they synthesized magnetic silica aerogels and
they attributed the shrinkage to formation of Fe-O-Si bond. The calcination of
BFO@TiO2 nanocomposite particles may also lead to shrinkage of the particles, thus
reducing the size (Lu et al. 2007).

The optical band gap energy of the BFO@TiO2 nanocomposite particles
synthesized with different molar ratios of BFO to Ti, were calculated and are presented
in Table 4.2. The Tauc’s plot for the particles synthesized with BFO: Ti ratio of 1:2 is
shown in Figure 4.8 (b). The absorption edges for the BFO@TiO> nanocomposite are
presented in Table 4.2. In comparison to pure BFO (absorption edge of 652) or pure
TiO, (absorption edge 387.5), a shift in the absorption edges of BFO@TiO:
nanocomposite to longer wavelength regions of the visible and Near Infrared Region
(NIR) range is observed. This could be attributed to the interaction of BFO and TiO> in
the composite. These results prove that BFO@TiO, nanocomposite is intrinsically
different from a physical mixture of BFO and TiO. Umrao et al. (2014) in their studies
on TiO2-Graphene Hybrid System, have reported that addition of graphene to TiO-
forming TiO2-Graphene Hybrid System, caused the synergistic interaction of graphene
matrix with TiO2 which modifies the electronic band gap structure of TiO2 and an
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energy level is introduced between the conduction and valence band, leading to
reduction in band gap energy of TiO2. When two types of semiconductor materials
combine together a heterostructure is formed, following which a new, narrower
hybridized energy band is formed in the heterostructure (Zhang et al. 2015a). The
quality of heterojunction and disorders present at the interphase govern the scattering
mechanisms at the heterojunction and limit the mobility of charge carriers (Haldar et
al. 2017).

As observed in Table 4.2, the band gap energy values decreased with increase
in Ti content as the ratio was changed from 1:0.5 to 1:2. But further increase in Ti
content with the change in ratio from 1:2 to 1:4 has resulted in increase in the band gap
energy. These observations confirm results presented by Tae Kwon et al.(2000). Tae
Kwon et al.(2000) have reported that the variation in band gap energy in semiconductor
heterojunctions can be achieved by changing the percentage of its constituents. The
formation of defective energy levels can also decrease the total energy band gap of
coupled photocatalysts (Yang et al. 2014).

The band gap energy values for BFO@TiO, nanocomposite particles
synthesized in the present work varied in the range of 1.4 eV to 1.9 eV and found to be
mostly lower than that obtained with only BFO. The lowering of band gap energy may
be attributed to the synergistic interaction of BFO with TiO> that causes modification
in the electronic band gap structure of TiO2 and an energy level is introduced between
the conduction and valence band, leading to reduction in band gap energy.

The band gap energy is the lowest for BFO@TiO, nanocomposite particles
synthesized with BFO to Ti molar ratio of 1:2 and the value is 1.4 eV. The red shift of
the photo absorption spectrum of BFO@TiO2 compared with BFO or TiOz, is induced
by Fe or Bi/Ti interdiffusion at the BFO/TiO> interface. The maximum photocatalytic
activity of BFO@TiO2 nanocomposite particles synthesized with BFO to Ti molar ratio
of 1:2 may thus be attributed to its lowest band gap energy. The band gap energy is
lower than the band gap value of 2.19 eV reported by Li et al. (2009a) or BFO@TiO>
nanocomposite particles synthesized by two-step synthesis, wherein BFO was
synthesized via hydrothermal approach combined with a hydrolysis precipitation of
titanium precursor. The value is also lower than that reported by Liu et al. (2017b) for
BFO@TiO2 nanocomposite particles synthesized by two-step synthesis, wherein BFO
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was synthesized by citrate-nitrate combustion method followed by hydrolysis of
titanium precursor. They have reported a band gap energy value of 1.77eV.

The zeta potential values for BFO@TiO2 nanocomposite particles synthesized
with different BFO to Ti molar ratios are presented in Table 4.2. The values of the zeta
potential being far beyond the instability range of £ 30 mV, the nanoparticles are highly

stable.

Relative intensity (a.u)

Figure 4.6: XRD patterns of BFO@TiOz particles prepared at different molar
ratio of BFO and Ti: 1:0.5; 1:1; 1:2; 1:3 and 1:4.
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Figure 4.7: SEM images of BFO@TIiO2 particles prepared at different ratio of
BFO: Ti; (a)1:0.5 (b) 1:1 (c)1:2 (d) 1:3 (e) 1:4.
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Figure 4.8: (a) TEM image and (b) Tauc plot of BFO@TIiOz2 particles synthesized
at optimized ratio (1:2)
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Table 4.2: Size, adsorption edge, band gap and zeta potential of different ratios of

BFO:Ti nanocomposite particles (calcined at 500°C for 3 h)

) Crystallite | Absorption Zeta
Different ize (nm) £d Bandgap Particle size
size (Nm es otential
ratio _ : (eV) P (nm) by TEM
BFO & TiO2 (nm) (mV)
1:0.5 6.8 & 5.6 688 1.8 -92.6
1:1 6.6 & 5.5 688 1.8 -77.9
Core: 37 nm;
1:2 6.4 &5.3 885 1.4 -90.6
Shell: 8 nm
1:3 6.5&5.4 775 1.6 -75.5
1:4 6.7 & 5.6 688 1.9 -80.0

The BFO@TiO2 nanocomposite particles synthesized with different BFO to
Ti molar ratio, are also visible light active like BFO and those synthesized with 1:2 and
1:3 ratio can also absorb light in NIR. The BFO@TiO, nanocomposite particles
synthesized with BFO to Ti molar ratio of 1:2 have the minimum band gap energy value
of 1.4 eV and being highly crystalline have exhibited highest photocatalytic activity
under visible light. These particles, which enable the light absorption extended to even
NIR region of the spectra. Higher photocatalytic activity also implies that the material
synthesized may provide heterojunctions which facilitate high charge transfer rate, thus

reducing electron hole recombination rates and increasing the rate of photocatalysis.

4.2.2. Optimization of calcination temperature
It is well known that calcination temperature is a significant feature that
influences the crystallinity, morphology and surface area of nanoparticles, which can
clearly affect the photocatalytic activity (Li et al. 2005; Sathish et al. 2007). To study
the effect of calcination temperature on the catalyst properties, the BFO@TiO>
nanoparticles were synthesized with BFO to Ti molar ratio of 1:2 and were then
subjected to calcination at different temperature ranging from 300 to 700° C for 3 h.

The photocatalytic degradation of dyes in mixed dye contaminated water was studied
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using these BFO@TiO- nanoparticles as photocatalysts with 0.1 g/L loading and with
10 mg/L of each dye in the mixed dye aqueous solution. Figure 4.9 (a and b) show the
effect of calcination temperature of BFO@TiO. nanoparticles on percentage
degradation of dyes and COD removal by photocatalysis. It is observed that, as the
calcination temperature increased from 300°C to 400°C, the percentage degradation of
dyes, especially AY and Rh-B have increased. Further increase calcination temperature
to 500°C to 700°C has led to decrease in the degradation of these dyes. The degradation
of MB is almost complete with the particles calcined at all the calcination temperatures.
COD removal has appreciably increased with increase in calcination temperature from
300°C to 400°C. But further increase in calcination temperature has resulted in decrease
in the COD removal. The maximum degradation of dyes and COD removal occurred
with BFO@TIiO2 nanoparticles calcined at temperature of 400°C as compared to those
calcined at other calcination temperature. Around 84% AY, 92% Rh-B and 99.7% MB
have been degraded and around 94% COD removal could be achieved with BFO@TiO>
nanoparticles calcined at temperature of 400°C. Thus, calcination temperature of 400°C
is considered as the optimum.
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Figure 4.9: (a) Percentage degradation and (b) COD removal of dyes from mixed
dye aqueous solution by BFO@TIiO:2 particles calcined at different temperature.
Conditions: catalyst loading -0.1g/L; concentration of each dye-10 mg/L;

calcination time-3 h; and irradiation time-210 min.
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4.2.2.1. Characterization of BFO@TiO2 nanocomposite particles calcined at
different temperatures

Figure 4.10 shows the XRD patterns of BFO@TiO2 nanoparticles calcined at
different temperatures such as 300°C, 400°C, 500°C, 600°C and 700°C and the
prominent peaks are exhibited at 20 =22.4°, 32.01°, 45.7°, 50.7° and 57.1°. The peaks
correspond to perovskite BiFeOs of different crystalline plane (100), (1-10), (200), (2-
10), and (1-20) with rhombohedral crystal system, respectively (JCPDS NO-01-073-
0548). The peaks at 20 = 27.43°, and 39.18", corresponding to TiO2 of different
crystalline planes (110) and (200) indicate the presence of rutile phase of TiO2 (JCPDS
NO-00-034-0180) with tetragonal crystal system. XRD analysis shows that the
BFO@TIiO2 nanoparticles calcined at different temperatures contain BFO and TiO>
phases without any impurity. No change in the crystalline phases have been observed
with increase in calcination temperature.

As shown in the XRD patterns of the BFO@TiO2 nanoparticles calcined at
different temperatures ranging from 300 to 700°C for 3 h, the change in calcination
temperature does not result in change the crystalline phases of BFO and TiO». The
variation in peak intensities is not considerable with increase in calcination temperature
from 300°C to 600°C. With further increase in the temperature to 700°C, the peak
intensities have considerably increased. Variation in peak intensity values with
changing calcination temperature may be attributed to changes in composition of
crystalline phases in the catalyst with varying calcination temperature. Further
crystallite size of BFO and TiOz in BFO@TiO2 nanocomposite were calculated using
Debye Scherrer’s equation and are presented in Table 4.3. The crystallite size of BFO
and TiO2 in BFO@TiO2 nanocomposite particles calcined at 400°C were found to be
6.2 nm and 5.1 nm respectively and were the least among the particles calcined at
various temperatures. An increase in calcination temperature till 400°C, causes removal
of volatile impurities from the crystal lattice and reorientation of atoms in the crystal
lattice to form a regular structure. This results in decrease in the crystal size. However,
on further increasing the calcination temperature to 500°C and above, rising
temperatures increase the diffusional movement of atoms. The increase in diffusion of

atoms leads to the growth of crystals causing increase in crystallite size (Ratnawulan et
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al. 2017). Thermally promoted crystallite growth takes place at high temperatures
(Praserthdam et al. 2003).

The morphology of the nanoparticles was further characterized using SEM
and Figure 4.11 (a-e) show the SEM images of the BFO@TiO2 nanoparticles calcined
at different temperatures. In Figure 4.11 (a, ¢ and €), the SEM images of the particles
calcined at 300°C, 500°C and 700°C show the presence of some aggregated particles.
Though, the particles calcined at 600°C (Figure 4.11 (d)), do not show aggregation, the
particles are not distinct. The BFO@TiO2 nanoparticles calcined at 400°C (Figure 4.11
(c)), seem to be uniformly shaped, seemingly quasi-spherical structure and distinct with
apparently smaller size showing no aggregation as compared to those calcined at other
temperatures.

The TEM images shown in Figure 4.12 (a and b), reveal that BFO
nanoparticles are oval structured and surrounded by nanocrystalline TiO shell,
confirming the formation of core-shell structured nanoparticles. The core is with shorter
dimension (SD) of 11 nm and longer dimension (LD) of 15 nm. The average thickness
of TiO2 shell is around 9 nm. The measured zeta potential values for the nanoparticles
calcined at different temperatures are presented in Table 4.3 and the particles have been
found to be highly stable.

The optical band gap energy of the synthesized BFO@TiO2 nanoparticles
calcined at different temperatures were calculated by using Tauc’s plot. The absorption
edges and the band gap energy values are presented in Table 4.3. The particles calcined
at different temperatures have shown absorption edge extended up to near infrared
range. The band gap energy value has decreased as the calcination temperature
increased from 300°C to 400°C. But further increase in calcination temperature has
increased the band gap energy. The band gap energy for the particles calcined at 400°C
is the lowest and the value is 1.3 eV. Figure 4.12 (c) shows the optical band gap energy
of the synthesized BFO@TiO; nanoparticles calcined at 400°C as calculated by using
Tauc’s plot. The particles calcined at 400°C have shown the maximum photocatalytic
activity due to lowest band gap energy. The interface disorders, lattice defects and
irregularities may have been lesser at the heterojunctions when calcined at 400°C. The
quality of interface created under this condition would facilitate effective charge

transfer across the heterojunction interface, thus leading to high photocatalytic activity
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compared to heterojunction formed under other calcination temperatures. The
absorption edge values in Table 4.3 shows that BFO@TiO. nanoparticles can act as
photocatalyst in the visible as well as NIR range. The calcination temperature of 400°C
was found to be the optimum for BFO@TiO2 nanocomposite particles synthesized with
BFO: Ti of 1:2 with calcination time of 3 h. Several researchers have shown that the
calcination temperature during preparation procedure influences the energy band gap
and band gap energy can be tuned by varying the calcination temperature (Chireh and
Naseri 2019; Mioduska et al. 2016; Mornani et al. 2016). Sun et al.(2019) have also
shown that calcination temperature influences the structure and photocatalytic activity

of hybrid photocatalysts.
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Figure 4.10: XRD patterns of BFO@TIiOz particles calcined at different

temperature such as 300°C, 400°C, 500°C, 600°C and 700°C.
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Figure 4.11: SEM images of BFO@TiO2 particles prepared at different
temperature: (a) 300°C (b) 400°C (c) 500°C (d) 600°C (e) 700°C
e )y

2 3 4 5
E=hv

Figure 4.12: (a and b) The TEM images with different magnification (c) Tauc’s
plot of BFO@TIiO:2 particles (optimized temperature:400°C)
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Table 4.3: Size, absorption edge, band gap and zeta potential of BFO@TiO:2
nanocomposite particles (BFO: Ti of 1:2) calcined at different calcination

temperature for 3 h

Calcination | Crystallite | Absorption Band Zeta Particle size
Temperature | size (nm) Edge gap potential (TEM)
(time: 3 h) BFO & wavelength eV) (mV)
TiO2 (nm)
300°C 6.7&5.4 882 1.4 -82.4 -
400°C 6.2&5.1 953 1.3 -79.0 Core of SD 11
nm and LD 15
nm with shell

thickness of 9

nm *
500°C 6.4&5.3 882 1.4 -90.6 -
600°C 6.6 & 5.4 772 1.6 -86.0 -
700°C 6.8&5.5 726 1.7 -79.4 -

*SD-smaller dimension; LD-longer dimension

4.4.2 Effect of calcination time

Calcination time also affects the photocatalytic activity by determining the
existence of crystalline phases. The change in crystalline structures may happen at
temperatures higher than certain temperatures. To avoid it, lower temperatures should
be used but it may require higher treatment times. Therefore, temperature and, time of
calcination are generally a compromise. Calcination time has a direct effect on the
crystalline growth; more time may lead to large crystallite size and increase in
calcination time can aid in impurity removal from the photocatalyst (Reli et al. 2012).
The photocatalytic activity has also been reported to increase with increase in
calcination time, reach a maximum and decrease with further increase in calcination
time (Reli et al. 2012; Zhang et al. 2011c).Calcination time influences the porosity of
the catalyst (Zhang et al. 2013, 2011c). So, the effect of calcination time was studied

by keeping the calcination temperature as 400°C for BFO@TiO2 nanocomposite
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particles synthesized with BFO to Ti molar ratio of 1:2. The photocatalytic activity of
these nanocomposite particles were studied by conducting the visible light mediated
photocatalysis for the degradation of dyes in mixed dye contaminated water containing
10 mg/I of each of the dyes (MB. AY and Rh-B) and 0.1 g/L catalyst loading.

