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CHAPTER 1

INTRODUCTION

This chapter presents a brief introduction to the titanium dioxide photocatalytic oxidation
process which is utilized as an efficient novel method for wastewater treatment. The
structures, unique properties, and mechanisms involved in titanium dioxide photocatalysis are
presented. An overview of the strategies for the enhancement of the activity by dispersing
titanium dioxide nanoparticles in suitable support is also included. Methodologies for the
utilization of the titanium dioxide nanoparticles in visible light by doping with different
metals/non-metals are also discussed. Finally, the use of modified titanium dioxide

nanocomposite for wastewater remediation is also presented.



Chapter 1 Introduction

1.1 Introduction

Water pollution is a major concern as it causes damaging effects on aquatic biota and also on
human health [1]. Water is mostly polluted due to the release of organic and inorganic pollutants
from textile, chemical, and pharmaceutical industries [2-5]. The use of toxic chemicals during
different processes in industries pollutes water which poses a major threat to the environment
[6]. While some of the toxic organic chemicals are easily biodegradable by the microorganisms
present in the water however synthetic chemicals cannot be removed from water by natural
processes [7]. Chemicals such as synthetic dyes from the textile industry, nitroaromatics,
polycyclic aromatic hydrocarbons, organochlorines, polychlorinated biphenyls, polymers, and
pesticides, etc. are considered as the major environmental pollutants as these are highly
persistent [8]. In addition to chemical contaminants, the presence of infectious bacteria’s
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) are also of serious concern to
the environment as these pollute water and are causes of serious water-borne diseases [9].
Therefore, the degradation of such hazardous pollutants from water is of great concern for
everyone [10].

In present times, numerous techniques such as biological treatments, conventional
physicochemical methods, microbial and enzymatic decomposition are available for the
treatment of the pollutants in wastewater [11]. The development of an appropriate method for
the removal of water pollutants depends upon several factors such as treatment efficiency,
economic efficiency, pollutants type, the concentration of pollutants, and environmental
compatibility [12]. Some of the conventional physicochemical methods used for the treatment

of wastewater are shown in Figure 1.1

Water
Pollution
techniques

Figure 1.1 Conventional wastewater treatment methods



Chapter 1 Introduction

Conventional methods of wastewater treatment have limitations not only in terms of rate but
also in terms of feasibility, operational difficulties, reliability, efficiency, pre-treatment
necessities, practicability, environmental impact, sludge production [13]. Furthermore, the
requirement of toxic chemicals in many of these treatment processes leads to an additional
requirement of managing and treating their residuals products can further append to the
problems of contamination in freshwater sources [14]. The commonly used wastewater
purification methods such as chemical precipitation, coagulation, flotation, adsorption, ion
exchange on resins, membrane filtration, etc., convert pollutants to toxic by-products and
generate sludges, the removal of which requires additional cost and steps [15]. Therefore, in
order to resolve the shortcomings of conventional wastewater treatment, it becomes necessary
to innovate efficient wastewater treatment technologies by adopting or combining other new
advanced methods. One such method which is expected to hold promise is photocatalysis. This
advanced method is gaining more attention due to its ability to degrade organic pollutants to
less harmful carbon dioxide and water, without producing any sludges, and its cost-
effectiveness and sustainability properties make it a highly efficient technique [16], and
therefore it was proposed to apply photocatalysis as an eco-friendly technology for complete
degradation of pollutants to less harmful products.

1.2 Photocatalysis

Photocatalysis is a process by which the rate of a chemical reaction is altered in presence of a
photocatalyst under the influence of ultraviolet, visible, or infrared radiation [17]. During
photocatalysis, highly reactive hydroxyl radicals (‘OH; electrochemical potential 2.80 V) are
generated from the photocatalyst upon exposure light [18]. These powerful hydroxyl radicals
can easily oxidize pollutants and mineralize them to CO, and H20 [19]. The photocatalysis can
be classified into two types, viz., homogenous photocatalysis and heterogeneous photocatalysis
based on the photocatalyst phase with respect to the reactants [20].

During homogenous photocatalysis, the photocatalyst and the reactant molecules present in the
same phase are irradiated with light to generate the reactive hydroxyl radicals. Some of the most
used homogeneous photocatalysis methods include photo-Fenton (UV/Fe?*/H,0;) systems and
ozone (UV/Os/H202) photolysis [21].

In heterogeneous photocatalysis, the photocatalyst and the reactants exist in either solid-liquid
or solid-gas phases [22]. This method is an effective destructive technology for the
photocatalytic degradation of pollutants due to its simplicity of separation from the reaction

mixture, lower operating cost, and reusability properties [23]. This method uses semiconductor
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metal oxides for the degradation of pollutants using easily available solar light and atmospheric
oxygen (O3) as the source of energy and oxidant, respectively [24]. Therefore our present work
mainly describes the synthesis of heterogeneous catalysts of semiconductor metal oxide and

their application in pollutants degradation.

1.3. Mechanism of heterogeneous photocatalysis
The mechanism of heterogeneous photocatalysis used for degradation of highly concentrated
toxic and harmful pollutants to carbon dioxide and water involve different steps which are

discussed below [25]:

(1) Excitation of the semiconductor

A Semiconductor metal oxide has a valence band (VB) and conduction band (CB) in its
structure and the valence band is populated with electrons [26]. The energy between the two
bands is called bandgap energy. When the semiconductor metal oxide is irradiated with light of
energy equal to or higher than the bandgap energy, electrons (e) present in the VB excited to
the CB leaving a hole (h*) in the VB (equation 1.1). The photo-induced electrons at the bottom
of the CB are involved in the reduction processes, while the holes at the top of the VB are
involved in the oxidation processes [27].

Metal oxide + hv ——> Metal oxide (e'cg + h*cp) (1.1)

(if) Formation of hydroxyl radical
The as generated excited electron (ecg) can react with the adsorbed oxygen (O2) on the TiO>
surface (photoreduction) to form reactive superoxide radical (03 ) (equation 1.2).

ecg * Op — > 0Oy~ (1.2)

The O3 radical further react with water molecules to form H2O> which eventually decomposes
with the liberation of -OH radical (equation 1.5) [28].

O,” + HY  — = HOO: (1.3)
HOO' + HOO© ———» H,0, + O, (1.4)

The hole (h{g) can react with water (photooxidation) to form reactive hydroxyl radical (OH)
(equation 1.6) [29].

h*yg + OH" ——> -OH (1.6)
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(iii) Recombination reaction
The as generated electron (ecg) and hole (hig) can also recombine without participating in

photoreaction while discharging the absorbed light energy in the form of heat [30].

(iv) Degradation of organic pollutants

Organic pollutants adsorbed on semiconductor surfaces are oxidized by the generated -OH
radical. This highly reactive -OH radical has a similar oxidation potential similar to the normal
hydrogen electrode (2.8 V), thus it can oxidize organic pollutants to the mineralized products,
yielding CO; and H20 [31].

Organic Pollutant + ‘OH —> CO, + H,0 1.7)

The schematic representation of the photocatalysis mechanism is shown in Figure 1.2:

o H,O
2 of
% = ‘OH
- e _
vl cB | Photo-reduction
Metal Oxide
— 1 VB
@ h

| Photo-oxidation |

H,0 -OH

Organic Pollutants + OH —— CO; + H,0

Figure 1.2 Mechanism of photocatalytic degradation

1.4 Semiconductor materials as photocatalyst

In recent years, several semiconductor photocatalysts and their properties have been
investigated. Ideally, a semiconductor photocatalyst should be photostable, chemically and
biologically inert, should not undergo photo corrosion, low cost, non-toxic, suitable for both
UV and visible light energy harnessing, and have appropriate bandgap energies for catalyzing
reactions [29,32].

The most common semiconductors used as photocatalysts with their bandgap energies (Eg) and

respective wavelength are summarized in Table 1.1 [33].
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Table 1.1 Bandgap energy and wavelength of photocatalysts
Semiconductor Bandgap (eV) Wavelength (nm)
TiO; (anatase) 3.20 388
TiO; (rutile) 3.00 413
Zn0O 3.20 388
WOs; 2.80 443
Bi.03 2.80 400
Fe.O3 2.20 539
Cds 2.40 514
CusS 2.20 570
ZnS 3.60 344
CuO 2.00 570
BiVO, 240 500
AgsPO4 2.45 365
9-CsNg 2.70 450
TaON 2.3 532
TaszNs 2.10 473

For a semiconductor to act as an efficient photocatalyst it must absorb photons, generate

electron-hole pairs, have minimum recombination of the electron-hole pairs, be stable over a
prolonged period, and have oxidation-reduction potential of the ‘OH and H2O pairs within the

bandgap domain of the semiconductor material [34].

Photocatalysis mainly used different semiconductor metal oxides (TiO2, SnO2, Bi2O3, ZrO-,
ZnO, etc.) or metal sulphides (ZnS, PbS, CdS) for degradation of pollutants using easily
available solar light and atmospheric oxygen (O.) as the source of energy and oxidant,
respectively [35]. Among all the metal oxides used in photocatalysis, titanium dioxide (TiOz)
is considered to be a benchmark photocatalyst which is superior to others due to its good
photoactivity, low cost, strong oxidizing power, non-toxic nature, active at ambient
temperature, and also not requires secondary disposal [36]. Therefore, in our present work, we
used TiO2 as the photocatalyst for photodegradation studies, a brief account of its properties,

structures, etc. are described in the following section.

1.5 Titanium dioxide (TiO2) as a photocatalyst

TiO was first discovered by Fujishima and Honda in 1972 and reported to have been used for
water photolysis [37]. TiO2 has been widely used as a photocatalyst due to its low cost,
biological, and chemical inertness, photochemical stability, non-toxic, stability in ambient
conditions, recyclability, and, wide bandgap energy of 3.2 eV for anatase and 3.0 eV for the
rutile phase [38]. It can degrade toxic organic pollutants such as dyes, polyaromatic

hydrocarbons, phenols, etc., and also has the ability to inactivate microbes present in water [39].
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TiO2 nanoparticles (TiO2-NP) exist in four main crystal forms: the stable rutile (tetragonal),
metastable anatase (tetragonal), most stable brookite (rhombohedral), and TiO2-B (monoclinic)
[40]. The metastable anatase can transform to stable rutile form by calcination within the
temperature range of 600-1100°C [41]. These reaction temperatures can vary from 400 to
1100°C depending upon the type and amount of additives, reaction conditions, particle size,
methods of preparation, degree of agglomeration, morphology, and so on. The anatase form of
TiO2-NP connected through the corners, rutile form through the edges, and in the brookite form,
connected through both the corners and edges [42] (Figure 1.3). In anatase form, each Ti*" ion

in the structure is encircled by an octahedron of six oxygen atoms [37].

® Ti < o ;‘Q ¥ &""_‘”
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RS
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Brookite Ho, @)
Figure 1.3 Different crystals forms of TiO, [39]

The anatase phase gives better photocatalytic activity than the rutile phase. The properties of
anatase TiO> are given in Table 1.2 [37]. The better activity of the anatase phase can be
attributed to various factors, some of which are (i) the bandgap energy of rutile is lower (3.0
eV) than that of anatase (3.2 eV) which is due to the minor variations in the conduction band
energies, (ii) the reducing ability of the rutile is lower than that of anatase which is due to the
more positive conduction band potential of rutile as compared to the anatase by 0.2 V, (iii) the
lower photocatalytic activity of rutile as compared to anatase due to the lower specific areas,
larger particle size, and weak surface adsorption behaviour, (iv) anatase phase has the lowest
recombination of photoexcited e-h* pairs as compared to rutile phase due to the fastest
migration of low effective mass e-h* pairs in the anatase phase [43].
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Table 1.2 Physical and chemical properties of anatase TiO;
Properties TiO2 nanoparticles
Molar mass ( g mol™?) 79.866
Light absorption (nm) <390
Atoms per unit cell (2) 4
Lattice parameters a=0.3785,c=0.9514
Color White
Odor Odorless
Density (gcm®) 3.78
Melting point (K) 2116
Boiling point (K) 3245
Solubility Insoluble in water
Refractive index 2.488
Ti-O bond length (A) 1.94 (4)
1.97 (2)
Thermal Conductivity (W m? K?) | 4.8-11.8

1.6 Difficulties in TiO2 photocatalysis

Due to the efficient photostability, TiO. is used in different applications such as in water
treatment, air-purification, destruction of microorganisms, smell elimination, anti-mist, and
self-cleaning [44]. However, there are some problems associated with the use of TiO2-NP as a
photocatalyst. Since TiO2-NP is prone to agglomeration, difficulties are created while
separating it from the solution [45]. Therefore, in order to decrease the agglomeration of TiO2-
NP different supports have been used which helps in separating photocatalyst from the reaction
solution.

Various matrixes have been used as support for the photocatalyst. For example, various glass,
clay, activated carbon, silica gel, and polymeric materials, zeolites, cellulose, stainless steel,
quartz, pumice stone, alumina, etc. have been reported by several workers as support for TiO>
-NP [46]. The criteria for the selection of optimal catalyst support are:

0] The matrix should bond properly with the TiO. either chemically or physically
without decreasing the reactivity of TiO2 [47].

(i) The matrix should have a large surface area and a strong adsorption ability towards
the pollutants to be degraded. This decreases the intermediates formed during
photocatalytic degradation [48].

(i) The matrix should be transparent so that it allows light to go through it and be
chemically inert so that it does not react with the contaminant molecules,

intermediates, and the neighboring aqueous system [49].
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(iv)  The matrix should allow easy and fast recovery of photocatalyst and re-use the

photocatalyst with or without regeneration [50].

Supporting material

Among the different supports available, activated carbon is commonly used in water
remediation processes due to its good adsorption capacity, high surface area, inert, and suitable
pore structure [35]. Activated carbon (AC) is a highly porous material having hydrophilic
surface functional groups as well as a hydrophobic graphene layer used for both sorption and
catalytic applications [51]. It has a high degree of porosity, an extensive surface area (500—2000
m?g?l), and a high degree of surface reactivity [52]. Therefore, in the present work
nanocomposite of TiO2 with activated carbon as a support system has been used for the
photocatalytic degradation of pollutants.

The nanocomposite of TiO, with activated carbon as a support system helps in increasing the
photocatalytic degradation rate by gradually facilitating pollutant molecules to come in contact
with the TiO> through the process of adsorption [53]. Thus hydroxyl radicals generated during
the photocatalysis of TiO. are easily able to trap pollutant molecules and this allows the
degradation of pollutants at a faster rate with a lower electron-hole recombination rate [54]
(Figure 1.4).

0o

0, H;
oﬂ
e J OH

| Photo-reduction |

Recombination

™ on
| Photo-oxidation |
H,0

Organic Pollutants + OH —— CO, + H,0

Figure 1.4 Principle of TiO; supported on activated carbon nanocomposite

The added advantages of using activated carbon are that AC-supported TiO2 exhibits synergism

effects based on the adsorption property of AC and the photoactivity of TiO2, which enhances
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the overall removal efficiency of pollutants [55]. The main advantages of using AC for TiO-

support are:

Q) The high surface area of AC endows the nanocomposite photocatalysts with a good
ability to adsorb or capture pollutant molecules in water, thus ensuring a high
concentration of organic compounds around the surface of the photocatalysts, and
thereby improving the photocatalytic reaction rates [56].

(i) The intermediates generated after photocatalysis can be effectively adsorbed by AC
for the subsequent degradation cycle so that the availability of the photocatalyst can
be improved [57].

(iii)  The combination of AC with semiconductors can partially suppress the combination
of photogenerated electron-hole pairs so that the photocatalytic activity of
nanocomposite will be improved [58].

(iv)  TiO2 particles are hydrophilic when exposed to direct light whereas organic
pollutants are hydrophobic. Because of this, the interaction between the pollutant
molecules and TiO2 becomes hampered. Therefore the use of AC as support allows
the molecules of pollutants to come closer to the active site of TiO2 leading to a

quick and effective photodegradation process [59].

1.7 Modification of TiO2 photocatalyst

TiO2 has some properties that are very essential to accelerate light-driven chemical reactions in
the ultraviolet region due to its larger bandgap energy (3.2 eV) [60]. However, the high electron-
hole recombination and wide bandgap energy limit the use of TiO2 in the highly available solar
light or visible light region (400-750 nm) [61,62]. In order to make the photodegradation
possible in the visible light region, it is essential to reduce the bandgap energy and that is
possible by modifying the band energy of the TiO; either by doping metal/non-metal elements
or by dye photosensitization and hydrogen treatment [61]. One of the ways to shift the light
absorbance to the visible light region is by doping TiO> with metal dopant [63]. This path
stimulates the usage of visible light and also helps the photogenerated electron-hole pair to keep
separate [64]. In the present work, TiO has been doped with metal ions having incomplete d

subshell with an aim to increase the light absorbance in the visible light region.

Metal-doped TiO2
Doping has been proved to be a significant strategy in bandgap engineering in order to change

the optical properties of semiconductor photocatalysts which are active in the visible light
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region [65]. The insertion of a metal ions dopant in the crystal lattice modified the band edge
positions of the crystal [66]. Cations that have been used for doping include rare earth metals
(Th, Sc, Y) [67,68], transition metals (Fe, Co, Ni) [64,69], noble metals (Pd, Os, Ru) [70], poor
metals (Al, Ga, Sn) [71], non-metals (C, N, S) [72,73], and halogens (F, CI, Br) [25].

Metal ions are inserted into the crystal lattice of TiO,, therefore impurity energy levels are
formed in the bandgap of TiO2 [74]. Electron transfer from these levels to the conduction band
of TiOz reduces the bandgap energy and helps the doped TiO2-NP to absorb in the visible light
region [75]. The mechanism of visible light photocatalysis using transition metal-doped TiO>
supported on activated carbon is shown in Figure 1.5.

The photocatalytic degradation of pollutants using metal-doped photocatalyst under visible
light irradiation is dependent on the type of the dopant (oxidation state, size), concentration,
and the morphological and microstructural properties of the metal-et photocatalyst [76]. Doping
transition metals (Fe, Ni, Co) in TiO2 can trap both electrons and holes, and thereby penetrating
impurity energy levels near the conduction and also near the valence band of TiO [77-79].
Therefore, using transition metals as dopant material enhances the photocatalytic activity of
TiO2 [80]. In the present study, different transition metals (Fe, Co, Ni) have been used as a
dopant for TiO: in order to enhance its photocatalytic activity in the visible light region.
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Figure 1.5 Schematic diagram showing the mechanism of metal-doped TiO2-NP [36]

1.8 Applications of TiO2 photocatalysis
In the present study, the photocatalytic degradation of various organic pollutants like dyes,
phenols, polyaromatic hydrocarbons (PAH), and also photocatalytic inactivation of bacterial

pathogens are studied. Synthetic compounds like dyes, phenols, and polyaromatic hydrocarbons
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pollute water sources and pose a severe threat to human health even at trace amounts. The
presence of pathogenic microbes such as Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) in ambient water is also a major concern throughout the world because they cause
water-borne diseases. Therefore, the elimination of these pollutants from water sources has
become a prime concern for researchers. A brief description of the water pollutants studied in

this thesis is given below:

Degradation of dyes

In the present study, synthetic dyes alizarin red S and congo red are taken as the target pollutant
molecule as these are highly used as coloring agents in the textile industry. The anthraquinone
dye, alizarin red S (ARS) [1, 2-dihydroxy-9, 10-anthraquinone-sulfonic acid sodium salt] is an
anionic dye and easily soluble in water [81]. It is extensively used in clothing industries from
early times for coloring wool and nylon due to its vivid and durable properties. This class of
dye is biologically active, which can damage genetic materials, and also can prevent the
functioning of cytochrome P450 isozymes in the human body [82]. Alizarin red S cannot be
completely removed by usual wastewater treatment processes due to the presence of aromatic
rings in its structure. The aromatics rings have high optical, thermal, physical, and chemical
stability [81]. Alizarin red S containing wastewater can cause many health problems to live
organisms as it is highly toxic, carcinogenic, and mutagenic in nature [83]. Therefore, this is
one of the major tasks to remove it from wastewater without being discharged into natural water
bodies such as rivers and lakes. The present study planned to use titanium dioxide supported on
activated carbon nanocomposite to degrade alizarin red S dye from wastewater. Various
literature has been reported the use of TiO2-NP for the degradation of alizarin red S dye such
as Souza et al. [84] reported the degradation of alizarin red S dye using Ag nanoparticles
immobilized on TiO> surface with a maximum degradation percentage of 80% in 180 minutes.
Sood et al. [85] also studied the degradation of alizarin red S dye using sol-gel prepared Bi-
doped TiO- nanoparticles with a maximum degradation of 82% in 90 minutes.

The azo dye, congo red (CR) (disodium 4-amino-3-[4-[4-(1-amino-4-sulfonato-naphthalen-2-
yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate) is a benzidine-based anionic
diazo dye [86]. It is most commonly used in fabric production and is highly carcinogenic and
mutagenic. Using congo red-containing water can cause serious irritation to the eyes, skin,
gastrointestinal gland, respiratory system, and reproductive system [87]. The present study
planned to use Fe-doped TiO2 supported on activated carbon nanocomposite for the degradation

11
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of congo red dye from water. Mayoufi et al. [88] also studied the degradation of congo red dye

using W-doped TiO> and they have reported a maximum degradation of 60% in 180 minutes.

Degradation of polyaromatic hydrocarbons (PAH)

The presence of polyaromatic aromatic compounds in water is also a major concern due to the
high toxicity, carcinogenic, teratogenetic, genotoxic, and mutagenic properties [89]. These are
mainly released through the burning of fossil fuels, oil hydrolysis, forest firing, coking plants,
and petroleum industries [90]. These are highly toxic as they have low aqueous solubility, high
volatility, high stability, and slow biodegradation capability. In drinking water, one of the most
highly concentrated PAHSs is anthracene which is one of the low molecular weight tricyclic
aromatic hydrocarbons [91]. Anthracene is a very toxic and allergenic, mutagenic, carcinogenic
substance easily found in water. On exposure to anthracene into our body, it can directly affect
the blood, intestines, stomach, skin, and lymph system, and swell the stomach and intestine
[92]. Thus, the removal of this hazardous substance from water is a high concern in the
environment. The present study planned to utilize Ni-doped TiO2 supported on activated carbon
nanocomposite for the degradation of anthracene from water and the result are discussed in the
Chapter 5.

Degradation of phenol

From the pharmaceuticals industries, plastic plants, oil refiners, textile industries, and coal
conversion industries, phenols are mainly discharged as waste products that largely contaminate
water resources [93]. The bioaccumulative, persistent, widespread occurrence, and poor
biodegradability cause phenolic compounds highly concern to the environment [94]. Upon
ingestion of phenol different health-related problems can arise such as metabolic acidosis,
respiratory distress, renal failure, cardiovascular effects, metabolic acidosis, neurological
effects, coma, and shock, necrosis of the skin, nausea, gastrointestinal irritation, vomiting,
diarrhoea, muscle weakness, skin burns, abdominal pain, and paralysis [95]. Phenol retains its
toxicity effects on our body even at a concentration lower than 10 ngl™ [91]. Hence, the
elimination of this toxic substance is a major challenge for the research community before it
releases into the environment. In this piece of work, Co-doped TiO2 supported on activated
carbon nanocomposite has been planned to use for the degradation of phenol from water and

are discussed in Chapter 6.

12



Chapter 1 Introduction

Degradation of bacterial pathogens

Water-containing bacteria are highly toxic and harmful to human health [96]. The commercial
and industrial wastewater systems are highly affected by gram-negative and gram-positive
bacteria. These bacteria are the most common cause of sepsis [97]. The gram-positive bacteria
Staphylococcus aureus (S. aureus), is one of the most common causes of foodstuff poisoning,
skin infections such as abscesses, respiratory infections such as sinusitis, and also the principal
cause of hospital-acquired infections in developed countries [98]. It is a member of the
Firmicutes family, and is a round-shaped bacterium and often found in the nose, respiratory
tract, and skin [99]. The gram-negative rod-shaped bacteria Escherichia coli (E. coli) is one of
the members of the family Enterobacteriaceae [100]. It is mainly found in drinking water and
drinking this contaminated water can cause several diseases such as diarrhea, and kidney
damage [101]. Therefore, the present study planned to utilize Fe-doped TiO> supported on
activated carbon nanocomposite for the inactivation of E. coli and S. aureus in water. Visible
light-driven photocatalytic inactivation of microbes by metal-doped TiO. photocatalyst
activated carbon-supported metal oxide nanocomposite, and metal co-doped TiO, was
investigated by many researchers in the last decades. Veréb et al. [102] have performed bare
and doped rutile and anatase TiO> photocatalyst for photocatalytic inactivation of E. coli in
water under visible light irradiation. Yadav et al. [103] introduced a photocatalytic inactivation
of E. coli and S. aureus using Cu-doped TiO2 under visible light irradiation. Hence, metal-

modified TiO2 has shown much attention due to its extended visible light absorption efficacy.

1.9 Present study

The present study is focused on the preparation of activated carbon-supported titanium dioxide
nanocomposite using the hydrothermal synthesis method. The activated carbon was prepared
from locally available pine cones (Pinus kesiya) using ZnCl, as an activating agent and the
titanium dioxide was prepared using the sol-gel method. The physicochemical characterization
was done using various analytical techniques. The prepared nanocomposite was then applied
for the degradation of the alizarin red S dye from wastewater.

To achieve visible light response photocatalysis, bandgap energy narrowing and lowering
electron-hole recombination rate are the most important factors. Narrowing bandgap energy
and lowering electron-hole recombination are the most important factors to achieve visible light
active photocatalysis. Therefore, modification of nanocomposite by doping with different
transition metals was done to increase the visible light photocatalytic efficiency of

nanocomposite towards the degradation of water pollutants. The modification of the prepared
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nanocomposite was done by doping different transition metals (Fe, Ni, and Co) through the
hydrothermal synthesis method. The Fe-doped TiO> supported on activated carbon
nanocomposite was applied for the degradation of the congo red dye aqueous solution and the
photocatalytic inactivation of the nanocomposite was also examined against E. coli and S.
aureus bacteria. The Ni-doped TiO> supported on activated carbon nanocomposite was applied
for the degradation of the anthracene from water and also Co-doped TiO> supported on activated
carbon nanocomposite was applied for the degradation of phenol from water. The mechanism
of degradation of water pollutants was studied using GC-MS analysis. The effect of different
interfering ions in the degradation of pollutant molecules was also studied. The reusability of
the nanocomposite for the photocatalytic degradation of pollutant molecules was also studied

up to the fifth cycle. The outline of the work undertaken in this thesis is shown in Figure 1.6.
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Figure 1.6 Scheme of the present study

14

fe-doned Tio ted . FTIR spectroscopy Congo red dye
e-doped TiO; supporte i i ol
. . Photoluminescence || Escherichia coll
on Activated carbon Staphylococcus
nanocomposite - UV-VIS aureus
. spectrophotometer
Ni-doped TiO; supported on . Diffuse Reflectance
Activated carbon Spectroscopy ——» Anthracene
nanocomposite . BET surface area
Co-doped TiO; supported - GC-Mass
on Activated carbon Spectrometry L Phenol
nanocomposite . Zero point Charge




Chapter 1

Introduction

1.10 Aims and objectives of the work

The aims and objectives of the present work are as follows:

(i)

(i)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

To synthesis activated carbon-supported TiO2> nanocomposite using hydrothermal
method.

Application of the activated carbon-supported TiO> nanocomposite for the
degradation of alizarin red S dye from aqueous solution.

To modify the activated carbon-supported TiO2 nanocomposite by doping with
different transition metals (Fe, Ni, and Co) using the ultrasonic-hydrothermal
method.

Application of Fe-doped activated carbon-supported TiO, nanocomposite for the
degradation of congo red dye from aqueous solution and the photocatalytic
inactivation of two bacteria pathogens Escherichia coli and Staphylococcus aureus
from wastewater.

Application of Ni-doped activated carbon-supported TiO. nanocomposite for the
degradation of anthracene from aqueous solution.