Figure 4.13 (a) shows the effect of calcination time on the percentage
degradation of dyes in mixed dye aqueous solution by photocatalysis carried out with
BFO@TIiO2 nanoparticles prepared with BFO to Ti molar ratio of 1:2 and calcined at
400°C. The degradation of dyes from mixed dye solution increased when the
calcination time was increased from 1 h to 2 h. On increasing the calcination time
further to 3 h and beyond, has resulted in reduction in degradation of dyes. Maximum
degradation was achieved with BFO@TiO- nanoparticles calcined at 400°C for 2 h. A
complete degradation of MB, 96% of AY and 88% of Rh-B, degradation was achieved
with BFO@TiO2 nanoparticles calcined at 400°C for 2 h. As shown in Figure 4.13 (b)
maximum COD removal of 95% could be achieved with the BFO@TiO, nanoparticles
calcined at 400°C for 2 h. Based on maximum photocatalytic activity and COD
removal, 2 h calcination time has been chosen as the optimum for BFO@TiO>

nanoparticles with calcination temperature of 400°C.
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Figure 4.13: (a) Percentage degradation (b) Percentage COD removal from
mixed dye aqueous solution by BFO@TIiO:2 particles calcined at different time.
Conditions: catalyst loading -0.1 g/L; concentration of each dye-10 mg/L;
calcination temperature - 400°C; irradiation time -210 min.

127



4.4.2.1 Characterization of BFO@TIiO; nanoparticles calcined for different
calcination time

Figure 4.14 shows the XRD patterns of BFO@TiO2 nanoparticles prepared at
different calcination time such as 1, 2 ,3, 4 and 5 h and the prominent peaks are
exhibited at 20 = 22.4°, 32.01°, 45.7°, 50.7° and 57.1°. The peaks correspond to
perovskite BiFeOs of different crystalline plane (100), (1-10), (200), (2-10), and (1-20),
respectively, which showed the presence of (JCPDS NO-01-073-0548) with
rhombohedral crystal system. The peaks at 26=27.43", and 39.18", corresponding to
TiO> of different crystalline planes (110), and (200) indicate the formation of Rutile
phase of TiO2 (JCPDS NO-00-034-0180) with tetragonal crystal system. XRD analysis
shows that the same crystalline phases of BFO and TiO2 have been retained even with
variation in calcination time and the change in calcination time has not resulted in any
phase change. However, increase in calcination time has shown variation in the
intensity of peaks indicating a change in composition when calcination time was varied.
Table 4.4 shows that the crystallite size of BFO and TiO2 have reduced with increase
in calcination temperature from 1 h to 2 h, but further increase in calcination time led
to increase in the crystallite size. When the calcination time is increased from 1 h to 2
h, some volatile impurities in the crystal lattice may have been removed and further
relocation of the atoms in crystal lattice may occur leading to reduction in crystallite
size. However, calcination for prolonged time of 3 h or higher would provide longer
exposure to the calcination temperature and would provide enhanced diffusion of atoms
and may lead to thermally promoted nucleation and crystal growth. An increase in
calcination time has been reported to cause an increase in crystallinity (Wang et al.
2012b), improved structure and size of the particles (Dudhe and Nagdeote 2014).
Mohammed et al.(2020) have also found that particles size increases as calcination time
increased and then reaches a saturation. According to them, the increase in size is due
to the grain growth. They also reported that crystallite size and percentage of
crystallinity in the crystal structure depends on calcination time.

The morphology of the nanoparticles was further characterized using SEM
and Figure 4.15 (a-e) shows the SEM image of the BFO@TiO2 nanoparticles calcined
at 400°C for different calcination time. The particles calcined for 1 h and 3 h (Figure
4.15 (a and c)) seem to be agglomerated and not uniform. The particles calcined for 4h
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or 5 h (Figure 4.15 (d or e)) seem to be non- uniform shaped with heterogenous
morphology and larger size. The particles calcined for 2 h (Figure 4.15 (b)) seem to be
regular structured, uniform and better sphericity, compared to the particles calcined for
1, 3, 4 and 5 h. These particles are distinct and not agglomerated. The size appears to
be smaller than those calcined for 1, 3, 4 and 5 h. The measured zeta potential values
for the nanoparticles calcined at 400°C for different times are presented in Table 4.4
and the particles have been found to be highly stable.

The TEM image presented in Figure 4.16 (a and b) reveals that the BFO
nanoparticles which are nearly spherical shaped, are surrounded by nanocrystalline
TiO2 shell confirming the formation of core-shell structured nanoparticles. The analysis
reveals that, the BFO core is with shorter dimension (SD) of 12 nm and longer
dimension (LD) of 14 nm. The average thickness of TiO> shell is around 11 nm. On
comparison of the shape and size of the particles calcined at 400°C and 3 h (Figure 4.12
a and b) with that calcined for 2 h, it is evident that the shape of the particles has been
modified and conformed from oval to spherical form with reduction in calcination time.
Similarly, the size of the core has reduced with slight increase in the shell size.

The FTIR spectrum of the BFO@TiO2 nanocomposite particles synthesized
with BFO to Ti molar ratio of 1:2, calcined at 400°C for 2 h is shown in Figure 4.16
(c). The main intense peak at 500 cm™ is due to stretching and bending vibrations of
the Fe-O bond, and fundamental absorptions of FeOe octahedral in perovskite. The
formation of perovskite structure of BFO in the present work can be confirmed by the
presence of metal oxide band at 500 cm™ (Ke et al. 2011). The small narrow peaks at
wave number below 1200 cm™ are due to stretching and bending vibrations of Ti-O-Ti
bond, to which the formation of TiO- is attributed (Chellappa et al. 2015; Hamadanian
etal. 2010; Mohan et al. 2012). The strong and broad peak at 3500 cm™and that at 1600
cm?, indicates O-H stretching vibration due to hydroxyl groups on the surface of
nanoparticles (Gao et al. 2015a) and intermolecular H bonds (Vinet and Zhedanov
2011). The band at 1400 cm™ is due to stretching and bending vibrations of C-H group
(Wang et al. 2011c).

The optical band gap energy of the synthesized BFO@TiO2 nanoparticles
calcined at 400°C for different calcination time are presented in Table 4.4. The band
gap energy has been found to decrease with increase in calcination time from 1 h to 2h.

129



A further increasing the calcination time, has resulted in increase in the band gap
energy. The band gap energy value was found to be the minimum for particles calcined
for 2 h and the value is 1.2 eV. The absorption edges are shown in Table 4.4. The
particles calcined for 4 h and 5 h have exhibited two absorption edges while those
calcined for 1 h to 3 h showed only one absorption edge. Tauc’s plot drawn from the
data of the absorption spectra for particles calcined for 2 h which is the optimum
calcination time is shown in Figure 4.17 (a). The Tauc’s plot shows one absorption
edge, indicating the absence of disorder at the heterojunction of the semiconductors. A
Tauc’s plot for the particles calcined for 5 h is shown in Figure 4.17 (b), as a
representative of the particles showing two absorption edges. The particles calcined for
4 h and 5 h have shown two absorption edges. Each material (core and shell) has a
distinct absorption onset. Figure 4.17 (b) clearly has two regimes and similar is the case
for the particles calcined for 4h. The values of absorption onsets are shown in Table
4.4. Appearance of two absorption edges in nanocomposite materials, have been
reported by (Cao and Wang (2015) in the YBIiO3/Bi>Os heterostructure composite
synthesized by them. Umrao et al. (2014) in their studies on TiO2-Graphene Hybrid
System, have also reported an-appearance of additional band edge. These researchers
have attributed each band edge to the individual components of the composite. They
have reported red shift in absorption edges of individual components in the composite
as compared to the absorption edge of single components, which they attributed to
synergetic interaction between the individual components. Thus, in the present study
the two absorption edges observed in the particles calcined for 4 h and 5 h, is attributed
each to TiO2 and BFO which may be due to discontinuities present at the heterojunction,
and have shown red shifts from that of the individual nanoparticles.

The BFO@TIiO; particles calcined for 2 h possessed a band gap energy of 1.2
eV, which is lower than the band gap values of the particles calcined for other
calcination times, thus providing an evidence for the highest photocatalytic activity.
The zeta potential values for the particles calcined for different times is shown in Table
4.4. The BFO@TIiO2 nanoparticles calcined at different temperatures are highly stable.
The atomic concentration values of the elements present in the BFO@TIiO:

nanocomposite particles (optimum) is shown in Table 4.5.
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To determine the surface composition and chemical states of the elements in
BFO@TiO2 nanocomposite particles synthesized with BFO to Ti molar ratio of 1:2,
calcined at 400°C for 2 h, XPS measurements were conducted and the spectrum is
shown in Figure 4.18 (a). It can be seen from Figure 4.18 (b-e) that the BFO@TIiO>
core-shell structured nanocomposite particles composed of Bi, O, Fe, and Ti elements.
As shown in Figure 4.18 (b), the spectrum exhibits two strong peaks of Bi 4f at binding
energies of 153 eV and 163 eV corresponding to the core lines of Bi 4f7, and 4fsp
respectively. It clearly represents the ‘+3° oxidation state of Bi in BFO without any
trace of metallic Bi in the matrix (Das et al. 2013; Sarkar et al. 2015). The spectrum
shown in Figure 4.18 (c), also exhibits two peaks for Fe 2p at 710 eV and 722 eV
corresponding to core lines of Fe 2pz2 and Fe 2py2 respectively arising from the spin-
orbit interaction and corresponding to Fe** oxidation state in BFO (Mukherjee et al.
2018; Quickel et al. 2015) Furthermore, a satellite peak of Fe 2psq is situated
approximately 2 eV higher than the main Fe 2ps2 peak (Yamashita and Hayes 2009).
The position of the satellite peak at 710 eV in the Fe 2p spectra is in good agreement
with the Fe** oxidation state in BFO as reported by Mukherjee et al. (2018) and Quickel
et al. (2015). In addition, this indicates the possibility of bonding between Fe and
oxygen of the TiO, (Fe—O-Ti bonds) (Bajpai et al. 2018; Hu et al. 2015a). Moreover,
no significant peaks were observed for the Fe?" ionic state, suggesting that iron
predominantly exists in the Fe** state.

Figure 4.18 (d) shows peaks of Ti 2P. The peaks are symmetric, sharp and
intense representative of the presence of Ti*" surface states (Gautam et al. 2016). The
peak obtained near 455 eV and 464 eV correspond to the Ti 2ps/2 state and Ti 2p1/2 State
(Wang et al. 2012a) The peak positions and line separation between Ti 2p12 and Ti2pap
are 7.5 eV, which is consistent with the standard binding energy reported for TiO-
nanoparticles (Hu et al. 2013; Sanjinés et al. 1994).

The XPS spectra in Figure 4.18 (e), shows one peak at 527 eV. This peak is
attributed to the lattice oxygen in the Oy state (Gautam et al. 2016; Mali et al. 2012;
Zhu et al. 2017b). However, the deconvolution of the O 1s spectra give two peaks at
527 eV corresponding to the Bi—O bond. Thus, the XPS result shows that the Bi and Fe
elements exist in the ‘+3’ valence state in BFO@TiO., Table 4.5 presents atomic
concentration of the elements present in BFO@TiO2 nanocomposite particles
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synthesized with BFO to Ti molar ratio of 1:2, calcined at 400°C for 2 h as determined
from XPS. These results show the presence of Ti, Bi, Fe and O which are the main
constituents of BFO@TiO.. However, the presence of carbon may be attributed to the

residuals of solvents or titanium precursors used in the synthesis.
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Figure 4.14: XRD patterns of BFO@TiO2 particles prepared at different
calcinations time: 1 h; 2 h; 3h; 4hand 5 h.
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Figure 4.15: SEM images of BFO@TiO2 particles prepared at different
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Figure 4.16: (a and b) TEM image of BFO@TIiO:2 particles with different
magnification and (c¢) FTIR analysis of BFO@TiO:2 particles (calcined for 2 h).
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(b) 5 h (indicating double absorption edge)
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Figure 4.18: (a) XPS analysis for binding energy of BFO@TiO2 nanoparticles
and XPS spectra of (b) Bi 4f (c) Fe 2p (d) Ti2p (e) OsLl.
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Table 4.4: Size, absorption edge, band gap, zeta potential of BFO@TiO:2

nanocomposite synthesized with BFO: Ti molar ratio of 1:2 calcined at 400°C for

different calcination time

o Crystallite ) Bandgap Zeta _ ]
Calcination _ Absorption ) Particle size
_ size (Ev) potential
time _ Edge (nm) TEM
BFO & TiO2 (mV)
1h 6.6 & 5.2 885 1.4 -65.1
*Core of SD
12 nm and
LD 14 nm &
2h 6.1&5 1033 -64.6
1.2 shell
thickness of
11 nm
3h 6.2&5.1 953 1.3 -79.0
4h 6.3&5.3 1033 & 885 1.2 -66.4
5h 6.7&5.4 953 &774 1.3 -48.9

*SD: shorter dimension; LD: longer dimension

Table 4.5: Atomic concentration of the elements presents in BFO@TIiO;

nanocomposite particles

BFO@TIiO2 Cls Ols Ti2p Fe2p3 Bi4f
Atomic 25.00 33.62 14.71 13.40 13.28
percentage

The optimization of synthesis, calcination conditions and the characterization studies

have revealed that BFO@TiO2 nanocomposite particles synthesized with BFO to Ti

molar ratio of 1: 2 and calcined at 400°C for 2 h show maximum photocatalytic activity

in terms of degradation of MB, AY and Rh-B dyes present in mixed dye contaminated

water and COD removal. This nanocomposite is hereinafter referred as BFO@TiOxzopt.
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4.3 Synthesis of engineered BFO@PANI nanocomposite particles by optimization
synthesis mixture composition in terms of visible light photocatalytic activity for
dye degradation from mixed dye contaminated water.

Optimization of catalyst composition plays a crucial role in the structure and
morphology of the nanocomposites when used as a catalyst. It has different properties
by the tenability of the composition, surface morphology and structural order of
nanoparticles (Zhang et al. 2014). Synthesis mixture composition governs the
composition of the catalyst. Chaturvedi et al (2015) and Prabhakaran and Hemalatha
(2012) synthesized BFO nanoparticles via a chemical route and coating of polyaniline
was attained by a double surfactant layer technique. They found that the volume of
aniline used in the synthesise mixture influences the thickness of the shell in
BFO@PANI nanocomposite particles. Hence, the molar ratio of BFO to aniline is an
essential parameter in controlling the morphology and properties of the resulting
BFO@PANI nanocomposite particles. So, optimization of BFO to aniline molar ratio
was carried out in the present study by varying the volume of aniline used in the
synthesis mixture for the formation of BFO@PANI nanocomposite particles.
BFO@PANI nanocomposite particles were synthesized by varying the molar ratio of
BFO to aniline used during the synthesis. The BFO@PANI nanocomposite particles
were engineered by optimization of composition in order to maximize the degradation
of dyes and COD removal from mixed dye contaminated water.

Figure 4.19 (a and b) show the effect of BFO@PANI nanocomposite particles
with varying BFO: aniline molar ratio on percentage degradation (after 210 min of
irradiation) of dyes and percentage COD removal in the mixed dye aqueous solution by
the BFO@PANI nanocomposite particles. Batch experiments for the photocatalytic
degradation of dyes from mixed dye aqueous solution containing MB, AY, Rh-B dyes
were carried out using BFP1, BFP2, BFP3, BFP4 and BFP5 (BFO to aniline molar ratio
of 1:0.0027, 1: 0.0034, 1:0.0041, 1:0.0048 and 1:0.0055 respectively) as photocatalysts
under visible light irradiation with initial concentration of each of the dye at 10 mg/L
and catalyst loading of 0.1 g/L.

It can be observed that, as the moles of aniline used in the synthesis mixture was
increased from 0.0027 moles to 0.0041 moles (BFP1 to BFP3), the percentage of
degradation of each of the dyes and the COD removal percentages have increased. But,

137



further increase in the moles of aniline to 0.0048 (BFP3) and 0.0055 (BFP4) moles, a
decrease in the degradation of dyes and COD removal was observed. The maximum
degradation of the dyes occurred with BFO@PANI nanocomposite particles
synthesized with BFO to aniline molar ratio of 1: 0.0041 (BFP3), showing around 100%
of MB, 98% of AY and 90% of Rh-B dye degradation and around 96% COD removal
in 210 minutes of irradiation time under visible light.

The results show that the dyes present in the mixed dye contaminated water are
photo-catalytically degraded effectively in the presence of BFO@PANI nanocomposite
particles. The study reveals that BFO@PANI nanocomposite particles synthesized with
1: 0.0041 (BFP3) molar ratio of BFO to aniline show better photocatalytic activity and
mineralization ability compared to those synthesized with other molar ratios of BFO
and aniline. Thus, BFO to aniline molar ratio of 1: 0.0041 (BFP3) in the synthesis
mixture may be considered as the optimum for the synthesis of BFO@PANI
nanocomposite particles for maximum photocatalytic activity and dye mineralization
ability. These BFO@PANI nanocomposite particles show good photocatalytic activity
under visible light, which is due to its strong photo absorption ability and charge
recombination rate (Shahabuddin et al. 2016; Wang et al. 2010).

The removal of dyes from mixed dye contaminated water containing MB, AY,
Rh-B dyes using the highly active fabricated BFO@PANI nanocomposite (BFP3)
during batch photocatalysis under visible light irradiation, was also compared with that
obtained under dark conditions in the presence of catalyst and under visible light in the
absence of catalyst. Figure 4.19 (c) shows that the percentage removal of each of the
dyes under dark conditions in the presence of catalyst is very minimal (less than 10%)
as compared to that in the presence of catalyst on irradiation with visible light. Thus,
the dye removal by adsorption on the catalyst is minimal. The effect of the light
irradiation in the absence of catalyst is also very less, confirming a small effect of
photolytic removal of the dyes by visible light irradiation.

As observed in Figure 4.19(c) around 100% of MB: 98% of AY and 90% of
Rh-B degradation from the mixed dye aqueous solution could be achieved respectively,
in 210 minutes of irradiation time under visible light. It shows that the dyes in the mixed
dye contaminated water are photo-catalytically degraded successfully in the presence
of BFO@PANI nanocomposite particles. The study reveals that the BFO@PANI
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nanocomposite particles serve as efficient photocatalysts for the degradation of dyes

from mixed dye aqueous solutions under visible light irradiation.
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Figure 4.19: (a) Percentage degradation and (b) percentage COD removal from
mixed dye aqueous solution under visible light by BFO@PANI particles
synthesized with different molar ratio of BFO to aniline. (c) Percentage dye
removal under different conditions. Conditions: catalyst concentration-0.1g/L;

concentration of each dye-10 mg/L; irradiation time-210 min

4.3.1 Characterization of BFO@PANI nanocomposite particles synthesized with
different molar ratios of BFO to aniline

The BFO@PANI nanocomposite particles synthesized with different BFO to
aniline molar ratios were further characterized. Figure 4.20 shows the XRD pattern of
BFO@PANI nanoparticles synthesized with different molar ratios of BFO to aniline
(BFP 1 to BFP 5) along with that of BFO (Method C) and PANI. The prominent peaks
are exhibited at 20 = 22.3°, 31.7°, 32°, 39.4°, 45.6°, 50°, 51.6°, 56°, 67°, 69.9°, 71.5°, 75.5°
and 79.4" and they are similar to those found in XRD of BFO nanoparticles. These peaks
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correspond to perovskite BiFeOz (JCPDS NO-01-071-2494) with Rhombohedral
crystal system of different crystalline plane (012), (104), (110), (202), (024), (211),
(122), (300), (220), (220), (119), (312), (128) and (315), respectively. The peak for
impurity phase BixsFeOao at 20 = 28" present in BFO is also being observed in BFP1 to
BFP5 with a small shift in 26 to around 27.84 to 27.92. XRD reveals that impurity phase
is being retained in BFO@PANI nanocomposite particles synthesized with all the
different molar ratios. However, the impurity peak intensity is small in BFO@PANI as
compared to that in BFO. The impurity peak intensity reduced as the ratio is changed
from BFP1 to BFP 5. In the XRD of PANI, a sharp peak corresponding to crystalline
PANI (JCPDS No.4-0477) is observed at 20 =25.44°. The PANI peak at around 25.4°
has also been shown in XRDs reported by many researchers (Kalikeri et al. 2018; Pant
et al. 2006; Pawar et al. 2010; Razalli et al. 2017; Sydulu Singu et al. 2011). This peak
is not visible in the XRD of BFP1 and BFP2, indicating that the volume of aniline used
in the synthesis of BFP1 and BFP2 nanocomposite particles is very small and thus the
layer of PANI that would have formed around BFO is negligibly small. The quantity
being very small, it is not being detected by XRD. However, the peak for PANI
appeared in BFP3 to BFP5. The peak shifted to the right to 26 =25.56°, 25.6" and 25.67°
as the aniline content was increased to 0.0048 and further to and 0.0055 moles
respectively. The shift in peak of PANI in BFO@PANI nanocomposite particles is due
to the interfacial binding of BFO with PANI. Identical peaks were observed in
BFO@PANI nanocomposite particles synthesized with all the five different molar
ratios, except for the presence of PANI. The presence of PANI in XRD of BFP3 to
BFP5, designates the formation of layer of the PANI on the BFO particle surface.
However, the impurity phase BizsFeOao, that existed in BFO is present in BFO@PANI
nanocomposite too, though very small. The process of synthesis of BFO@PANI has
not removed the impurity phase of BFO. All the peaks of BFO in BFO@PANI
nanocomposite are similar to that of BFO, indicating that the crystal structure of BFO is
maintained even after the coating process. Chaturvedi et al. (2015) synthesized BFO using
a soft chemical route combined with post synthesis annealing and then used the entire
amount of thus synthesized BFO to prepare BFO@PANI core-shell nanoparticles by double
surfactant method by adding different aniline volumes of
8uL,10uL and 12uL. The diffraction peak for PANI was not observed in the XRD of
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bismuth ferrite-polyaniline core-shell nanoparticles synthesized by them. They reported
that, such a result is due to a very thin layer of PANI. The present study showed the presence
of PANI in XRD at higher ratios. Figure 4.20 shows that, in BFP3 to BFP5, with an
increase in aniline content in the synthesis mixture the intensity of PANI peaks have
increased, which shows that the PANI content in BFO@PANI nanocomposite has
increased with increase in the amount of aniline used in the synthesis mixture.

In Figure 4.20, the peak doublets are exhibited at 20 =31.7°, 32° of BFO, which
shows distinctive splitting of the rhombohedral peak at around 32°. The split (doublet)
near 32° remains same for all the samples. However, broadening of this doublet peak is
observed with increase in the amount of aniline used for the synthesis as shown in the
inset of Figure 4.20 which can be attributed to decreasing values of lattice parameters
because of incorporation of PANI (Chaturvedi et al. 2014, 2015). Increasing aniline in
the synthesis mixture may have enhanced the coordination of PANI with lattice oxygen,
which may distort the crystal lattice of BFO leading to changes in optical properties
and interrupting the overall charge compensation of the BFO lattice. It may disturb
overall charge compensation of BFO and produce some lattice defects, declining the
lattice parameters (Chaturvedi et al. 2014). The average crystallite sizes of the
BFO@PANI samples were calculated using Scherrer formula, and are presented in
Table 4.6. It shows that the particles are nanocrystalline and the particles synthesized
with BFO to aniline molar ratio of 1:0.0041 (BFP3) is with the smallest crystallite size
for BFO (5.9 nm) and that for PANI is 4.5 nm. The atomic concentration values of the
elements present in the BFP@PANI nanocomposite particles (optimum) as analysed by
XPS are presented in Table 4.3

Figure 4.21 (a-e) shows the SEM images of BFP1, BFP2, BFP3, BFP4 and
BFP5. The nanocomposites appear to be flaky structured with sharp edges. But the in
BFP 5 nanocomposite, the particles appear aggregated.

Figure 4.22 (a-e) shows the TEM images of BFP1, BFP2, BFP3, BFP4 and
BFP5, respectively. The images reveal that BFO nanoparticles are slightly ellipsoidal
and surrounded by nano-dimensional PANI coating confirming that BFO nanoparticles
are embedded in PANI matrix, forming a nanocomposite structure. Even though, XRD
showed an absence of BFO peak in BFP1 and BFP2, TEM showed the presence of
PANI layer around the BFO particles. In BFP1, the BFO particles are aggregated and
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the aggregates are surrounded by a layer of PANI. The BFP2 particles are distinct and
each BFO particle is surrounded by a layer of PANI forming a core-shell structure.
However, BFP3 consists of distinct BFO particles embedded in thick layer of PANI
matrix. The thickness of PANI matrix has increased with increase in aniline content in
the synthesis mixture. Table 4.6 presents the size of BFO particles and PANI layer
thickness in the BFO@PANI nanocomposite particles. Moreover, it shows that the
particles synthesized with BFO to aniline molar ratio of 1:0.0041 (BFP3) are the
smallest size, with BFO nanoparticles of average diameter 7.03 nm and embedded in
PANI matrix approximately 4.9 nm thick.

The optical band gap energy of the synthesized BFO@PANI nanoparticles
synthesized with different molar ratios of BFO to aniline were calculated by using
Tauc’s plot. A representative Tauc’s plot is shown in Figure 4.23 (a) for BFP3. The
BFP1 to BFP5 showed only one absorption onset. As observed in Table 4.6, the band
gap energy value is the lowest for BFP3 and the value is 1.4 eV, and this value is also
lower than that obtained with only BFO. The maximum photocatalytic activity was
achieved with BFO@PANI nanocomposite particles synthesized with BFO to aniline
molar ratio of 1:0.0041 (BFP3). It may thus be ascribed to its lowest band gap (1.4 eV)
energy and smallest particle size. The band gap energy of the BFP1, BFP2, BFP4 and
BFP5 are similar and equal to 1.6 eV. Their photocatalytic activity is lesser than that of
BFP3 owing to higher band gap energy. This may be due to inappropriate formation of
heterojunction between BFO and PANI owing to the structure and morphology of
BFO@PANI. The contact area between BFO and PANI depends on the structure of
BFO@PANI, which assists in charge transfer at the BFO and PANI heterojunction
interface. It is known that only when the amount of polyaniline in BFO@PANI is
appropriate, both BFO and PANI efficiently form a heterojunction interface to
accelerate the photocatalytic process. An excessive or too little aniline is not favourable
to form a BFO@PANI structure with extremely well-organized charge transfer
(Chaturvedi et al. 2015). The band gap energy values of BFP1 to BFP5 are lower than
the band gap value of 1.98 eV reported by Chaturvedi et al. (2015) for BFO@PANI
nanocomposite particles synthesized by double surfactant method; wherein BFO was
synthesized by soft chemical route combined with post-synthesis annealing. Chaturvedi
et al (2015) have reported that the band gap values of nanoparticles are determined by
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the macrostrain, oxygen defects and exchange interactions. The absorption edge
wavelength values of BFP1 to BFP5 are shown in Table 4.6, fall in the NIR region.
These results indicate that BFO@PANI nanocomposite particles synthesized in the
present study can be excited by even longer wavelength light extending from visible to
NIR region. Thus, these nanoparticles have all the potential to be good photocatalysts
even under solar light, as maximum excitation can occur by utilization of light in the
entire solar spectra ranging from UV to NIR.

The effective polymerization of aniline on top of the surface of BFO was
complete as evidenced by Fourier Transform Infrared Spectroscopy (FTIR), as shown
in Figure 4.23 (b). The characteristic peak of BFO appeared at 552 cm-! in all the
samples and the intensity of the peak varied with an increase in the aniline concentration
but it is negligible. The characteristic peak at 645 cm-* and 845 cm-! are C-H band
stretching and benzene ring absorption (Emran 2018; Vinet and Zhedanov 2011). The
characteristic peak at 924 cm™ is due to the presence of trapped nitrates (used in the
synthesis) on the surface, caused by stretching vibrations of trapped NO ions in the
BFO nanostructures (Dhanalakshmi et al. 2016; Zalesskii et al. 2003). The
characteristic peak at 1119 cm™ is an evidence of C-N stretching (Vinet and Zhedanov
2011). The characteristic peaks at 1385-1600cm™ signify the carbonate groups
(Dhanalakshmi et al. 2016; Mukherjee et al. 2012). The carbonate bands were also
observed due to the surface adsorbed species, which is reasonable because these
nanostructures have high surface area (Ju et al. 2011). However, in terms of PANI, The
characteristic peaks of PANI appeared at 1604, 1385 cm-!, due to benzenoid and
quinone ring stretching in PANI, and C-N; C-C and N-H stretching of a secondary
aromatic amine respectively (Emran et al. 2018; Huang and Wan 2002; Mirmohseni et
al. 2019). These results are similar to those reported by Huang et al.2002 ( Huang and
Wan 2002). The peaks at 2922—2850 cm™ are due to medium C—H stretch. The
characteristic peak around 3425 cm is due to normal polymeric OH stretching (Vinet
and Zhedanov 2011). FTIR measurements show the evidence that the polymerization
of PANI has been successfully obtained on the surface of the BFO NPs.

To determine the surface composition and chemical states of the BFO@PANI
nanocomposite particles (BFP3), XPS analysis was conducted and the spectrum is
shown in Figure 4.24 (a). XPS survey spectrum of BFP3 shows the presence of
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elements Bi 4f at 157 eV and 164 eV; Fe 2p at 710 eV and 724 eV; O 1S at 529 eV and
530 eV; C 1s at 284, and N1s at 400 eV.

As shown in Figure 4.24 (b) the spectrum shows two strong peaks of Bi 4f at
binding energies of 157 eV and 164 eV corresponding to the core lines of Bi 4f 7 and
4f 512 respectively, and that are in good agreement with the highest oxidation state ‘+3’
of Bi due to synergistic action between Bi to Bi ‘+3” (Zheng et al. 2018). It clearly
represents the ‘“+3” oxidation state of Bi in BFO without any trace of metallic Bi in the
matrix (Guo et al. 2016; Pugazhvadivu et al. 2014; Rauf et al. 2015).

The spectrum shown in Figure 4.24 (c) also exhibits two peaks for Fe 2p at 710
eV and 724 eV consistent to core lines of Fe 2P 3, and Fe 2P 1> respectively arising
from the spin-orbit contact and correspond to Fe®" oxidation state in BFO and their
separation was 14 eV (Manjunatha et al. 2019; Mukherjee et al. 2018; Quickel et al.
2015). These characteristics peaks were quite similar to those reported in the literature
(Li et al. 2019). The position of the satellite peak at 715eV in the Fe 2p spectra is in
good agreement with the Fe®" oxidation state in BFO (Mukherjee et al. 2018; Quickel
et al. 2015). Moreover, no significant peaks were observed for the Fe?* ionic state,
suggesting that iron predominantly exists in the Fe3* state. It is evident that the binding
energy for the iron lies between 700 and 735 eV (Lv et al. 2015; Manjunatha et al.
2019).

The XPS spectra in Figure 4.24 (d) shows two peaks for O 1S at 529 eV and
530 eV corresponding to the Bi—O and Fe—O bonds, respectively. These peaks were
attributed to the lattice oxygen in the Oy state (Gautam et al. 2016; Mali et al. 2012;
Zhu et al. 2017b). In addition, these two bands are possibly due to the strong
interactions between the amine nitrogen and oxygen of BFO (Ansari et al. 2014b).

The XPS spectra in Figure 4.24 (e) shows one peak for C 1s at 284, This peak
shows the presence of quinoid structure and benzenoid rings. This characteristic peak
is similar to that reported by Patil et al. (2018).