Application of Co-doped activated carbon-supported TiO2 nanocomposite for the
degradation of phenol from aqueous solution.

To evaluate the adsorption and degradation process, using different adsorption
isotherms, catalytic kinetics model, and thermodynamics studies respectively.

To study the effect of different interfering ions on photocatalytic degradation of
pollutants and analysis of end products of pollutant degradation using GC-MS
spectra.

Theoretical studies to understand the mechanism of formation of the nanocomposite.

The outline of the thesis is presented in Figure 1.7.
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CHAPTER 2

MATERIALS AND METHODS

This chapter gives an outline of the materials and methods used in the current research work. A
brief discussion on the various analytical techniques used for this study and details regarding
the photocatalytic device used for running the experiments is presented in this chapter. The
procedure used for photocatalysis using TiO2 nanoparticles is also highlighted in this chapter.
A brief explanation of the photocatalytic kinetic model and the thermodynamic parameters used

for understanding the photocatalytic degradation process are also discussed in detail.



Chapter 2 Materials and methods

2.1 Materials and methods

For the present study, titanium dioxide (TiO2) and its nanocomposite were synthesized using
different analytical grade chemicals. Chemicals such as titanium tetrachloride (TiClas), nickel
nitrate (Ni(NOz)2.6H20), hydrochloric acid (HCI), ferric nitrate (Fe(NO3)3.9H20), zinc chloride
(ZnCl,), cobalt nitrate (Co(NO3)..6H20), ammonia (NHz3), sodium hydroxide (NaOH), and
sulphuric acid (H2SO4) were obtained from Sigma-Aldrich. Co., India. Sulphuric acid (H2SOa),
silver nitrate (AgNO:s), ethylenediaminetetraacetic acid (C10H16N20s), sodium nitrate (NaNOs),
sodium chloride (NaCl), copper sulphate (CuSQOas), glycine (C2HsNO3), oxalic acid (C2H204),
and cadmium nitrate (Cd(NO3)2.4H20) were obtained from Himedia, India. Chemicals and dyes
such as alizarin red S (ARS), congo red (CR), anthracene (C14H10), and phenol (CsHsO) were
purchased from Merck, India. Luria-Bertain (LB) nutrient broth, nutrient agar, ethanol
(C2HsOH) were purchased from Himedia, India. Double distilled water (DDW) was used during

the experiments.

2.2 Synthesis of photocatalyst and supporting material

The synthesizing process and the processing conditions are the main aspects upon which the
structure, particle size, electronic, optical properties, and stoichiometry of any nanomaterial
depends [1]. Hence, the selection of a suitable method is an essential requirement for the
synthesis of a highly active photocatalyst. In the current study, photocatalyst titanium dioxide
(TiO2), and titanium dioxide/activated carbon nanocomposite have been used for photocatalytic
degradation studies. The following section describes the synthesis of TiO2 nanoparticles,
supporting material (activated carbon), and TiO>/activated carbon nanocomposite.

2.2.1 Synthesis of TiO2 nanoparticles and TiOz/activated carbon nanocomposite

There are different methods available for the synthesis of TiO2 and its nanocomposites, such as
the microemulsion method [2], co-precipitation [3], reverse micelle method [4], and polyol
method [5]. However, these methods have low efficiency, extensive agglomeration, poor
crystallinity, and particle size distribution [6]. Therefore, in the present study sol-gel and
hydrothermal synthesis have been used as the appropriate technique to synthesize highly pure,
homogeneous, and narrow particle size distribution TiO2 nanoparticles. A brief introduction to
the methods of synthesis used for the synthesis of TiO2 nanoparticles and their nanocomposite

is given in the following sections.
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Sol-gel method for TiO2 nanoparticles synthesis
Sol-gel is an outstanding route for the synthesis of highly pure TiO2 nanoparticles [7]. The

formation of nanoparticles using the sol-gel process involves the following steps [8,9]:

Solvation: The metal cation, Ti*" of the raw material was first dispersed in a solvent to form
the solvent unit Ti(H20)*" with the release of H* ions to maintain the coordination number.

Ti(H,0),**

Ti(H,0)" 1 (OH)&ED+ + H* (2.1)

Hydrolysis: Non-ionizing metal alkoxide, Ti(OR)n, (R = alkyl group) react with water to form

an active monomer.

Ti(OR), + xH,O (Ti(OR),x(OH), + xROH (2.2)

Polycondensation: The active monomer is then polymerized to form a sol. The monomer can

polymerize in two different ways depending upon its type.

Dehydration polycondensation:

-Ti(OH) + HO-Ti -Ti-O-Ti- + xH,0 (2.3)
Dealcoholization polycondensation:
-Ti-OH + OR-Ti -Ti-O-Ti- + R-OH (2.4)

Lastly, polymerization of sol particles in between the as-formed colloidal particles occurs,
which leads to gel formation.
-Ti(OR)n + mXOH

Ti(OR)pm(OX);, + MROH (2.5)

The as-formed gel is then dried, sintered, and solidified to prepare molecular nanomaterial. The
sol-gel method is used for the preparation of porous, film, composite, powder, fiber materials,
and bulk materials for load-bearing, thermal insulation, enclosure, thermal, sound, and heat
insulation, partition, and wind protection [10].

In this study, TiO2 nanoparticles were synthesized using the sol-gel method in which titanium
tetrachloride (TiCls) was used as the starting material. The details regarding the sol-gel

synthesized TiO2 nanoparticles are presented in Chapter 3.

(b) Hydrothermal method for TiO2/activated carbon and metal-doped TiO2/activated
carbon nanocomposite synthesis
Hydrothermal synthesis is one of the most commonly used techniques for the preparation of

nanocomposites [11]. In hydrothermal synthesis, high pressure and temperature are generated
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inside the hydrothermal autoclave which modifies the physicochemical properties of water and
thus changes the mobility and solubility of reactant molecules to undergo crystallization
reactions [12]. The easy handling, low-temperature reaction condition, and one-step reaction
processing make hydrothermal synthesis a suitable method for the preparation of nanomaterial
[13].

In this work, TiO/activated carbon and metal-doped TiO-/activated carbon nanocomposite
were synthesized using the hydrothermal method using sol-gel synthesized TiO2 nanoparticles
and chemically activated pine-cone activated carbon. Details regarding TiO>/activated carbon
and metal-doped TiO2/activated carbon nanocomposite synthesis are presented in Chapters 3,
4,5, and 6.

2.2.2 Synthesis of activated carbon

Activated carbons are mainly synthesized through physical and chemical activation methods.
During physical activation, the raw materials are carbonized using CO., O, or steam in an inert
atmosphere and heated at temperatures around 600-1200°C. During the process of chemical
activation, raw materials are activated by using chemical activating agents such as acids (HCI,
H2S04, H3PO4), alkali metals (KOH, NaOH, Na.COs), metal salts (ZnClz, AICl3, FeCls), and
heating the materials at 400-900°C.

In the present study, pine-cone activated carbon was prepared using the chemical activation
method by applying activating agent ZnCl> as this method gives a more porous structure, higher
yield, and more surface area material. The details of the activated carbon synthesis are given in
Chapter 3.

2.3 Instruments coupled with this work

The synthesized TiO, nanoparticles and their nanocomposite were characterized by XRD (X-
ray diffractometer), SEM-EDX (Scanning electron microscopy-Energy dispersive X-ray
spectroscopy), X-ray photoelectron spectroscopy (XPS), FT-IR (Fourier transform Infra-red
spectroscopy), PL (Photoluminescence), UV-DRS (UV-visible diffuse reflectance
spectroscopy), BET (Brunauer-Emmett-Teller) surface area analyser, and pHzpc (Zero-point

charge) at different pH values.

X-ray diffractometer (XRD)
X-ray diffraction is an instrumentation method applied for the rapid and powerful identification

of crystalline phases and crystal structures of all kinds of materials, including catalysts,
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minerals, solar cells, pharmaceuticals, polymers, fluids, metals, ceramics, plastics, thin-film
coatings, and semiconductors [14].

The average value of the crystal sizes was determined by using Debye-Scherrer’s equation [15]:

_ KA
Bcos6

(2.6)

where k = Scherer constant (0.9), 1 = wavelength of the Cu K, X-ray radiation (0.15418 nm),
= diffraction angle, and g = full-width at half-maximum (FWHM) of highest intensity peak
[14].

In this study, the crystalline structure of the photocatalyst was obtained using powder X-ray
diffraction spectrum using PANalytical X’Pert PRO Diffractometer (Rigaku-Ultima IV, Japan).
The source of XRD was Cu K, radiation operated at an energy of 40 eV and electrical current

40 mA. The diffractometer configuration is schematically shown in Figure 2.1.

X-ra
radiation

Sample
\h:ldy/ )
Y
N

Figure 2.1 Schematic illustration of XRD instrument [16]

Scanning electron microscopy (SEM)

Scanning electron microscopy is an important instrument for observing the surface structure,
composition, topography, and crystallographic details of any sample. SEM can identify and
analyse surface contaminations, surface fractures, crystal structures, and, chemical
compositions [17]. In the present work, the surface morphology and surface texture of the
photocatalyst were analysed using a scanning electron microscope (Zeiss, Gemini, Sigma-300).
The internal configuration of SEM is shown in Figure 2.2.
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Figure 2.2 A schematic diagram of an SEM [18]
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Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy is an efficient analytical method for analysing the
elemental composition of the desired sample and is used along with scanning electron
microscopy (SEM) [19]. The spectra generated with EDX are easy to interpret and also give a
high spatial resolution. In the present study, the elemental composition of the photocatalyst was
analysed using energy-dispersive X-ray spectroscopy (EDX) along with scanning electron

microscopy (SEM).

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface characterization technique used to determine the
elemental composition, electrical/chemical states, and stoichiometry of material using their
binding energies. The XPS spectra are generated when a high-energy photon (X-ray) ejects an
electron from the core orbital of an atom. In the present work, X-ray photoelectron spectroscopy
(XPS) (Model: ESCALAB Xi+ Make: Thermo Fisher Scientific Pvt. Ltd., UK) was used to

determine the valence state and elemental composition of the photocatalyst.

Fourier transform Infra-red spectroscopy (FT-IR)
Fourier transform Infra-red spectroscopy is an essential analytical tool for identifying surface

chemical functional groups in any material [20]. The infrared spectrum is obtained by
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irradiating a sample with infrared radiation, and the fraction of the incident infrared radiation
absorbed at given energy determines the maximum intensity of the sample molecule [21]. The
functional groups present in the photocatalyst were identified using Fourier transform Infra-red
(FT-IR) spectrometer (Model: Spectrum Two, Made: Perkin Elmer, 1:100 ratio of photocatalyst
pellet and KBr). The internal configuration of FT-IR is shown below in Figure 2.3.
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Figure 2.3 A schematic illustration of an FT-IR system [22]

Photoluminescence (PL)

Photoluminescence is a non-destructive analytical technique in which when light is absorbed
by a material, and its electron is transferred from the ground state to a higher energy level within
fento second and returns to the ground state upon emission of photons [23]. In this study, this
technique was used for the bandgap determination of the photocatalyst and to analyze the
recombination mechanism of the electron-hole pair of semiconductor material [24]. The
photoluminescence (PL) spectra of the photocatalyst were obtained using a photoluminescence
spectrophotometer (Horiba Fluoromax-4CP spectrofluorometer, 150 W Xenon Lamp). The

experimental setup of PL is shown below in Figure 2.4.

Light source Detector

. b,

Diffraction grating  Exit slit

Diffraction grating

Figure 2.4 A schematic illustration of a PL system [23]
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UV-visible diffuse reflectance spectroscopy (DRS)

UV-visible diffuse reflectance spectroscopy is the most versatile technique for studying the
bandgap energy of any photocatalyst. It depends on the reflection of electromagnetic radiation
by a powder sample [25]. The bandgap energy of the photocatalysts was studied using a UV-
visible diffuse reflectance spectrophotometer (Shimadzu UV-2600, and wavelength 200-600

nm). The experimental setup of the DRS is shown below in Figure 2.5.
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Figure 2.5 Schematic illustration of a DRS system [26]

Brunauer-Emmett-Teller analysis (BET analysis)

Brunauer-Emmett-Teller analysis is a commonly used technique to determine the surface areas,
and total pore volume, and pore radius of materials [27]. Nitrogen (N2) gas is usually used in
BET surface area analysis because of its ability to interact with other solids and its existence in
high purity [28]. In this study, the surface areas of the photocatalyst were measured by the N>
adsorption-desorption isotherm with a Quantachrome instrument (Autosorb iQ station 1, 77K)

based on the Brunauer-Emmett-Teller (BET) model. The experimental setup of the BET

Collector

®—

analyser is shown below in Figure 2.6.
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Figure 2.6 Schematic illustration of a BET analyzer [29]
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Zero-point Charge

Zero-point charge (pHzpc) is the pH at which the net electrostatic surface charge of the
photocatalyst is equal to zero [30]. The net surface charge of the photocatalyst is such that it
displays acidic behaviour at pH below its pHzpc and pH above its pHzpc, it will behave as
basic. Hence, in an acidic medium, the H" ions on the surface of the photocatalyst increase (pH
< pHzpc) which results in the attraction of positively charged pollutant molecules. On the other
hand, in a basic medium the availability of OH" anion on the surface of the photocatalyst
increases (pH > pHzpc) leading to more attraction towards positively charged pollutant
molecules [31].

For zero-point charge pH measurement, the pH of 0.1 M NaNOs3 (50 ml) was adjusted to a value
between 2 to 10 by adding either 0.1M HCI or 0.1 M NaOH solutions. The pH of each solution
was recorded as the initial pH (pHiniti). Thereafter, 0.1 g of the photocatalyst was added and
the solution was stirred for 24 hours in a rotary shaker at room temperature. The final pH of

each solution was recorded and a graph of initial pH versus final pH was plotted [32].

2.4 Photocatalytic activity of the TiO2/activated carbon nanocomposite

In the present study, the synthesized nanocomposite was used for the photodegradation of water
pollutants such as dyes, pharmaceutical compounds, and biological pollutants from water. The
dyes understudy were Alizarin red S, Congo red, and pharmaceutical compounds selected were
anthracene and phenol. Batch mode degradation experiments were performed inside a reactor
for the degradation of organic pollutants [32]. The photocatalytic experiments were conducted
at 25°C using a constant flow of water inside the reaction chamber using a water pump. For this
study, the TiO> nanocomposite was mixed with the pollutant of varied concentrations by
vigorously stirring the reaction mixture without exposure to light for 30 minutes so that
adsorption-desorption equilibrium could be established within the reaction system. After
equilibrium was established, the concentration of the pollutant was measured, and this was
taken as the initial concentration so that the adsorption of the pollutant due to the nanocomposite
did not hinder the study of the overall photocatalytic effect. Later, the final concentration of the
centrifuged pollutant solution was measured using a UV-Vis spectrophotometer (Perkin Elmer,
LAMBDA 365) at its corresponding Amax values by taking out 3.5 ml at every 10 minutes
interval. A batch mode study was conducted for photocatalytic degradation of water pollutants

by varying different parameters, as given below.
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Effect of nanocomposite amount
The effect of the nanocomposite on the photocatalytic degradation of water pollutants was
studied at different dosages of nanocomposite with different concentrations of pollutants

solution.

Effect of pH

In order to understand the effect of pH, a study on the photodegradation of water pollutants was
conducted with a certain amount of nanocomposite and pollutant concentration within the pH
range of 1.0-11.0 by addition of either HCI or NaOH (0.1 M).

Effect of pollutant concentration and light irradiation time
The effect of pollutant concentration and time of irradiation was examined with a certain
amount of nanocomposite and pH by varying the pollutant concentration with light irradiation

for upto 120 minutes.

Effect of Interfering ions

The effect of different interfering ions such as sodium chloride, zinc chloride, copper sulphate,
glycine, oxalic acid, sodium nitrite, cadmium nitrate, and EDTA on photocatalytic degradation
of pollutants was studied to investigate the applicability of nanocomposite in the industrial
wastewater matrix.

The pollutant degradation percentage was calculated using equation 2.7 [32]:

Degradation percentge (%) = % x 100 2.7)

where C; = initial concentration of pollutant, and Ce = concentration of a pollutant after the
photocatalytic treatment. The detailed batch mode experiments for the degradation of dyes and
pharmaceutical compounds are discussed in Chapters 3, 4, 5, and 6.

The water-borne pathogens considered for the current study were Escherichia coli and
Staphylococcus aureus bacteria. The photocatalytic inactivation efficiency of bacteria was

calculated using equation 2.8 [33].

Number of colonies x dilution factor
(2.8)

Inactivation efficiency (%) = Volume of culture plate

The detailed experimental setup for the inactivation of Escherichia coli and Staphylococcus

aureus bacteria is described in Chapter 4.

33



Chapter 2 Materials and methods

2.4.1 Application of Gas chromatography-Mass spectrometry (GC-MS) analysis to
identify end products of photocatalysis

Gas chromatography-Mass spectrometry is an instrumentation technique that couples both the
properties of gas chromatography (GC) and mass spectroscopy (MS) to identify both semi-
volatile and volatile organic compounds in a variety of samples [34]. Gas chromatography (GC)
can separate many volatile and non-volatile compounds; on the other hand, mass spectrometry
(MS) can selectively identify many compounds [35]. In this study, the degraded end products
of the pollutants were confirmed using GC-MS analysis (Shimadzu GCMS-TQ8030 analyser).
The experimental setup of the GC-MS is shown below in Figure 2.7.

3| =

Mass Spectrometer

Sample
injector

Gas Chromatography
(Capillary column, oven)

Figure 2.7 A schematic illustration of a GC-MS analyzer [36]

2.4.2 Photocatalytic reactor
For the present study, photocatalytic reactions were performed inside a photocatalytic device,

as described in the schematic diagram (Figure 2.8).
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Figure 2.8 Schematic experimental setup for UV light photocatalytic device
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The reactor consists of a double jacketed glass vessel with an outer jacket made of borosilicate
glass consisting of two ports, one for sample addition and another for insertion of a condenser
to cool hot gases into liquids. While the inner jacket consists of a pyrex glass vessel, inside
which a 450 W mercury lamp (UV source) with a wavelength of 325 nm having light power of
1500 mW/cm? was placed 5 cm away from the reaction mixture. In visible light reactions, a
visible lamp having a maximum wavelength of 520 nm (High-pressure mercury lamp, 350 W)
was placed 5 cm away from the reaction mixture. For proper mixing of the reaction system, a
magnetic stirrer was placed just below the double jacketed glass vessel. Further, for maintaining
a stable temperature, a continuous flow of water was circulated throughout the outer jacket with
the help of a pump. Additionally, an exhaust fan was also placed in the wall of the reactor

chamber for constant circulation of air inside the system.

2.5 Description of water pollutants mentioned in this work
A brief description of the different water pollutants revealed in this work is discussed below:

Alizarin red S

Alizarin red S (1, 2-dihydroxy-9, 10-anthraquinone-3-sulphonate, ARS, alias Mordant Red 3,
C.1. no. 58005) is one of the anionic anthraquinone dyes considered to be a highly long-lasting
toxic type due to its complex composition of aromatic rings [37]. This dye is highly mutagenic
and carcinogenic because it is capable of inducing oxidative damages in organisms. Therefore,
considering all the ill effects of ARS on humans and the ecosystem, it is very important for the
degradation of vital to degrade this dye from wastewater before it is discharged into natural
water bodies [32,38]. The molecular structure of the ARS dye is presented in Figure 2.9.

Figure 2.9 Molecular structure of Alizarin red S dye

Congo red

Congo red (Sodium salt of 3,3"-([1,1'-biphenyl]-4,4"-diyl) bis(4-amino naphthalene-1-sulfonic
acid), Cs2H22NsNa20eS2, CR) is a highly toxic anionic dye that belongs to the direct azo group
of dye [39]. It is used in various textile industries such as printing, textile, paper, pulp and in

cosmetic manufacturing industries, and also in rubber and plastic industries. Congo red consists
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of various benzidine groups and naphthoic acid, which are carcinogenic and mutagenic [40].
Exposure to this dye affects the reproductive systems of living beings and causes allergic
reactions. Therefore, development of methods for the degradation of this dye is essential before
it enters the natural water stream [33]. The molecular structure of the CR dye is presented in
Figure 2.10.

NH, NH,
SO LaCSat e
S=0 -.S=0
7 o1
0% 0.

Figure 2.10 Molecular structure of Congo red dye

Anthracene

One of the most highly concentrated polyaromatic hydrocarbons which are found in drinking
water is anthracene (ANT). It is one of the low molecular weight tricyclic aromatic
hydrocarbons consisting of three fused benzene rings [41]. Anthracene is used as a preservative
in wood and lumber and as an insecticide for crops. During oxidation reactions, anthracene
breaks down to anthraquinone which is used as a building block for a lot of dyes. It is a very
toxic and allergenic, mutagenic, carcinogenic substance easily found in water [42]. Exposure
to anthracene can directly affect the blood, intestines, stomach, skin, and lymph system, and
cause swelling of the stomach and intestine (USEPA Archive Data, CAS no. 120-12-7) [43].
Therefore, the development of methods for the removal of anthracene, thereby preventing its
entry into our bodies is essential. The molecular structure of the anthracene is presented in

Figure 2.11.

Figure 2.11 Molecular structure of Anthracene

Phenol

Phenol (CeHsOH) is an aromatic organic compound, with a molecular weight of 94.11 g mol*
and composition of carbon (76.50%), oxygen (17.00%), and hydrogen (6.43%). It is widely
used as antiseptics, disinfectants, and as a starting material in industries to make plastics, drugs,
etc. Upon ingestion of phenol different health-related problems can arise such as metabolic
acidosis, respiratory distress, renal failure, cardiovascular effects, neurological effects, necrosis

of the skin, gastrointestinal irritation, abdominal pain, and paralysis [44]. It causes harmful side
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effects such as hyperemia, hyperplasia, bronchopneumonia, liver and kidney damage [45]. The

molecular structure of the phenol is presented in Figure 2.12.
OH

J

Figure 2.12 Molecular structure of Phenol

Pathogenic microbes Escherichia coli and Staphylococcus aureus

Escherichia coli (E. coli) is a rod-shaped gram-negative bacterium and belongs to the
Enterobacteriaceae family within the Gammaproteobacteria class [46]. Under optimal growth
conditions (Temperature 37°C, pH 4.4-9.0) it multiplies very fast, replicating in ~20 minutes.
It is found in the digestive tract of humans and also in the digestive tract of other warm-blooded
animals. It has been used as a sign of fecal contagion in food and water due to its common
occurrences in feces and water. It can infect the gastrointestinal tract, cause urinary tract
infection, neonatal meningitis, and is a leading cause of enteric infections and systemic
infections [47].

Staphylococcus aureus (S. aureus) is a coccus-shaped gram-positive bacterium with a diameter
of between 0.7 pum to 1.2 pum and a member of the family Micrococcaceae [48]. Under optimal
growth conditions (Temperature 30-37°C, pH 4.2-9.3) multiplies rapidly, replicating in ~20
minutes. It is widely distributed in the environment and human bodies, it is mostly found in
skin glands, skin, and mucous membranes of humans. It can cause a wide range of infections
in skin and soft tissues including abscesses, impetigo, carbuncles, etc.; deep-seated infections
such as pneumonia, septic shock, bacteremia, etc.; metastatic infections; toxin-mediated
diseases [49].

Therefore, the inactivation of microbes such as Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) in ambient water is also a major concern throughout the world because they

are the major causes of water-borne diseases.

2.6 Kinetic studies

Chemical Kinetic studies give information about the rate of a chemical reaction and also
corresponding catalytic mechanism. In photocatalysis, the Langmuir-Hinshelwood equation is
widely used to describe photocatalytic kinetics [50].

2.6.1 Langmuir Hinshelwood kinetic model
In the heterogeneous catalytic process, Langmuir Hinshelwood kinetic is the most widely used
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kinetic model applied during the photocatalytic degradation of organic pollutants in solution.
According to this model, the two reacting species are chemisorbed on the catalyst surface before
the reaction takes place [50]. Also, the limiting reaction rate is the rate of oxidation at a

maximum coverage of catalyst. The expression of this model is as follows:

dc _ kappc
dt 1+ K.C

(2.9)

where C = concentration of the pollutant (mg L™), ke = equilibrium constant for the adsorption
of the pollutant on the photocatalyst surface (L mg™), and kapp = apparent rate coefficient (min-
Y [51].

As the concentration of pollutant is generally very small for standard photocatalytic reactions,

keC in equation 2.9 is much lower than 1, and therefore equation 2.9 changes to:

ac
T kappC (2.10)

By integrating equation 2.10 from O to t, another form of the L-H model can be deduced:

Ci _
o= kappt (2.11)

In

where C; = initial concentration of pollutant, and C. = concentration of a pollutant at
equilibrium. Equation 2.11 is used to calculate the kapp value of different photocatalytic

reactions [52].

2.6.2 Half-life time reaction
A half-life time reaction is used to calculate the first-order kinetics reaction rate. The half
lifetime (t12) is calculated using equation 2.12.

— ln_2: 0.6931 (212)

Kapp Kapp

t1/2
where t1/ is the half-life time of reactions calculated from kapp (minute) [52].

2.7 Thermodynamic studies

Thermodynamic studies were done to understand the relationship between changes in
temperatures with respect to heat and energy. The thermodynamics parameters such as standard
entropy (AS°), enthalpy (AH®), free energy (AG°) of the pollutant photodegradation were related
to the distribution coefficient (Kq) by:

As®  AH®
and =% " & (213)
AG®° = —RT Ink, (2.14)
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where T is the absolute temperature, Kq is the distribution coefficient, R (8.314 J mol™! K1),

AH®, and AS° are obtained from the slope and intercept by plotting InKq versus 1/T [53].

2.8 Energy consumption and cost analysis
2.8.1 Electrical energy determination
In selecting an efficient wastewater treatment method several factors such as its regulations,
operation, flexibility, cost, efficient quality goals, etc. have to be considered. Although these
factors are essential, the cost involves in operating a method plays a predominant role in the
overall process. Since the photocatalytic degradation process is an electric energy-driven
process, the electrical energy consumed while running the experiment represents a major
fraction of the total operating costs [54]. Therefore, measuring the electric energy per order
(Eeo) for pollutant degradation can be a useful and informative way to calculate the expenses
during the reaction and it can be calculated as [55]:
Ego = V;%:?gi) (2.15)

where P = Input power (kW), V = Volume of pollutant solution (L), C; = Initial pollutant
concentration, C, = Final pollutant concentration, t = Irradiation time (minute).
By combining the Langmuir-Hinshelwood pseudo-first-order rate equation 2.11 with equation
2.15, the Eeo for a pseudo-first-order reaction can be written as [56]:

38.4 xP

EEO = (2.16)

VX Kapp

where K, = pseudo-first-order rate constant (min™). The above equation 2.16 was used to

app
calculate the model of electric energy per order for the pseudo-first-order batch reactor.

2.8.2 Total operating cost

Cost estimation is an important parameter to understand the efficiency of the applied method.
It can be measured by adding the total maintenance cost, operating cost, and capital cost. Since
this cost depends on the concentration and nature of the pollutant and the reactor set-up,
therefore the total operating cost involved was carried out using electric energy consumed while
running the entire photocatalytic degradation process [57].

The total operating cost and energy consumed in pollutant degradation are calculated using
the equations 2.17 and 2.18 [58]:

Energy consumed per mg of pollutant degradation (kWh) x unit cost (%) x 10°

Total operating cost = (2.17)

Pollutant degradation (mg)

Power input(kW) x Reaction time (min) (2 18)

Energy consumed per mg of pollutant degradation = 1000 x60
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2.9 Density functional theory (DFT) studies

Quantum chemical methods using the density functional theory calculation have now become
a feasible way to provide the theoretical basis for the rapid selection of highly proficient
materials, thus revealing the relationship between structures and properties of the materials.
GaussView05 suite of the program was used for building all the concerned structures which
were then optimized in the Gaussian09 software [59]. The calculations were performed using
Beck's three-parameter hybrid, the functional correlation of Lee-YangParr (B3LYP) hybrid
functional method and the 6-31G basis set [60] to produce the more stable conformation, alter
the molecular geometry, and reduce the energy of the system. Since the experiments were
performed in a water solvent medium, the geometry optimizations were done employing the
polarisable continuum model with the dielectric constant of water (€ = 80).

Further to understand the chemical reactivity and to get a better insight into the adsorption and
degradation process, quantum chemical parameters like HOMO-LUMO energy gap (H),
chemical hardness (1), chemical softness (S), chemical potential (u), electron-accepting power
(o"), electron-donating power (), electrophilicity index () and nucleophilicity index (N)

were calculated using the formulas given below:

HOMO-LUMO energy gap (H)

The energy gap of HOMO-LUMO determines the chemical reactivity of the molecule; hence a
high value of the HOMO-LUMO energy gap implies that the molecules show lower reactivity
and higher stability. The HOMO-LUMO energy gap is given by the equation 2.19 [61]:

H = Eyomo — ELumo (2.19)

where Exowmo is the energy of the highest occupied molecular orbital; E umo is the energy of

the lowest unoccupied molecular orbital.

Chemical hardness (n) and Chemical softness (S)
The stability of a molecule increases with the increase of hardness which thereby decreases its

reactivity. The chemical hardness of a molecule is given by the equation 2.20 [62]:

_ Eyomo—ELumo (2 20)
= .

The stability of a molecule increases with the decrease of softness which thereby increases its
reactivity. The chemical softness of a molecule is given by the equation 2.21:

S= % (2.21)
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Chemical potential (u)
A higher value of chemical potential indicates higher reactivity of the molecule. Chemical

potential is given by the equation 2.22 [63]:

— Erumo+t Enomo (2.22)

H 2

Electron-donating power (®’) and electron-accepting power (o)
The electron-donating power is the tendency of a molecule to donate an electron. It is given by

the equation 2.23:

- _ o

=608 (2.23)

The electron-accepting power of a molecule is the ability of a molecule to accept an electron,
and is given as [64]:

+ _ (+34)?
T 16 (I-4)

(2.24)

where A is the electron affinity of a molecule, | is the ionization potential of a molecule.
Electrophilicity index (o)

The reactivity of a molecule increases with the larger value of the electrophilicity index.
Electrophilicity index (o) is given by equation 2.25 [65]:

_w
w="1 (2.25)

If ® > 1.5eV itis astrong electrophile, 0.8 < w < 1.5 eV is moderate and o < 0.8 eV marginal
[66].

Nucleophilicity index (N)
A good, more reactive nucleophile is characterized by the lower value of » [67].

1

N=—x10 (2.26)

If a molecule has N > 3 eV it is a strong nucleophile, 2 < N < 3 eV a moderate and N < 2 eV

marginal [68].
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CHAPTER 3

PHOTOCATALYTIC DEGRADATION OF ALIZARIN RED SDYE
USING TiO2-ACTIVATED CARBON NANOCOMPOSITE!

This chapter deals with the preparation of titanium dioxide-activated carbon nanocomposite
using the hydrothermal synthesis method. The physicochemical characterization of the
nanocomposite was done by different analytical methods like SEM-EDX, XRD, XPS, FT-IR,
photoluminescence (PL), pHzrc, and UV-Visible diffuse reflectance spectroscopy (DRS). The
nanocomposite was used for the photocatalytic degradation of an anionic dye, Alizarin red S
(ARS) from an aqueous solution in the ultra-violet light region. The efficacy of the
nanocomposite in the simultaneous adsorption and degradation of ARS aqueous solution was
evaluated by varying nanocomposite dosage, contact time, ARS concentrations, and pH. The
toxicity assessment of the ARS and its photocatalytic degradation products were analyzed using
two phytotoxicity assays: root elongation and plant growth assay. The photodegradation
mechanism of ARS was studied using GC-MS analysis. Also, theoretical Density functional
theory (DFT) studies were used to understand the mechanism of formation of the
nanocomposite, and different chemical descriptors such as dipole moment, ionization energy,
chemical softness and hardness, and HOMO-LUMO energy were calculated to compare the

efficiency and reactivity of activated carbon and nanocomposite towards ARS degradation.
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3.1 Introduction®

Dye effluents generated from industries such as textile, leather, cosmetics, rubber, plastic, etc.
lead to severe water contamination and pose serious environmental hazards. The discharge of
these harmful effluents into water bodies leads to damaging effects on aquatic biota and also
on humans owing to their high toxicity, non-biodegradability, carcinogenicity, mutagenicity,
and teratogenic effects. Pollutants such as dyes are mostly non-biodegradable and thus
accumulate in sediments and surface water, impacting photosynthetic activity, thereby
ultimately inhibiting the overall development of aquatic plants and animals. Today, around 700
tons of dyestuffs are produced annually from over 1,00,000 dyes used commercially. These
dyes include basic dyes, acid dyes, direct dyes, azo dyes, mordant dyes, disperse dyes, reactive
dyes, and sulphur dyes [1]. These dyes are mostly hazardous to health and unfortunately also
have a long degradation process due to their high chemical reactivity and photostability. Among
the dyes, alizarin red S (1, 2-dihydroxy-9, 10 anthraquinone-3-sulfonate, ARS) is one of the
anthraquinone dyes considered to be a highly long-lasting toxic type due to its complex
composition of aromatic rings [2]. Therefore, considering all the ill effects of ARS on humans
and the ecosystem, it is vital to remove this dye from wastewater prior to its being discharged
into natural water bodies. Considering the existing processes for wastewater treatment, many
of the conventional physicochemical processes such as adsorption by activated carbon,
membrane filtration, ion exchange, chemical coagulation, reverse osmosis, etc. [3] that were
previously used for the removal of dyes have certain disadvantages because, during the
treatment of contaminated water, these methods simply facilitate removal of pollutants from
the liquid phase to the solid phase thus leading to the generation of more secondary wastes [4].
Hence, it is very important to develop new efficient wastewater treatment methods which have
the capacity to degrade the toxic organic compounds and in this regard, a new advanced
oxidation process using an embedded photocatalyst is presently being considered as an

alternative wastewater treatment method.

The text of this chapter has been published as:

M. Baruah, A. Supong, P. C. Bhomick, R. Karmaker, C. Pongener, D. Sinha, Batch sorption-
photodegradation of Alizarin Red S using synthesized TiO-/activated carbon nhanocomposite: an
experimental study and computer modelling, Nanotechnology for Environmental Engineering, 3
(2020) 1-13. https://doi.org/10.1007/s41204-020-00071-3.

48


https://doi.org/10.1007/s41204-020-00071-3

Chapter 3 Degradation of Alizarin red S dye

In the advanced oxidation process (AOP), photocatalysis can generate powerful hydroxyl
radicals (‘(OH) in the presence of H2O and O from the atmosphere by irradiating a photocatalyst
with light of wavelength (A < 600 nm) [5], which can reduce the photocatalyst bandgap energy.
Mechanistically, the hydroxyl radical (‘OH) reacts with the hole in the valence band and the
excited electron in the conduction band of the photocatalyst, performing a redox reaction,
thereafter degrading the organic pollutant to CO2 and H-O [6]. Photocatalysis focuses mainly
on the use of semiconductor metal oxides (TiO2, ZnO, Bi203, ZrOz, SnOy, etc.) or metal
sulphides (ZnS, CdS, PbS) for degradation of organic pollutants present in water at ambient
temperature, with the use of light as the energy source, and oxygen (O2) from the atmosphere
as an oxidant. Among the semiconductors, titanium dioxide (TiO.) is a preferred photocatalyst
due to its large photoactivity, biological and chemical inactivity, photostability, non-toxicity,
inexpensive and environment-friendly nature. However, there are some problems associated
with the use of TiO> as a photocatalyst. The agglomerative nature of TiO> nanoparticles creates
difficulties in separating it from the solution. Again, the wide bandgap energy of TiO (3.2 eV
for anatase and 3.02 eV or rutile TiO2) makes its use as a catalyst a little limited [7]. Therefore,
to resolve the agglomeration nature of nano-TiO2, some supports such as zeolites, clay, alumina,
carbon black, carbon nanofibres, and activated carbon have been used [8]. Among the different
supports, activated carbon (AC) is used commonly in water remediation processes due to its
good adsorption capacity, high surface area, inert, and suitable pore structure [9]. The added
advantage of using activated carbon is that activated carbon-supported TiO> exhibits synergism
effects based on the adsorption property of AC and the photoactivity of TiO2 [10], which
enhances its overall removal efficiency, especially for dyes. Understanding that cost-
effectiveness is a major concern in the synthesis of activated carbon, in the present work, cones
of pine (Pinus kesiya) have been used for the preparation of activated carbon due to their easy
availability, ease of collection, and commercial non-utility. The prepared pine cone activated
carbon (PAC) was thereafter impregnated with TiO2 nanoparticles via the hydrothermal
synthesis method thereby resulting in the formation of the composite.

Quantum chemical methods have now become a feasible way to provide the theoretical basis
for the rapid selection of highly proficient materials, thus revealing the relationship between
structures and properties of the activated carbon and nanocomposite materials. Many
researchers have succeeded in predicting the theoretical rationale of the reactivity and
interaction properties of nanomaterial-based on quantum chemical methods. Some theoretical

studies had also been reported in the literature, for example, Blantocas et al. [11] had used the
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Gaussian 09W program to calculate the reactivity of pure Chitosan and Chitosan-TiO> substrate
by using different molecular properties, while Souza et al. [12] used DFT based descriptors to
study the molecular chemical reactivity of basic dye with activated carbon. Ullah et al. [13]
presented a systematic investigation on the optical, electronic structure, surface interaction,
electronegativity, and surface transfer mechanism between polypyrrole TiO2 nanocomposite.
Therefore, taking into account the accuracy and simplicity of quantum chemical methods in
describing the reactivity and interactive properties of nanocomposite materials, the present
study attempted to theoretically understand the reactivity of PAC and nanocomposite towards
ARS degradation by using DFT calculations.

This piece of work presents an effort to develop a new nanocomposite material using pine cone
based activated carbon (PAC) and titanium dioxide nanoparticles (TiO2-NP) to be used as
photocatalyst for degradation of organic dyes, and the methodology was tested on an anionic
dye namely alizarin red S. In a novel attempt, theoretical studies involving the DFT method
was used to supplement the experimental results on the study of the reactivity of PAC and
nanocomposite towards ARS dye degradation using water as the solvent medium. The end
product of the TiO>-NP/PAC nanocomposite left after the mineralization of the ARS dye was
utilized for the phytotoxicity analysis to investigate the toxicity effect of the ARS
photodegraded products on different plants. The typical mechanism for the photodegradation

of alizarin red S dye using TiO2-NP/PAC nanocomposite is shown in Figure 3.1.
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Figure 3.1 Schematic illustration of photodegradation of alizarin red S dye using TiO,-NP/PAC
nanocomposite
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3.2 Materials and methods
3.2.1 Materials

Titanium tetrachloride (TiCls, 99.90%) and alizarin red S (ARS) used in the current study were
obtained from Sigma-Aldrich. Co., India. Sulphuric acid (98%), hydrochloric acid (37%),
ammonia (30%), sodium hydroxide (99%), silver nitrate, and zinc chloride (96%) were obtained
from Merck India Ltd., India, and all the chemicals have been used as supplied without further

purification.

3.2.2 Synthesis of TiO2 supported on activated carbon (TiO2-NP/PAC) nanocomposite

For the synthesis of TiO2-NP/PAC nanocomposite, TiO, nanoparticles and activated carbon
were used as starting materials. Activated carbon was synthesized using bio-waste pine cones
and TiO2 nanoparticles using the sol-gel method. The synthetic route for the preparation of

activated carbon, TiO2 nanoparticles, and TiO2-NP/PAC nanocomposite are discussed below:

3.2.2.1 Activated carbon preparation

The supporting material, activated carbons are synthesized using the chemical activation
method, as it is the most versatile method for the synthesis of highly porous and high surface
area carbon. For the preparation of activated carbon locally available pine cones (Pinus kesiya)
are used as the raw material. At first, pine cones were collected and washed properly with
double distilled water for the removal of any adhered impurities. The washed cones were oven-
dried at 100°C for 24 hours so that the sample becomes completely dry. The dried sample was
then crushed into a fine powder using a planetary ball mill. 5.0 g of this powder sample was
then mixed with 100 ml ZnCl> solution containing 10.0 g of ZnCl> and agitated at 80°C for 4
hours. The as-obtained mixture was pyrolyzed in a muffle furnace at 500°C for 90 minutes. The
activated sample was then washed with 0.1M HCI and 0.1M NaOH to make the residual
solution pH neutral and dried at 110°C [14].

3.2.2.2 Sol-gel method of TiOz2 synthesis

For the synthesis of TiO. nanoparticles by sol-gel method, 1 ml TiCls was gradually added to
dilute sulphuric acid (10%) solution while vigorously stirring at 0°C in an ice-water bath. After
30 minutes of stirring, a grey-colored solution was formed after which the solution became
clear upon subsequent heating at 65°C. The solution was then cooled to room temperature and
then heated for 60 minutes at 110°C. Later, concentrated ammonia solution (NH3.H.O) was
added dropwise until the pH reached 7. The as-prepared solution was cooled at room

temperature and gelled for 12 hours. The gelled TiO> solution was filtered out and washed with
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double distilled water until there were no white sediments with 0.1 M AgNOs solution which
indicates that the chloride ion from TiCls is completely removed from the solution. It was then
dried at room temperature and was further calcinated at 500°C for 1 hour to produce the anatase

form of TiO2 [15]. The reaction steps associated with the synthesis of TiO> are shown below:

TiCl, 10% H,SO,
I |

Ice water bath

Ti0SO, solution

NH,.H,0

Precipitation

Washing Calcination

Ti0, nanocrystals

Figure 3.2 Different reaction steps associated with the synthesis of TiO;

3.2.2.3 TiO2 supported on activated carbon (TiO2-NP/PAC) nanocomposite synthesis

For the synthesis of TiO2-NP/PAC nanocomposite, 0.3 g of TiO2 nanoparticle was mixed with
20 ml double distilled water while the solution was simultaneously stirred for 20 minutes at
room temperature. Afterward, 0.3 g of the prepared PAC was decanted slowly into the TiO>
solution and was sonicated for one hour. The TiO.-NP/PAC nanocomposite was then
transferred into a Teflon-lined autoclave at 150°C in an oven for 24 hours. Once the
hydrothermal process was completed, the solution was washed with double distilled water
multiple times, centrifuged, and dried in an oven at 65°C overnight [16].

3.2.3 Characterization of TiO2-NP/PAC nanocomposite

Different analytical techniques were used for the characterization of the TiO>-NP/PAC
nanocomposite. The powder X-ray diffraction (XRD) spectrum of the TiO>-NP/PAC was
attained using a Philips Xpert PRO diffractometer (Model: Rigaku-Ultima IV Japan) using
monochromatic CuKg X-ray radiation at 40 mA at 40 kV. The surface morphology and surface

texture of the TiO>-NP/PAC nanocomposite were analyzed using Scanning Electron
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Microscopy (SEM) (Model: Zeiss, Gemini, Sigma-300), together with energy-dispersive X-ray
spectroscopy (EDX) analysis for investigating elemental composition. The elemental
composition and valence states of the TiO2-NP/PAC nanocomposite was studied using X-ray
photoelectron spectroscopy (XPS) (Model: ESCALAB Xi+, Made: Thermo Fisher Scientific).
The functional groups present on the nanocomposite were identified using Fourier transform
Infra-red (FT-IR) spectrometer (Model: Spectrum Two, Made: Perkin Elmer).
Photoluminescence studies were investigated using Horiba Fluoromax-4CP spectrofluorometer
equipped with a 150 W Xenon Lamp. UV/Vis diffuse reflectance spectrophotometer (Shimadzu
UV-2600) in the range of 200-600 nm was used to understand the bandgap of TiO>-NP/PAC
nanocomposite. The residual dye concentration was measured using Perkin Elmer UV/Vis A-
365 spectrophotometer. The zero-point charge of the prepared TiO2-NP/PAC nanocomposite

was determined using the batch equilibrium method as described in Chapter 2 section 2.3.

3.2.4 Photocatalysis

The ultra-violet light-assisted photocatalytic degradation of ARS was performed in a specially
designed photocatalytic reactor consisting of a black box (dimensions: 63x44x44cm). For this
study, a 250 ml Pyrex glass vessel containing 150 ml of ARS solution was placed and an amount
of TiO2-NP/PAC nanocomposite was mixed with the solution at the bottom of the reactor. A
450 W mercury ultra-violet lamp with a wavelength of 325 nm having light power of 1500
mW/cm? was located at the top of the reactor; 10 cm away from the reaction solution. The detail

about the photocatalytic reactor is described in Chapter 2 section 2.4.2.

Photocatalytic degradation experiment

The photocatalytic process was accomplished by maintaining a continuous temperature of 25°C
using a continuous flow of water throughout the reaction system. At first, 1000 ppm stock
solution of ARS was prepared by dissolving 1000 mg of ARS powder. To undergo
photocatalytic reactions, the calculated amount of TiO>-NP/PAC nanocomposite was first
dispersed in a 150 ml aqueous solution of ARS of various strengths (20 ppm, 60 ppm, and 100
ppm) by a vigorous stirring of the reaction mixture in dark conditions up to 30 minutes to
establish adsorption-desorption equilibrium within the reaction system before UV irradiation.

The ARS degradation percentage was calculated using equation 3.1.

Ci—Ce

Degradation % = X 100 (3.2)

L

where Ci is the initial ARS concentration (ppm), Ce is the ARS concentration in the solution at

equilibrium (ppm).
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3.2.5 Phytotoxicity assessment

It is essential to estimate the effect of toxicity of the dye solution before and after degradation
since the effluents are mainly discharged in the natural streams, and rivers are largely used in
the agricultural field [17,18]. The toxicity assessment of the ARS and its photocatalytic
degradation products were analyzed using two phytotoxicity assays: root elongation and plant
growth assay. For this study, seeds of Cicer arietinum, Solanum lycopersicum, Pisum sativum,
Vigna radiata were collected from the local market. The experiments were conducted by
feeding the seeds of each plant with ARS and also with the photodegraded products of ARS
(referred as ARS extract). A control experiment was conducted by splashing the seeds with
distilled water.

For this experiment, twelve plastic pots each containing 20 g of properly washed and dried sand
were used to sow the seeds of the plant. The pots were divided into three sets of four pots each
namely S1, S2, and S3. Each pot in the set was sowed with ten seeds each of Cicer arietinum
(labeled as PC), Solanum lycopersicum (labeled as PS), Pisum sativum (labeled as PP), and
Vigna radiata (labeled as PV), respectively. Subsequently, 5 ml of 500 ppm ARS was added to
S1, 5 ml of 500 ppm ARS extract to S2, and 5 ml of distilled water to S3 for every 12 h at
ambient temperature.

The phytotoxicity assay was examined on the basis of germination percentage, shoot, and root
length. The germination percentage, the length of the shoot, and the root were measured after
15 days.

The seeds germination percentage was calculated according to the equation given shown below
[19]:

Seeds germinated

Germination % = x 100 3.2)

Total seeds

3.2.6 Computational studies

A computational study using DFT calculations was conducted to understand the chemical
reactivity and to get a better insight into the adsorption and degradation process of TiO»-
NP/PAC nanocomposite. GaussView 05 suite of the program was employed to build all the
concerned structures. Optimization was performed on Gaussian09 software at basis set 6-31g
level and B3LYP hybrid functional in a dielectric medium of € = 80 (corresponding to water).
The different quantum chemical parameters like HOMO-LUMO energy gap (H), chemical
hardness (1)), chemical softness (S), chemical potential (u), electron-accepting power (o"),
electron-donating power (o), electrophilicity index (w), and nucleophilicity index (N) were

calculated using equations 2.19-2.26 as described in Chapter 2.
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For the calculation of adsorption energies of alizarin red S (ARS) on the TiO2 and TiO»-

NP/PAC nanocomposite, the following equation was used [20]:
AEadsorp = Exy - (Ex +Ey) (33)

where AEadsorp = adsorption energy of ARS on the TiO2 and TiO2-NP/PAC nanocomposite, Exy
= total energy of the TiO2-ARS and TiO>-NP/PAC-ARS nanocomposite in an equilibrium state,
Ex = energy of the TiO, and TiO>-NP/PAC nanocomposite, and Ey = energy of the ARS

molecule.

3.3 Results and discussion

3.3.1 Characterization of TiO2-NP/PAC nanocomposite

(a) XRD analysis

X-ray diffraction phase patterns of the TiO2 and TiO2-NP/PAC nanocomposite powder are
shown in Figure 3.3. The appearance of XRD peaks at 20 =25.32°, 37.80°, 48.10°, 55.10° and
62.36° corresponds to (10 1), (004), (200), (105), and (2 0 4) planes which confirmed the
formation of pure nanocrystalline anatase phase of TiO, [JCPDS card No. 21-1272]. Even in
the case of TiO>-NP/PAC nanocomposite, the presence of these peaks confirmed that the
presence of crystalline structure of TiO; in the carbon matrix along with XRD pattern at ~23°
and ~43°, corresponding to (0 0 2) and (1 0 0) plane, confirming the presence of graphite-like
microcrystalline structure of activated carbon [21]. The average size of the TiO2-NP/PAC

nanocomposite calculated using the Debye-Scherer equation [22] was found to be 2.35 nm.
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Figure 3.3 X-ray Diffractogram of TiO>-NP/PAC nanocomposite

(b) SEM/EDX analysis

The surface morphologies of the synthesized TiO2 and TiO>-NP/PAC nanocomposite were
characterized by SEM and their micrographs are shown in Figure 3.4 (a) and (b). The SEM
image of TiO2 shows particle agglomeration with spherical particles varying in size from 6-100
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nm. However, after the impregnation process using activated carbon as the substrate, it was
observed that the TiO> are placed inside the PAC pores and on the surface of the adsorbent.
This hinders the agglomeration of TiO2 nanoparticles which aids in an efficient photocatalytic

process.
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Figure 3.4 SEM images of (a) TiO. nanoparticles and (b) TiO,-NP/PAC nanocomposite

The elemental compositions of the prepared TiO.-NP/PAC nanocomposite were further

investigated by employing EDX (Figure 3.5).
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Figure 3.5 EDX spectra of TiO,-NP/PAC nanocomposite

The EDX graph revealed that the prepared TiO2-NP/PAC nanocomposite has a carbon content
of 78.27%, oxygen of 12.18%, and Ti of 9.55%. In the EDX graph, the presence of C, O, and
Ti peaks is due to the use of carbon and TiCls while preparing the TiO2-NP/PAC
nanocomposite.

(c) XPS analysis
To study the chemical composition and elemental states of the TiO>-NP/PAC nanocomposite,
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X-ray photoelectron spectroscopy (XPS) analysis was executed and are shown in Figure 3.6.
The full scan XPS spectra of the nanocomposite (Figure 3.6 (a)) indicates the presence of
elements such as Ti, O, and C at their corresponding chemical states. The detail XPS core level
spectra of Ti 2p, and C 1s, and O 1s for TiO2-NP/PAC nanocomposite are shown in Figure 3.6
(b), 3.6 (c), 3.6 (d), respectively. The core level spectrum of Ti 2p displayed two peaks: the first
major one at 459.4 eV corresponds to the binding energy of Ti 2p;, state and the second one
at 465.12 eV refers to the binding energy of Ti 2p, /, state [23]. The XPS spectrum of C 1s
showed a strong peak at 284.83 eV, and it deconvoluted into 284.77, 285.58, and 288.68 eV,
which are attributed to the C=C bonds, C-OH, and C=0 bonds activated carbon [24]. The XPS
spectrum of O 1s showed a strong peak at 531.58 eV, it deconvoluted into three peaks at 531.33,
533.36, and 533.47 eV, which were ascribed to the surface oxygen species of hydroxyl groups,
lattice oxygen of TiO., and oxygen vacancies, respectively [25]. Thus, the XPS results confirm

the formation the TiO.-NP/PAC nanocomposite.
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Figure 3.6 XPS spectra of TiO,-NP/PAC nanocomposite: (a) survey, (b) Ti 2p, (c) C 1s, and (d) O 1s
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(d) FT-IR analysis
FT-IR spectra of TiO.-NP/PAC nanocomposite showed the presence of 833.96, 715.32, and
505.68 cm™ peaks corresponding to Ti-O-C and Ti-O stretching vibrations, which confirmed

the formation of bonds between TiO> and carbon material (Figure 3.7) [26].
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Figure 3.7 FT-IR spectra of TiO,-NP/PAC nanocomposite

(d) UV-Vis DRS analysis

UV-Vis DRS measurements were done in the range of 200-600 nm and the spectra are presented
in Figure 3.8 (a) and (b). The TiO2>-NP/PAC nanocomposite showed a hump having an
absorption edge at ~230 nm which lies in the UV range.

The optical bandgap energy of the TiO>-NP/PAC nanocomposite was followed by classical

Tauc’s equation given below [27]:
ahv = K (hv-Eg)" (3.4)

where Eg represents the optical bandgap, v is the photon energy, K is a constant, and n depends
on the nature of the transition. In fact, n assumes a value of 1/2, 3/2, 2, and 3 for direct allowed,
direct forbidden, indirect allowed, and indirect forbidden transitions respectively. In the case of
TiO2-NP/PAC nanocomposite, the best fit of (ahv)? versus hv was attained for n = 1/2, which
signifies a direct allowed transition across the bandgap energy. The absorption bandgap energy
equivalent to Eg = 3.2 eV was observed for the TiO>-NP/PAC nanocomposite, satisfying the
bandgap energy of the anatase phase of TiOx.
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Figure 3.8 (a) UV-visible DRS spectra and (b) Tauc’s plot for calculating bandgap of TiO,-NP/PAC
nanocomposite

(e) PL analysis

Photoluminescence (PL) was applied to determine the fate of photogenerated species. When a
photocatalyst is irradiated by a photon, an electron and a hole are produced on the surface of
the catalyst and the produced electron-hole pair can recombine by emission of photons resulting
in a photoluminescence effect [28]. Therefore, the lower the PL intensity lower is the
recombination rate of electron-hole pairs and the higher will be the photocatalytic activity of
the photocatalyst [29]. The PL spectrum in Figure 3.9 shows that the peak intensity of TiO;
nanoparticles was high hence the recombination of electron-hole pairs was more. The lower
peak intensity of TiO2-NP/PAC signifies that the recombination of electron-hole was lesser;
hence, the photocatalytic reaction was expected to be more effective. Hence, the presence of
PAC as support for TiO> decreases the electron-hole recombination by increasing the lifetime

of the charge carrier and thus improves the photocatalytic activity.
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Figure 3.9 Photoluminescence spectra of TiO,, and TiO.-NP/PAC nanocomposite
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(F) pHzpc analysis

For zero-point charge pH (pHzpc) measurement, the pH of 0.1 M NaNOs (50 ml) was adjusted
to a value between 2 to 10 by adding either 0.1M HCI or 0.1 M NaOH solutions. The pH of
each solution was recorded as the initial pH (pHinitiar). Then 0.1 g of TiO2>-NP/PAC composite
was added and stirred for 24 hours in a rotary shaker at room temperature. The final pH of each
solution was recorded and a graph of initial pH versus final pH was plotted and is given in

Figure 3.10. The zero-point charge pH (pHzpc) of the nanocomposite was found to be 6.45.
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Figure 3.10 Zero-point charge plot for TiO>-NP/PAC nanocomposite

3.3.2 Photocatalytic reactions

Prior to photocatalysis, the adsorption efficiency of the nanocomposite was first determined by
Batch mode adsorption study, and the optimum adsorption parameters such as adsorption dose,
pH, initial concentration of ARS, and contact time were determined.