The XPS spectra in Figure 4.24 (f) as shown in N1s spectrum exhibits only one
broad peak at 400 eV which indicates the presence of more than one type of nitrogen ,
the quinoid phenyl structure and quaternary ammonium salt (Macdiarmid et al. 1987;
Patil et al. 2018). This Peak can be attributed to benzenoid structure. Therefore, in

oxidized polyaniline, quinoid and benzenoid structures exist in the carbon backbone
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and electronic charges resides on nitrogen atoms (Ansari et al. 2014a). Table 4.7

presents atomic concentration of the elements presents in BFO@PANI particles.
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Figure 4.20: XRD patterns of BFO@PANI nanocomposite particles prepared at
different molar ratios of BFO and aniline such as 1.0.0021(BFP1), 1:0.0034
(BFP2), 1:0.0041 (BFP3), 1:0.0048 (BFP4) and 1:0.0055 (BFP5).
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Figure 4.21: SEM images of BFO@PANI nanocomposite particles prepared at
different molar ratios of BFO: aniline (a) 1:0.0027 (BFP1), (b) 1:0.0034 (BFP2)
(c) 1:0.0041 (BFP3) (d) 1:0.0048 (BFP4) and
(€)1:0.0055 (BFP5).
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Figure 4.22: TEM images of BFO@PANI particles prepared at different molar
ratios of BFO: aniline (a) 1:0.0027(BFP1), (b) 1:0.0034 (BFP2)
(c) 1:0.0041 (BFP3) (d) 1:0.0048 (BFP4) and (e)1:0.0055 (BFP5).
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Figure 4.23: (a) Tauc plot and (b) FTIR Spectra of BFO@PANI particles (BFP3)
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Figure 4.24: (a) XPS analysis for binding energy of BFP3 nanoparticles and XPS
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Table 4.6: Crystallite size, band gap, zeta potential and particle size (TEM) of
Different ratio of BFO@PANI nanocomposite particles

Different | Average | Absorption | Bandgap Average Average
ratio Crystallite Edges eV) particle thickness
size in nm (nm) size(nm) of (nm) of
BFO & BFO PANI layer
PANI embedded in (TEM)
PANI matrix
(TEM)
1:0.0027 | 6.2&0.8 775 1.6 7.2 1.9
(BFP1)
1:0.0034 6.3&1 775 1.6 7.1 1.3
(BFP2)
1:0.0041 59&45 885 14 7.03 4.9
(BFP3)
1:.0.0048 | 6.4&55 775 1.6 7.3 53
(BFP4)
1:0.0055 6.5&5.9 775 1.6 7.5 7.1
(BFP5)

Table 4.7: Atomic concentration of the elements presents in BFO@PANI

nanocomposite particles

BFO@PANI Cls Ols Fe2p3 Bi4f
Atomic 33.03 35.21 17.68 14.08
percentage

The optimization of molar ratio of BFO to aniline in the synthesis mixture and the
characterization studies have revealed that BFO@PANI nanocomposite particles
synthesized with BFO to aniline molar ratio of 1:0.0041 (BFP3) show the maximum
photocatalytic activity in terms of degradation of MB, AY and Rh-B dyes present in
mixed dye contaminated water and COD removal. This nanocomposite is hereinafter
referred as BFO@PAN opt.
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4.4 Comparison of photocatalytic activity of BFO, TiO2 and BFO@TiO2opt
nanocomposite particles under visible light irradiation in terms of degradation of
dyes

The comparison studies for the photocatalytic degradation of dyes from mixed
dye contaminated water, containing MB, AY, Rh-B dyes were carried out using the
BFO@TiO2 nanocomposite particles synthesized with BFO to Ti molar ratio of 1:2,
calcined at 400°C for 2 h (BFO@TiO20pt), BFO nanoparticles synthesized by Method
2C and TiO2 nanoparticles (Degussa P25) as photocatalysts under visible light
irradiation with initial concentration of each of the dye at 10 mg/L and catalyst loading
of 0.1g/L and irradiation with 2 lamps. As observed in Figure 4.25 (a and b), in the
presence of BFO@TiO20pt Nanocomposite particles around 100%, 96% and 88% of MB,
AY, and Rh-B dyes were degraded respectively and 95% COD removal from mixed
dyes contaminated water in 210 minutes under visible light was achieved. In the
presence of BFO nanoparticles 93%, 71%, and 67% degradation of MB, AY and Rh-B
dyes respectively, and 76.6% COD removal could be achieved, whereas with Degussa
P25 only around 50%, 33%, and 20% degradation of MB, AY and Rh-B dyes and 20%
COD removal from mixed dye contaminated water could be achieved under visible
light. It was observed that the photocatalytic activity of BFO@TiO20pt Nanocomposite
particles in terms of degradation of each of the dyes from the mixed dye aqueous
solution is superior to that of BFO or TiO2 nanoparticles. However, TiO2 nanoparticles
show lower degradation of dyes compared with BFO@TiO20pt and BFO nanoparticles.
The study reveals that BFO@TiO20pt Nanoparticles are superior photocatalysts for the
degradation of dyes from mixed dye contaminated water under visible light irradiation,
which is due to its strong photo absorption ability and charge recombination rate. The
low electron-hole recombination rate of BFO@TiOxopt is credited to the presence of
electronic-accumulation centres formed by the electronic interaction between the BFO
core and TiO2 shell. These centres effectively separate the electrons and holes, leading
to high quantum efficiency. Theoretically, an internal electric field from TiO> to BFO
will be generated when BFO and TiO. come in contact and form a heterojunction
interface (Wang et al. 2011c; Zhao et al. 2016). Driven by this internal electric field,
the holes and electrons will flow in opposite directions, thus leading to the efficient
separation of photogenerated electrons and holes and enhanced photocatalytic activity.
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Figure 4.25: (a) Percentage degradation and (b) Percentage COD removal from
mixed dye aqueous solution in presence of BFO, TiO2 and BFO@TiO2opt
nanocomposite particles under visible light. Conditions: catalyst loading -0.1 g/L;
concentration of each dye-10 mg/L; irradiation time-210 min.

Figure 4.26 shows the proposed mechanism of photocatalytic degradation of
dyes from mixed dye contaminated water by BFO@TiO20pt Nnanocomposite particles
under visible light irradiation. A p-n heterojunction is formed when BFO is contacted
with TiOz, with the Fermi level after contact being closer to the Conduction Band (CB)
of TiO, and Valance Band (VB) of BFO. In the BFO@TiO2 nanocomposite under
visible light irradiation BFO acts as a photosensitizer. BFO absorbs the visible light and
the electrons from the valence band of BFO are excited to the CB, whereas the holes
get accumulated in the valence band of BFO. As the energy state of BFO conduction
band is higher than that of the TiO. CB, electrons from BFO CB move to the CB of
TiO2. Thus, the CB of TiO: acts as an electron centre and VB of BFO acts as a hole
centre. As the electrons formed by excitation of BFO are stored in the CB of TiO> and
holes in the valence band of BFO, the probability of recombination of the
photogenerated electrons with the holes is very low, which results in an increased
lifetime of the charge carriers and an enhanced interfacial charge transfer to adsorbed
organic molecules.

These electrons in CB of TiO> react with oxygen (O2) molecules on the
catalyst surface in the reduction process and get reduced to *O>, which can oxidize the
organic pollutants and degrade them to simpler molecules. The holes in the BFO VB,
oxidize H20 to form hydroxy| radicals which in turn lead to reduction of dye molecules.
The holes can also be consumed by participating in weak oxidation of dyes directly (Li

et al. 2009a). These oxidation-reduction reactions lead to degradation of the dye.
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The visible light mediated photocatalytic activity in BFO@TiO: is attributed
to the low band gap energy of the heterostructure, as well as the presence of BFO core
and TiOz shell causing the charge separation, which prevents or reduces the rate of
charge recombination and thus leads to higher photocatalytic rate of BFO@TiO:
compared to that of BFO.
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Figure 4.26: The proposed mechanism of photocatalytic degradation of dyes
using fabricated BFO@TIiO:2 particles.

4.5. Comparison of photocatalytic activity of BFO, PANI and BFO@PANIopt
nanocomposite particles under visible light irradiation

The photocatalytic degradation of dyes from mixed dye contaminated water
containing MB, AY, Rh-B dyes were carried out using the fabricated BFO@PAN Igpt
nanocomposite particles synthesized with BFO to Aniline molar ratio of 1:0.0041
(BFP3), and the results were compared with that of BFO nanoparticles and polyaniline
individually under visible light irradiation with an initial concentration of each of the
dye at 10 mg/L and catalyst loading of 0.1 g/L and irradiation with two lamps. As
observed in Figure 4.27 (a and b), in the presence of BFO@PANIopt nanocomposite
particles around 100%, 98% and 90% degradation of MB, AY and Rh-B dyes
respectively and 96% COD removal from mixed dyes contaminated water could be
achieved in 210 minutes under visible light. In the presence of BFO nanoparticles 93%,
71% and 67% degradation of MB, AY and Rh-B dyes and 76.6% COD removal could
be achieved respectively, whereas with PANI only around 51%, 35%, and 22 %
degradation of MB, AY and Rh-B dyes respectively and 22% COD removal from
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mixed dye contaminated water could be achieved under visible light. It was observed
that the photocatalytic activity of BFO@PANI nanocomposite particles in terms of
degradation of each of the dyes from the mixed dye aqueous solution is higher to that
of BFO or PANI nanoparticles. However, PANI shows lesser degradation of dyes
compared to BFO@PANIqt and BFO nanoparticles, which may be attributed to the
unavailability of photo-generated electrons and holes for photocatalytic reaction due to
their high recombination rate and due to its low surface area too (Zhang et al. 2016b).
The present study reveals that BFO@PANIqpt nanocomposite particles are better
photocatalysts for the degradation of dyes from mixed dye contaminated water under
visible light irradiation. Because of the interaction between BFO and PANI, the
recombination rate among photo-generated electron and holes gets reduced, which
enhances the photocatalytic activity of the photocatalyst (Kalikeri et al. 2018; Radoici¢
et al. 2013). Therefore, the presence of PANI plays an important role in the electron-

hole pair separation efficiency and in improving the photocatalytic activity of the

composite.
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Figure 4.27: (a) Percentage degradation and (b) Percentage COD removal from
mixed dye aqueous solution in the presence of BFO, PANI and BFO@PAN Il opt
particles under visible light. Conditions; Catalyst concentration- 0.1 g/L;
concentration of each dye-10 mg/L; irradiation time -210 min.

Figure 4.28 shows the proposed mechanism of photocatalytic degradation of
dyes from mixed dye contaminated water by BFO@PANIqpt nanocomposite particles
under visible light irradiation. When irradiated by visible light, both PANI and BFO in
the composite attract photons at their edge. The electrons in the VB of BFO are excited
to its CB. The charge from the photon is also transferred immediately from the highest
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occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of PANI (Reddy et al. 2010). The excited photogenerated electrons of PANI
molecules are injected from LUMO of PANI to the CB of BFO, to form electron center
(Li et al. 2008; Zhang et al. 2006b) at BFO and eventually react with oxygen at the
surface. This results in the configuration of highly reactive particles, such as the
superoxide radical ion Oz* and as a result the hydroxyl radical OHe, which are
responsible for the degradation of the organic compound (Elsayed and Gobara 2016;
Zang 2008). At the same time, the transitions between - polaron and polaron-m * in
PANI molecules can be induced. The holes from the VB of BFO migrate to HOMO of
PANI. The photogenerated holes in the m orbital of PANI along with the holes
transferred from BFO, can migrate to the surface and react with water to give up
hydroxyl radicals. PANI would significantly help in charge separation and to reduce
the charge recombination. Therefore, the superior photocatalytic activity of
BFO@PANI It as compared to BFO nanoparticles is owing to quick charge separation,
slow charge recombination and additional surface provided by PANI for visible light
absorption. The improved visible light absorption of BFO@PANIost hanocomposite
owing to its low band gap, is not the only reason that induces increased photocatalytic
activity but also owing to reduced electron-hole recombination rate (Radoici¢ et al.

2013).
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Figure 4.28: The proposed Mechanism of Photocatalytic degradation of dyes
using fabricated BFO@PANI nanocomposite particles.
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Based on these studies on BFO@TiO2 nanocomposite particles and
BFO@PANIot nanocomposite particles have been found to exhibit superior
photocatalytic activity in terms of degradation of dyes and COD removal from mixed
dye contaminated water under visible light irradiation. Further to improve the
photocatalytic reaction rates for the degradation of MB, AY and Rh-B dyes present in
mixed dye contaminated water and COD removal, the photocatalytic reaction
parameters such as pH, catalyst loading and light intensity are to be optimized and the
effect of concentrations of the dyes on their degradation are to be studied. Such studies

were carried out and the results are presented in Chapter 5.
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CHAPTER 5
RESULTS AND DISCUSSION

PHOTOCATALYTIC DEGRADATION OF DYES IN MIXED DYE
CONTAMINATED WATER BY BFO@TIO2pt AND BFO@PANIopt
PARTICLES

5.1 Effect of photocatalysis parameters on degradation of dyes from mixed dye

aqueous solution

Based on the optimization of synthesis and calcination parameters, BFO@TiO>
nanocomposite particles synthesized with BFO to Ti molar ratio of 1:2, calcined at
400°C for 2 h and BFO@PANI nanocomposite particles synthesized with BFO to
aniline mole ratio of 1:0.0041 (BFP3) were found to show a maximum photocatalytic
activity under visible light irradiation in terms of degradation of dyes and COD removal
from mixed dye contaminated water containing MB, AY and Rh-B. These
nanocomposite particles are referred as BFO@TiO2opt and BFO@PANIopt. Further, in
order to improve the efficiency of degradation of dyes using these nanocomposite
particles, the parameters affecting the photocatalysis rate are studied and optimized.
Photocatalytic degradation of dyes is influenced by several parameters, such as pH,

catalyst loading, light intensity and dye loading.
5.1.1 Effect of initial pH

The pH of a solution is a prominent parameter that influences the photocatalytic activity
of a catalyst, as it modifies the surface charge properties of the catalyst (Akpan and
Hameed 2009; Alahiane et al. 2014; Jantawasu et al. 2009). The solution pH alters
catalyst—solution interface and accordingly affects the sorption-desorption
characteristics and the separation of the photogenerated electron-hole pairs on the
surface of the composite particles (Reza et al. 2017). pH is an essential factor that
affects the activity of the composite as it may change the photocatalyst surface
properties and the ionic nature of the treated compound (Bedia et al. 2018; Reza et al.
2017).

The photocatalytic degradation of dyes and COD removal in mixed dye aqueous

solution containing 10 mg/L each of MB, AY, and Rh-B dyes was conducted with 0.1
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g/L of catalyst loading under irradiation with two lamps. The effect of pH on the
percentage degradation of dyes and COD removal by photocatalytic degradation using

BFO@TiO20pt Nanocomposite particles is shown in Figure 5.1 (a) to (c).

Figure 5.1 (a) shows the effect of pH on the degradation of dyes in a mixed dye
contaminated water containing MB, AY and Rh-B using BFO@TiO2opt. It is observed
that the degradation of MB dye after 210 min of irradiation is almost complete in the
entire pH range. The degradation of MB at the end of 60 min (Figure 5.1 (b)) of
irradiation has increased from around 89% to 97% with an increase in pH from 3 to 5.
However, a further increase in pH has resulted in a decrease in the percentage of
degradation. With 210-minute irradiation, the degradation of AY has increased from
93.5% to 96.7% and degradation of Rh-B has increased from 84.2% to 87.6% when the
pH was increased from 3 to 5. However, a further increase in pH has resulted in a
decrease in degradation. As observed in Figure 5.1 (c), the COD removal has increased
from 80% to 95% with an increase in pH from 3 to 5 and a further increase in pH has

resulted in a reduction in COD removal.