The adsorption behavior of the TiO.-NP/PAC nanocomposite was studied by stirring 150 ml of
the reaction mixture in a magnetic stirrer for 30 minutes in a dark condition. Once the dye
concentration became constant, that concentration was taken as the initial concentration for all
the photocatalytic reactions, thus ensuring that the adsorption of dye, due to the nanocomposite
material does not interfere in the analysis of the overall photocatalytic degradation process.
After reaching the adsorption-desorption equilibrium, the solution mixture was irradiated with
UV light and after every 10 minutes time period, 3.5 ml of aliquots were taken out and
centrifuged at 3500 rpm. Later, the final concentration of ARS was analysed at Amax of 424 nm
ina UV/Vis spectrophotometer. The absorbance of aliquots at different time intervals decreased
from 1.0 to almost zero after 80 minutes of UV exposure, indicating a complete degradation of
the dye. Furthermore, the solution color also changes from initial deep red color to a nearly
transparent which also supplements the degradation of the ARS dye (Figure 3.11).
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Alizarin red S Product after Degradation

: N
| = ~—F
Figure 3.11 Snapshot showing aqueous deep red color ARS and the colorless end products obtained
after degradation by TiO,-NP/PAC nanocomposite
(a) Effects of TiO2-NP/PAC nanocomposite amount
The effect of TiO2-NP/PAC loading on decolorization of ARS dye solution was studied by
varying the nanocomposite dosages ranging from 0.01-0.09 g at different ARS concentrations
and degradation percentage vs. adsorbent doses was plotted (Figure 3.12). The degradation
efficiency was found to increase with the increase of dosages of TiO-NP/PAC until an amount
of 0.05 g. This increase in degradation percentage can be attributed to the addition of PAC
which increases the available surface area of the nanocomposite, resulting in more ARS
molecules gathering around TiO2-NP/PAC nanocomposite and also results in the generation of
more photo-generated electron-hole pairs at the active sites of the nanocomposite [30]. On
further increasing the dosages above 0.05 g, the photocatalytic degradation of ARS was
decreased, which might probably be because of the adverse scattering of ultra-violet light
through the reaction mixture which results in the decreasing of ultra-violet light penetration into
the reaction mixture [31]. Thus 0.05 g of the photocatalyst was considered as the optimum dose

for ARS degradation for further experiments.
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Figure 3.12 Effect of nanocomposite loading in the degradation of ARS solution
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(b) Effects of pH

To understand the effect of pH, a study on the degradation of ARS was conducted using 0.05 g
of TiO2-NP/PAC in 150 ml of dye solution (20 ppm) within the pH range of 2.0-11.0 by addition
of either HCI or NaOH (0.1 M). It was observed that the degradation of the dye solution was
more at lower pH (acidic condition) and less at higher pH (basic condition) (Figure 3.13). The
zero-point charge (pHzpc) of the composite was found to be 6.45. It was seen that below this
pHzpc, the surface of the composite behaves as acidic, and above its pHzpc, it behaves as basic
[14]. Hence, in an acidic medium, the H" ions on the surface of the nanocomposite increase (pH
< pHzpc) which attracts the negatively charged molecule of ARS resulting in the increased
degradation of the ARS. However, in a basic medium, the availability of OH" anion on the
surface of the nanocomposite increases (pH > pHzpc) leading to electrostatic repulsion between
the negatively charged surface of the nanocomposite and the anionic ARS, thereby decreasing
the degradation efficiency of ARS [27].
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Figure 3.13 Effect of initial pH in the degradation of ARS solution

(c) Effects of initial dye concentration

The photocatalytic degradation of ARS was accomplished at pH = 2 with 0.05 g of TiO3-
NP/PAC nanocomposite and 150 ml of different ARS concentrations of 20 ppm, 60 ppm, and
100 ppm at 25°C. The effect of initial dye concentration on the photocatalytic degradation of
ARS is shown in Figure 3.14. Around 99.10% degradation of ARS was achieved with a 20 ppm
ARS solution. For the 60 ppm and 100 ppm concentrations of ARS, the degradation percentage
was decreased to 88% and 75%, respectively. A decrease in the degradation percentage with
increasing dye concentration might be due to the inhibition of direct connection between the
holes, hydroxyl radicals, and superoxide radicals generated as a result of photolysis on the TiO»-

NP/PAC nanocomposite surface [32]. A higher concentration of dye functions as an inner filter
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and pushes the light particles away from the photocatalyst [33]. After the adsorption process,
the dye molecules are adsorbed on the surface of the photocatalyst thus blocking the active

surface sites on the photocatalyst [34].
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Figure 3.14 Effect of initial dye concentration on the photocatalytic degradation of ARS solution

3.3.3 Kinetic studies

The kinetics of ARS photodegradation was evaluated using the Langmuir-Hinshelwood model
(L-H) [26]. The kinetic studies were accomplished under the optimum condition of 20 ppm dye
solutions (150 ml), pH 2, and 0.05 g of TiO2-NP/PAC nanocomposite. The pseudo-first-order
kinetics and the half-life time for ARS were determined using equations 3.5 and 3.6.

In (g—) = Kappt (3.5)

1
t1/2 = n—z (3.6)

Kapp

where C; is the initial concentration of the ARS, Ce is the concentration at time t, Kapp is the
apparent rate constant, and ti2 is the half-life time.

A plot of In (Co/Ce) vs. irradiation time was plotted to understand the process of photocatalytic
degradation of ARS by TiO.-NP/PAC nanocomposite. From Figure 3.15, it can be seen that the
plot of In (Co/Ce) vs. irradiation time is close to linearity, signifying that ARS degradation
follows pseudo-first-order kinetic model. The Kapp Was calculated to be 0.02372 min and the
half-life time for ARS was found to be 29.3 minutes. The pseudo-first-order signifies that the
photocatalytic degradation is primarily dependent on light intensity [35] and the photoactivity
of TiO2-NP/PAC nanocomposite is enhanced under UV light.
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Figure 3.15 Pseudo first-order model of ARS photodegradation onto the TiO,-NP/PAC nanocomposite

3.3.4 Thermodynamic studies
For this study, the standard enthalpy (AH®), entropy (AS°), and free energy (AG°) were
calculated using the Van’t Hoff equation [36].

AS© AH®
InK, =—— — (3.7)
AG° = —RT Ink, (3.8)

where R is the universal gas constant, T is the absolute temperature, Kc is the distribution
coefficient. The values of AH® and AS® were obtained from the slope and intercept of the InKg4
versus 1/T plot (Figure 3.16).
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Figure 3.16 InKg as a function of /T (ARS = 20 ppm, pH 2, catalyst dose = 0.05 g, and irradiation
time = 80 minutes)

Table 3.1 represents the thermodynamic parameters at various temperatures. The negative value
of AS° (-0.24) and AH® (-85.73) indicates that the ARS degradation is an exothermic and
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spontaneous process. The bending of the curve is explained due to the saturation of

photocatalytic sites in the nanocomposite and the competitive hydrogen evolution [37].

Table 3.1 Values of various thermodynamics parameters for the degradation of ARS using TiO--
NP/PAC

Thermodynamic parameters
T (K) AG?° (kJ mol?) AH° (kJ mol?) AS° (kJ mol*K)
298 -12.61
308 -10.16
318 -7.70 -85.73 -0.24
328 -5.25

3.3.5 Effect of interfering ions on ARS photocatalytic degradation

The main reactive species that drive a photocatalytic reaction are mainly hydroxyl radical ((OH),
superoxide radical (O2"), electron (¢7), and holes (h*). To determine the effect of these reactive
species in photocatalytic degradation process, different interfering ions were added to the
reaction solution before running the ARS degradation process. In this study, 20 ppm of the
scavenger was added to the ARS solution at optimum operating conditions. The percent
degradation of the ARS as a function of different interfering ions is presented in Figure 3.17.
From the figure it can be seen that the degradation decreases from 99.10% to 52.0% (Glycine),
75.5% (EDTA), 61.0% (CuS0.), 79.0% (NaNQ3), 71.0% (ZnCly), 72.5% (NaCl), 61.0% (Cd
(NOs)2), 82.0% (oxalic acid). A significant decrease of ARS degradation was observed in
presence of glycine as it can scavenge hydroxyl (‘OH) ions [34]. The presence of nitrate ion in

Cd(NO3)2 also decreases the ARS degradation as it absorbs in the UV and visible light region
[38]. Chloride ions present in both ZnCl, and NaCl can scavenge both the *OH radical and hole,

hence these present also decreases the degradation of ARS [39]. The presence of EDTA in the
solution act as a hole scavenger, SO4% ion in CuSOys as an electron scavenger [40]. However,
the presence of other interfering ions (oxalic acid, NaNOs3) has reduced the effects of the
photocatalytic degradation process as they act as hole interfering ions [41]. From this result, it
can observe that the photocatalytic degradation of ARS in the presence of interfering ions
follows the order:

Oxalic acid < NaNO3z < EDTA < NaCl < ZnCl; < Cd (NOgz)2 < CuSOa4 < Glycine.
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Figure 3.17 Photocatalytic degradation of ARS in the presence of interfering ions using TiO.-NP/PAC
nanocomposite

3.3.6 Catalyst reusability and photostability

The reusability of the TiO>-NP/PAC nanocomposite for the photocatalytic degradation of ARS
dye was carried out for five cycles of usages (Figure 3.18). In the first cycle, 99.1% of ARS
degradation was observed. Thereafter, it degraded to 92.5%, 89%, 85%, and 82% in the
respective cycles. These results indicate that TiO>-NP/PAC nanocomposite is an excellent
photocatalyst that can be used and reused several times in the photocatalytic degradation

process.
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Figure 3.18 ARS degradation efficiency of TiO,-NP/PAC nanocomposite up to five cycles

In order to understand whether any structural changes occurred after repeated reuse of the
nanocomposite, infra-red (IR) spectra of the fresh nanocomposite were compared with the
reused nanocomposite. From Figure 3.19, it can be perceived that all the specific peaks of the

nanocomposite were present and remained in the same position for the used nanocomposite.
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This confirms the fact that no structural change happened to the TiO>-NP/PAC nanocomposite

even after reusing for the fifth time also.
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Figure 3.19 FT-IR spectra of TiO.-NP/PAC before and after ARS degradation

3.3.7 GC-MS analysis
The identification of end-products of the ARS photodegradation was confirmed through GC-

MS analysis and the result is presented in Figure 3.20.
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Figure 3.20 Mass spectra of degradation products of ARS aqueous solution

The major degraded products obtained were o-hydroxy sulfonic acid at m/z = 174, phthalic acid
at m/z = 165, salicylic acid at m/z = 138, catechol at m/z = 110, and cyclo 3,5-hexadiene 1,2-
dienone at m/z = 108. The probable mechanism for degradation is reflected in Figure 3.21. ARS
is initially degraded by an attack of hydroxyl radicals produced in the reaction medium
generating three different fragments o-hydroxy sulfonic acid, phthalic acid, and salicylic acid.

These further oxidize to form catechol and ring-opening of catechol resulted in the formation
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of smaller products like cyclo 3,5-hexadiene 1,2-dienone, carbon dioxide (m/z = 44), and water,
etc [42].

' OH
OH
O‘O S' ’'Na*

Alizarin Red S

COOH OH SO3H
o O O

Phthalic acid Salicylic acid o-Hydroxy sulfonic acid

L,

0
q —» CO, + H,0 + SO2
0

Cyclo 3, 5-hexadiene 1, 2-dienone
Figure 3.21 Proposed degradation pathway for the degradation of ARS over TiO,-NP/PAC

nanocomposite [43]

3.3.8 Mechanism for photodegradation

When a photocatalyst is illuminated by a source of light having energy equal to or higher than
the bandgap energy of the photocatalyst, holes (h*), and electrons (e*) are formed on the catalyst
surface. These photogenerated electrons (ecg) Species react with the oxygen molecules
adsorbed on the catalyst surface to form superoxide anion radicals (-:O2’). The photogenerated
hole (h{g) in the VB of semiconductors can cause dissociation of water molecules in the
aqueous solution, generating highly reactive hydroxyl radicals ((OH). The -OH radicals and ‘O,
radicals interact with the adsorbed ARS molecule to degrade it to smaller products like cyclo
3,5-hexadiene 1,2-dienone, carbon dioxide, and water. The processes involved in the

degradation of ARS are given below:
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TiO, + hv—> e + h* (3.9)

HO0  + n* OH + H* (3.10)
OH" + h* ‘OH (3.11)
e + 0O, 0y (3.12)

ARS molecules + -OH cyclo 3,5-hexadiene 1,2-dienone + CO, + H,O  (3.13)

3.3.9 Toxicity assessment of ARS and its effluent after degradation

The phytotoxicity of the plants was measured based on seed germination percentage, length of
roots, and shoots, as these are all sensitive to the presence of phytotoxic compounds. The
phytotoxicity of the photodegraded products of ARS, ARS extract, and distilled water was
analyzed against Cicer arietinum (Gram), Solanum lycopersicum (Tomato), Pisum sativum

(Garden pea), Vigna radiata (mung bean) seeds after 15 days. Figure 3.22 shows the growth

of the seeds after 15 days of treatment with ARS, ARS extract, and distilled water.

Figure 3.22 Growth of the Cicer arietinum (Gram), Solanum lycopersicum (Tomato), Pisum sativum
(Garden pea), Vigna radiate (Mung bean) seeds on treatment with (a) ARS, (b) ARS extract,
and (c) Distilled H,0O
Table 3.2 represents the results obtained from phytotoxic studies. In root elongation assay, ARS
(500 ppm) significantly reduced the growth of all the plants as compared to distilled water and
seeds treated with ARS extract. The length of shoots and roots were reduced with ARS
treatment in all four plants whereas the shoots and roots lengths showed considerable growth
in both distilled water and ARS extract. There was no growth in the plant's Solanum
lycopersicum and Vigna radiate after the treatment of ARS (500 ppm). Other authors have also
reported similar phytotoxic studies of plants against crystal violet and alizarin red S dye and
their photodegraded products and they found that plants showed more sensitivity towards the
dye while the products obtained after the decolorization of dye have less inhibitory effects
[44,45].
Analysis of Variance (ANOVA) using the Tukey-Kramer multiple comparison test was applied
to analyze the differences in shoot and root elongation of the four plants challenged with
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distilled water, ARS, ARS extract. The statistical analyses were carried out using Microsoft

excel 2010 and data were compared at the significance level (P < 0.05, 0.01).

Table 3.2 Phytotoxicity of ARS and metabolites formed after its degradation

Cicer arietinum Solanum Pisum sativum Vigna radiata
Obser- lycopersicum
vation | P1-C P2-C | P3-C P1-S |P | P3- |P1-P | P2-P | P3-P P1- | P | P3-V
2-|S \% 2-
S \%
Germi-
nation | 40 20 50 20 0 |25 [334 |266 |334 36.6|0 | 366
(%)
Shoot | 3.90 0.80 | 3.77 242 |0 | 090|240 |0.61 |3.32 291 (0 | 295
length | £0.04* | 0.5 | £0.07* | £3.49 0. | £1.04 | £0.50 | £0.39* | +0. | 0 | +0.76*
(Cm) * 6 *% * 45* *
*
Root 2.82 090 | 259 282 |0 | 095|172 |0.88 |1.82 24910 | 161
length | £1.12* | £0.18 | £1.17* | +3.09 | 0 | 0. | £1.73 | +0.45 | £1.89* | +0. |0 | #1.76*
(cm) * 2 *% * 87* *
*

P1: seeds treated with distilled water, P2: seeds treated with ARS (500 ppm), P3: Seeds treated with end
products of ARS degradation (500 ppm), (P = alpha value, *P < 0.05, **P < 0.01), Values of the shoot and
root length were mean of three experiments (Standard error of the mean, ).

From the ANOVA, seeds of Cicer arietinum, Pisum sativum, and Vigna radiata treated with
distilled water, and with end products of ARS emerged significance at the 0.05 and 0.01
probability level. The maximum value of germination percentage was recorded in P3-C (50%),
P1-C (40%), P3-V (36.6%), and P1-V (36.6). Results suggested that the end products of ARS
after degradation showed a good germination rate and, significant root and shoot growth for all
four plants as compared to ARS. This study validates the less toxic nature of end products ARS

as compared to the ARS effluents.

3.3.10 Energy consumption and cost analysis
(a) Electrical energy determination

The electrical energy consumed in running the experiments is one of the major factors to

determine the total operating cost involved in the photocatalytic degradation process. Therefore,

measuring the electric energy per order (Eeo) for ARS degradation can be a useful and

informative way to calculate the expenses during the reaction and it can be calculated as [46]:
Egp = V:’%z;’gz} (3.14)

where P = Input power (kW), V = Volume of pollutant solution (L), C; = Initial pollutant

concentration, C, = Final pollutant concentration, t = Irradiation time (minute).
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By combining the Langmuir-Hinshelwood pseudo-first-order rate equation 3.5 with equation

2.15, the Ego for a pseudo-first-order reaction can be written as [47]:

(3.15)

where K,p, = pseudo-first-order rate constant (min). The above equation 3.15 was used to
calculate the model of electric energy per order for the pseudo-first-order batch reactor.

In Table 3.3 the calculated Eeo (experimental) and Eeo (model) values for ARS degradation
were represented and it can be seen that the electrical energy consumption was more for higher
ARS concentration which could be due to the absorption of ultra-violet light at higher
concentrations [48]. This increase in electrical energy consumption is also associated with the
fact that the degradation rate will be low when the ARS concentration is high in wastewater. In
addition, the experimental Eeo value accurately coincides with the kinetic model Eeo value

which confirms that the photocatalytic degradation of ARS follows pseudo-first-order rate

kinetics.
Table 3.3 Effect of ARS concentration on electrical energy consumption
Experimental conditions Apparent rate R? Eeo Eeo

Initial TiO2-NP/PAC | pH Constant experimental model
Conc. Conc. (Kapp) (kWh m3order?) | (kWh m2order?)
(Ppm) (LY (min)

20 0.05 2 0.0237 0.99 2607.02 6475.54

60 0.05 2 0.0229 0.98 5791.94 6701.57

100 0.05 2 0.0219 0.95 8858.47 6988.17

(b) Total Operating Cost

The total operating cost involved in running an experiment is an important aspect of choosing
a wastewater treatment method. In the photocatalytic degradation process, the operating cost
involved mainly depends on the design of the photocatalytic device, the concentration of
pollutants, and the nanocomposite amount [49]. The total operating cost and energy consumed

in the ARS degradation were calculated using the following equations [48]:

. Energy consumed per mg of ARS degradation (kWh) X unit cost (%) x 108
Total operatlng cost =

ARS degradation (mg) (3'16)

Poer input(kW) X Reaction time (min)
1000 x60

Energy consumed per mg of ARS degradation = (3.17)

The results obtained were represented in Table 3.4 and it can be noticed that a total of 672.72,
240.24, and 156.86 INR (Indian rupee) were utilized for 20 ppm, 60 ppm, and 100 ppm ARS
degradation using 0.05 g of TiO>-NP/PAC nanocomposite. Furthermore, the operating cost
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value decreases from 672.72 to 156.86 INR, with an increase in the initial ARS concentration

[46].
Table 3.4 Cost analysis of ARS degradation in the photocatalytic reactor under different operating
conditions
ARS TiO2- ARS ARS Reaction Energy Total operating
Conc. | NP/PAC | degradation | degradation time consumed per cost (INR/kg of
(ppm) Conc. Efficiency (mg) (minute) mg of ARS ARS degradation)
C: (gLh (%) Cs= Cs degradation Cs = [(C7 x unit
C: Ca [(C1 xC4/100) (kWh) cost x 108)/Cs]
X working C7=[(P x C6)/
volume] (1000 x 60)]
20 0.05 99.10 2.97 80 0.0008 672.72
60 0.05 92.50 8.32 80 0.0008 240.24
100 0.05 85.00 12.75 80 0.0008 156.86

(a) Total energy consumed (P) 0.6 kW [includes energy for electronic magnetic stirrer (50W), water pump
(50W), exhaust fan (50W) and Visible lamp (450 W)] (b) Working volume of reactor 0.15 L and (d) Unit cost of
power 2.5 INR (kwh)=.

3.3.11 Results of computational studies

Computational studies had been employed to get an insight into the mechanism of formation
and reactivity of the prepared nanocomposite. For the current work, four fused benzene ring
structures were considered for PAC and TiO2-NP/PAC nanocomposite. PAC was linked with
the nano TiO- through weak hydrocarbon bonding via O-linkage of the O-Ti-O bond. Figure
3.23 shows the optimized molecular structures of PAC, TiO2, ARS, TiO.-NP/PAC, TiO2-ARS,
and TiO,-NP/PAC-ARS respectively along with their highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) structures. HOMO and LUMO
perform a significant role in the chemical reaction [20]. In a chemical reaction, HOMO has the
character of an electron donor with a relaxing effect on its electron, and LUMO has the property

of accepting electrons with a strong affinity for electrons [50].
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Figure 3.23 HOMO and LUMO molecular orbital of PAC, TiO2, ARS, TiO2.-NP/PAC, and interaction

of TiO., and TiO.-NP/PAC with ARS
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Table 3.5 summarizes different molecular properties such as dipole moment, ionization
potentials, and HOMO-LUMO bandgap energies of TiOz, and TiO2-NP/PAC nanocomposite.
From Table 3.5, it is seen that by binding TiO2 with the PAC the dipole moment changes from
9.2448 to 25.194 debye and bandgap energy from 0.24332 to 0.02501 eV. These changes
indicate that the resultant nanocomposite material is highly reactive which favors catalytic

degradation.

Table 3.5 Calculated molecular properties of PAC and TiO,-NP/PAC nanocomposite
Dipole moment Frontier orbital &
Molecule lonisation Energy gap
Total dipole | Potential HOMO | LUMO | Energy
X y z moment (eV) (eV) (eV) gap
(Debye) (eV)
TiO, 0 0 9.244 9.244 0.419 -0.419 -0.176 0.243
TiO,- 24.406 | 0.425 | -5.968 25.194 0.207 -0.207 -0.182 0.025
NP/PAC

Table 3.6 represents the different molecular properties of TiO, and TiO2-NP/PAC
nanocomposite. From the table, it can be seen that the chemical hardness () of TiO2-NP/PAC
was found to be lower than the TiO> which signifies that the reactivity of TiO.-NP/PAC was
more than TiO2 [24]. The higher reactivity of TiO2-NP/PAC indicates that the ability of binding
PAC to the TiO, was favorable. The chemical softness (S) of TiO, was found to be 4.109 eV
while that of the nanocomposite TiO2-NP/PAC was 39.98 eV, indicating that the
nanocomposite TiO2-NP/PAC was more reactive than PAC since soft molecules tend to react

more than the hard molecule.

Table 3.6 Molecular chemical descriptors of PAC and TiO,-NP/PAC nanocomposite
n S n o N o’ o
Molecule (eV) (eV) (eV) (eV) (eV) (eV) (eV)
TiO; 0.121 4.109 -0.297 0.364 18.939 0.230 0.528
TiO,- 0.012 39.984 -0.194 1518 6.183 1.422 1.617
NP/PAC

The electrophilicity index of TiO2 shows value 0.364 i.e. 0.8 < ® < 1.5 eV which implies that
it is a marginal electrophile [28] while for the TiO>-NP/PAC electrophilicity index value was
1.51 i.e. ® > 1.5 eV which indicates that the nanocomposite is a strong electrophile. Hence,
TiO2-NP/PAC is much more reactive than TiO- alone. It can be seen that if a molecule has N >
3 eV it is a strong nucleophile, 2 < N < 3 eV a moderate nucleophile and N < 2 eV marginal
nucleophile. Hence from the table, TiO, is found to be a stronger nucleophile than the
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nanocomposite since it has larger electron-donating groups than the nanocomposite material
[30].

The increase in electron-accepting power of TiO2-NP/PAC (o = 1.42) than the TiO2 alone (o*
= 0.23) suggests that the nanocomposite has the lowest electron-donating ability. The electron-
accepting ability of the molecules decreases in the order: TiO>-NP/PAC > TiO2 and the
electron-donating ability of the molecule in the order: TiO2 > TiO2-NP/PAC. The chemical
potential value of nanocomposite is more than the TiO2 which indicates that the escaping
tendency of electrons is more in the case of the nanocomposite material. Thus, from this
computational study, it can be seen that the binding TiO. with PAC increases its reactivity
which thereby enhances its efficiency for ARS degradation. Such theoretical studies not only
provide a theoretical understanding of the reactivity of the materials but also help in the

selection of highly efficient materials for pollutant degradation.

3.3.11.1 Adsorption of ARS onto TiO2 and TiO2-NP/PAC nanocomposite

To understand the theoretical basis of ARS adsorption on the TiO2and TiO.-NP/PAC, Density
Functional Theory (DFT) was used (Figure 3.23). The interaction of ARS on TiO2 took place
via O atom of ARS sulfonate group and Ti atom of TiO2 (O2SO---O2Ti interaction) and for
TiO2-NP/PAC via O atom of sulfonate group of ARS and Ti atom of TiO>-NP/PAC (02SO---
TiO2-NP/PAC interaction).

From Figure 3.23, we can see that in the ARS adsorption on the TiO2-NP/PAC nanocomposite,
the amplitude of HOMO is spread over the ARS whereas LUMO is delocalized away from the
ARS and spread over the TiO>-NP/PAC. This indicates that the charge transfer taking place
from HOMO to LUMO and TiO.-NP/PAC has positive activation of ARS.