The effect of pH on the percentage degradation of dyes and COD removal by
photocatalytic degradation using BFO@PANIop: nanocomposite particles is shown in
Figure 5.1 (a) to (c). Figure 5.2 (a) shows the effect of pH on the degradation of the
dyes a mixed dye contaminated water containing MB, AY and Rh-B using
BFO@PANI gt It is observed that the degradation of MB dye after 210 minutes of
irradiation is almost complete in the entire pH range. The degradation of MB at the end
of 60 min (Figure 5.2 (b)) of irradiation has remained constant at around 100%, with an
increase in pH from 3 to 5. However, the further increase in pH has resulted in a
decrease in the percentage degradation. With 210-minutes irradiation, the degradation
of AY has increased from 95.6% to 97.8% and that for Rh-B had increased from 85%
to 89.8% when the pH was increased from 3 to 5. However, a further increase in pH
has resulted in a decrease in the degradation. As observed in Figure 5.2 (c), the COD
removal has increased from 85% to 97% with an increase in pH from 3 to 5 and a further

increase in pH has resulted in a reduction in COD removal.

The results show that with both the catalysts, the individual dye degradation and
COD removal from mixed dye solutions increased with increase in pH from 3 to 5 and
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with further increase in pH to values greater than pH 5 has resulted in decrease in

degradation.

The adsorption of dye onto the catalyst surface is hugely influenced by pH at
the point of zero charges (pHpzc) of the prepared catalyst (Bechambi et al. 2015; Ghaly
et al. 2017). The pHpzc of PANI and BFO are in the range of 8.0 to 8.2, whereas TiO:
is 6.8. Thus, at pH values lesser than these, the surface of the catalyst is positively
charged and at pH above pHzpc, the surface is negatively charged. The dye molecules
may also dissociate into positively or negatively charged ions depending on the pH. So,
it appears that at acidic pH conditions the surface and the dye are opposite charged,
leading to columbic attraction of the dye molecules onto the catalyst surface followed
by adsorption which favours the degradation of the dyes. However, at alkaline pH the
dye molecules and the catalyst surface may be similarly charged and thus repel from
each other. This reduces the adsorption of the dye on the catalyst and thus the rate of

degradation is lowered at alkaline pH.

The specific interactions between the dye and the catalyst surface is reliant
upon the configuration of the dye as well as the surface charge of the catalyst.
Considering these interactions, specific knowledge on the influence of the pH variation

on the dye structure as well as on the surface charge of the catalyst is required.

MB is a cationic dye and hence it is positively charged. Adsorption of MB is
generally favoured at pH values above pHpzc of the catalyst, as the surface is negatively
charged under those conditions (Neethu and Choudhury 2018). Thus, the adsorption of
MB should be favoured at alkaline conditions, as each of the materials involved in
BFO@PANI has pHpzc of around 8 and those in BFO@TiO has 8 and 6.8. Many
studies have shown that adsorption of MB on TiO> or BFO is favoured under alkaline
conditions (Azeez et al. 2018; Mohd Azmy et al. 2017; Neethu and Choudhury 2018).
However, Soltani and Entezari (Soltani and Entezari 2013b) have observed that
adsorption of MB is favoured under acidic conditions. In acid solution, the MB
molecules are excited to a triplet state MBH2**, MBH3*" and MBHs?*. MB™ basic
solutions present one intensive singlet attributed to MB radical by reduction of the MB*
by OH- ion. The reactivity of the triplet state increases at the same extent with the

protonation degree of the corresponding species (Bonneau et al. 1974). Firstly, these

158



species are excited to their triplet states and the species disappear through two
competitive processes on irradiation with visible light: spontaneous deactivation
pathways and reduction by electrons provided by the system (Contineanu et al. 2009).
Thus, in the presence of light and under acidic pH conditions, the reactivity of
protonated states is very high, which results in higher degradation of the dye. Thus, in
MB degradation, the role of protonation and increase in reactivity is higher than the role
of adsorption on photocatalysis. Thus, pH 5 has been found to yield maximum rate of
degradation of MB. In the studies reported by Mohamed et al. (2012), alkaline condition
did not favour degradation of MB by Fe/ZnO/SiO. nanoparticles under visible light.

Since AY is an anionic dye with good solubility, the sodium ion is dissociated
in water and leaves the dye molecule with negative charges (Liu et al. 2006). The
catalyst surface is positively charged at pH values lesser than pHp.c .Due to the charge
difference between negatively charged dye molecules and highly positive charged
catalyst, the coupling between dye and catalyst molecules is higher at acidic pH, which
in turn increases the electrostatic interactions between the photocatalyst surface and dye
anions and lead to adsorption (Sevimli and Kinaci 2002). In contrast, under alkaline
and neutral conditions, little adsorption occurs on the surface of the catalyst due to
coulombic repulsion between the negatively charged catalyst and negatively charged
dye molecule, which decreases the formation of hydroxyl radicals and hence decreases
the photocatalytic degradation (Chiou and Li 2002). At higher pH, the concentration of
OH- ions would be high enough to cover the surface of the catalyst and hence causes
it to be negatively charged. Moreover, the oxidation efficiency of OH- may decrease
due to decomposition or deactivation of the catalyst by the formation of complexes
hence the production of hydroxyl radical may decrease. The low degradation at alkaline
pH may also be due to the formation of a complex in the catalyst that inhibits the
reaction between H»>O and catalyst (Deng and Englehardt 2006; Khan et al. 2018).

Though Rh-B is a cationic dye, it has been found from the experiments; acidic
pH is favourable for degradation. The pKa value for the aromatic carboxyl group
present in the Rh-B molecule is about 4.0. When the pH of the solution is < 4, the
carboxylic acid groups can be ionized and the zwitterion form of Rh-B is formed

(Merka et al. 2011). The zwitterion form of Rh-B in water leads to an increase in the
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formation of dimers from monomers of Rh-B due to electrostatic interaction between
carboxylic and xanthene’s groups of monomers. The smaller monomeric Rh-B may be
adsorbed on the surface of the catalyst readily than the dimeric form, thus leading to a
higher rate of adsorption at acidic pH conditions. Under pH values of above pH 5, the
dimers formed may block the active sites. The density of the charges is also reduced
due to the mutual interactions between two monomers, and under this condition, the
Rh-B removal might be inhibited (Soltani and Entezari 2013b). In the present study,
pH 5 has been considered as an optimum for the photocatalytic degradation of mixed
dye aqueous solution under visible light irradiation using BFO@TiOzpt and
BFO@PAN ot nanocomposite particles, as pH 5 yielded maximum degradation of all
the three dyes in the mixed dye solution and in terms of COD removal. The optimum
pH for degradation of individual dyes from mixed dye contaminated water cannot be
solely based on the individual dye-catalyst surface interaction. The surface charges of
the nanocomposite catalyst surface may vary with solution pH and the protonation or
deprotonation of dye molecules would also depend on the mutual interaction among the
dyes. In mixed dye aqueous solution, the adsorption process may not be solely based
on electrostatic interaction. Other adsorption mechanism like chemisorption may occur
due to interaction between the functional groups in the molecules of different dyes. The
mutual interaction between the dye molecules is also pH dependent. Li et al. (2017)
through their studies on adsorption of methylene blue and MO from mixed solution on
a zirconium-based adsorbent, have found that the presence of one dye influences the
adsorption of the other dye and the extent of enhancement in adsorption is pH
dependent. Presence of other dyes may inhibit or enhance the protonation of a dye and
thus optimum pH is dependent on the mutual interaction effect of the dyes and the
charges on the catalyst surface. Chomkitichai et al. (2019) have studied the degradation
of MB and Rh-B from mixed dye solution using Multi-Phase BiVOs photocatalyst
under UV irradiation. They found that degradation of both MB/Rh-B increased as the
pH increased to neutral pH and reduced when the solution was alkaline (Chomkitichai
et al. 2019). In the present study, maximum COD removal and dye degradation from
mixed dye solutions are achieved at pH 5. Thus pH 5 is the optimum pH for
photocatalysis of mixed dye system containing MB, AY and Rh-B using BFO@TiO20pt
and BFO@PAN ot Nnanocomposite particles.
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Figure 5.1: Effect of initial pH on (a) dye degradation at 210 min irradiation time
(b) Percentage degradation of MB at 60 min (b) COD removal at 210 min
irradiation time, from a mixed dye agueous solution. Condition; catalyst

concentration-0.1g/L (BFO@TiO20pt); concentration of each dye -10 mg/L.
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Figure 5.2: Effect of initial pH on (a) dye degradation at 210 min irradiation time
(b) Percentage degradation of MB at 60 min (b) COD removal at 210 min
irradiation time, from a mixed dye agueous solution. Condition; catalyst

concentration-0.1g/L (BFO@PANIopt); concentration of each dye-10 mg/L

5.1.2 Effect of catalyst loading

The rate of photocatalytic degradation depends on the nature and concentration
of photocatalyst and the pollutant concentration (Habibi and Vosooghian 2005).
Therefore, with a given catalyst it is necessary to find the optimum catalyst loading for
the photocatalytic process since the reaction rate is a function of catalyst loading in
photocatalytic oxidation process (San et al. 2001; Saquib and Muneer 2002). The effect
of catalyst loading with BFO@TiO.0pt and BFO@PANIq on the visible light
mediated photocatalytic degradation of dyes in mixed dye contaminated water
containing 10 mg/L of each dye at optimum pH 5, was studied by varying the
concentration of catalyst from 0.1 to 0.5 g/L and with irradiation using two lamps. The
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effect of catalyst loading on the percentage degradation of dyes and COD removal from
mixed dye contaminated water containing MB, AY, and Rh-B are shown in Figure 5.3
(aand b) and Figure 5.3 (c) respectively for BFO@TiO2opt.

The effect of catalyst loading on percentage degradation obtained at the end
of 210 min of irradiation time is shown in Figure. 5.3 (a) The percentage degradation
of MB after 210 min irradiation was almost complete at all the catalyst loading
conditions, So, the degradation of at the end of 60 min was compared as shown in
Figure 5.3 (c). The effect of catalyst loading on percentage COD removal (mg/L) after

210 minutes irradiation is presented in Figure 5.3 (c)

As shown in Figure 5.3 (a and b) and Figure 5.3 (c), the percentage dye
degradation and COD levels increased as catalyst loading increased from 0.1g/L to 0.3
g/L. However, the reduction in dye degradation and COD level are observed at 0.4 and
0.5 g/L loading by BFO@TiO20pt.

The effect of catalyst loading on the percentage degradation of dyes and COD
removal from mixed dye contaminated water containing MB, AY, and Rh-B are shown
in Figure 5.3 (a and b), and Figure 5.3 (c) respectively for BFO@PANIopt. The effect of
catalyst loading on percentage degradation obtained at the end of 210 min of irradiation
time is shown in Figure. 5.4 (a). The percentage degradation of MB after 210 min
irradiation was almost complete at all the catalyst loading conditions, So, the
degradation of at the end of 60 min was compared as shown in Figure 5.3 (c). The effect
of catalyst loading on percentage COD removal (mg/L) after 210 minutes irradiation is
presented in Figure 5.4 (c). As shown in Figure 5.4 (a and b) and Figure 5.4 (c), the
percentage dye degradation and COD levels increased as catalyst loading increased
from 0.1g/L to 0.2 g/L. However, the reduction in percentage dye degradation and COD
level is observed at 0.3 to 0.5 g/L loading by BFO@PAN gpt.

The increase in the catalyst loading leads to an increase in the number of active
sites on the photocatalyst due to the increase in the total surface area,, which in turn
increases the rate of formation of active species (Barakat et al. 2005; Ghaly et al. 2017).
The increase in the degradation rate may be attributed to the fact that, as the loading of
BFO@TiO20pt or BFO@PANI ot is increased, the active sites for the adsorption of dye

molecules also increase, which in turn increases the release of electron and hole pairs,
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thus increasing the formation of hydroxyl radicals, and hence, an improvement in the

photocatalytic reaction rate occurs.

With the additional increase in catalyst loading from 0.4 to 0.5 g/L and higher
for BFO@TiO20pt, and 0.3 to 0.5 g/L and higher for BFO@PANIop, the percentage
degradation and COD have decreased. Although the number of active sites in solution
will upsurge with catalyst loading, a saturation point occurs beyond which light
penetration is hindered because of the shielding effect of suspended catalyst particles.
When the catalyst loading exceeds the limiting value, the dye degradation rate would
decrease (Barakat et al. 2005; Ghaly et al. 2017) due to the increase in turbidity and
light scattering at high photocatalyst concentrations which lead to a decrease in the light
penetration in the solution (Pourahmad et al. 2010; Sakthivel et al. 2003). At higher
catalyst loading, agglomeration of particles may take place due to increased collisions
of the particles resulting in a reduction in surface area available for light absorption
(Eskizeybek et al. 2012; Pourahmad et al. 2010; Wong and Chu 2003). Hence, a
decrease in photocatalytic degradation rate was observed at high catalyst loading. At
high catalyst concentrations, many a number of active sites on the photocatalyst surface
may become unusable because of the decreased light penetration, the increased light
scattering and the loss in surface area occasioned by agglomeration (particle-particle
interactions). The relation between the two different phenomena of increased number
of surface-active sites with higher loading and decrease in usable surface sites due to
light penetration. light scattering and agglomeration effects results in an optimum
catalyst loading for photocatalytic degradation (Adesina 2004; Ahmed et al. 2011).
Therefore, the optimum amount of catalyst loading is found to be 0.3 g/L for
BFO@TiO20pt and 0.2 g/L for BFO@PANIpt for the degradation of mixed dyes with
initial dye concentrations of 10 mg/L each. Similar trend of increase in degradation
efficiency with increase in catalyst loading upto an optimum value and further increase
in catalyst loading resulting in decrease in degradation has been observed by many
researchers in their studies on photocatalytic degradation (Daneshvar et al. 2004;
Neppolian 2002; Sohrabl and Ghavami 2008; Zhang et al. 2002). It is important to add
an optimum amount of catalyst to avoid unnecessary excess catalyst and to ensure total

absorption of photons for efficient photocatalytic degradation (Herrmann 1999).
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However, as reported by Herrmann (1999) optimum catalyst loading is dependent on

the initial concentration of the dye.

The optimum catalyst loading for BFO@PANIpt is lower than that for BFO@TiO20pt.
At optimum loading of 0.3 g/L with BFO@TiO2qpt, MB is completely degraded with
97% AY and 89% Rh-B degradation. COD removal efficiency of 96.7% could be
achieved at this catalyst loading. At optimum loading of 0.2 g/L with BFO@ PANIopt,
MB and AY were completely degraded and 96% Rh-B degradation was achieved with
COD removal efficiency of 97%. The BFO@PANIop: shows superior photocatalytic
dye degradation and COD removal compared to BFO@TiO2qpt Nanocomposite with

lower catalyst loading.
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Figure 5.3: Effect of catalyst loading on (a) percentage degradation of dyes at
irradiation time of 210 min (b) percentage degradation of MB at 60 min (c) COD
removal at irradiation time of 210 min from mixed dye contaminated water
Condition; Catalyst used: BFO@TiOzopt; initial pH of the dye solution-pH 5;

concentration of each dye -10 mg/L.
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5.1.3 Effect of light intensity

The efficiency of photocatalytic degradation of the constituents in the solution
strongly depends on the intensity of the light used for irradiation (Reza et al. 2017). An
increase in the intensity increases the occurrence of number of photons per unit area of
the dye solution. The higher the number of photons interacting with the dye molecules,
the higher the number of dye molecules that degrade per minute. Light intensity
distribution in the reactor determines the pollutant degradation (Pareek et al. 2008).
Formation of electron-hole is the initial step in the photochemical reaction and is

dependent on the light intensity, and it governs the rate of photocatalysis.
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The effect of light intensity on the photocatalytic degradation of dyes and COD
removal from mixed dye contaminated water containing 10 mg/L each of MB, AY and
Rh-B is shown Figure 5.5 (a and b) for BFO@TiO2pt and Figure 5.6 (a and b) for
BFO@PANI qpt respectively. These experiments were conducted in batch reactor with
the optimum catalyst loading of 0.3 g/L and 0.2 g/L of BFO@TiOz0opt and
BFO@PANI ot respectively, by changing the number of lamps from one to four. The
positioning of the lamps around the reactor is presented in Section 3.7. One to four
lamps (each of 18 W power) were used. The average illuminance (lux) at the reactor
wall were measured using lux meter and the average intensity was calculated as

described in Section 3.7.