Table 3.7 Adsorption energy and bond length of TiO2-ARS and TiO2-NP/PAC-ARS system
System Adsorption energy (kJmol?) Bond length (A)
TiO2-ARS -155.41 1.94
TiO,-NP/PAC-ARS -181.49 1.92

The adsorption energies and bond distance obtained for the ARS adsorption are listed in Table
3.7. The adsorption energies of TiO2-NP/PAC-ARS and TiO2-ARS interactions were found to
be -155.41 and -181.49 kJmol* respectively. The bond length of TiO2-ARS and TiO2-NP/PAC-
ARS corresponded to 1.94 and 1.92 A. The shorter bond length and the higher negative
adsorption energy value of the TiO.-NP/PAC-ARS system implies that the adsorptive
interaction between TiO2-NP/PAC and ARS is more favorable than TiO2-ARS interaction.
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3.3.12 Comparison with other composites

The efficiency of the TiO.-NP/PAC nanocomposite obtained in the present work for the
degradation of ARS dye was compared with other composites which have been reported in the
literature (Table 3.8). The amount of composite taken, contact time, and the degradation
capacity of the nanocomposite is used as a parameter for comparison. The TiO>-NP/PAC
nanocomposite shows very effective degradation efficiency of dye in contrast with other

reported literature and hence may be considered as an efficient alternative for wastewater

treatment.
Table 3.8 Comparison of catalytic activity of other work in the literature with TiO/pine cone
activated carbon nanocomposite
Composite Pollutant Mass | Volume | Ci Time % Source

(9) (ml) (minute) | degradation

TiOz/commercial Methylene 0.40 | 500 20 ppm 180 49.80 [51]
AC blue
TiO2/Grape marc RB-5 Azodye | 2.00 | - 20 umol | 60 98.93 [26]
AC L?
TiOz/commercial Acid Red 131 | 0.05 | 100 25 ppm 200 99.00 [52]
AC dye
TiO2/bituminous Rhodamine B | 0.02 | 400 2x10° 120 93.20 [53]
coal AC mol L
TiOz/commercial Indigo 0.03 | 50 5x10° 240 90.00 [54]
AC carmine M
TiOz/coconut shell | Rhodamine B | 0.07 | 50 30 ppm 20 96.00 [55]
AC
TiO2/coconut shell | Methylene 0.10 | 100 50 ppm 100 99.00 [56]
AC blue
TiOz/commercial Azo dye 0.50 | 100 0.1gL?' | 180 96.00 [57]
AC
TiOz2/pine cone Alizarinred S | 0.05 | 150 20 ppm | 80 99.10 Present
activated carbon study

3.4 Conclusion

TiO photocatalyst was successfully immobilized on PAC using the hydrothermal method in
order to develop new composite material. From the physicochemical characterization data of
the composite, it was found that TiO, nanoparticles supported on PAC are in anatase form and
mainly in the crystal size of 2.35 nm. The photocatalytic test performed with TiO-NP/PAC
nanocomposite showed that the presence of UV light significantly enhanced the ARS
degradation achieving the complete degradation of 20 ppm ARS after 80 minutes of light
exposure with 0.05 g optimum dose. Additionally, it was found that photocatalytic degradation
of the dye follows Langmuir-Hinshelwood pseudo-first-order rate kinetics with an apparent rate
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constant of 0.02372 min and a half-life time of 29.30 minutes. The negative enthalpy and free
energy indicate an exothermic and spontaneous process. The presence of interfering ions such
as glycine, copper sulphate, cadmium nitrate, and zinc chloride mostly affect the degradation
of ARS by TiO>-NP/PAC, indicating that hydroxyl radicals are the dominant reactive species
in the ARS degradation process. The reusability study suggests that the successful rejuvenation
of TiO2-NP/PAC nanocomposite even after fifth cycles of usages and also no structural changes
were found in the FT-IR spectra of the fresh nanocomposite and reused nanocomposite,
signifying remarkable photostability of the nanocomposite. The GC-MS analysis showed the
formation of low molecular weight less harmful and green products such as cyclo 3,5-hexadiene
1,2-dienone, carbon dioxide, and water by the attack of hydroxyl radical on highly carcinogenic
ARS. The percentage of seed germination and the length of roots and shoots of Cicer arietinum,
Solanum lycopersicum, Pisum sativum, and Vigna radiate plants were used as indicators for the
toxicity study. The phytotoxicity of the ARS photo-degraded products showed a considerable
growth of roots and shoots and also excellent germination percentage of the four plants
compared to the ARS, which suggests that the toxicity of the ARS photo-degraded products is
considerably reduced compared to ARS. The cost analysis was performed by computing the
electrical energy per order (experimental and model) and total operating costs associated, and
it was found that 672.72, 240.24, and 156.86 INR were utilized for 20 ppm, 60 ppm, and 100
ppm of ARS degradation. The DFT results confirmed that the binding TiO, with PAC increases
the chemical reactivity of the TiO>-NP/PAC nanocomposite as compared to TiO2 nanoparticles
and also indicated favorable adsorption of the ARS in the TiO>-NP/PAC nanocomposite than
adsorption of ARS in the TiOz. Thus, the TiO2-NP/PAC nanocomposite has a very good activity
to use as an effective and promising photocatalyst for dye degradation to innocuous components

in future environmental wastewater applications.
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CHAPTER 4

PHOTOCATALYTIC DEGRADATION OF CONGO RED DYE USING
Fe-DOPED TiO2/ACTIVATED CARBON NANOCOMPOSITE AND ITS
ANTIMICROBIAL ACTIVITY TOWARDS E. coli AND S. aureust

This chapter deals with the preparation of Fe-doped titanium dioxide nanocomposite supported
on activated carbon. The nanocomposite was synthesized by hydrothermal method and the
physicochemical characterization of the nanocomposite was done by different analytical
methods like SEM-EDX, XRD, FT-IR, XPS, photoluminescence (PL), pHzrc, and UV-Visible
diffuse reflectance spectroscopy (DRS). The photocatalyst was used for the degradation of an
anionic dye, Congo red (CR) from an aqueous solution through the visible light irradiation. The
degradation efficacy of the catalyst was studied by varying catalyst dosages, contact time, CR
concentrations, and pH of the solution. The end products of degradation were analysed using
GC-MS analysis. The effect of different interfering ions on photocatalytic degradation of CR
and also the reusability of the nanocomposite were studied. The nanocomposite was also
employed to inactivate pathogenic microbes such as Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) from water.

The text of this chapter has been published as:

M. Baruah, S. L. Ezung, A. Supong, P. C. Bhomick, S. Kumar, D. Sinha, Synthesis,
characterization of novel Fe-doped TiO, activated carbon nanocomposite towards
photocatalytic degradation of Congo red, E. coli, and S. aureus, Korean J. Chem. Eng., 38 (2021),
1277-1290. https://doi.org/10.1007/s11814-021-0830-4.



https://doi.org/10.1007/s11814-021-0830-4

Chapter 4 Degradation of Congo red dye and bacteria

4.1 Introduction?

The impact of nanotechnology has become increasingly evident in different areas of science
and technology, including the field of environmental remediation and disinfection. Several
environmentally beneficial technologies such as heterogeneous photocatalysis (HP) and solar
disinfection (SODIS) using metal oxide semiconductor photocatalysts have been developed and
applied extensively for air purification, wastewater treatment, and environmental regulations
[1-3]. Among all the metal oxides used, TiO: is the photocatalyst with most potential due to its
chemical constancy, low cost, relatively benign nature, photochemical stability, and no further
requirements of secondary disposal and expensive oxidizing chemicals. However, a high
quantity recombination rate between electron and hole pairs limits the use of TiO2 in the visible
region (400-750 nm), which accounts for 43% of solar light [4]. Therefore, to overcome this
problem, it is desired to alter the band structure of the anatase TiO> and in this regard, different
methodologies like metal/non-metal elements doping, dye photosensitization, hydrogen
treatment have been developed to enhance the TiO, photoactivity in the visible light region [4].
Amongst different alternatives available, transition metal doping is a simple and efficient
approach to widen the wavelength region of TiO> to the visible light range [5]. The use of
dopant in the metal oxide creates an intermediate level in the lattice which constrains the
electron-hole pair from recombination, thereby leading to enhancement of the photocatalytic
activity of TiO2 [6]. Among the different metal dopants, Fe®* has garnered more attention due
to its ionic radius of 0.64 A which is identical to the ionic radius of Ti** (0.68 A); therefore
making it easier to incorporate Fe3* into the crystal structure of TiO2. Application of Fe-doped
in TiO2 has been widely reported for the degradation of environmental pollutants [7—9], NOx
degradation [4], CO2 reduction [10], and water splitting for hydrogen production [11].
Literature reports have shown that the incorporation of Fe3* ions in the TiO2 lattice reduces the
electron-hole recombination rate, narrows the TiO. bandgap, and thus increases the
photocatalytic activity of TiO.. However, powdered TiO2 has low exchange efficacy and is

difficult to split after the photocatalytic reaction [7].

The text of this chapter has been published as:

IM. Baruah, S. L. Ezung, A. Supong, P. C. Bhomick, S. Kumar, D. Sinha, Synthesis,
characterization of novel Fe-doped TiO- activated carbon nanocomposite towards photocatalytic
degradation of Congo red, E. coli, and S. aureus, Korean J. Chem. Eng., 38 (2021), 1277-1290.
https://doi.org/10.1007/s11814-021-0830-4.
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Hence, to achieve quick and easy degradation of organic pollutants and also for simple
management of the photocatalyst, it is desired that TiO> is loaded onto an appropriate adsorbent.
In this regard, different adsorbents such as zeolites, perlite, clay, silica, and activated carbon
have been used as support systems for TiO2 [12].

Activated carbon with its good adsorption capacity is more appropriate as an adsorbent support
system for the photocatalyst in any wastewater treatment process, as it can significantly gather
pollutant molecules near the photocatalytic sites during the adsorption-degradation process.
Additionally, the synergistic effect between activated carbon and TiO2 will separate the photo-
induced electrons and electrons-holes, and inhibit their rapid recombination which extends the
electron’s life-time and a likelihood of increase in the photocatalytic efficiency.

Wide use of toxic dyes in fabric production can cause ecological degradation and human illness
[13]. Dyes in wastewater are a major cause of water contamination and interfere with the
oxygen transport system at the water-air interface [14]. Among the toxic dyes, congo red is the
most commonly used dye in fabric production, and it consists of various benzidine groups,
which are carcinogenic and mutagenic [15]. Therefore through this work, an effort has been
made to remove this dye through photocatalytic degradation with Fe-doped TiO: activated
carbon nanocomposite.

The presence of pathogenic microbes such as Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) in ambient water is also a major concern throughout the world because they
cause water-borne diseases. Different methods that have been employed to control microbes
are pasteurization, ultra-high pressure/temperature treated sterilization, and, microwave
sanitization [16]. However, most of the methodologies require heat treatment and thus have
their limitations. Hence an alternative method using metal oxide nanoparticles has been studied
for the inactivation of microbes. Thus, the present photocatalyst is employed not only for the
degradation of organic contaminants but also for inactivating different microbes in wastewater.
The main reason for using photocatalysis is that the reactive oxygen species, produced during
photocatalysis can kill the microbes through the nucleic acid attack, co-enzyme oxidation, and
dis-organizing cell membrane [17]. Visible light-driven photocatalytic inactivation of microbes
by metal-doped TiO- photocatalyst [18], carbon-supported metal oxide nanocomposite [19],
and metal co-doped TiO> [17] have been investigated by many researchers in the last decades.
Veréb et al. [20] reported the bare and doped rutile and anatase TiO2 photocatalyst for
photocatalytic inactivation of E. coli in water under visible light irradiation. Mathew et al. [21]

introduced a photocatalytic inactivation of E. coli and S. aureus in water using Cu-doped TiO>
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under visible light irradiation. Hence, metal-modified TiO2 has been receiving much attention
due to its extended visible light absorption efficacy.

Therefore, for the present study, we have prepared visible light active FDT/PAC nanocomposite
via a combination of ultrasonic-hydrothermal treatment to ensure good dispersion of Fe-doped
TiO2 on activated carbon surface to generate a high photocatalytic activity. Standard
characterization protocols were employed to understand the basis of the improved activity of
the nanocomposite. The photocatalytic inactivation property of the nanocomposite was also
explored against gram-positive and gram-negative bacteria. The typical mechanism for the
photodegradation of congo red and photocatalytic inactivation of bacteria is shown in Figure
4.1. This could be one of the first reports to highlight the use of FDT/PAC nanocomposite for
degradation of anionic congo red dye from wastewater using less amount of nanocomposite,
reduced reaction time, and further, this nanocomposite was also used as an antimicrobial for the
inactivation of microbes. The operating cost and electrical energy consumed while running the

experiments were calculated and found to be minimal.
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Figure 4.1 Schematic illustration of photodegradation of congo red and photocatalytic inactivation of
bacteria over FDT/PAC nanocomposite
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4.2 Materials and methods

4.2.1 Materials

Titanium tetrachloride (99.10%), congo red (CR), ferric nitrate hexahydrate (98%), zinc
chloride (99%), sulphuric acid (98%), and ammonia (25%) were procured from Sigma-Aldrich.
Co., India. All chemicals utilized were of pure scientific grade and used without further

purifications.

4.2.2 Synthesis of FDT/PAC nanocomposite

For the synthesis of FDT/PAC nanocomposite, activated carbon and TiO, were used as
precursors. Bio-waste pine cones were utilized for activated carbon preparation and the sol-gel
method was used for the synthesis of TiO2 nanoparticles. The synthetic routes for AC and TiO>
synthesis were described in sections 3.2.2.1 and 3.2.2.2 of Chapter 3. The synthetic methods
for the preparation of pine cone activated carbon (PAC) with photocatalyst TiO2 have been
described in detail in section 3.2.2.3 of Chapter 3.

For the synthesis of FDT/PAC nanocomposite, 0.15 g of the as-prepared sol-gel TiO:
nanoparticle was slowly added to 1 g of 100 ml ferric nitrate solution and the solution was
simultaneously stirred for 30 minutes. Thereafter, 0.3 g of the as-prepared PAC was poured
slowly into the above mixture and the obtained solution was ultrasonicated for 1 h. Later, the
sonicated mixture was shifted into a hydrothermal autoclave and kept at 150°C inside the oven
for 24 h. After the hydrothermal treatment, the solution was washed appropriately with double
refined water using a centrifuge machine so that the solution pH becomes neutral and finally
the solution was dried at 65°C for 12 h [22].

4.2.3 Characterization of FDT/PAC nanocomposite

The synthesized FDT/PAC nanocomposite was characterized by several analytical techniques.
The crystal structure of the FDT/PAC nanocomposite was obtained using an X-ray
diffractometer (Model: X’pert PRO, Philips, Japan, CuKa radiation). The surface structure of
the FDT/PAC nanocomposite was studied using scanning electron microscopy (SEM) (Model:
Zeiss, Sigma-300, Made: Carl Zeiss Microscopy, Germany). The elemental analysis was done
using energy-dispersive X-ray spectroscopy (EDX). The elemental composition and valence
states of the FDT/PAC nanocomposite was studied using X-ray photoelectron spectroscopy
(XPS) (Model: ESCALAB Xi+, Made: Thermo Fisher Scientific). The functional groups
present on the FDT/PAC nanocomposite were identified using Fourier transform Infra-red (FT-

IR) spectrometer (Model: Spectrum Two, Made: Perkin Elmer). The bandgap energy was
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studied using a diffuse reflectance spectrophotometer (DRS) (Model: Shimadzu UV-2600, and
wavelength 200-600 nm). Photoluminescence spectrophotometer (Horiba Fluoromax-4CP
spectrofluorometer, 150 W Xenon Lamp) was used to obtain the photoluminescence (PL)
spectra. Surface areas of the samples were measured by the N2 adsorption-desorption isotherm
with a Quantachrome instrument (Autosorb iQ Station 1, 77 K) based on the Brunauer—
Emmett-Teller (BET) model. The total pore volume and pore radii were estimated from the
consequent N2 adsorption volume via the Barrett—Joyner—Halenda (BJH, at relative pressure
0.09) theory. The batch equilibrium method was used to determine the zero-point charge
(pHzpc) of the FDT/PAC nanocomposite [23] and the method has been described in Chapter 2
section 2.3.

4.2.4 Photocatalytic degradation experiment

A photocatalytic reactor, which consists of a black box (dimension: 63 x 44 x 44 cm) was used
to perform the photocatalytic reaction of CR. A 250 ml Pyrex glass vessel containing 200 ml
of CR solution was placed above a magnetic stirrer and an amount of FDT/PAC was mixed
with the solution at the bottom of the reactor. A visible lamp having a maximum wavelength of
520 nm (High-pressure mercury lamp, 350 W) was located at the top of the reactor, 10 cm away
from the reaction solution. The photocatalytic reaction was caused by the use of visible
radiation which reached the FDT/PAC photocatalyst through the pollutant solution. The reactor
temperature was maintained at 25°C using a constant flow of water inside the reaction scheme
using a water pump. Also, an exhaust fan was used inside the reactor for the continuous
circulation of air.

For the degradation of CR dye, a stock solution of CR (1000 ppm) was first prepared using 1 g
of CR in 1000 ml double distilled water. Further, the required concentration was obtained by
the dilution of stock solution to various concentrations 20 ppm, 60 ppm, and 100 ppm. For this
study, FDT/PAC nanocomposite was mixed in a 200 ml CR dye solution of varying
concentrations (20 ppm, 60 ppm, and 100 ppm) by vigorously stirring the reaction mixture
without exposure to light till 30 minutes so that adsorption-desorption equilibrium could be
established within the reaction system. After equilibrium was established, the concentration of
the dye was measured and this was taken as the initial concentration so that the adsorption of
CR due to the nanocomposite does not hinder the study of the overall photocatalytic effect.
Later, the final concentration of the dye solution was measured using a UV-Vis

spectrophotometer at Amax OFf 497 nm by taking out 3.5 ml at every 10 minutes interval.
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The CR degradation percentage was calculated by equation 4.1.

Ci—Ce
Ci

CR degradation (%) = x 100 (4.1)

where Cj and Ce are the concentrations of CR before and after the photocatalytic treatment.

4.2.5 Antibacterial activity experiment

For the photocatalytic antimicrobial test of FDT/PAC nanocomposite, gram-negative bacteria
Escherichia coli (E. coli) and gram-positive bacteria Staphylococcus aureus (S. aureus) were
used as test bacterium. E. coli and S. aureus were cultured using Luria-Bertain (LB) nutrient
broth and the solution was incubated for 6 h at 37°C overnight. The bacterial pellet was
assembled by centrifuging the culture medium at 2500 rpm for 15 minutes and suspended in
the autoclaved distilled water. The initial concentration was adjusted to 10° CFU (colony
forming unit) ml. The nutrient agar and broth media, and all plating equipment were
autoclaved before starting the experiments.

4.2.5.1 Photocatalytic inactivation procedure

At first, autoclaved nutrient agar was poured into Petri plates for solidification. Then, 70 ml of
bacterial suspension (10° CFU ml?) was added to the sterile Pyrex glass vessel and was stirred
using a magnetic stirrer (150 rpm) throughout the experiments. Thereafter 0.05 g of the
nanocomposite was added and the resultant mixture was exposed to visible light. At a specified
time interval, 0.01 ml of the suspension was collected from the reactor and spread on the
nutrient agar plates. To cultivate the bacteria, the agar Petri plates were placed inside an
incubator at 37°C for 24 h. After incubation, the bacteria residual colonies were quantified using
a digital colony counter.

The photocatalytic inactivation efficiency of bacteria was calculated using equation 4.2 [24]:

. . - . of coloni dilution fact
Inactivation efficiency (%) = ~>—— 0 0TeR X S0 2chT

4.2)

volume of culture plate

4.3 Results and discussion

4.3.1 Characterization of FDT/PAC nanocomposite

(a) XRD analysis

XRD peaks of FDT/PAC nanocomposite are shown in Figure 4.2 and a comparison has been
made with the XRD peaks of TiO2, TiO2 supported on pine-cone activated carbon (TiO.-
NP/PAC) nanocomposite [25]. The XRD peaks at 20 =25.281, 38.576, 48.050, 53.891, 55.062,
62.690, 68.762, 70.311 and 75.032 correspond to (101),(112),(200),(105),(211),(20
4),(116),(220), and (2 1 5) planes which confirms that the samples have anatase crystalline
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form of TiO2 (JCPDS 21-1272). The peaks related to Fe ions are not found in the XRD pattern
of FDT/PAC nanocomposite. This observation can be ascribed because Fe ions were
incorporated into the crystal lattice of titania due to the similar radius of Ti** (0.068 nm) and
Fe3* (0.064 nm) [8]. Itis believed that Fe** inserts into the interior matrix of the Fe-doped TiO;
nanoparticles instead of the exterior surface [26]. Similar patterns of results i.e. absence of Fe
signal in XRD spectra for Fe-doped TiO> was also observed by several other authors [6,27-29].
Furthermore, no XRD phase is found for activated carbon due to its amorphous structure. The
crystalline size calculated for the FDT/PAC nanocomposite using the Debye-Scherer equation

was found to be 4.36 nm.
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Figure 4.2 X-ray Diffraction pattern of FDT/PAC nanocomposite and a comparison with TiO», TiO,-
NP/PAC [25]

(b) SEM and EDX analysis

The SEM micrograph of the FDT/PAC nanocomposite is shown in Figure 4.3 (a). From the
SEM image of FDT/PAC nanocomposite, it can be observed that white spherical particles of
TiO2 with different sizes were irregularly agglomerated on the surface of the PAC, and there
were fine Fe ions accumulated or attached to the surface of the TiO». The presence of Fe ions
on the surface of the PAC is expected to increase the absorption of light in the visible light
region thus enhancing the photocatalytic activity. Furthermore, it is observed that the Fe-doped
TiO nanoparticles are well dispersed on the PAC surface and have an average 2-20 nm particle
size distribution.

The purity and elemental compositions of the FDT/PAC nanocomposite were analysed by EDX
analysis (Figure 4.3 (b)). The EDX spectrum revealed that the FDT/PAC nanocomposite has a
Fe content of 29.27%, Ti of 28.69%, C of 2.52%, and O of 28.22% which confirms the equal

distribution of Fe, Ti, and O over the C surface.
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Figure 4.3 (a) SEM image of FDT/PAC nanocomposite, (b) EDX spectra of FDT/PAC nanocomposite

(c) XPS analysis

The chemical composition and valence band of the elements in the FDT/PAC nanocomposite
was analysed using XPS analysis. The full scan XPS survey of the nanocomposite is shown in
Figure 4.4. The presence of elements such as Ti, O, C, and Fe at their corresponding chemical
states confirm the formation of the FDT/PAC nanocomposite. Figure 4.4 illustrates that the Fe-

doped TiO2 nanoparticles has two chemical states of Fe3* and Fe?*. The major Fe 2p; /2 peak
at 710.62 is the main signature peak for Fe* ion. The small Fe 2p4/, peak corresponding at

725.34 eV is attributed to the Fe?* ion, which might form during the hydrothermal process for
the high temperature and pressure [30]. The detail XPS core level spectra for other elements
such as Ti 2p, O 1s, C 1s, and Fe 2p are shown in Figure 4.5(a), (b), and (c).
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Figure 4.4 Survey scan spectra for FDT/PAC nanocomposite
The core level spectra of Ti 2p (Figure 4.5 (a)) displays two peaks at binding energy 458.76 and

464.45 eV, respectively, which can be attributed to the spin orbital splitting of 2p;,,and 2p, /,
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states [31]. The major peak at 458.76 eV corresponds to the Ti ions with valence state 4+ (Ti*"),
while the peak at lower binding energy of 464.45 eV refers to the Ti ions with a reduced valence
state 3+ (Ti*). The XPS spectra of O 1s (Figure 4.5 (b)) exhibited a strong peak at 530.52 eV,
it deconvoluted into three peaks at 530.38, 531.38, and 532.72 eV, which were ascribed to the
surface oxygen species of hydroxyl groups, lattice oxygen of TiO2, and oxygen vacancies,
respectively [32]. The XPS spectrum of C 1s (Figure 4.5 (c)) showed a strong peak at 284.66
eV, and it deconvoluted into 284.48, 285.85, and 288.39 eV, which are attributed to the C=C
bonds, C-OH, and C=0 bonds activated carbon [33]. Thus, the XPS results confirm the
formation of the FDT/PAC nanocomposite.
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Figure 4.5 High resolution core level XPS spectrum of (a) Ti 2p, (b) O 1s, and (c) C 1s
(d) FT-IR analysis
FT-IR spectra of the TiO2 and FDT/PAC nanocomposite are shown in Figure 4.6. The peaks of
the TiO, and FDT/PAC nanocomposite at 3500 cm™ and 1600 cm™ are assigned to the
stretching and bending vibrations of the O-H and H-O-H bond which can be attributed to the
physically and chemically absorbed surface water. The peak at around 550 cm™ is related to the

stretching vibration of the Ti-O bond [34]. A new peak at 1060 cm™ appeared for the FDT/PAC
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nanocomposite which confirms the presence of stretching vibration of the Ti-O-C bond [8].
This suggests that the TiO2 nanoparticles were attached chemically with the C surface and hence

Ti cannot be easily separated from the C surface.
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Figure 4.6 FT-IR spectra of TiO, and FDT/PAC nanocomposite

(e) UV-Vis DRS analysis

The UV-Vis DRS spectra of Fe-doped nanocomposite (FDT/PAC) and TiO2 are shown in
Figure 4.7 (a), and the results are compared with TiO2-NP/PAC [25]. From Figure 4.7 (a), it
can be observed that the absorption peak of TiO2 and TiO2>-NP/PAC appears in the wavelength
range of the ultra-violet light region. On the other hand in the FDT/PAC nanocomposite, the
absorption edge shifts towards the visible light region due to the doping of Fe ion. The
absorption peak of TiOz in the UV range appears due to the transition from the 2p level of O to
the 3d level of Ti. With Fe doping, the absorption peak of FDT/PAC nanocomposite shifts to a
longer wavelength due to the excitation of the 3d electron of Fe3* ion to the conduction band of

TiO2 [8]. The optical bandgap energy was calculated using Tauc’s equation given below [35]:
ahv = K (hv-Eg)" (4.3)

where Eg = optical bandgap, v = photon energy, o = molar extinction coefficient, K is the
proportionality constant, and n depends on the type of transition.

From the (ahv)? vs hv curve, the Eg values of the FDT/TiO, nanocomposite and TiO, were
found to be 2.3 and 3.1 eV as compared to, TiO>-NP/PAC i.e. 3.2 eV. It can be seen from
Figure 4.7 (b) that the Eg value of the TiO. decreased from 3.1 to 2.3 eV with the addition of
Fe ions in the FDT/PAC nanocomposite which improved the absorption of light in the visible

region.
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Figure 4.7 (a) UV-Visible DRS spectra and (b) Tauc’s plot for the determination of optical bandgap for
TiO,, TiO,-NP/PAC, and FDT/PAC nanocomposite (plot for TiO,-NP/PAC is shown for
comparison only) [25]
(f) PL analysis
The efficiency of the separation of photogenerated electron-hole pairs can be investigated using
photoluminescence (PL) spectra. The lesser the PL peak intensity, the lesser the affinity to
recombine the electron-hole pair which leads to more electron-hole pair participation in the
photochemical reaction thus increasing the photocatalytic activity of the nanocomposite. In this
present study, the PL spectra of TiO. and FDT/PAC nanocomposite are analyzed in the
wavelength range from 450-750 nm (Figure 4.8). The sharp emission peak at 468 nm for TiO>
is due to the transition of charge from Ti 3d to the O 2p level and signifies the recombination
of the electron-hole pair [36]. Similar results have also been observed by Hasibur et al. [30]
which showed that the PL emission peak of TiO. appears at around 477 nm wavelength
indicating the bandgap recombination of electron-hole pair. The PL peak intensity for
FDT/PAC nanocomposite was found to decrease as compared to TiO2 which confirms the fact
that the recombination of the electron-hole pair reduced significantly in the nanocomposite as
compared to TiO,. This is due to the formation of a dopant energy level (Fe**/Fe**) within the
bandgap of TiO, (nearer the valence band), which results in the excitation of Fe3* 3d-electrons
from the dopant energy level to the TiO2 conduction band (CT transition) [31]. Hence, the
presence of Fe ions in the composite decreases the probability of electron-hole recombination
by increasing the lifetime of the charge carrier which is expected to improve the photocatalytic

activity.
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Figure 4.8 Photoluminescence spectra of TiO,and FDT/PAC nanocomposite

(9) BET surface area analysis

BET surface area and pore volume of a nanocomposite can provide information about the
structural properties, pore distribution, and active site availability for the adsorption of
pollutants. The larger the surface area and pore volume of a nanocomposite the better will be
its photocatalytic and adsorption performance. The results for proximate analysis of FDT/PAC
nanocomposite are given in Table 4.1. From the table, it is evident that the FDT/PAC
nanocomposite has a large BET surface area compared to pure TiO2, An increase in the surface
area could be due to the incorporation of Fe ions to the TiO2 complex which is likely to enhance
the stress of the TiO2 complex [32] and also because of the use of PAC as the supporting surface
for the synthesis of FDT/PAC nanocomposite [26]. The total pore volume of 0.156 cm3g™ and
pore radius of 4.4624 nm gives an idea about the formation of mesoporous material. Thus higher
surface area/active sites are expected to enhance the photocatalytic performance of hybrid

nanocomposite.

Table 4.1 BET surface area and pore size of TiO,, FDT/PAC nanocomposite
Proximate analysis (wt %)

BET surface area (FDT/PAC) 82.779 m?g’!

BET surface area (TiO,) 60.21 m?g’?

BET surface area (PAC) 878.07 m?g’!

Total pore volume 0.156 cm®g?