The effect of light intensity in the photocatalytic degradation of dyes in mixed
dye contaminated water containing MB, AY, Rh-B is shown in Figure 5.5 (a) and 5.6
(@) for BFO@TiO20ptand BFO@PAN ot respectively. The percentage of COD removal
(mg/L) is presented in Figure 5.5 (b) and 5.6 (b) for BFO@TiO20pt and BFO@PAN lopt
respectively. These results indicate that photocatalytic degradation of the dyes have
enhanced with the increase in the intensity of light from 146 pW/cm? (1 lamp) to 263
pW/cm? (2 lamps). However, with further increase in light intensity to 292 uW/cm? (3
lamps) and to 351 uW/cm? (4 lamps), there was no further change in the degradation
efficiency. At lower light intensity of less than 263 pW/cm? (2 lamps), with increase
intensity the percentage degradation has increased. An increase in the light intensity
would increase the number of photons arrested per unit area per unit time of the
photocatalyst surface, thus leading to enhanced rate of electron-hole pair separation and
the formation of free radicals. The electron-hole formation rate is predominant and
hence, electron-hole recombination rate may be negligible under these conditions,
thereby increasing the rate of degradation of the dyes. However, as the light intensity
increases further, the number of active sites remains the same. Thus, the reaction rate
only spreads a certain level even when the light intensity continues to increase. Thus,
increase in intensity does not show any further effect on the rate of photocatalysis. At
low light intensity regime, the reaction is governed only by the flux of absorbed
photons. The effect of factors which influence the transfer of electrons from the
photocatalyst is negligible. If the light intensity is very high, the photocatalytic reaction
is limited by intrinsic reaction kinetics. All of the reactive sites are completely active
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as a result of high photon flux (Bloh 2019). Thus, in the present study for the reactor
set up of two lamps of 18 W each with total 36 W power and imparting light intensity
of 263 pu W/cm? can be considered as the optimum light intensity. Hung and Yuan
(2000) in their studies on the effect of the irradiation intensity of black light lamps in the
range of 0-114W/m?, enhanced the Rhodamine B decolorization. Liu et al. (2006) have
found that AY decolorization increased with increasing light intensity in the range 1.24
pW/m? -3.15 uW/m? The increase in light intensity resulting in enhancement of
decolorization rate has been reported by Sakthivel et al. (2003) and So et al. (2002).
These results show that the range of intensities in which the dye degradation enhances
depends on the type of dye, type and amount of catalyst, the type of lamps used, the
photocatalytic reactor type, design and the position of the lamp. Many researchers have
also observed that the degradation efficiency is independent of light intensity at high
light intensities (Anku et al. 2016; Chanathaworn et al. 2012; Ollis et al. 1991). At
higher intensities, there are more photons per unit time and unit area; thus, the chances
of photon activation on catalyst surface upsurge and so the photocatalytic power is
stronger. However, as the light intensity upsurges, the number of activation sites
remains the same. Thus, the reaction rate only spreads a certain level even when the

light intensity continues to increase (Ollis et al. 1991).

Thus, in the present work, a maximum degradation of the dyes and COD
removal could be achieved with two lamps. MB is completely degraded with 97% AY
and 89% Rh-B degradation and COD removal efficiency of 96.7% could be achieved
by BFO@TiO20pt. MB and AY were completely degraded and 96% Rh-B degradation
was achieved with COD removal efficiency of 97% by BFO@PANIopt. These results
indicate that the intensity of 263 pW/cm? imparted by two lamps with total 36 W power

is sufficient and economically advisable.
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Figure 5.6: Effect of Light intensity on the (a) percentage degradation of dyes (b)
Percentage COD removal from the mixed dye contaminated water. Condition;
pH of the dye solution-pH 5; catalyst concentration-0.2g/L (BFO@PANIopt); dye

concentration 10 mg/L; irradiation time-210 min

5.1.4 Effect of dye loading

Coloured wastewater from industries generally contains a mixture of many dyes rather
than a single dye. Presence of one dye may affect the degradation of the other dye in
mixed dye contaminated water. As the industrial effluent may contain dyes of varying
composition, studies on the effect of dye concentration is important to understand how

much degradation is achieved and whether the dye concentrations or COD levels in the
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effluent after the treatment attains a value lower than that prescribed by regulatory
standards. Such a study would also help in understanding the kinetics of degradation
and in the design of photocatalytic reactors. When different dyes co-exist in wastewater,
the presence of one dye may influence the rate of degradation of the other dye and it
may depend on the concentration of each of the dyes. Higher dye concentrations may
also reduce the rate of redox reactions during the photocatalysis and thus reduce the
degradation efficiency. It is important to investigate, what is the residual concentration
achievable with the given influent dye concentrations to the reactor, so that the reactor
may be suitably designed and reaction parameters may be appropriately selected. To
understand the effect of concentrations of individual dyes in the solution and to study
the effect of presence of one dye on the degradation of other dyes in the mixed dye
contaminated water containing MB, AY and Rh-B, photocatalysis experiments were
carried out with an aqueous solution of these dyes using BFO@TiO2qt and

BFO@PAN ot Nnanocomposite particles.

5.1.4.1 Effect of dye loading on the percentage degradation of dyes from mixed dye
contaminated water using BFO@TiO20pt and BFO@PANIot nanocomposite

particles.

The photocatalytic degradation experiments were conducted with mixed dye
aqueous solution containing MB, AY and Rh-B by varying the concentration of dyes
as indicated in Table 5.1 and 5.2, with 0.3 g/L of BFO@TiO20pt and 0.2 g/L of
BFO@PANIopt as photocatalyst respectively. Totally 27 experiments were conducted
with mixed dye aqueous solutions containing the three dyes, by varying the individual
dye concertation’s under visible light irradiation with two lamps and initial pH 5.
Experiments were also conducted with aqueous solutions containing two dyes and
single dye, and the results were compared with those containing all the three dyes in
order to study the effect of presence of one dye on the degradation of other dyes. The
percentage degradation of each dye and the COD removal obtained under each set of
conditions of concentrations were determined and are presented in Table 5.1 and 5.2,

for BFO@TiO20pt and BFO@PAN opt Nanocomposite particles respectively.
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Table 5.1: Effect of dye loading and concentration on the percentage dye degradation from mixed dye contaminated water with
BFO@TiO20pt Nanocomposite particles Condition; dye solution-pH 5; catalyst concentration 0.3 g/L; irradiation time-210 min

under visible light.

SI Initial Percentage degradation Percentage
no | concentration(mg/L) COD
AY, MB, Rh-B removal
AY MB Rh-B

1 10,10,10 97 100 89 96.7
2 10,10,20 91 96 76 81

3 10,10,30 86 94 71 80

4 10,20,10 95 94 88 89.6
5 10,20,20 91 94 75 80

6 10,20,30 86 90 70 79

7 10,30,10 89 88 86 85

8 10,30,20 88 86 74 80

9 10,30,30 84 83 68 76
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10 20,10,10 84 99 85 85
11 20,10,20 80 94 73 79
12 20,10,30 80 91 71 78
13 20,20,10 82 93 84 84
14 20,20,20 81 92 72 77
15 20,20,30 78 90 69 76
16 20,30,10 81 86 73 80
17 20,30,20 80 83 70 77
18 20,30,30 78 81 67 74
19 30,10,10 78 97 84 84
20 30,10,20 76 96 74 79
21 30,10,30 75 95 72 78
22 30,20,10 76 93 83 84
23 30,20,20 74 93 73 78
24 30,20,30 73 90 71 77
25 30,30,10 75 85 82 75
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26 30,30,20 74 83 70 74
27 30,30,30 72 80 67 70
28 10,10,0 100 100 - 95
29 10,0,10 97 - 95 93
30 0,10,10 - 100 91 94
31 10,0,0 100 - - 96
32 0,10,0 0 100 - 97
33 0,0,10 - - 100 95
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Table 5.2: Effect of dye loading and concentration on percentage dye degradation from mixed dye contaminated water with

BFO@PANIopt Condition; Dye solution-pH 5; catalyst loading -0.2 g/L; irradiation time-210 min under visible light.

Sl Initial Percentage degradation Percentage COD

no concentration Removal
AY, MB, Rh-B AY VB Rh-B

1 10,10,10 100 100 96 97

2 10,10,20 93 99.7 775 85

3 10,10,30 915 99.2 74.1 82

4 10,20,10 99 95 91 94.6

5 10,20,20 90 94 76 83

6 10,20,30 89 93 70 80

7 10,30,10 98 90 90 93

8 10,30,20 88 90 76 82

9 10,30,30 86 86 67.4 79

10 20,10,10 84.5 100 89 88.4

11 20,10,20 84 100 77 82
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12 20,10,30 82 99 74 81
13 20,20,10 83.5 94 85 86
14 20,20,20 83 93 75.5 79
15 20,20,30 82 92 70 78
16 20,30,10 83 90 76 80
17 20,30,20 80 88 75 78
18 20,30,30 78 85 67 76
19 30,10,10 82.6 100 89 87
20 30,10,20 82 100 78 82
21 30,10,30 80 96 75 80
22 30,20,10 81.5 94 88 85
23 30,20,20 80 93 76 78
24 30,20,30 78 90 73 78
25 30,30,10 82 90 87 78
26 30,30,20 82 88 71 77
27 30,30,30 70 86 68 74
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28 10,10,0 100 100 - 95
29 10,0,10 98 - 95 945
30 0,10,10 - 100 97 95
31 10,0,0 100 - - 96
32 0,10,0 - 100 - 97.5
33 0,0,10 - - 100 96
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The Figures 5.7 (a) and 5.8 (a) show the percentage degradation of MB, AY and
Rh-B when they are present as single dye, a combination of two dyes and three dyes
with BFO@TiO20pt and BFO@PAN It as catalyst. Figure.5.7 (a) and Figure.5.8 (a)
also show the effect of presence of other dyes on the degradation of a target dye by
photocatalysis using BFO@TiOzqpt and BFO@PANIqpt. Figure.5.7 (a) and Figure.5.8
(a) reveal that the percentage degradation of AY has reduced by the presence of either
MB or Rh-B in the aqueous solution of two dyes. The percentage degradation of Rh-B
has reduced by the presence of either MB or AY in mixed dye solution containing two
dyes. The percentage degradation of AY and Rh-B gets further reduced when they are
present in the aqueous solution containing all the three dyes. Thus, percentage
degradation of AY and Rh-B reduce, when they are present in combination of two or
three dyes, in comparison to that when they are present as single dye. However, the
degradation of MB is not affected by the presence of one or two other dyes. Figure 5.7
(b) and Figure 5.8 (b) show the effect of presence of other dyes on the COD removal
by photocatalysis using BFO@TiO2qpt and BFO@PANIopt. As observed in Figure 5.7
(b) and Figure 5.8 (b), the percentage COD removal decreases marginally by the
presence of one or two dyes when the dyes coexist in the solution. These results indicate
that the presence of one or two additional dyes would decrease the degradation of a
target dye as well as the COD removal. The photocatalysis rate depends on the rate of
adsorption. Thus, the mutual effect of enhancement or inhibition in adsorption of dyes
from mixed dye solutions will have a tremendous influence on the rate of
photocatalysis. The presence of one dye in a solution may affect the adsorption of the
other dye on the catalyst. Allen and Koumanova (2005) have specified that the presence
of two or more dyes in the solution can and will have an effect on the amount of the
dyes being adsorbed. They reported that the amount of adsorption of any dye get to
reduce or increase in the presence of second or third dye. The extent of this effect
changes with specific dye and also with those factors which influence the adsorption of
dyes from aqueous solution of mixture of dyes. The interactions between dyes may
mutually enhance or inhibit the adsorption capacity. The interaction may lead to
antagonism or synergism effect in adsorption. Antagonist effect or antagonism is a
phenomenon wherein two or more components in combination have an overall effect

that is below the sum of their individual effect. Synergism is the effect when chemical
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substance interacts resulting in an overall effect that is greater than the sum of
individual effect of any of them. The results obtained in the present study show that in
the mixed dye solution containing MB, AY and Rh-B, the photocatalytic degradation
efficiency with respect to any target dye has decreased in the presence of other dyes.
The reasons for reduced degradation, may be the following: (i) presence of other dyes
might have inhibited the adsorption or photocatalytic degradation of the target dye or
(i) addition of one or more of other dyes increases the total number of dye molecules
in the solution. The active sites on the catalyst being limited, the degradation proceeds
with a low rate (iii) addition of one or more of other dyes would lead to increase in the
number of dye molecules in the solution leading to hindering of light penetration to the

catalyst surface.

The effect of initial dye concentration on the photocatalytic degradation of dyes
in mixed dye contaminated water containing MB, AY, Rh-B is shown in Figure 5.9 (a-
i) and 5.10 (a-i) for BFO@TiO20pt and BFO@PANIop: respectively. The dye loading
was varied by changing the concentration in the range of 10, 20, 30 mg/L. Hence,
twenty-seven different set of experiments with varying level of concentrations were
conducted. The percentage of COD removal (mg/L) is presented in Figure 5.11 (a-c).
and 5.12 (a-c) for BFO@TiO20pt and BFO@PAN I respectively. As observed in
Figure 5.9 (a-i) and 5.10 (a-1), the percentage degradation of any dye decreases with the
increase in its own initial concentration, while keeping the initial concentrations of the
other two dyes constant. It is also observed that the percentage degradation of any dye
decreases with the increase in concentration of one or both of the other two dyes, while
its own initial concentration is kept constant. As observed in Figure 5.11 (a-c) and 5.12
(a-c), the COD removal also decreases with increase in the concentration of one or more
dyes. The initial concentration of dye plays a significant role in the dye degradation
efficiency. The chance of formation of OH- radicals on the catalyst surface and OH-
radicals reacting with dye molecules determine the degradation rate. However, the dye
molecules should adsorb onto the surface of the catalyst before they can be degraded
by photocatalysis. The rate of adsorption of the dye molecules governs the rate of

photocatalysis. Generally, the photocatalysis rate is adsorption controlled.
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As the case in the present study, the reduction in degradation efficiency with the
increase in dye concentration occurs due to several reasons. Large dye concentration
hinders the light from reaching the catalyst surface. (Liu et al. 2006; Saggioro et al.
2011; Segne 2011). It reduces the path length of the photons (Davis et al. 1994;
Saggioro et al. 2011). As the initial concentrations of the dye increases, a significant
amount of light is absorbed by the dye molecules rather than the catalyst. Hence, the
penetration of light to the surface of the catalyst decreases (Augugliaro et al. 2012;
Daneshvar et al. 2004; Kiriakidou et al. 1999; Saquib et al. 2008). The generation of
hydroxyl radicals reduces since the active sites are surrounded by the dye molecules
(Grzechulska and Morawski 2002),which prevent the light energy from reaching the
catalyst surface. When there are multiple dyes in solution, it may lead to multi-layered
adsorption of dye molecules. These adsorbed dye molecules on the photocatalyst also
inhibits the reaction of adsorbed molecules with the photo-induced positive holes or
hydroxyl radicals, since there is no direct contact of the nanoparticles with them
(Daneshvar et al. 2004; Grzechulska and Morawski 2002; Kiriakidou et al. 1999;
Poulios et al. 2000). Again, as the initial concentration of the dye increases, the
requirement of catalyst surface needed for the degradation also increases. Since
illumination time and amount of catalyst are constant, the OH- radical (primary oxidant)
formed on the surface of the catalyst is also constant, while the number of dye molecules
in solution is higher (Mengyue et al. 1995).This would reduce the rate of photocatalytic
degradation of dyes. These results show that the photocatalysis rate with respect to a
target dye depends on its concentration, the presence and nature of other dyes and their

concentrations.
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Figure 5.7: Effect of presence of other dyes on (a) the percentage degradation of a
target dye and (b) percentage COD Removal by photocatalysis. Condition; dye
solution-pH 5; catalyst concentration-0.3 g/L (BFO@TiOz20pt) concentration of

each dye 10mg/L; irradiation time-210 min.
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Figure 5.8: Effect of presence of other dyes on (a) the degradation of a target dye
by photocatalysis on percentage dye degradation and (b) Percentage COD
removal. Condition: Dye solution-pH 5; catalyst concentrtion-0.2 g/L (BFP3opt);
concentration of each dye 10 mg/L ; irradiation time-210 min.
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Figure 5.9: (a-i) Effect of dye concentration on percentage dye degradation from mixed dye contaminated water. Condition;
dye solution-pH 5; catalyst concentration-0.3 g/L (BFO@TiOzopt); irradiation time-210 min.
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Figure 5.10: (a-c) Effect of dye concentration on percentage COD removal from mixed dye contaminated water. Condition; dye solution-
pH 5; catalyst concentration-0.3 g/L. (BFO@TiOxzopt); irradiation time-210 min

182



% Rh-B degradation % Rh-B degradation

% Rh-B degradation

100

80 -

60 A

40 -

20 4

100

80 A

60 A

40 -

20 A

0

100

80 -

60 -

40 -

20 -

®Rh-B10 © Rh-B20 mRh-B 30

A(AY-10;MB-10) B(AY-10;MB-20) C(AY-10;MB-30)

= Rh-B 10 Rh-B 20 = Rh-B 30

(d)

A(AY-20;MB-10) B(AY-20;MB-20) C{AY-20;MB-30}
HRh-B 10 ®Rh-B20 ®Rh-B30

(g

A(AY-30;MB-10) B(AY-30;MB-20) C(AY-30;MB-30)

100 -

% MB degradation

100

80

60

40

20

% MB degradation

% MB degradation -
8 8 8 8 8

o

80 -

60 -

®MB-10 © MB-20 m MB-30
(b . .

A{AY-10;Rh-b-10) B(AY-10;Rh-B-20) C(AY-10;Rh-B-30)
= MB 10 MB20 m MB 30

(e :

A(AY-20;Rh-b-10) B{AY-20;Rh-B-20) C(AY-20;Rh-b-30)

®MB-10 = MB-20 m MB-30

(A - ; N

A(AY-30;Rh-b-10) B(AY-30;Rh-B-20) C(AY-30;Rh-b-30)

100
c (c) = z
92 g0 4
-t
[1-]
-]
S 60 -
oo
3 40
=
® 20 A
0
A(AY-10;Rh-B-10) B(AY-10;Rh-B-20) C{AY-10;Rh-B-30)
MB 1 m MB 2 = MB
100 ] 0 30
(f)
L
o
& 60
&
$ 40 -
P
< 50
R
0
A({AY-20;Rh-b-10) B(AY-20;Rh-B-20) C(AY-30;Rh-b-30)
MB-10 = MB-20 m MB-30
100 -
(i)
c
o 84 |* ' .
=
1]
T 60 -
™
-]
Q
T 40 A
o
<
x 20 4
0

MB-10 = MB-20 m MB-30

A[AY-30-10;Rh-b-10) B{AY-30;Rh-B-20) C[AY-30;Rh-b-30)

Figure 5.11: (a-i) Effect of dye concentration on percentage dye degradation from mixed dye contaminated water. Condition: dye

solution-pH 5; catalyst concentrtion-0.2 g/L (BFP3opt); irradiation time-210 min.
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5.2 Photocatalytic activity of BFO@TiO20pt and BFO@PAN Ilopt nanocomposite particles

under solar light irradiation

Solar spectrum consists of light in wavelength range of 100 nm to 1 micrometre. Large
portion of solar light consists of low energy, longer wavelength visible light and Infrared
radiations. 42.3% of solar light comprises visible range wavelength (Gajjar 1989). Too low
wavelength may result in accidental side reactions. Too low wavelength means more energy,
but not more photons. The photocatalyts synthesized in the present work, have been found to
be effective under visible light irradiation. These photocatalysts BFO@TiO2opt and
BFO@PANIopt, have low band gap energy of 1.2 eV and 1.4 eV respectively, with absorption
edges extending to NIR region. Thus, they may be used to harness solar energy to a maximum

extent for photocatalytic degradation of dyes.

Natural sunlight is the abundantly available source of energy in topical countries, which
can be harnessed for photocatalytic degradation of dyes, if visible light active photocatalysts
are developed. The BFO@PANIqpt and BFO@TiO20pt photocatalysts developed in the present
study were tested for their solar light activity in terms of percentage degradation of dyes and
percentage COD removal from the mixed dye contaminated water.

The experiments were carried out with mixed dye aqueous solution containing the three
dyes (MB, AY and Rh-B) each at 10 mg/L concentrations and catalyst loading 0.3 g/L for
BFO@TiO20pt and of 0.2 g/L for BFO@PANIepe and with initial pH 5 under natural sunlight
during 10 am to 1 pm in the month of March. The average intensity of solar light during this

period was measured using lux meter and was found to be 5047 lux (739 uW/cm?).

Figure 5.13 (a) and (b) show the percentage of dye degradation and percentage COD
removal with BFO@TiO2qpt and BFO@PANIopt nanocomposite particles respectively under
solar light irradiation. As observed in Figure 5.13 (a) almost complete degradation of MB, 98%
AY and 91% Rh-B degradation and 97% COD removal was achieved with BFO@TiO20pt
nanocomposite in 210 min of irradiation time under solar light. As observed in Figures 5.13
(b) almost complete degradation of MB and AY and 97% Rh-B and 98% COD removal was
achieved with BFO@PANIopt nanocomposite. These results indicate that BFO@TiO2opt and

BFO@PANIqpt nanocomposites are photocatalytically active under solar light.

The dye removal was less than 8% under dark conditions in the presence of the
catalyst as compared to that under light, indicating that dye removal by permanent adsorption
is minimal. Thus, it is confirmed that BFO@TiO20pt and BFO@PAN Iopt Nanocomposites act as
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a photocatalyst in the degradation of dyes under solar light, and the rate of dye removal is high.
The reactive species O2- and OH- are formed due to the illumination of the catalyst. These
reactive species attack the dyes which cause the cleavage of the bonds and thereby lead to the
decolourization of dye solution (Kalikeri et al. 2018) and mineralization of the dyes. The high
photocatalytic efficiency is exhibited under solar light, which is due to the low band gap energy
of BFO@TiO20pt and BFO@PANIop: Nnanocomposites particles. Both the composites have
absorption edge wavelength extending to 1033 nm and 885 nm in the NIR range respectively.
It has appreciable absorbance in the wavelength range from 400 to 800 nm, showing its
capability to absorb in visible light range and extending to NIR. The solar light consisting of
appreciable percentage of the spectra in the visible and NIR range, has been proven to facilitate
the degradation of dyes with BFO@TiO20pt and BFO@PANIqpt and thus these catalysts show
good photocatalytic activity under solar light. These results show that BFO@TiO2qpt and
BFO@PAN ot Nnanocomposites are very active photocatalysts and can be used for wastewater
treatment to degrade the dyes under artificial visible light and under solar lights in regions
where solar light is abundantly available. However, artificial visible light irradiation can be
adopted for photocatalytic water treatment when solar light is not available.
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Figure. 5.13: Percentage dye degradation and COD removal from mixed dye
contaminated water by (a) BFO@TiOzopt (b) BFO@PANIopt nanocomposite particles.
Condition: dye solution-pH 5; concentration of each dye -10 mg/L each; Catalyst
concentration- 0.3 g/L (BFO@TiO20pt) and 0.2 g/L (BFO@PAN I opt).
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5.3 Kinetics of degradation under solar light and artificial visible light irradiation using
BFO@TiOz20pt and BFO@PANIopt Nnanocomposite particles

Kinetics study aids in the design of photocatalytic reactors for treatment of
contaminated water. Identification of rate equation and evaluation of parameters is a vital part
of kinetics. Hence, the kinetics of degradation of dyes from mixed dye contaminated water
containing MB, AY and Rh-B, at initial dye concentrations of 10 mg/L each, using
BFO@TiO20pt and BFO@PANIopt as the photocatalysts under visible and solar light irradiation
in terms of COD were evaluated. The catalyst loading 0.3 g/L for BFO@TiO20pt and 0.2 g/L
for BFO@PANIqpt with dye solution pH 5 were used. Figure 5.14 (a) and 5.15 (a) show the
COD removal under visible and solar light irradiation with BFO@TiO20pt and BFO@PAN lopt
nanocomposites respectively. As observed in the Figure 5.14 (a), the COD level reduces from
2246 mg/L to 100 mg/L under visible and 2246 mg/L to 96 mg/L under solar light in 210 min
of irradiation period with BFO@TiO20pt Nanocomposites. As observed in the Figure 5.15 (a),
the COD level reduces from 2246 mg/L to 50 mg/L under visible and 2246 mg/L to 33 mg/L
under solar light in 210 min of irradiation period with BFO@PAN It nanocomposite particles.
The COD reduction of 97% and 96.6% were achieved under solar and visible light with
BFO@TiO20pt Nanocomposite particles, whereas the COD reduction was 98 and 97% with
BFO@PANI nanocomposites respectively. These results indicate that the extent of COD
removal is marginally better with BFO@PANIqp: and thus it can be considered as a better
photocatalyst both under solar and visible light as compared to BFO@TiO20pt Nanocomposites.
It may be attributed to the lower band gap energy of BFO@PANIopt and the photosensitizing
effect of PANI.

The results obtained during batch experiments were used for evaluation of kinetics
of dye degradation in terms of COD removal. The Langmuir—-Hinshelwood (L—H) model
presented as Eq. (5.1) (Matthews 1987) is used to describe the heterogeneous catalysis reaction

involving the solid and liquid phase successfully.

K K,C
(1) = e (5.1)

where r is the reaction rate, C is the concentration of the pollutant in terms of COD, Kops is
the constant, related to adsorption, and K is the reaction rate constant. Modified form of L-H
model is given by Eq. (5.2)

1 1 1

(r - (Kops)*(KyrC) Kobs
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The reaction rate of COD removal at different COD levels was determined from the plots of
COD vs. time data obtained by batch experiments. 1/r vs. 1/C was plotted, and values for the
kinetic parameters were estimated from the plot. The applicability of L-H equation for
degradation rate from mixed dye contaminated water in terms of COD was confirmed by the
linear nature of the plots for visible and solar light mediated photocatalysis as shown in Figure
5.14 (b), (c) and Fig 5.15 (b), (c) for BFO@TiO20pt and BFO@PAN opt respectively. The plots
are linear with a good coefficient of determination (R?) value, indicating that the kinetics of
photocatalytic degradation from mixed dye contaminated water containing MB, AY, and Rh-
B dyes under visible and solar irradiation by BFO@TiO20pt and BFO@PAN Iopt Nanocomposite
particles, obey the L-H model. The R? values indicated in the plots show the goodness of fit.
Applicability L-H model shows that the photocatalysis of dyes by BFO@TiO2pt and
BFO@PANIqpt nanocomposite particles are adsorption-controlled processes. Table 5.3
presents the values of Kobs and Kr of the kinetic model for the degradation from mixed dye
contaminated water containing MB, AY and Rh-B dyes in terms of COD under visible and
solar irradiation by BFO@TiO20pt and BFO@PAN opt Nanocomposites.
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Figure. 5.14: (a) COD level under visible and solar light (b) L-H model fit for the rate
kinetics of percentage COD removal under visible light irradiation (c) L-H model fit for
the rate kinetics of percentage COD removal under solar light from mixed dye
contaminated water. Condition: Dye solution-pH 5; concentration of each dye -10 mg/L;
catalyst concentration 0.3 g/L (BFO@TiO2opt).
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Figure. 5.15: (a) COD level under visible and solar light (b) L-H model fit for the rate

kinetics of percentage COD removal under visible light irradiation (c) L-H model fit for

the rate kinetics of percentage COD removal under solar light from mixed dye

contaminated water. Condition: Dye solution-pH 5; concentration of each dye -10 mg/L;
catalyst concentration-0.2g/L (BFO@PANIopt).

Table 5.3: The values of COD removal kinetic parameters for Visible and Solar light
using BFO@TiOz20pt and BFO@PANIopt Nanocomposite particles.

Nanocomposites Source of Kobs Kr(mg? .L)
light (mg.Lt.min)
BFO@TiO20pt Visible light 8.05 0.0062
Solar light 7.87 0.0066
BFO@PAN gt Visible light 8.03 0.0072
Solar light 7.66 0.0068

189



5.4. Reusability potential of BFO@TiO20pt and BFO@PAN Iopt Nnanocomposite particles

In order test the reusability potential of BFO@TiOzp and BFO@PANIopt
nanocomposite particles as photocatalysts, experiments were carried out with similar reaction
conditions under visible light irradiation with the fresh and recycled catalyst. After completion
of the experiment (210 min irradiation) with a fresh catalyst (cycle I), the BFO@TiO20pt and
BFO@PANIqet nanocomposite particles were collected at the end of the cycle | and then
utilized for the next set of recycle (reuse) experiments. BFO@TiO2opt and BFO@PAN Iopt Ware
reused thrice, and four experiments were done, out of which the first cycle was with the fresh
catalyst, and the remaining three cycles were with the recycled catalyst. Before the next cycle
of experiment, the catalyst particles were separated from the reaction mixture by centrifugation
at 10,000 rpm for 10 min. It is then washed thrice with ethanol. In order to remove ethanol
from the wet particles after centrifugation, particles were dried in an oven. Then the next cycle
of batch experiments was conducted, and the same experimental conditions were used for all
the four cycles. The percentage degradation of dye using fresh particles (Cycle 1), particles of
single previous use (Cycle 2), particles of two previous uses (Cycle 3), and particles of three
previous uses (Cycle 4) after 210 min of irradiation were noted.

As observed in the Table 5.4 almost the same degradation of MB, AY and Rh-B dyes could be
achieved in 210 min of irradiation time under visible light till the second cycle. An insignificant
difference in the third cycle was observed, whereas after the third cycles of reuse, decrease in
photocatalytic activity from 100% to 98.5% MB, 96% to 94.2% AY and 89% to 87% Rh-B
was achieved. As observed in Figure 4.16 (b) the percentage of COD removal also decreased
by 96.7% to 95% under visible light with BFO@TiO20pt Nanocomposite particles.

As observed in Table 5.4 almost the same degradation of MB, AY and Rh-B dyes occur
till second cycle in 210 min of irradiation time under visible light. The insignificant difference
in the third cycle, whereas after third cycles of reuse, decrease in photocatalytic activity from
100% to 99% MB, 100% to 99% AY and 96% to 90% Rh-B was achieved. As observed in
Figure 4.17 (b) the percentage of COD removal also decreased by 97% to 96.2% under visible
light with BFO@PANIopt nanocomposite particles. Table 5.4 presents the values of percentage
degradation and percentage COD removal using BFO@TiO2pt and BFO@PANIgpt
nanocomposite particles. Only a marginal change in degradation of dyes and COD removal
were observed with repeated use of the catalyst four times. Thus, these BFO@TiO2opt
BFO@PANIqp-nanocomposite particles exhibit a good reusability potential, without much

decline in activity.
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Table 5.4: The values of percentage degradation and percentage COD removal using
BFO@TiOz20pt and BFO@PANIopt Nanocomposite particles.

Nanocomposite Recycle Percentage Degradation Percentage
COD
removal
AY MB Rh-B
Cycle 1 96 100 89 96.7
Cycle 2 96 100 88.9 96.7
BFO@TiO20pt Cycle 3 95.5 99 88 96
Cycle 4 95 98.5 87 95
Cycle 1 100 100 96 97
BFO@PAN I ot Cycle 2 100 100 96 97
Cycle 3 99.3 99.5 93 96.8
Cycle 4 99 99 90 96.2

5.5. Leachability of the metals from the BFO@ TiOz0pt and BFO@PAN Iopt Nanocomposite

particles during photocatalysis reaction

This study reports the leachability of the metals from the nanocomposite to the reaction
mixture during photocatalysis to assess if the nanocomposites contribute to any secondary
metal pollution of treated water, by analysis of the metals in the reaction mixture at the end of
photocatalytic reaction duration of 210 min, using ICP-OES as explained in Section 3.9. There
was no evidence of the presence of traceable metal ions (Bi, Fe and Ti) in the reaction mixture,
indicating that no metal gets leached from the nanocomposite in 210 minutes of reaction time.