Pore radius 4.4624 nm

(h) pHzpc analysis
The zero point charge (pHzpc) of the FDT/PAC nanocomposite is found to be 6.02 (Figure 4.9),
indicating that the surface charge of the nanocomposite will be positive when pH is less than

6.02 and negative when pH is greater than 6.02 [40].
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Figure 4.9 Zero-point charge plot for FDT/PAC nanocomposite

4.3.2 Photocatalytic activity

(a) Effect of FDT/PAC nanocomposite amount

The photocatalytic activity of the FDT/PAC nanocomposite on the degradation of CR dye
solution was studied with different dosages of the nanocomposite for different concentrations
of CR dye solution. The FDT/PAC nanocomposite dosages were ranged from 0.02-0.10 g for
20, 60, and 100 ppm of CR solutions (Figure 4.10). It can be seen that the percentage
degradation of CR increases with the increase of nanocomposite dosages till 0.06 g of the
nanocomposite dose and beyond that saturation was observed. The maximum percentage of
degradation (100%) was achieved for 20 ppm CR solution with 0.06 g of FDT/PAC
nanocomposite after exposure to visible light irradiation for 60 minutes. There could be several
reasons for this result: (i) The addition of PAC increases the surface area of the nanocomposite,
helping more CR molecules gather around FDT/PAC nanocomposite, (ii) The recombination
of electron-hole pair decreases due to the introduction of impurity Fe ions on the TiO, matrix.
However, when the dose becomes higher than 0.06 g, it serves as a recombination center for
the photogenerated electron-hole species resulting in the decrease in the photocatalytic activity
of the nanocomposite. One of the possible explanations could be: when the nanocomposite dose
increases beyond a certain dose, the visible light penetration through the reaction mixture
becomes lesser due to visible light scattering, hence CR dye degradation efficiency decrease
[41]. Thus, for further studies, 0.06 g of FDT/PAC nanocomposite was taken as the optimum

dose amount.
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Figure 4.10 Effect of FDT/PAC nanocomposite loading in the degradation of CR solution

(b) Effect of pH

The photocatalytic degradation of CR dye was conducted with 0.06 g FDT/PAC nanocomposite
with 20 ppm CR dye solution in the pH range of 1-11. From Figure 4.11, it is clear that at pH
lower than 5; the percentage of CR degradation is quite high having maximum degradation at
pH 1. This could be due to the positive surface characteristics of the nanocomposite below its
pHzpc (pHzpc value is 6.02). At lower pH (pH < pHzpc 6.02), the nanocomposite surface
becomes positively charged i.e., (Fe — TiOH — PAC + H* & Fe — TiOHS — PAC) thus the
positively charged nanocomposite surface has more electrostatic attraction affinity to bind with
negatively charged CR dye which leads to the maximum degradation of CR dye [42].
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Figure 4.11 Effect of pH in the degradation of CR solution
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(c) Effect of initial CR dye concentration and light irradiation time

The initial CR dye concentration affects the degradation rate and nanocomposite efficiency.
Figure 4.12 (a) shows the degradation pattern for different concentrations of CR dye when
photo catalyzed with 0.06 g of FDT/PAC nanocomposite at pH = 1. The maximum degradation
of 100% was observed for 20 ppm CR solution at 60 minutes; on the other hand, 88% and 75%
degradation was observed for 60 and 100 ppm solution of the dye after 120 minutes irradiation.
With the increase in the initial CR dye concentration, the adsorbed negatively charged CR dye
molecules on the positive surface of FDT/PAC nanocomposite deactivate the active sites of the
nanocomposite and consequently prevent the formation of reactive hydroxyl radicals.
Furthermore, at higher CR dye concentration more dye molecules are available for adsorption
on the surface of nanocomposite; hence photons get trapped by the CR molecules and are not
able to reach the surface of the nanocomposite. Therefore, the rate of formation of hydroxyl
and dioxygen radicals decreases, and thereby photocatalytic activity is decreased. From Figure
4.12 it can also be seen that the percentage degradation of CR dye increased with irradiation
time and became saturated after exposure to light for 60 minutes, and no further degradation of
dye took place with a further increase in exposure time. This may be due to the formation of a
large quantity of small organic molecules produced due to degradation [43]. These small
organic molecules adsorb on the surface of the nanocomposite resulting in the decreased
formation of hydroxyl radicals that attack the dye molecules.

For understanding the effect of Fe doping in TiO2-NP/PAC nanocomposite, experiments had
been carried out with TiO>/activated carbon sample without Fe doping under similar sets of
conditions (under visible light) and the results are shown in Figure 4.12 (b). The degradation of
20 ppm CR dye solution was found to be 33.50%, for 60 ppm it was 20%, and for 100 ppm it
was 15% as compared to FDT/PAC nanocomposite in which case it was 100% degradation for
20 ppm, 70.84% degradation for 60 ppm and 54.80% degradation for 100 ppm of CR dye
solution. This partial degradation without Fe doping was probably due to the photosensitive
nature of the dye in the visible region. The very high degradation of dye in presence of
FDT/PAC catalyst confirms the fact that Fe doping increases the photocatalytic efficiency under
visible light. Several researchers [44-46] also reported that some dyes having benzene,
naphthalene, anthracene-like structures are photosensitive in the visible region. Even though
TiO2 is not activated by visible light, the dye can also absorb visible light photons which results

in minor degradation of the dye. Further presence of activated carbon which contains some
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structures similar to the dye enhances the visible light absorption which leads to partial
degradation of the dye without TiO> activation with Fe ions [47].

Degradation of dye with bare TiO2was conducted under similar sets of conditions (under visible
light) and are represented in Figure 4.12 (c). From this observation, the bare TiO, degradation
of 20 ppm CR dye solution was 25%, for 60 ppm it was 18% and for 100 ppm it was 12%. Even
though TiO2 does not show optical response in the visible light region, the dye itself can also
absorb visible light photons which results in partial degradation of the dye at 520 nm due to the

photosensitive nature of the bare dye.

(a) FDT/PAC nanocompositc

100 4 354 (b) TiO2-NP/PAC nanocomposite (©) TiO, nanomaterial

CR degradation (%)

——20 ppm

o 1 —— 20 ppm ‘ —3—20 ppm
PP o4 == 60ppm —a—60 ppm
(E ——100 ppm —a— 100 ppm 07 ——100 ppm
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Figure 4.12 Effect of degradation of CR dye solutions by (a) FDT/PAC, (b) TiO-NP/PAC, and (c) TiO;
catalyst for degradation of different concentrations of dye solutions for different contact
times under visible light (520 nm)

4.3.3 Kinetic studies

The kinetic studies were conducted at optimum conditions i.e., CR dye concentration of 20

ppm, pH 1, catalyst dose of 0.06 g to understand the rate constant value and efficiency of the

nanocomposite in the CR degradation using the Langmuir-Hinshelwood model. The Kinetic
study was represented using the pseudo-first-order rate equation 4.4 and the half lifetime (t12)

by equation 4.5:

ln(ﬁ—: = Kappt (4.9)

In2

lij = (4.5)

Kapp

where C; is the initial CR concentration (20 ppm); Ce is the CR concentration at equilibrium;
Kapp IS the apparent rate constant.

The linear plot of In (Ci/Ce) versus irradiation time gives a high correlation coefficient (R?:
0.999) which signifies that the degradation follows first-order rate kinetics (Figure 4.13). From
the slope of the curve, the photocatalytic rate constant Kapp value was calculated to be 0.05341

mint. Using equation 4.5 the half-life period was found to be 12.97 minutes.
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Figure 4.13 Pseudo-first-order rate kinetics of CR degradation loaded on FDT/PAC nanocomposite

4.3.4 Thermodynamic studies

In the present study, four temperatures i.e., 298 K, 308 K, 318 K, and 328 K were used to
understand the relationship between changes in temperature with respect to heat and energy.
The thermodynamics parameters such as standard entropy (AS°), enthalpy (AH®), free energy
(AG®) of the CR degradation were related to the distribution coefficient (Kq) by:

AS®  AHC
and = T — F (46)
AG® = —RT InK, 4.7

where T is the absolute temperature, Kq is the distribution coefficient, R (8.314 J mol! K1),
AH®, and AS° are obtained from the slope and intercept by plotting InKq vs 1/T (Figure 4.14).

6.8

6.6

5.8

5.6 T T T T T T x
3.1 33 -1 33 34
1000/T (K )

Figure 4.14 InKgyas a function of 1/T (CR concentration = 20 ppm, pH = 1, Nanocomposite dose =
0.06 g, and Contact time = 60 minutes)
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Table 4.2 presents the derived thermodynamics parameters. The negative value of AG° signifies
the spontaneity and feasibility of the photocatalytic reaction. Also, the negative values of AS°
and AH° signify the randomness in the reaction system justifying the affinity of FDT/PAC

nanocomposite towards CR degradation which is exothermic in nature.

Table 4.2 Thermodynamic parameters calculated for the degradation of CR dye using FDT/PAC
nanocomposite

Thermodynamic parameters
T (K) AG® (kJ mol?) AHC (kJ mol?) AS° (kJ mol*K)
298 -16.415
308 -16.301
318 16.186 -19.835 -11.475
328 -16.071

4.3.5 Effect of interfering ions on CR photocatalytic degradation

In the industrial wastewater matrix, CR is found in combination with several ions such as
sodium chloride, zinc chloride, copper sulphate, glycine, oxalic acid, sodium nitrite, cadmium
nitrate, and EDTA. Hence, to investigate the applicability of FDT/PAC nanocomposite in the
industrial wastewater matrix containing CR with several interfering ions a study was conducted
by taking 20 ppm interfering ions with an initial CR concentration of 20 ppm, pH at 1, contact
time for 60 minutes, the temperature at 298 K and 0.06 g of FDT/PAC nanocomposite. The
percent degradation of CR as a function of different interfering ions is presented in Figure 4.15.
From the figure, it can be seen that the degradation efficiency of the dye decreases from 100%
to 56.0% in presence of Glycine, to 64.5% in presence of EDTA, to 66.0% in presence of
CuSOg4, to 85.0% in presence of NaNOs, to 77.0% in presence of ZnCly, to 77.5% in presence
of NaCl, to 68.5% in presence of Cd (NOz)2, and to 92.0% in presence of oxalic acid. In the
presence of glycine (Gly), EDTA, CuSOs the percentage of degradation of CR decreases
significantly and this could be due to the presence of different scavenging effects like glycine
acting as a ‘OH scavenger, EDTA as a hole scavenger, SO4> as an electron scavenger [48,49].
The presence of chloride ions inhibits the photocatalytic activity of the nanocomposite by
scavenging both the -OH radical and hole, and also blocks the active sites on FDT/PAC
nanocomposite [50]. The nitrate ion can absorb light in the UV and visible region; hence there
will be fewer photons available towards the pollutant molecules and therefore the degradation
rate of CR is reduced with the increase of nitrate ion concentration [51]. From this result, it can
be observed that the photocatalytic degradation of CR in the presence of interfering ions follows

the order:

Oxalic acid < NaNOs < NaCl < ZnClz < Cd (NOgz)2 < CuSOs < EDTA < Glycine.
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Figure 4.15 Photocatalytic degradation of CR in the presence of interfering ions using FDT/PAC
nanocomposite

4.3.6 Reusability and photostability of the nanocomposite

The degradation efficiency of FDT/PAC nanocomposite was studied by reusing the catalyst for
several cycles and the results are presented in Figure 4.16. After each photoreaction, the catalyst
was collected from the reaction system by centrifugation and washed with distilled water then
it was dried in an oven at mild temperature. When reused, in the first cycle of the degradation
process, the nanocomposite degraded 93% of the CR which slowly reduced to 85% in the
second cycle, to 76% in the third cycle, and the fourth cycle degraded 70% of the dye. In the
fifth cycle also, the catalyst degraded around 64% of the dye signifying the fact that the present
catalyst can be successfully used several times for photodegradation of CR.
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Figure 4.16 CR degradation efficiency of FDT/PAC nanocomposite up to five cycles
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To understand the photostability of the FDT/PAC nanocomposite, FT-IR spectra of the pristine
FDT/PAC nanocomposite were compared with the recycled composite at the end of the fifth
cycle of degradation of CR (Figure 4.17). From the figure, it can be seen that all the
characteristic peaks that remain in both samples confirm that the nanocomposite had retained
its original structure.
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Figure 4.17 FT-IR spectra of FDT/PAC before and after CR degradation

4.3.7 GC-MS analysis

The degraded end products of the CR dye were analysed using GC-MS and the results are
presented in Figure 4.18. Some major and minor product peaks are detected in the GC-MS
spectra. The major products corresponding to peak position at m/z = 207 is sodium (4-amino-
3-diazenyl)-1 napthaoxide, at m/z = 191 is 2-diazoniumnapthalene-1, 4-diol, at m/z = 133 is
succinic acid radical, and at m/z = 96 is 2-methyl benzyl cation. The minor products
corresponding to peak position at m/z = 177 is 3-diazonium naphthalene-1-ol, at m/z = 105.5 is

2-ethyl benzyl cation (1V), and at m/z = 77 is phenyl cation (V1) [52,53].
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Figure 4.18 Mass spectra of the metabolite of CR dye
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The proposed degradation pathway of congo red is shown in Figure 4.19. Congo red dye mainly
undergoes asymmetric cleavage producing sodium (4-amino-3-diazenyl naphthalene)-1-
sulfonate (2 molecules) and diaminophenyl benzene (one molecule). Sodium (4-amino-3-
diazenyl naphthalene)-1-sulfonate undergoes further dissociation to form compound-sodium
(4-amino-3-diazenyl)-1 napthaoxide (1) (m/z = 207), 3-diazonium naphthalene-1-ol (1I) (m/z =
177), and succinic acid radical (m/z = 133). Compound (Il) transforms to form 2-
diazoniumnapthalene-1, 4-diol (111) (m/z = 191), which further transforms to compound 2-ethyl
benzyl cation (IV) (m/z = 105.5) and 2-methyl benzyl cation (V) (m/z = 96). In addition,
diaminophenyl benzene transforms to form an intermediate compound aniline (m/z = 93) which
further dissociate to phenyl cation (V1) (m/z = 77). Further, these compounds are transformed

into smaller molecules such as carbon dioxide and water molecule.
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Figure 4.19 Proposed degradation pathway for the degradation of CR over FDT/PAC nanocomposite
[54]
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4.3.8 Photocatalytic inactivation

Over the past two decades, photocatalytic inactivation of microorganisms has led to immense
applications of this technique for the elimination of microbial contaminants from water
[16,55,56]. In the present study, the activity of FDT/PAC, and bare TiO2 nanomaterial were
evaluated for the inactivation of E. coli and S. aureus under visible light irradiation. Two control
experiments were performed, which included: light control (visible light alone without
nanocomposite), dark control (0.05 g nanocomposite alone without visible light), and the results
are shown in Figure 4.20 (a) and (b).
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Figure 4.20 Photocatalytic inactivation of (a) E. coli, (b) S. aureus as a function of time

From the graph, it is evident that only light (without the nanocomposite) or nanocomposite
(without light) cannot inactivate the concerned bacteria [57]. Also, bare TiO2 nanomaterial did
not show any antibacterial activity in presence of visible light irradiation. But the inactivation
of E. coli and S. aureus were observed with the FDT/PAC nanocomposite in the presence of
light as shown in Figures 4.21 and 4.22.
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Figure 4.22 Photographs of photocatalytic inactivation of S. aureus at different light exposure times
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The figures show that 100% inactivation of E. coli and S. aureus occurs within 120 minutes and
75 minutes. In the photocatalytic process, irradiation of light on the catalyst creates electrons
and holes pairs, which initiate the bacterial inactivation process [58]. The Fe-doped
nanocomposite produces a new higher energy level on the conduction band of TiO, and the
photogenerated electrons (e) are then excited from the Fe defect state to the TiO. conduction
band. Due to the efficient trapping of electron-hole pairs, more holes (h*) are formed in the
valance band. The photogenerated h* can then react with adsorbed water molecules and
hydroxide ions to form hydroxyl radicals (OH). Thereafter, the electron on the conduction band
of TiO2 combines with the adsorbed water molecules and oxygen ions to produce dioxygen
radical (:O%) and this reacts with hydrogen (H*) ions to form hydrogen peroxide (H202) and
this further generates hydroxyl radicals (‘(OH). The in-situ generated hydroxyl radicals and
dioxygen radicals are highly reactive and react with the E. coli and S. aureus and degrade the
cell walls and membranes of the bacteria, leading to the inactivation of bacteria in the manner,

which has been explained by several authors earlier (Figure 4.23) [59-63].

vA g
- >
} ‘HO, + e« —+HOy"

\\\ /~— P HO, +H* —H,0,
» _ H;O0,+e —» -OH+ OH-
CB . 0, ()l —— H,;0; 2

/ \. 3+
// Fed/Fe? s \ Fe" J
\ﬂ—,—

/ E
( \ C Bacteria Cell )
El

\ P

H +0,—» -HO,+H"

OH

Energy (eV)

\ I'( Fet* ‘

Fet/Fe3* ~——% OH~
\ ..

FDT/PAC nanocomposite

Figure 4.23 A schematic diagram showing the mechanism of photocatalytic inactivation of bacteria
using FDT/PAC nanocomposite
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The Weibull inactivation model was employed to understand the bacterial inactivation
mechanism and is given as equation 4.8:

T gkt (4.8)

No

where N, is the initial number of bacteria and N, is the number of surviving bacteria at time t
(min). K is the bacterial disinfection rate constant (min) and it is calculated from the slope of
the curve [64] and presented in Table 4.3.

Table 4.3 Rate constant of bacterial photocatalytic inactivation of E. coli and S. aureus
Nanocomposite E. coli S. aureus

Rate constant [k x 10 (min'1)] Rate constant [k x 10- (min™)]
FDT/PAC + Visible light 66.67 92.2

As seen from Table 4.3, the inactivation rate constant for S. aureus is 1.3 times more than that
for E. coli. This indicates that gram-positive S. aureus was more sensitive to photocatalytic
inactivation than gram-negative E. coli and this is in agreement with the previously published
reports [65-68]. This could be due to the more complex cell wall structure of E. coli than gram-
positive S. aureus as proposed by Yadav et al. [18]. Gram-positive bacteria have cell walls with
thick layers of peptidoglycan while gram-negative bacteria have cell walls with thin layers of
peptidoglycan and contain an outer cell membrane with lipopolysaccharide molecules. Due to
the presence of an extra outer cell membrane in gram-negative bacteria, the penetration of
species through the cell layer is difficult [67]. Therefore, a more number of hydroxyl radicals
are required to attack the gram-negative bacteria as compared with the gram-positive bacteria

for bacterial inactivation.

4.3.9 Energy consumption and cost analysis

(a) Electrical energy determination

The photocatalytic degradation of congo red dye using visible light irradiated FDT/PAC
nanocomposite is an electrical energy-driven process, accordingly operating costs are involved.
The electrical energy consumed while running the experiment is a major source of operating
costs. Therefore, measuring the electric energy per order (Eeo) for CR degradation can be a
useful and informative way to calculate the expenses during the reaction and it can be calculated
as [69]:

P Xtx1000

(4.9)

Epo = ———
Vx60xlog(C—L)
e

where P = input power (kW), V = volume of CR (L), C; = initial CR concentration, C, = final

CR concentration, t = irradiation time (minute).
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By combining the Langmuir-Hinshelwood pseudo-first-order rate equation 4.4 with equation
4.9, the Ego for a pseudo-first-order reaction can be written as [70]:

Epg = — (4.10)

where K, = pseudo-first-order rate constant (mint). The above equation 4.10 was used to
calculate the model of electric energy per order for the pseudo-first-order batch reactor.

Table 4.4 represents the Eeo (experimental) and Eeo (model) derived values for CR degradation
using FDT/PAC nanocomposite. From the table, it can be observed that the consumption of
electrical energy was more for higher CR concentrations. Experimental Ego value accurately
coincides with the kinetic model Eeo value which confirms that the photocatalytic degradation

of CR follows pseudo-first-order rate kinetics.

Table 4.4 Effect of CR dye concentration on electrical energy consumption
Experimental conditions Apparent R? Eeo Eeo

Initial FDT/PAC pH rate constant experimental model
Conc. Conc. (Kapp) (Min) (kWh mSorder?) | (kwh m2order?)
(ppm) (gL

20 0.06 1 0.05341 0.99 1764.69 1797.41

60 0.06 1 0.01854 0.98 5175.40 5177.99

100 0.06 1 0.01594 0.94 6007.85 6022.58

(b) Total operating cost

Cost estimation is an important parameter to understand the efficiency of the applied method.
It can be measured by adding the total maintenance cost, operating cost, and capital cost. In
this study, the total operating cost and energy consumed in CR degradation were calculated
using the equations 4.11 and 4.12 [71]:

Energy consumed per mg of CR degradation (kWh)xunit cost (INR/kWh)x 10®
CR degradation (mg)

Total operating cost = (4.11)

Power input (kW) xReaction time (min)
1000x60

Energy consumed per mg of CR degradation (kWh) = (4.12)

Table 4.5 represents the total operating cost involved in the degradation of CR from wastewater.
It is observed that a total of 312.50, 236.74, and 166.67 INR (Indian rupee) operating costs were
utilized for 20 ppm, 60 ppm, and 100 ppm CR dye degradation using 0.06 g FDT/PAC
nanocomposite. These operating costs are mainly dependent on the concentration of CR,
amount of nanocomposite, and total electric cost in the photocatalytic reactor without

considering the cost involved in capital cost and maintenance cost.
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Table 4.5 Cost analysis of CR degradation in the photocatalytic reactor under different operating

conditions

Congo | FDT/PAC | Congo red Congo red Reaction Energy Total operating

red Conc. Degradation | degradation time consumed per cost (INR/kg of
Conc. (gL Efficiency (mg) (minute) | mg of Congo red Congo red
(ppm) C (%) Cs=[(C1 x Cs degradation degradation) Cs

Ci Cs C4/100) (kwh) = [(C7 x unit

x working Cr= [(Px cost x 108)/C5]
volume] Cs)/(1000 x 60)]

20 0.06 100 4 60 0.0005 312.50

60 0.06 88 10.56 120 0.001 236.74

100 0.06 75 15 120 0.001 166.67

(a) Total energy consumed (P) 0.5 kW [includes energy for electronic magnetic stirrer (50W), water pump
(50W), exhaust fan (50W) and Visible lamp (350 W)] (b) Working volume of reactor 0.2 L and (c¢) Unit cost
of power 2.5 INR (kWh),

4.3.10 Comparison studies

In the present study, the efficiency of the present FDT/PAC nanocomposite for photocatalytic
degradation of CR is compared with other Fe-doped nanocomposites and is reported below in
Table 4.6. Although different parameters were used by different authors, yet from the
comparative study it can be observed that the present nanocomposite i.e., Fe-doped TiO>
supported on pine cone activated carbon shows an efficient activity towards congo red
degradation with maximum degradation of 100% in 60 minutes using 0.06 g of the

nanocomposite.

Table 4.6 Comparison of catalytic activity of previous works in the literature with FDT/PAC
nanocomposite
Nanocomposite | Pollutant Mass Volume | Ci Contact time | % Source
(gl (ml) (minute) degradation
Fe-TiO2/coconut | Dye 6.00 300 - 60 - [7]
shell AC wastewater
Fe-TiO/ Reactive Red | 1.00 1000 - - - [8]
commercial AC 198
Fe-TiOJ/reduced | Rhodamine 0.60 - 20 120 91.00 [28]
graphene oxide B ppm
Fe-TiOy/zeolite Methylene 1.00 1000 20 60 98.00 [72]
blue ppm
Fe-TiO2/walnut Azo dye 0.25 - 4mM | 240 87.50 [73]
shells AC
Fe-TiO./Zeolites | Methylene 1.00 - 25 90 92.00 [74]
blue ppm
Fe-commercial Methylene 0.10 - 1x10 | 120 - [75]
ACITIO; blue ‘M
Reactive 0.50 200 20 180 100.00 [76]
Fe-TiOJ/coconut | brilliant red ppm
shell AC K2G
Mn, Mo, Reactive Red | 2.00 - 20 240 91.00 [77]
La/TiO/AC 198 ppm
FDT/PAC Congo red 0.06 200 20 60 100.00 Present
ppm study
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4.4 Conclusion

Fe-doped TiO2 nanocomposite supported on activated carbon was synthesized using an
ultrasonic-hydrothermal method. The characterization results confirmed the presence of Fe ions
on the TiO; activated carbon nanocomposite. It is observed that doping of Fe** ions reduced
the optical bandgap of the nanocomposite from 3.2 to 2.3 eV. Additionally, activated carbon
enhanced the surface area and separates the photo-induced electrons and electrons-holes thus
inhibiting their rapid recombination which extends the electron’s lifetime and increases the
photocatalytic efficiency. The FDT/PAC nanocomposite could be effectively used for 100%
degradation of 20 ppm congo red dye solution within 60 minutes. The photocatalytic
degradation of CR followed the pseudo-first-order rate kinetics with an apparent rate constant
of 0.05341 min*! and a half-life period of 12.97 minutes. The thermodynamics study revealed
that the degradation process is exothermic and spontaneous. The presence of interfering ions
such as glycine, EDTA, copper sulphate, cadmium nitrate, and zinc chloride affects mostly the
degradation of CR by FDT/PAC, indicating that hydroxyl radicals are the dominant reactive
species in the CR degradation process. The FDT/PAC nanocomposite has excellent
regeneration properties and it degrades around 64% CR at the fifth cycle of use. The GC-MS
analysis showed the formation of low molecular weight less harmful and green products such
as phenyl cation, carbon dioxide, and water by the attack of hydroxyl radical on CR. The
FDT/PAC nanocomposite was very effective in photocatalytic inactivation of bacteria E. coli
and S. aureus. The maximum inactivation of E. coli was achieved within 120 minutes and S.
aureus within 75 minutes under visible light irradiation. Experimental Eeo and model Eeo were
found to accurately coincide with each other thereby confirming that the photocatalytic
degradation of CR follows pseudo-first-order kinetics. The total operating cost was found to be
312.50, 236.74, and 166.67 INR for 20 ppm, 60 ppm, and 100 ppm CR dye degradation using
0.06 g FDT/PAC nanocomposite. Thus the Fe-doped TiO- activated carbon nanocomposite can

be a promising photocatalyst for future environmental applications.
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CHAPTER 5

PHOTOCATALYTIC DEGRADATION OF ANTHRACENE USING
Ni-DOPED TiO./ACTIVATED CARBON NANOCOMPOSITE

This chapter deals with the preparation of Ni-doped titanium dioxide nanocomposite
supported on activated carbon using the hydrothermal synthesis method. The
physicochemical characterization of the nanocomposite was done by different analytical
methods like SEM-EDX, XRD, FT-IR, photoluminescence (PL), pHzpc, and UV-Visible
diffuse reflectance spectroscopy (DRS). The visible light active nanocomposite was used for
the photocatalytic degradation of anthracene (ANT) from an aqueous solution. The
degradation efficacy of the nanocomposite was evaluated by varying nanocomposite dosages,
contact time, ANT concentrations, and pH of the solution. Kinetics and thermodynamics
studies were carried out to understand the photocatalytic degradation behaviour of ANT. The
effect of different interfering ions on photocatalytic degradation of ANT and also the
reusability of the nanocomposite were studied. The photodegradation mechanism of ANT
was studied using GC-MS analysis. The total electrical energy consumed and operating cost

involved in the degradation process was also measured.
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5.1 Introduction

The impact of Nanotechnology has expanded enormously over the years towards improving the
performance of environmental technologies. Semiconductor metal oxide nanomaterials
operating in advanced oxidation processes typically involve the formation of hydroxyl radicals
(-OH), which are very strong oxidizing agents associated with the complete degradation of
contaminants in wastewater [1]. Some examples of semiconductor-based metal oxide
photocatalysts used for the same are ZrO», MgO, TiO2, ZnO, SiO2, CuCr204, etc. [2]. Among
the semiconductor metal oxides, TiO> is the most broadly utilized photocatalyst because of its
physicochemical stability, optical activity, cost-effectiveness, photostability, and low toxicity
[3]. However, the use of TiO: is limited predominantly because of the large energy barrier of
anatase TiO2 (3.2 eV), which allows it to absorb only 3-5% of solar energy. The high
recombination rate of photogenerated electron-hole pairs also further confines the photo
quantum efficiency of TiO2 [4]. Hence, to resolve these problems it is preferred to modify the
band energy of TiO> either by doping metal/non-metal elements or by dye photosensitization
[5-7]. To increase the photocatalytic efficiency of TiO2, transition metal doping is one of the
most efficient methods which decreases the energy barrier from 3.2 eV to below 3.0 eV [8].
This decrease in the energy gap shifts the photocatalytic activities from UV light to the visible
light region. Among different transition metals, nickel (Ni) has been used as a dopant for TiO..
Due to similar ionic radii of Ni with Ti (0.72 A for Ni and 0.68 A for Ti), it can be a substitute
for the lattice structure of TiO2. Doping TiO2 with Ni creates an impurity energy level on the
conduction band of TiO2 which separates the electron-hole pair and lowers the energy barrier
of TiO,, and thereby enhancing the photocatalytic performance of TiO. in the visible light
region [9]. Application of Ni-doped TiO- has widely been reported for the degradation of water
pollutants [10-12], photochemical water splitting [13], hydrogen sensing [14], and solar cell
applications [15]. It was reported that the Ni-doped TiO> decreases the bandgap energy, and
separates electron-hole pairs of TiO. Also, to avoid the separation and recovery difficulties of
Ni-doped TiOy, the catalyst is loaded on different support systems which restricts the
agglomeration property of TiO2 nanomaterial [16].

Activated carbon (AC) containing lignocellulosic materials with highly developed surface area,
porosity, and excellent adsorption characteristics enable AC the most suitable support system
for catalysts. Such characteristics of AC have the potential to accumulate pollutant molecules
present in the water around the photocatalyst surface. Thus, TiO2-AC nanocomposite materials

improve photocatalytic reaction rates towards pollutants degradation [17]. Contamination of
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water with various toxic chemicals such as polychlorinated biphenyls, pentachlorophenols,
hexachlorophenols, furans, and, polycyclic aromatic hydrocarbons, etc. has a major impact on
human health and the environment [18]. Out of these toxic chemicals, polycyclic aromatic
hydrocarbon (PAHS) is one of the most widely used organic compounds in industries. The
contamination of water by PAHs might be due to low aqueous solubility, high volatility, high
stability, and slow biodegradation capability [19]. Anthracene is the highly concentrated PAHs
having low molecular weight with tricyclic aromatic hydrocarbon. Anthracene is a very toxic
and allergenic, mutagenic, carcinogenic substance which is easily found in water. On exposure
to anthracene into our body, it can directly affect the blood, intestines, stomach, skin, and lymph
system, and swell the stomach and intestine [20]. Thus, the removal of this hazardous substance
from water is of high concern.

Keeping in mind these environmental concerns, the present study aimed to synthesize nickel-
doped TiO- loaded on activated carbon (NDT/PAC) for possible application in the degradation
of anthracene from water. The synergistic relationship between the surface adsorption and
photocatalytic activity of the synthesized NDT/PAC was studied and compared with TiO>
loaded on activated carbon and also with TiO2 nanomaterial. The schematic illustration of the
photodegradation of anthracene using NDT/PAC nanocomposite is reflected in Figure 5.1. This
could be one of the first pieces of work to focus the use of nickel-doped TiO. loaded on

activated carbon nanocomposite for degradation of anthracene from wastewater.

Ni-doped TIC;Z-
(NDT/PAC)

AC
Hydrothermal

Activated carbon

ANT degradation
products

Figure 5.1 A schematic representation of photocatalytic degradation of anthracene using NDT/PAC
nanocomposite
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5.2 Materials and method

5.2.1 Materials

Nickel nitrate hexahydrate (Ni(NO3)2.6H20, 99.99%), titanium tetrachloride (TiCls, 99.10%),
sulphuric acid (H2SOas, 98%), ammonia (NHs, 25%), zinc chloride (ZnClz, 99%), and
anthracene (ANT, 99%) were procured from Sigma-Aldrich and used without additional
purifications. Silver nitrate (AgNOs, 99%), ethylenediaminetetraacetic acid (C1oH16N20s,
99%), sodium nitrate (NaNOz, 98%), sodium chloride (NaCl, 99.5%), copper sulphate (CuSOQa,
98.5%), glycine (C2HsNO2, 99%), oxalic acid (C2H204, 95%), and cadmium nitrate
(Cd(NO3)2.4H20, 98%) were obtained from Himedia, India.

5.2.2 Synthesis of NDT/PAC nanocomposite

Pine cone activated carbon (PAC) and TiO2 were used as a precursor for the synthesized
NDT/PAC nanocomposite. PAC was prepared using the bio-waste of pine cones and TiO:
nanoparticles were synthesized using the sol-gel method. Synthetic pathways for PAC, TiOo,
and TiO2 supported on PAC nanocomposite were reported in our previous study [17].
Preparation of NDT/PAC nanocomposite was carried out as follows: The prepared TiO>
nanoparticles (0.15 g) were slowly mixed with 1.0 g of Ni (NOz)2.6H20 in 100 mL distilled
water with continuous stirring for 30 minutes. The mixture was then slowly poured into a beaker
containing 0.3 g of the PAC and the final mixture was ultrasonicated in an ultrasonic bath for
1h. Later, the mixture was kept inside a Teflon-lined stainless steel autoclave for hydrothermal
treatment and heated at a temperature of 150°C for 24 h. The resultant solution was washed
thoroughly with double distilled water followed by centrifugation until the neutral pH was
attained. It was then dried overnight at 65°C and grounded to powder to obtain NDT/PAC

nanocomposite [21].

5.2.3 Characterization

The following instrumental techniques were used to characterize the synthesized NDT/PAC
nanocomposite: (i) the surface morphology was observed with a scanning electron microscopy
(SEM) (Sigma-300; Zeiss device), (ii) the elemental compositions were analysed using Energy-
dispersive X-ray spectroscopy (EDX) in conjunction with SEM, (iii) the crystal structures were
analysed by X-ray diffractometer using PANalytical X Pert Pro device (Cu K, radiation at 40
kV and 40 mA), (iv) the presence of different functional groups were studied by Fourier
transformed Infra-red (FT-IR) spectrometer using Perkin Elmer instrument (Model: Spectrum
Two), (v) the bandgap was determined using Shimadzu diffuse reflectance spectrophotometer
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(DRS), (vi) the emission spectra were determined by a photoluminescence spectrophotometer
using Horiba Fluoromax-4CP spectrofluorometer (150 W Xenon Lamp), (vii) the surface area,
total pore volume and pore radii were determined using Brunauer-Emmett-Teller (BET)
surface analyser (Quantachrome instrument) by measuring N> adsorption-desorption isotherm,
(viii) the zero-point charge (pHzpc) of the NDT/PAC nanocomposite was determined using the

batch equilibrium method as described in Chapter 2 section 2.3.

5.2.4 Photocatalytic degradation experiment

The photocatalytic degradation of anthracene (ANT) was performed inside a photocatalytic
reactor. The reactor was a black box with a high-pressure mercury visible light having a
maximum wavelength of 520 nm with 350 W powers. Inside the reactor, a Pyrex glass vessel
(capacity: 250 ml) containing pollutant and the nanocomposite mixture was placed above a
magnetic stirrer and light irradiation was done by placing a high-pressure mercury lamp above
(distance 10 cm) the reaction mixture. A continuous flow of cold water was circulated using a
water pump through the outer jacket of the reactor to maintain the temperature of 25°C. Also,
the continuous circulation of air was carried out using an exhaust fan [16].

ANT had been dissolved in acetone to prepare the standard solution (250 ppm). The standard
solution was further diluted to various concentrations of 20, 40, 60, 80, and 100 ppm using
double distilled water. For the batch degradation study, at first 150 ml of a particular
concentration of ANT solution and 0.05 g of the nanocomposite were poured together in the
photoreactor, and continuously stirred for 30 minutes in dark conditions to establish adsorption-
desorption equilibrium inside the reaction system. After reaching the equilibrium condition,
visible light was passed through the reaction medium to study the effect of light in the
degradation of the ANT. At every 10 minutes interval, 3.5 ml of the ANT solution was taken
out and the concentration of ANT was measured using a Lambda-365 UV-Vis
spectrophotometer at an absorbance of 252 nm.

The ANT degradation percentage was calculated using equation 5.1.

Ci—Ce
Ci

ANTdegradation (%) = x 100 (5.1)

where Cj represents initial concentration of ANT (ppm), and Ce represents final concentrations
of ANT (ppm).
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5.3 Results and discussion

5.3.1 Characterization of NDT/PAC nanocomposite

(a) XRD analysis

The XRD data of NDT/PAC nanocomposite were analyzed and compared with both TiO:
nanoparticles and TiO> supported on AC (TiO2-NP/PAC) nanocomposite [17] (Figure 5.2). The
average value of the crystallite sizes (d) was calculated by using Debye-Scherrer’s equation 5.2
[22].

_ KA
Bcos6

(5.2)

where k = Scherer constant (0.9), 1 = wavelength of the Cu K, X-ray radiation (0.15418 nm), 6
= diffraction angle, and g = full-width at half-maximum (FWHM) of highest intensity peak
[23].

XRD plot for all the three samples which contains TiO2 have diffraction peaks at 25.281°,
38.576°, 48.050°, 53.891°, 55.062°, 62.690°, 68.762°, 70.311° and 75.032°, and miller indices
at(101),(112),(200),(105),(211),(204),(116),(220) and (2 15) planes. This result
suggested that the phase of TiO- is an anatase crystalline form [JCPDS card No. 21-1272]. In
the XRD pattern of NDT/PAC nanocomposite, the diffraction peak for the NiO phase was not
detected this might be possible due to the fine dispersion of Ni?* ions on the TiO2-NP/PAC
nanocomposite surface. The average crystallite size for the NDT/PAC nanocomposite was

observed to be in the range of 5-10 nm.
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Figure 5.2 XRD patterns of NDT/PAC nanocomposite in contrast with TiO2, TiO>-NP/PAC [17]
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(b) SEM and EDX analysis

The SEM micrograph obtained for NDT/PAC nanocomposite is displayed in Figure 5.3 (a). As
seen from the Figure, the white spherical TiO2 particles accumulating with Ni ions were
aggregated on the PAC surface, and their particle sizes ranged from 5-20 nm.

The EDX spectra of the NDT/PAC nanocomposite are shown in Figure 5.3 (b). The spectra
confirm the presence of Ni (0.34%), Ti (4.18%), O (12.31%), and C (83.17%) in the
nanocomposite. These results reveal that the amounts of Ni dopants are less compared to Ti and

O; this might be due to the loss of nickel nitrate during the hydrothermal synthesis of the

nanocomposite.
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Figure 5.3 (a) SEM image and (b) EDX pattern of NDT/PAC nanocomposite

(c) FT-IR analysis

The FT-IR data of the as-prepared NDT/PAC nanocomposite is shown in Figure 5.4. The broad
peaks cantered at 3767 and 3064 cm™ are assigned to sp? C-H and -OH stretching vibrations.
These two peaks confirm the surface functionalization of AC and the presence of surface
hydroxyl groups. The peak at 1596 cm™ is attributed to the H-O-H bending vibration, which
corresponds to the water molecules adsorbed on the surface and the interlayer space of the
nanocomposite [12]. The absorption peak at 1277 and 1116 cm™ is due to the presence of C-O
stretching vibration in the NDT/PAC nanocomposite. The bands at 787 and 620 cm™ account
for the Ti-O stretching vibration of the Ti-O bond in the nanocomposite [16]. The band at 463
cmtaccounts for Ni-O stretching vibrations in the Ni-doped TiO2 nanocomposite [24].
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Figure 5.4 FT-IR spectra of NDT/PAC nanocomposite

(d) UV-Vis DRS analysis
The DRS spectra of prepared NDT/PAC nanocomposite are shown in Figure 5.5 (a), and it is

compared with the DRS spectra of TiOz and TiO2-NP/PAC nanocomposite [16]. The spectra of
TiO, and TiO2-NP/PAC nanocomposite exhibited optical absorbance in the ultra-violet region
(wavelength 200-380 nm), this might be attributed due to the migration of charge from O 2p to
the Ti 3d level. In the case of Ni-doped TiO>, a red-shifted absorption peak arises through the
transition of the Ni?* 3d electron to the conduction band of TiO2 [25]. The bandgap energy of
the Ni-doped TiO2 nanocomposite was calculated by following the classical Tauc’s equation

represented by equation 5.3 [26].
ahv = K (hv-Eg)" (5.3)

where o is the absorption coefficient, Eg represents the bandgap energy, 4v is the photon energy,
K is a proportionality constant, and n depends on the nature of transition (n = 1/2, for direct
allowed charge transitions).

From the Tauc’s plot, the bandgap energy for NDT/PAC nanocomposite was found to be 2.4
eV, which is much lower than TiO; (3.1 eV) and TiO2-NP/PAC (3.2 eV) (Figure 5.5 (b)) [17].
The bandgap energy for TiO reduces from 3.1 to 2.4 eV with the doping of Ni?* ions in the
TiO, structure and this reduction in the bandgap shifts the optical absorbance to the visible light
region. Thus, doping of Ni?* ions in the TiO.-NP/PAC shifts the photodegradation of ANT in

the visible light region.
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Figure 5.5 (a) DRS spectra and (b) Tauc’s plot for TiO,, TiO,-NP/PAC, and NDT/PAC nanocomposite
(plot for TiO, TiO,-NP/PAC is shown for comparison only) [16]

(e) PL analysis
The effect of electron-hole pair recombination on photocatalysis can be studied using

photoluminescence (PL) analysis. The luminescence emissions of TiO> and NDT/PAC
nanocomposite were performed in the wavelength range from 450-750 nm (Figure 5.6). The
high intense emission peak is observed for TiO at around 464 nm, which signifies that the
electron-hole pair’s recombination is more. However, the PL intensity decreases after doping
Ni ions on TiO>. This decrease in PL intensity could be due to the generation of an impurity
energy level within the bandgap of TiO. from which electron transfer to the conduction band
of TiO2. The low-intense peak of the NDT/PAC nanocomposite indicates a decreased
recombination of charge carriers, which is expected to enhance the photocatalytic activity of

the NDT/PAC nanocomposite.
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Figure 5.6 PL spectra of TiO,, and NDT/PAC nanocomposite
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(F) BET surface area and pore structure analysis

Results of proximate analysis of NDT/PAC, TiO2, and PAC are shown in Table 5.1. From the
table, it is observed that the BET surface area of PAC is reduced from 878.07 m?g™ to 84.13
m?gt in NDT/PAC. The decreased surface area may be attributed due to the covering of PAC
pores by Ni and TiO2 nanoparticles, confirming that Ni and TiO> nanoparticles had occupied a
large surface area of PAC. It is also observed that the NDT/PAC has a higher BET surface area
than that of bare TiO. nanoparticles (60.21 m2g™l). The improvement of NDT/PAC
nanocomposite surface area might be due to the addition of Ni ions to the TiO2 complex [27]
and also the presence of PAC as catalytic support [28]. The pore diameter of 8.70 nm and total
pore volume of 0.08 cm3g* give information about the formation of mesoporous material (2-
50 nm).

Table 5.1 BET surface area and pore size of TiO,, PAC, and, NDT/PAC nanocomposite
Proximate analysis (wt %)

BET surface area (NDT/PAC) 84.13 m?g+

BET surface area (TiO,) [16] 60.21 m’g*

BET surface area (PAC) [16] 878.07 m’g™*

Total pore volume 0.08 cm3g?t

Pore radius 8.70 nm

(g) Zero-point charge analysis
The zero point charge (pHzpc) of the NDT/PAC nanocomposite corresponds to 6.75 (Figure
5.7), indicating that the nanocomposite surface becomes positively charged when pH < 6.75

and negatively charged when pH > 6.75 [16].
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Figure 5.7 pHzpc plot for NDT/PAC nanocomposite

5.3.2 Photocatalytic activity
To confirm that the photocatalytic degradation for the present nanocomposite takes place only

under visible light, ANT degradation was initially carried out under ultra-violet light (325 nm).
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Since, the high-pressure mercury lamps also emit intense ultra-violet light, the same set of
photocatalytic experiments using NDT/PAC nanocomposite was carried out using mercury UV
lamp of wavelength 325 nm and it showed negligible degradation of ANT (20 ppm = 0.9%, 40
ppm = 0.85%, 60 ppm = 0.7%, 80 ppm = 0.5%, and 100 ppm = 0.0%) occurred after 3h of
reaction under UV light (Figure 5.8). Subsequently, the visible light photocatalytic degradation
experiments of ANT with NDT/PAC, TiO.-NP/PAC, and TiO2 nanomaterial were evaluated

following the procedure discussed in experimental section 5.2.4.

1.0

—o—20 ppm
== 40 ppm
084 —o—60 ppm
| =80 ppm
—o— 100 ppm

0.9 4

e o o
h () ~
1

Anthracene degradation (%)
e 1
1 1

0.1 —
0 20 40 60 80 100 120 140 160 180 200
Irradiation time (min)

Figure 5.8 Effect of NDT/PAC (0.05 g) with irradiation time in the degradation of ANT solution under
UV light (325 nm)

(a) Effect of NDT/PAC nanocomposite amount

Degradation experiments of ANT with different doses of NDT/PAC, TiO2-NP/PAC, and TiO:
were conducted in the presence of visible light. Different concentrations of ANT varying from
20-100 ppm was studied for different doses (0.01-0.09 g) of the NDT/PAC, TiO2-NP/PAC, and
TiO2 nanomaterial (Figure 5.9). It can be seen from the figure that NDT/PAC showed
significantly higher photocatalytic degradation as compared to TiO2-NP/PAC and TiO». The
maximum percent degradation (99.9%) was attained for 20 ppm of ANT using 0.05 g of
NDT/PAC nanocomposite under visible light exposure of 50 minutes. The very high
degradation of ANT by NDT/PAC nanocomposite confirms the fact that introducing Ni dopant
into TiO- inhibits the electron-hole recombination and shifts the optical response of TiO2 from
UV to visible light as evident from UV-Vis (DRS) and PL spectra (Figure 5.5 and 5.6)
respectively [29]. Also, the use of PAC as a support material increases the surface area of the
nanocomposite assisting a higher concentration of pollutant molecules to accumulate around
the surface of the photocatalyst, which assists in improving the photocatalytic reaction rates.
However, under a similar set of conditions, the maximum percentage degradation of ANT
solution with TiO2-NP/PAC and TiO> were 31% and 22.5% respectively. This minor
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degradation is due to the visible light-responsive behaviour of ANT which results from the
degradation of ANT without TiO2 being doped with Ni ions [30]. Further, it is observed that by
increasing the nanocomposite dose above 0.05 g, the percent degradation of ANT shows a
decreasing trend. This could be due to the reduced visible light penetration as a result of light
scattering, and higher recombination of the electron-hole pairs. Thus, in the present study, 0.05
g of NDT/PAC nanocomposite was considered to be the optimal amount for ANT degradation

studies.
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Figure 5.9 Effect of nanocomposite (a) NDT/PAC, (b) TiO-NP/PAC, and (c) TiO, amount in the
degradation of ANT solution under visible light

(b) Effect of pH

In photocatalysis, the effect of pH is an important parameter that gives information about the
mechanism involved at the surface of the nanocomposite. Degradation of 150 ml of 20 ppm
ANT solution in the pH range from 2-10 was studied with 0.05 g dose of the NDT/PAC, TiO»-
NP/PAC, and TiO2 nanomaterial (Figure 5.10). The highest percentage degradation of ANT
was observed at pH = 2 then started decreasing with an increase in the pH of the solution. A
similar trend of results was observed by Gupta et al. [31] and Zango et al. [32] where the highest
degradation of ANT occurred in acidic media rather than under basic conditions. Since the pHzpc
of the NDT/PAC, TiO.-NP/PAC, and TiO2 nanomaterial are 6.75, 6.45, and 6.25 respectively;
thus the surface of the nanocomposite becomes positive at pH < pHzpc. Hence, at lower pH
(pH 2 < pHzpc), there will be a stronger interaction between the n-electron cloud of the ANT
molecule and the positive charge on the nanocomposite surface [33]. On the other hand, with
increasing pH or in alkaline media, availability of the OH™ ions increases which compete with
the positive surface charge on the nanocomposite; hence the degradation of ANT decreases at
higher pH [34].
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Figure 5.10 Effect of (a) NDT/PAC, (b) TiO2-NP/PAC, and (¢) TiO2 (0.05 g) with pH in the degradation
of ANT solution under visible light

(c) Effect of initial anthracene concentration and light irradiation time

The photocatalytic degradation was studied for nanocomposite dosage of 0.05 g at an optimum
pH (pH=2) for different concentrations of ANT solution, under visible light irradiation for
different periods. The results (Figure 5.11) reveal that the ANT degradation initially increases
with irradiation time till 50 minutes for all the concentrations. Once the exposure time reaches
around 50 minutes, the saturation points are reached and the curve starts flattening. Interestingly
maximum degradation of 99.9% was observed for 20 ppm solution, which reduces to 84.5%,
73%, 64%, and 53% for 40, 60, 80, and 100 ppm solution at 50 minutes irradiation time.
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Figure 5.11 Effect of (a) NDT/PAC, (b) TiO,-NP/PAC, and (c) TiO; (0.05 g) with contact time in the
degradation of ANT solution under visible light
The possible explanation for less degradation of the ANT could be due to the lower availability
of hydroxyl radical species in the reaction medium. Photocatalytic degradation is initiated by
reactive hydroxyl radicals which are formed due to exposure to light and the degradation
reaction mainly undergoes on the surface of the nanocomposite. When the concentration of
ANT is more, light particles get captured between the ANT particles, and hence light particles
are not able to reach the nanocomposite surface [34]. Thus, the production of reactive hydroxyl

radical decreases, and consequently, the degradation of ANT is reduced.
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5.3.3 Kinetic studies
The kinetic studies of degradation were conducted at optimum conditions of pH 2 for 20 ppm
solution with 0.05 g nanocomposite dose. The rate of the reaction (Kapp), and the half-life time
(tu2) were determined using equations 5.4 and 5.5.

() = Kept (5.4)

In2

s = (5.5)

where C; = Initial ANT concentration (20 ppm); Ce = Final ANT concentration at equilibrium;
Kapp = Apparent rate constant.

The linear plot of In (Ci/C¢) against irradiation time shows a high correlation coefficient (R?:
0.998). This implies that the degradation of ANT concentration follows Langmuir-
Hinshelwood pseudo-first-order rate kinetics (Figure 5.12). The Kapp value and the ti» were

measured from the slope and were found to be 0.11449 min* and 6.05 minutes.
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Figure 5.12 Pseudo-first-order rate kinetics of ANT degradation loaded on NDT/PAC nanocomposite

5.3.4 Thermodynamic studies
Thermodynamic studies considered different temperatures (298 K, 308 K, 318 K, and 328 K)

for photocatalytic degradation of ANT using NDT/PAC nanocomposite. The different
thermodynamics parameters were calculated using the equations 5.6 and 5.7.

AS© AH®
and = T - RT (56)
AG® = —RT InK, (5.7)

where T is the absolute temperature, Kg is the distribution coefficient, R (8.314 J mol* K1),
The plot of InKq vs 1/T (Figure 5.13) gives the slope and intercept value from where AH® and

AS° values were calculated.
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Figure 5.13 InKyas a function of 1/T (Using 20 ppm ANT concentration, 0.05 g NDT/PAC, pH 2, and
50 minutes visible light irradiation)

The results of different thermodynamics parameters are listed in Table 2. The negative values
of AS® (-51.2593) and AH° (-29.6355) signify the degradation of ANT using NDT/PAC
nanocomposite was an exothermic process. Also, the negative value of AG® suggests that the
photocatalytic reaction is spontaneous and feasible.

Table 5.2 Values of enthalpy (AH®), entropy (AS°), and Gibbs free energy (AG°®) calculated for the
photocatalytic degradation of ANT using NDT/PAC nanocomposite

Thermodynamic parameters
T (K) AG° (kJ mol?) AH® (kJ mol?) AS° (kJ moltK)
298 -14.3603
308 -13.8477
318 -13.3351 -29.6355 -51.2593
328 -12.8225

5.3.5 Effect of interfering ions on ANT photocatalytic degradation
In industrial sewages, anthracene may be present in combination with different dissolved

oxygen matter, organic solvents, humic substances, and acidic and basic species. Therefore the
applicability of the NDT/PAC nanocomposite in the degradation of anthracene combined with
different interfering ions such as EDTA, NaCl, ZnCl,, CuSOs, glycine, oxalic acid, NaNOs, and
Cd(NO3)2 was analysed. For this study, optimum NDT/PAC nanocomposite dose of 0.05 g, pH
of 2, light irradiation dose of 50 minutes, and interfering ion concentration of 20 ppm were used
and the degradation percentage as a function of different interfering ions are plotted in Figure
5.14. From the figure it can be evaluated that the degradation percentage decreases from 99.9%
t0 63% (EDTA), 79% (NaCl), 72% (ZnCl>), 64% (CuSOs), 49% (Glycine), 82% (oxalic acid),
78% (NaNOs3), and 65% (Cd(NOs).).
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The decrease in degradation percentages is due to the scavenging properties of the cations or
anions of interfering ions, as the photocatalytic degradation processes were predominantly
driven by the highly oxidizing species, photogenerated valence band holes (h*), or hydroxyl
radicals (‘OH) [35].
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Figure 5.14 Photocatalytic degradation of ANT in the presence of interfering ions using NDT/PAC
nanocomposite

5.3.6 Nanocomposite reusability and photostability

The reusability of the prepared nanocomposite for the photocatalytic degradation of ANT was
carried out for five cycles of usages. For reuse of the nanocomposite, every time after
completion of the photocatalytic reactions, the nanocomposite remaining in the reaction
medium was separated by centrifuging the solution. The obtained nanocomposite was then
rinsed with double distilled water and dried in an oven. The dried nanocomposite was then
again used for photocatalytic degradation of ANT (Figure 5.15). In the first cycle, the ANT
degradation was 98.50% which reduced to 90.60% for the second cycle, became 85% for the
third cycle, and degraded upto 79% in the fourth cycle. The degradation efficiency of the
nanocomposite decreases marginally with increasing usages. This decrease in degradation
efficiency could be due to the reduction of vacant adsorption sites on NDT/PAC nanocomposite
for ANT adsorption. It could also be due to the release of the photoactive compounds from the
NDT/PAC nanocomposite during the recycling process [36]. In the fifth cycle, the degradation
efficiency of the nanocomposite was found to be around 73%, which establishes the fact that
NDT/PAC nanocomposite still shows excellent usage capability after running it through several
cycles.
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Figure 5.15 ANT degradation efficiency of NDT/PAC nanocomposite upto five cycles

To understand the photostability of the NDT/PAC nanocomposite, FT-IR spectra of the pristine
NDT/PAC nanocomposite were compared with the recovered composite at the end of the fifth
cycle of degradation of ANT (Figure 5.16). From the figure, it can be seen that all the
characteristic peaks that remain in both samples confirm that the nanocomposite had retained
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Figure 5.16 FT-IR spectra of NDT/PAC before and after ANT degradation

5.3.7 GC-Mass analysis

GC-MS analysis was used to identify the degraded end products of the ANT and the results are
presented in Figure 5.17. It can be observed from the mass spectra that the end products of ANT
are degraded to less harmful carbon dioxide and water. The intermediate degraded products
obtained are 9, 10-anthraquinone at m/z = 208, phthalic acid at m/z = 165, salicylic acid at m/z
= 138, catechol at m/z = 110, and other smaller products.
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Figure 5.17 Mass spectra of degradation products of ANT aqueous solution

The probable mechanism for degradation is reflected in Figure 5.18. Probably, ANT is initially
degraded by an attack of hydroxyl radicals produced in the reaction medium generating 9, 10-
anthraquinone (I). It then undergoes ring cleavage to form phthalic acid (1) and further oxidizes
to yield salicylic acid (111) and catechol (IV). The ring-opening of catechol results in the
formation of minor products like (1E, 3Z)-hexa-1,3,5-trien-1-ol (1a; m/z = 96), and (1E, 3E)-
penta-1,3-dien-1-ol (1b; m/z = 82) [24,37]. Further, these compounds are transformed into

smaller molecules such as carbon dioxide (m/z = 44), and water.
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Figure 5.18 Proposed degradation pathway for the degradation of ANT over NDT/PAC nanocomposite
[24]
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5.3.8 Energy consumption and cost analysis

Electrical energy consumption and total operating cost of the photocatalytic degradation of
ANT using NDT/PAC nanocomposite were calculated and are discussed below in detail.