Thus, the nanocomposite does not pose any risk of secondary metal pollution of treated water.

5.6. Comparison of the photocatalytic activity of BFO@TiOz20pt and BFO@PAN I opt

nanocomposites with other photocatalysts

The photocatalytic activity of the BFO@TiO20pt Nanocomposites synthesized in the
present study is compared with other BFO/TiO2 based photocatalyts used for dye degradation
by other researchers. Table 5.5. presents the comparison of the photocatalytic activity of other
BFO/TiO2 based nanocomposite particles with that of BFO@TiO2pt nanocomposites.
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However, there are no reports on photocatalytic activity of BFO@PANI nanocomposites in
degradation of dyes or any other pollutants in water. Thus, the photocatalytic activity of other
PANI-Bismuth compound-based nanocomposite particles is compared with that of
BFO@PANIopt nanocomposites synthesized in the present study. Table 5.6. presents the
comparison of the photocatalytic activity of other PANI-Bismuth compound-based
nanocomposite particles with that of BFO@PANIq: nanocomposites. The photocatalytic
activity of the BFO@TiO2qpt Nanocomposites is better than the other BFO/TiO2 based
nanocomposite particles as presented in Table 5.5. As observed in Table 5.5 and Table 5.6, the
BFO@TiO20pt or BFO@PANIopt Nanocomposite particles synthesized in the present study were
used under artificial visible light irradiations with light source of lesser power than those used
in literature with BFO/TiO, based nanocomposites or PANI-Bismuth compound-based
nanocomposites. The amount of catalyst used in the present study is also lower than those
reported in literature. The earlier literature presents the reports on the degradation of single
dyes using the BFO/TiO2 based nanocomposites or PANI-Bismuth compound-based
nanocomposites. However, the BFO@TiO2pt 0 BFO@PANIqt Nanocomposite particles
synthesized in the present study could degrade the dyes at higher concentrations or similar
concentrations from mixed dye aqueous solutions to a considerable extent in a lower time with
lower catalyst loading and with irradiation by low power lamps than those reported in literature.
These BFO@TiO20pt 0r BFO@PANIopt nanocomposite particles have shown considerably
good photocatalytic activity under solar irradiation as well as under artificial visible light. Thus,
on comparison with other BFO/TiO2 based nanocomposites or PANI-Bismuth compound-
based nanocomposites, BFO@TiO2qpt and BFO@PANIqpt nanocomposite particles in the

present study have shown better photocatalytic activity.
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Table 5.5: Comparison of photocatalytic activity of BFO/TiO2 based nanocomposite particles in terms of dye degradation

BFO based Percentage Catalyst
nanocomposite Method Dye Light source degradation loading Reference
particles and time (min) (/L)
0 .
BFO@TIiO2 (2.2 eV) BFO synthesized by 70% (1jl)
. ) ) T 50% (2:1) :
With various ratios hydrothermal approach CR Visible light 48% (1:2) 9 Li et
of Bi:Ti combined with a hydrolysis (500W) A al.(2009b)
. . respectively in
precipitation processing. 120 min
BFO synthesized by
i Precipitation method and these . .
BFO@TIO: (2.12 particles were deposited into 20 mg/L Rh-B Visible light 16% in 150 min - Zhu etal.
eV) Nanotubes . } . (500 W) (2014)
TiO2-NTs via an ultrasonic-
immersion strategy.
BFO by an auto-combustion Solar
BFO@TIiO: method and coated with TiO2 by ) . o . Hengky
(~2.2eV) hydrolysis of Titanium Tetra 10 mg/L. Rh-B (15(')?(;1\}3;?;2) 95% in 300 min 3 (2013)
(V) Iso-Propoxide (TTIP.
BFO prepared by a simple sol—
gel technique coated by o
BFO@Ce-doped Trabutyltitanate(TiOBuU)4),Ce 10 ma/L. MO U\{j(\s;ook\)llv ) 93.'5/0 q 7'2 80/10'0 Gong et al
TiO2 (2.58 eV) (NOs3)36H-0 are in the Mg and VIsible ) minand /2.8%61n ; (2013)
' (500 W) 300 min

stoichiometric ratio via a sol—gel
method.
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BFO synthesized by a citrate
self-combustion method and

BFO@;—\'/C))Z (1.77 coated with TiO2 by hydrolysis 15 mg/L MV zglgéb\lfl')“ght 95% at 150 min 3 Ié%i;g;
of titanium butoxide (Ti
(OBU)a).
~100% MB
Visible 96% AY and
BFO syn?hesized by auto MB. AY and Rh- (36W) 89% Rh-B in
BFO@TIO: combustlor_] met_hod and B, 10 mg/L each. 210 min
(1.2eV) coated with TiO2 by (Mixed dye 100% MB 0.3 Present work
' hydrolysis of Titanium Tetra conditior):) 080/ A:( and
. . (6]
(1V) Iso-Propoxide (TTIP) Solar light 91% RN-B 210
min
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Table 5.6: Comparison of photocatalytic activity of PANI-Bismuth compound-based nanocomposite particles in terms of dye

degradation.

single dye solution

PANI and Bi
based . Percentage Time Catalyst
nanocomposite Dye Light source degradation | (min) loading(g/L) Reference
particles
Polyaniline/BisNb | 10-5 (4.79 mg/L) Rh.B Visible ~100% .
Oy single dye solution 300W Xe lamp 300 min ! Wuetal. (2012)
10° M (4.79 mg/L)
: Rh-B 0 : Wang et
PANI/Bi2WOsg single dye solution 500W Xe lamp 99% 120 min 1 al.(2014)
*10-5
PANI/BiOBr 2*107 M (9.58 mg/L) 350 W xenon lamp . Hao et al.
) : Rh-B e 99.9% 75 min 1
hybrids materials . . irradiation (2017)
single dye solution
Polyaniline
coupled bismuth
sulfide 107° M (3.2 mg/L) MB | 150 W visible-light 89.7% 180 min 0.4 Sharma and
(PANI/BI2S3) single dye solution source ' Khare (2018)
nanocomposites
(1.35eV)
10° M (3.65 mg/L)
MG
PANI-bismuth 10 M (4.79 mg/L) Visible 97.12% MG Chatteriee et al
selenide (Band Rh-B Tungsten lamp 97.7% Rh-B | 15 min 0.4 (2519) '
gap 1.25eV) 10° M (3.27 mg/L) 200W 96.3% MO
MO

195




LED solar

Feng et

PANI/Bi2MoOg 10 mg/L Rh-B . :
nanocomposites single dye solution simulator (5 W) 100% 120 min 0.2 al.(2019)
Yaghoubi-
PANI/BIOBI 10 mg/L MO 5-W white LED 74% 210 min 0.6 berijani gnd
single dye solution lamp Bahramian
(2020)
36 W visible light | ~100%MB
~100% AY
MB, AY and Rh-B, 96% Rh-B
BF(()l%Pe’\*/';”"pt 10 mg/L each. (Mixed 210 min 0.2 Present study
' dye condition) ~100% MB
Solar light ~100% AY
97% Rh-B
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CHAPTER 6

SUMMARY AND CONCLUSION

In this research work, bismuth ferrite nanoparticles were synthesized by various methods, and
their visible light activity in terms of degradation of dyes and COD removal from the mixed
dye contaminated water containing MB, AY and Rh-B have been assessed. The method for the
synthesis of bismuth ferrite nanoparticles, that resulted in maximum visible light activity for
degradation of the dyes was chosen, followed by synthesis of BFO@TiO2 and BFO@PANI
heterostructured nanocomposites in the core-shell form, and optimization of
synthesis/calcination parameters to achieve maximum degradation of dyes from the mixed dye
contaminated water. The effect of various parameters affecting the rate of photocatalysis was

studied and the kinetics of dye degradation was evaluated.
Based on the results of the research work, the following conclusions were drawn

e The auto combustion method using citric acid at synthesis pH 7 (Method 2 C) resulted
in the formation of mixed-phase BFO containing BiFeOs and BixsFeOao, Which yielded
maximum photocatalytic activity in terms of degradation of dyes and COD removal
from the mixed dye contaminated water under visible light irradiation.

e BFO@TIiO: heterostructured nanocomposite particles synthesized with BFO: Ti molar
ratio of 1:2 and calcined at 400°C for 2 h (BFO@TiO20pt) exhibited a maximum
photocatalytic activity in terms of degradation of dyes and COD removal from mixed
dye contaminated water.

e BFO@TIiO20pt Nanocomposite contained pure phase BFO nanoparticles surrounded by
nanocrystalline rutile phase TiO2 shell as evidenced by TEM images, confirming the
formation of core- shell heterostructured nanocomposite.

e BFO@PANI heterostructured nanocomposite particles synthesized with BFO: aniline
molar ratio of 1: 0.0041 (BFO@PANIpt) exhibited a maximum photocatalytic activity

in terms of degradation of dyes and COD removal from mixed dye contaminated water.

e BFO@PANIqt nanocomposite contained pure phase BFO particles surrounded by
PANI coating, confirming the formation of core- shell heterostructured nanocomposite.

e BFO@TIiO2pt and BFO@PANIop: nanocomposite particles have a band gap energy of
1.2 eV and 1.4 eV respectively, with their absorption edges extending to NIR range.
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e BFO@TIiO20p exhibited superior visible light assisted photocatalytic activity than BFO
and TiO.. BFO@PANIop exhibited superior visible light assisted photocatalytic
activity than BFO and PANI. However, BFO@PAN ot exhibited better photocatalytic
activity than BFO@TiO2opt.

e Further on optimization of photocatalytic reaction parameters, pH=>5 and light intensity
= 263 uW/cm? (2 lamps) were found to be the optimum for dye degradation and COD
removal from mixed dye contaminated water under visible light irradiation with both
BFO@TiO20pt and BFO@PANIopt. The optimum catalyst loading were 0.3 g/L and 0.2
g/L for BFO@TiO20pt and BFO@PAN opt respectively for photocatalytic degradation
of dyes from a mixed dye contaminated water containing 10 mg/L of each of the dyes.

e Under visible light irradiation and optimum process conditions (i) almost complete
degradation of MB, 97% AY and 89% Rh-B degradation and 96.6% COD removal
were achieved with BFO@TiO2qpt Nnanocomposites (ii) almost complete degradation of
MB and AY with 96% Rh-B degradation and 97% COD removal were achieved with
BFO@PANI20pt NRanocomposites.

e BFO@TIiO2pt and BFO@PANIqt nanocomposite particles were found to be very
effective photocatalysts even under solar light.

e During photocatalytic degradation of dyes and COD removal from mixed dye
contaminated water, the presence of one or two additional dyes have been found to
reduce the degradation of a target dye as well as the COD removal, showing the
inhibition effect of the dyes.

e The photocatalytic degradation of a target dye and COD removal would decrease with
increase in its own initial concentration or with the increase in concentration of one or
both of the other two dyes.

e The kinetics of COD removal by BFO@TiO20pt and BFO@PAN Iopt Nanocomposites
under artificial visible and solar light, followed Langmuir—Hinshelwood (L-H) kinetics
model (Eq.5.1) both under artificial visible and solar light by BFO@TiO2qpt and
BFO@PANI ot Nanocomposites.

e The nanocomposites exhibit reusability potential up to four cycles of use without a
notable decline in photocatalytic activity.

e The nanocomposites do not pose any risk of secondary metal pollution of treated water.
Thus, BFO@TiO2pt and BFO@PANIop: heterostructured nanocomposites can be

adopted for treatment of wastewater containing multiple dyes by harnessing solar energy for
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photocatalytic degradation. These photocatalysts can be employed for solar light mediated
wastewater treatment for dye degradation, wherever solar energy is abundantly available. In
places or seasons when solar light is not available, artificial visible light mediated
photocatalysis can be adopted with these photocatalysts. The process of photocatalytic water
treatment utilizing the BFO@TiO2pt and BFO@PANIopt heterostructured nanocomposites
developed in the present study, may serve to be a sustainable, energy efficient and potentially

economical process.
FUTURE SCOPE OF THE RESEARCH

v’ Studies on immobilization of BFO@TiO2 and BFO@PANI nanocomposites in various
matrices and to assess their activity for degradation of dyes from the mixed dye
contaminated water

v’ Studies on the application of immobilized BFO@TiO2 and BFO@PANI in continuous
photocatalytic reactors

v’ Studies on the applicability of these nanocomposites for degradation of various organic

pollutants and for other photocatalytic applications
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APPENDIX |

Molecular structure of the dyes

Methylene Blue

Formula: Ci6H1sCIN3S
Molecular Weight: 319.85 g/mol
Other names: Cl 52015, basic blue 9

Molecular Weight : 479.02 g/mol
Other names; Rhodamine 610, Pigment Violet 1,
Basic Violet 10, C.1. 45170

HaC-_N o)
O P ‘
! COOH

Cr
Acid Yellow 17
N=N CHS
Formula; C1sH10CIl2N4NaxO7S, (I:?/@/ l_\(
Molecular Weight: 551.29 g/mol NaO-§ HO N
Other names: Lissamine Fast Yellow; Light 0o cl
Fast Yellow 2G;
Food Yellow 5; Acid Leather Yellow 2GL; Erio CclI
Flavine SX; Fenalan Yellow G; Erio Flavine 3G; 0=8=0
Kayacyl Yellow GG ONa
Rhodamine B
H,C cl CHgy
Formula: CzsH31CIN203 \I ® (
N._-CHs
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https://www.google.com/search?rlz=1C1CHZL_enIN738IN738&q=methylene+blue+other+names&sa=X&ved=2ahUKEwip-NKwl5XrAhX8yDgGHWeKD00Q6BMoADAeegQIEBAC

APPENDIX 11

Chemical oxygen demand (COD)(APHA 2012)

Principle: COD test determines the oxygen required for chemical oxidation of organic matter
with the help of strong chemical oxidant. The organic matter gets oxidized completely by
potassium dichromate (K2Cr.O7) in the presence of sulfuric acid (H2SOs) to produce
CO2+H20. The excess K2Cr207 remaining after the reaction is titrated with standard ferrous
ammonium sulphate [Fe (NH4)2(SO4).]. The dichromate consumed gives the O> required for

oxidation of the organic matter.
Procedure

0.4 g of HgSO4 was taken in a 250 mL reflux flask and 2 ml of water sample or an aliquot of
sample diluted 20 ml with distilled water were added to it and mixed. Pumice stone or glass
beads were added, followed by the addition of 10 ml of 0.25 N K2>Cr.07.Then 30 mL of H2SO4
containing AgSO4(10g AgSO4 in 100 mL conc, H2SO4) was slowly added with continuous
mixing. This would prevent the escape of fatty acid. The reflux mixture was thoroughly mixed
before heat is applied. The flask was connected to the condenser, contents were well mixed and
heated under reflux for a minimum of 2 hours COD and then was down the condensed with
distilled water. The mixture was then diluted to a minimum of 150 mL, cooled and the excess
dichromate was titrated with 0.1N Fe (NH4)2(SO4) using ferroin indicator. A sharp colour
change from blue green to wine red indicates the end point A blank was run using 50 mL of
distilled water in place of the sample together with

all reagents and subsequent treatment.

COD was calculated from the fallowing equation

a—b
sample

CODmg/L =

X N x 800------------ 1)

Where;

a= mL Fe (NH4)2(SO4) for blank
b= mL Fe (NH4)2(SO4) for sample
N=Normality of Fe (NH4)2(SOa)
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