(a) Electrical energy determination

The electric energy per order (Eeo) involved in the degradation of ANT is a useful and valuable
approach for calculating the overall expenditure during the experimentation and can be
calculated using equation 5.8 [38]:

P Xtx1000

(5.8)

E., = ————

EO C;
x60xlog(=t

Vx60 og(ce)

where V = volume of ANT (L), C; = initial ANT concentration, C, = final ANT concentration,
t = irradiation time (min), P = input power (kW).
Combining Langmuir-Hinshelwood pseudo-first-order rate equation 5.4 and equation 5.8, the

model of electric energy per order can be written as [39]:

38.4 XP
VX Kapp

Epo = (5.9)

where K, = pseudo-first-order rate constant (min), V =volume of ANT (L), P = input power
(kW).

Table 5.3 represents the Eeo (experimental) and Eeo (model) values for ANT degradation. The
table shows higher electrical energy consumption at higher ANT concentrations. This could be
due to the more visible light absorption with increased ANT concentrations. Furthermore, the
value of the experimental Eeo is similar to that of the kinetic model Ego, this result signifies

that the degradation of ANT fits better with pseudo-first-order rate kinetics.

Table 5.3 Effect of ANT concentration on electrical energy consumption
Experimental conditions Apparent R? Eeo Eeo

Initial NDT/PAC pH rate constant experimental model
Conc. Conc. (Kapp) (Min™) (kWh m=2order?) | (kwh m2order?)
(ppm) (gL

20 0.05 1 0.1144 0.99 925.92 1118.88

40 0.05 1 0.0345 0.94 3424.82 3710.14

60 0.05 1 0.0251 0.98 4884.98 5099.60

80 0.05 1 0.0196 0.97 6260.52 6530.61

100 0.05 1 0.01467 0.99 8471.36 8725.28

(b) Total operating cost
Estimation of cost is an important factor in understanding the effectiveness of the applied

method. It can be measured by adding up maintenance costs, operating costs, and capital costs.
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In this study, the total operating costs and energy consumed during ANTs degradation were
calculated using equations 5.10 and 5.11 [40].

Energy consumed per mg of ANT degradation (kWh) xunit cost (INR/kKWh)x 10°

Total operating cost =
p g ANT degradation (mg)

(5.10)

Power input (kW) xReaction time (min)
1000%x60

Energy consumed per mg of ANT degradation (kWh) = (5.11)

Table 4 presents the total operating cost needed for the degradation of ANT from wastewater.
The total operating cost in Indian rupees (INR) used during the ANT degradation using 0.05 g
NDT/PAC nanocomposite were as follows: 347.56 (20 ppm), 205.45 (40 ppm), 158.54 (60
ppm), 135.63 (80 ppm), and 131.02 (100 ppm). These operating costs depend mainly on the
ANT concentration, NDT/PAC nanocomposite dosages, and photocatalytic reactor

configuration without considering the maintenance and capital cost.

Table 5.4 Cost analysis of ANT degradation in the photocatalytic reactor under different operating
conditions
ANT | NDT/PAC ANT ANT Reaction Energy Total operating
Conc. Conc. Degradation | degradation time consumed per cost (INR/kg of
(ppm) (gL?Y) Efficiency (mg) (minute) mg of ANT ANT
Ci C (%) Cs=[(C1 % Cs degradation degradation) Cs
Ca C.4/100) (kwWh) = [(C7 x unit
x working Cr= [(Px cost x 108)/C5]
volume] Cs)/(1000 x 60)]
20 0.05 99.9 0.999 50 0.0004 347.56
40 0.05 84.5 1.69 50 0.0004 205.45
60 0.05 73.0 2.19 50 0.0004 158.54
80 0.05 64.0 2.56 50 0.0004 135.63
100 0.05 53.0 2.65 50 0.0004 131.02

(a) Total energy consumed (P) 0.5 kW [includes energy for electronic magnetic stirrer (50W), water pump (50W),
exhaust fan (50W) and Visible lamp (350 W)] (b) Working volume of reactor 0.15 L and (d) Unit cost of power
2.5 INR (kWh) L,

5.3.9 Comparison studies

A comparative study of current NDT/PAC nanocomposite with other nanomaterials was
conducted to understand the relative efficiency of the NDT/PAC for ANT degradation in
wastewater. The results of the comparison are shown in Table 5. It can be seen that the current
NDT/PAC nanocomposite has relatively high degradation activity for ANT degradation
compared to other nanomaterials in the literature. Thus, Ni-doped TiO- supported on activated

carbon could be a potential photocatalyst for anthracene degradation in wastewater.
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Table 5.5 Comparison of catalytic activity of previous work in the literature with NDT/PAC
nanocomposite
Nanocomposite | Pollutant Mass | Volume | Ci Contact | % degradation | Source
(ml) time
(minute)
FesO4/MIL-101 | Anthracene | 5mg 300 4 ppm 60 95 [41]
Zn0 Anthracene 1000 1000 25ug 240 96 [42]
HY
NiO-ZnO Anthracene | 80 mg | 1000 2mg 720 98 [24]
ZnCo0,04 95
MnCo0,04 92
CoFe,04 88
n-ZnO/p-MnO Anthracene 15mg | 35 20 ppm | 60 - [43]
MgO-carbon Anthracene | 69 1000 50 ppm | 60 96.05 [44]
composite
TiO; Anthracene 175 100 25 ppm | 40320 70 [45]
mg
Ag-TiO; Anthracene 509 250 1000 360 100 [46]
ppm
NDT/PAC Anthracene | 0.05g | 150 20 ppm | 50 99.90 Present
study

5.4 Conclusion

Ni-doped TiO> supported on activated carbon nanocomposite was synthesized via a simple
hydrothermal method. The XRD spectra confirmed the existence of the anatase phase of TiO>
and also good dispersion of Ni?* ions on the surface of TiO.-activated carbon. The surface
morphology of the nanocomposite confirmed that Ni-doped TiO2 nanoparticles were isolated
completely over the surface of the PAC and exhibited average particle size distribution of 5-20
nm. The UV-Vis DRS spectra indicated that the bandgap energy of TiO> reduces from 3.1 to
2.4 eV with the doping of Ni?* ions in the TiO; structure and this reduction in the bandgap shifts
the optical absorbance to the visible light region. The prepared NDT/PAC nanocomposite
showed very high performance towards photocatalytic degradation of ANT and a maximum of
99.9% degradation was observed for 20 ppm solution within 50 minutes. The photocatalytic
degradation process was found to be in good agreement with the Langmuir-Hinshelwood
pseudo-first-order rate kinetics having a rate constant of 0.11449 min and a half-life period of
6.05 minutes. The thermodynamic study indicated the temperature dependence, exothermic,
and spontaneity of the degradation process. The effect of different interfering ions such as
EDTA, NaCl, ZnCl,, CuSOs, glycine, oxalic acid, NaNOsz, and Cd(NO3)2 was analyzed, and it
was observed that the presence of glycine, EDTA, CuSO., NaNO:; mostly affects in the
degradation percentage of ANT. It was observed that the NDT/PAC nanocomposite can be
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reused several times having good degradation efficiency till the fifth cycle. GC-MS analysis
confirmed the generation of end products 9, 10-anthraquinone, phthalic acid, salicylic acid,
catechol, (1E, 32)-hexa-1,3,5-trien-1-ol, (1E, 3E)-penta-1,3-dien-1-ol, and carbon dioxide after
the photocatalytic degradation. Thus, it can be concluded from this work that the prepared
nanocomposite can act as a good visible light-sensitive photocatalyst for degradation of ANT

in water solution.
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CHAPTER 6

PHOTOCATALYTIC DEGRADATION OF PHENOL USING Co-
DOPED TiO2/ACTIVATED CARBON NANOCOMPOSITE

This chapter deals with the preparation of Co-doped titanium dioxide supported on activated
carbon (CDT/PAC) nanocomposite using the hydrothermal synthesis method. The
physicochemical characterization of the nanocomposite was done by different analytical
methods like SEM-EDX, XRD, FT-IR, photoluminescence (PL), pHzrc, and UV-Visible
diffuse reflectance spectroscopy (DRS). The visible light active nanocomposite was used for
the photocatalytic degradation of phenol from an aqueous solution. The efficacy of the
nanocomposite was evaluated by varying nanocomposite dosage, contact time, phenol
concentrations, and pH of the solution. Kinetics and thermodynamics studies were carried out
to understand the photocatalytic degradation behaviour of phenol. The effect of different
interfering ions on photocatalytic degradation of phenol and also the reusability of the
CDT/PAC nanocomposite were studied. The photodegradation mechanism of phenol was
studied using GC-MS analysis. The total electrical energy consumed and operating cost

involved in the degradation process was also measured.



Chapter 6 Degradation of Phenol

6.1 Introduction

In recent years, contamination of water resources due to rapid industrial development and
modernization has stimulated significant concern worldwide [1]. From the pharmaceuticals
industries, plastic plants, oil refiners, textile industries, and coal conversion industries, phenols
are mainly discharged as waste products that largely contaminate water resources [2]. The
bioaccumulative nature, persistence, widespread occurrence, and poor biodegradability of
phenolic compounds create concern to the environment. Upon ingestion of phenol different
health-related problems can arise such as metabolic acidosis, respiratory distress, renal failure,
cardiovascular effects, neurological effects, necrosis of the skin, gastrointestinal irritation,
abdominal pain, and paralysis [3]. Phenol retains its toxicity effects in our body even at a
concentration lower than 10 ngl? [4]. Hence, the removal of phenol from water sources has
become a major challenge for the research community. At present, several methods are applied
for removing phenols from wastewater which include nanofiltration [5], adsorption [6], ion
exchange [7], reverse osmosis [8], electrochemical degradation [9], membrane filtration [10],
electrodialysis [11], electrocoagulation [12], wet oxidation [13], Fenton [14], and
phytoremediation [15]. Although these methods successfully remove phenol from wastewater,
there are some concerns related to secondary waste generation, operation difficulty, reliability,
pre-treatment requirements, environmental impact, formation of toxic by-products, etc. [16]. In
this regard, Advanced oxidation processes (AOPs) are getting attention due to their ability to
degrade non-biodegradable pollutants in addition to their high treatment potential [17]. In the
AOPs, upon exposure of light onto a photocatalyst having a particular wavelength, highly
photo-reactive hydroxyl radicals ((OH) are generated. The reactive radicals perform a redox
reaction with the electron-hole pairs of the photocatalyst and further degrade pollutant
compounds to CO2 and H>O [18]. In photocatalysis, numerous types of photocatalysts have
been used such as TiOz, Bi2O3, SnO», Fe203, WOs3, and g-C3N4 [19]. To date, TiO2 in its anatase
phase has gained much attention due to its unique properties that include photochemical
stability, non-toxicity, biological and chemical inactivity, and environmental-friendly nature
[20]. However, high quantity recombination between electron-hole pairs impedes their
applicability in the visible light region [21].

Therefore, various strategies such as metal/non-metal doping [22,23], hydrogen treatment [24],
photosensitization using dyes [25] have been employed to improve the photo-activity of TiO-
in the visible light. Among these alternatives, doping of TiO> with transition metals can lead to

catalysis degradation in the visible light region. Transition metal doping creates an intermediate
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level in the lattice structure of TiO> and also reduces the bandgap energy thus photocatalytic
activity can take place in the visible light region [26]. Transition metal cobalt (Co?*) has been
garnering more interest as a dopant for TiO. Due to similarity of the ionic radius of Co?* (r =
0.65 A) to the ionic radius of Ti** (r = 0.68 A), Co?" it can act as a substitute in the crystal
structure of TiO. [27]. However, the agglomerating property of TiO2 makes it difficult in
separating it from the solution after photocatalytic reactions [28]. For these reasons, TiOz is
deposited on large surface area mesoporous materials and ultimately forms a novel material
having properties of both materials. Activated carbon (AC) is widely used as catalyst support
due to its high surface area, surface functionalities, and excellent porosity, which make it
helpful in gathering pollutant molecules near the catalyst surface sites [29]. The synergistic
effect between AC and TiO2 will also help in separating electron-hole pairs inhibiting their
rapid recombination and thus prolonging the electron’s lifetime, and thereby enhancing the
photocatalytic activity [30]. The typical mechanism for the photodegradation of phenol is
shown in Figure 6.1.

In this work, Co-doped TiO loaded on activated carbon (CDT/PAC) nanocomposite was
obtained by hydrothermal method. CDT/PAC nanocomposite showed excellent catalytic
properties in phenol degradation in the visible light region.

9

Figure 6.1 Schematic illustration of photodegradation of phenol over CDT/PAC nanocomposite
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6.2 Materials and methods

6.2.1 Materials

Cobalt nitrate hexahydrate (Co(NO3)2.6H20, 99.90%), titanium tetrachloride (TiCls, 99.10%),
sulphuric acid (98%), zinc chloride (99%), and ammonia (25%) were procured from Sigma-
Aldrich. Co., India. Ethylenediaminetetraacetic acid (Ci0H1sN20s, 99%), sodium nitrate
(NaNOs3, 98%), sodium chloride (NaCl, 99.5%), copper sulphate (CuSOa, 98.5%), glycine
(C2HsNO2, 99%), oxalic acid (C2H204, 95%), and cadmium nitrate (Cd(NOs)2.4H20, 98%)
were obtained from Himedia, India. Phenol (CeHsO, 99%) was procured from Merck, India.
All chemicals utilized were of pure scientific grade and used without further purifications.

6.2.2 Synthesis of CDT/PAC nanocomposite

Activated carbon and TiO> were used as the starting materials for CDT/PAC nanocomposite
synthesis. Activated carbon was prepared using pine cones biomass and TiO. nanoparticles
using TiCls via the sol-gel method. The synthetic pathways for AC and TiO2 synthesis were
described in sections 3.2.1.1 and 3.2.1.2 of Chapter 3. Synthetic methods to prepare TiO2-pine
cone activated carbon (TiO2-NP/PAC) photocatalyst have been described in detail in section
3.2.1.3 of Chapter 3.

CDT/PAC nanocomposite was synthesized by a hydrothermal method. An amount of 0.15 g of
the sol-gel prepared TiO2 nanoparticles were added to a beaker containing 1.0 g of
Co(NO3)2.6H20 powder dispersed in 100 ml double distilled water. The resultant mixture was
kept under stirring for 30 minutes. Subsequently, 0.3 g of PAC was slowly poured into the
above mixture and it was subjected to ultrasonic agitation for 1 h. After ultrasonication, the
solution was slowly transferred into a Teflon-lined autoclave and kept under hydrothermal
treatment at 150°C for 24 h. After completion of the hydrothermal process, the product was
centrifuged and washed with double distilled water to neutralize the pH of the solution, and
finally, it was dried at 65°C for 12 h [31].

6.2.3 Characterization of CDT/PAC nanocomposite

The synthesized CDT/PAC nanocomposite was characterized by several analytical techniques.
The catalyst phase and crystal structure were obtained using an X-ray diffractometer (XRD)
(X'pert PRO Philips, Japan, CuKa radiation). The surface morphology of the CDT / PAC was
investigated using a scanning electron microscope (SEM, Zeiss, Sigma300) equipped with
energy dispersive X-ray analysis (EDX). The presence of various functional groups was
determined using a Fourier transform infrared (FT-IR) spectrometer (model: Perkin Elmer,
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Spectrum Two). The light absorption performance was estimated using a diffuse reflection
spectrophotometer (DRS, Shimadzu, and wavelength 200-600 nm). The emission spectrum was
analyzed wusing a photoluminescence spectrophotometer (spectrofluorometer Horiba
Fluoromax4CP, xenon lamp 150W). The BET surface area of the TiO2, TiO.-NP/PAC, and
CDT/ PAC nanocomposites was determined using a Quantachrome device (AutosorbiQ Station
1, 77 K). Total pore volume and pore radii were calculated using the Barrett-Joiner-Hallender
(BJH) method. The zero point charge (pHzpc) of the catalyst was determined using the batch
equilibration method as described in Chapter 2 section 2.3.

6.2.4 Photocatalytic degradation experiment
Photocatalytic degradation of phenol was performed in a photocatalytic reactor consisting of a
black box (dimension: 63 x 44 x 44 cm). A 250 ml Pyrex glass container containing 200 ml of
phenol solution was placed on a magnetic stirrer and a fixed amount of CDT/PAC was mixed
with this phenol solution. A visible light lamp (High-pressure mercury lamp, wavelength 520
nm, 350 W) was placed on the top of the reactor 10 cm away from the reaction solution. The
photocatalytic reaction was triggered by the use of visible light radiation which reached the
CDT/PAC photocatalyst through the phenol solution. The temperature of the reactor was
maintained at 25°C using a constant flow of water from a water pump. In addition, a ventilation
fan has been used inside the reactor for continuous air circulation.
Phenol stock solution (1000 ppm) was prepared by diluting 1 g of phenol in 2000 ml of double-
distilled water. The stock solution was appropriately diluted to various concentrations of 20
ppm, 40 ppm, 60 ppm, 80 ppm, and 100 ppm to further obtain the desired concentration range.
Afterward, 200 ml of phenol solution with different concentrations (20 ppm, 40 ppm, 60 ppm,
80 ppm, and 100 ppm) was mixed with the CDT/PAC nanocomposite without light exposure
for a maximum of 30 minutes so that adsorption-desorption equilibrium can be established in
the reaction system. When the equilibrium state was reached, the concentration of the phenol
was measured and set as the initial concentration so that the adsorption of phenol by the
nanocomposite did not interfere with the study of the overall photocatalytic effect. The final
concentration of the phenol solution was then measured with a Lambda-365 UV-Vis
spectrophotometer at a maximum wavelength of 269 nm by taking out 3.5 ml at every 10
minutes.
The degradation percentage was calculated by using equation 6.1.

Phenol degradation (%) = %x 100 (6.1)

where Cj and Ce are the concentrations of phenol before and after the photocatalytic treatment.
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6.3 Results and discussion

6.3.1 Characterization of CDT/PAC nanocomposite

(a) XRD analysis

The XRD spectra of CDT/PAC are analysed and are matched with XRD spectra of TiOo-
NP/PAC, and TiO» catalyst as shown in Figure 6.2. According to the figure, all the catalysts
exhibited their characteristic peaks at 25.281 (10 1), 38.576 (1 1 2), 48.050 (2 0 0), 53.891 (1
05), 55.062 (2 1 1), 62.690 (2 0 4), 68.762 (1 1 6), 70.311 (2 2 0), and 75.032 (2 1 5) that
correspond anatase phase of crystalline TiO2 with the miller indices (JCPDS file No. 21-1272)
[32]. In the XRD spectra of CDT/PAC nanocomposite, no cobalt-rich oxides or CoTiOx phases
were observed which indicates that the concentration of Co?* ions or C0,03 crystal was too
small for peak detection, and also the Co,03 were well dispersed on the TiO, surface. Moreover,
the XRD peak of CDT/PAC nanocomposite at miler indice (1 0 1) was broader and slightly
weaker in comparison with the single activated carbon support TiO2 nanocomposite, which
suggests the effect of the Co?* ions on CDT/PAC formation. There was no peak found for PAC
due to its non-crystalline structure. The average crystalline size calculated for the CDT/PAC

nanocomposite using the Debye-Scherer equation was found to be 3.36 nm.
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Figure 6.2 XRD pattern of CDT/PAC nanocomposite and a comparison with TiO,, TiO,-NP/PAC [24]

(b) SEM and EDX analysis

SEM image in Figure 6.3 (a) represents the surface morphology of CDT/PAC nanocomposite.
It can be seen from the image that, white spherical TiO2 nanoparticles of different sizes were
accumulated together with Co?* ions and aggregated on the PAC surface. It was observed that
the Co?* ions were incorporated in lattice sites of Ti*" ions and, these were filled and trapped

inside the PAC pores. The average particle size of CDT/PAC nanocomposite is about 5 nm in
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close agreement with the crystal sizes estimated from XRD (3.36 nm). Figure 6.3 (b) shows
the EDX spectra of CDT/PAC nanocomposite which confirms that it is composed of Co, Ti, O,
and C elements. It is clear from the EDX analyses that 75.38% Ti, 23.86% O, 0.28% Co, and

0.48% C are present in the CDT/PAC nanocomposite.
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Figure 6.3 (a) SEM image of CDT/PAC nanocomposite, (b) EDX spectra of CDT/PAC nanocomposite

(c) FT-IR analysis

Figure 6.4 displays the FT-IR spectrum of CDT/PAC nanocomposite. The broadband at 3394
cm? is assigned due to the superposition stretching vibration of the surface -OH radical or
adsorbed water molecules. A resonance at 1606 cm™ corresponds to the -OH radical of water
molecules adsorbed in the interlayer space [33]. A peak at 1243 cm™ resulted from the
asymmetric stretching of ester and ether functional groups. The band at 1048 cm™ is attributed
to the Ti-O-C stretching vibration, which suggests the formation of a bond between TiO; and
C, and is attached chemically making a strong Ti-O-C bond. The band at 642 cm™ is attributed
to the Ti-O stretching vibration [27].
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Figure 6.4 FT-IR spectra of CDT/PAC nanocomposite
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(d) UV-Vis DRS analysis
The UV-Vis diffuse reflectance spectra (DRS) of CDT/PAC are shown in Figure 6.5 (a), and
the spectra of TiO>-NP/PAC, and TiO- are shown for comparison. From the figure, it can be
seen that TiO2 and TiO>-NP/PAC can well respond to ultraviolet light of wavelength (<400
nm), this characteristic is due to the excitation of O 2p electrons from valence band (VB) to Ti
3d conduction band (CB), hence these show photoabsorption only in the UV domain [34].
However, the addition of Co ion shifted the photoabsorption in the visible light of wavelength
(>400nm), which was attributed due to the surface plasmon resonance effect of metallic Co ion
[35]. Hence, CDT/PAC nanocomposite is a promising photocatalyst to use under visible light
irradiation.
The optical bandgap energies were determined using Tauc’s plot, and it is calculated using the
equation:

ahv =K (hv-Eg)" (6.2)

where Eg = energy of the bandgap (eV), 4v = energy of photon, K = proportionality constant,
a = absorption coefficient, and n = %2, allowed direct transition.

A curve of (ahv)? vs hv was plotted, and from the curve, the Eg value was calculated. For
CDT/PAC nanocomposite the Eg value was found to be 2.4 eV, which is much lower as
compared to Eg values of TiO2 (3.1 eV) and TiO2-NP/PAC (3.2 eV) [36]. As shown in Figure
6.5 (b), the Co doping reduces the bandgap energies of TiO2 from 3.1 to 2.4 eV, this shift of
bandgap energy is due to the excitation of VB Co ions (3d electrons) to the host TiO2 CB [37].
These results suggest that the doping of Co ions affected the bandgap structure of TiO- as a

result TiO2 bandgap energy was reduced and this allowed it to become a visible light-sensitive

photocatalyst.
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Figure 6.5 (a) DRS spectra and (b) Tauc’s plot for CDT/PAC nanocomposite (plot for TiOzand TiO.-
NP/PAC is shown for comparison only) [24]
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(e) PL analysis

Photoluminescence (PL) is used to study the separation efficiency of the electron-hole pairs
formed in the photoreaction of the semiconductors [38]. The PL analysis of the bare TiO,, Co-
doped TiO2, and Co-doped TiO./PAC nanocomposite was carried out with an excitation
wavelength of 420 nm as shown in Figure 6.6. From the figure, it can be seen that a high-
intensity emission peak at 466 nm was observed for TiO due to the high emission of a photon
by e-h* recombination. However, after doping TiO2 with Co, the intensity of the PL spectra
decreased. This decrease in the intensity of PL indicates that electron-hole pair recombination
is significantly reduced compared to TiO2, which may be due to the formation of the impurity
energy level (Co?*/Co*") nearer the VB of TiO,, and excitation of this charge to the CB of TiO-
[39]. In the Co-doped TiO- supported on activated carbon, the emission peak intensity decreases
more compared to Co-doped TiO. which signifies more e™-h* pair separation. This is mainly
due to the high transportation and charge carrier mobility of activated carbon that leads to more

photocatalytic activity.
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Figure 6.6 Photoluminescence spectra of TiO,, Co-doped TiO2, and CDT/PAC nanocomposite

(f) BET surface area and pore structure analysis

The textural properties, namely BET surface area, pore radii, and total pore volume of the TiO»,
PAC, and CDT/PAC are given for comparison in Table 6.1. From the table, it is elucidated that
the surface area of CDT/PAC nanocomposite is higher than that of bare TiO2 nanoparticles
(60.21 m?gt). This is due to the addition of Co ions to the TiO, crystal structure [40] and also
because the use of PAC as a support matrix enhances the surface area of the CDT/PAC [41].
It can be seen that the PAC surface area (878.07 m?g™?) is reduced to 85.357 m?g™* by the
addition of Co-dopant in the CDT/PAC nanocomposite. This lowering of surface area may be

due to the covering of PAC pores by Co and TiO2 nanoparticles, confirming that Co and TiO2
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nanoparticles had occupied a large surface area of PAC. Furthermore, CDT/PAC has a total
pore volume of 0.121 cm®g* and a pore diameter of 4.148 nm which is within the mesoporous
range. Thus, the higher surface area of mesoporous CDT/PAC nanocomposite will allow more

photocatalytic performance.

Table 6.1 BET surface area, pore-volume, and pore radii of TiO,, CDT/PAC nanocomposite
Proximate analysis (wt %)

BET surface area (CDT/PAC) 85.357 m?g™?

BET surface area (TiO,) 60.21 m?g’!

BET surface area (PAC) 878.07 m?g’!

Total pore volume 0.121 cmig?

Pore radius 4.148 nm

(9) Zero-point charge (pHzpc) analysis

The pHzpe of the CDT/PAC nanocomposite was found to be 6.65 (Figure 6.7), which suggests
that the nanocomposite surface acquires a positive charge when pH < 6.65 and there will be a
negative surface charge when pH > 6.65 [24].
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Figure 6.7 Zero-point charge plot for CDT/PAC nanocomposite

6.3.2 Photocatalytic activity

The photocatalytic performance of the TiOz, TiO2-NP/PAC, and CDT/PAC nanocomposite
were evaluated by the degradation of phenol in an aqueous solution under visible light following
the route as discussed in experimental section 6.2.4.

Initially, the degradation of the phenol was tested by irradiating the CDT/PAC nanocomposite
under UV light (325 nm mercury lamp). Negligible percent of phenol degradation was observed
under the same set of photocatalytic experiments and degradation of 0.85% (20 ppm), 0.8% (40
ppm), 0.72% (60 ppm), 0.4% (80 ppm), and 0.0% (100 ppm) occurred after 3h of reaction under
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UV light (Figure 6.8). These results indicate that the CDT/PAC nanocomposite does not show
its activity under UV light irradiation.
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Figure 6.8 Effect of CDT/PAC (0.35 g) with irradiation time in the degradation of phenol solution under
UV light (325 nm)
(a) Effect of dosages of CDT/PAC nanocomposite
To investigative the effect of doses of TiO,, TiO2-NP/PAC, and CDT/PAC nanocomposite on
phenol degradation, varying dosages between 0.15-0.55 g were dispersed in 200 ml of 20, 40,
60, 80, and 100 ppm phenol solution (Figure 6.9). The degradation experiment was run
according to the procedure as discussed in section 6.2.4. Among the nanocomposite, the
CDT/PAC showed significantly higher photocatalytic degradation activity, and a maximum of
100% was achieved for 20 ppm phenol using 0.35 g of CDT/PAC at 60 minutes of visible light
irradiation. This high degradation of phenol can be attributed to the doping of Co ions into TiO>
which separates the e-h* pair further, the addition of supporting material PAC enhances the
surface area of the nanocomposite [24].
Under similar experimental conditions, the other catalyst TiO> and TiO>-NP/PAC degraded a
maximum of 21.5% and 30.8% which is very less as compared to the CDT/PAC
nanocomposite. This confirms that the high photocatalytic degradation of phenol using
CDT/PAC nanocomposite is due to the doping of Co which shifts the light responses of TiO>
to the visible light region. The minor degradation of TiO2 and TiO2-NP/PAC might be due to
the phenol’s light absorbance performance in the visible light region [42].
It can also be observed that for all the catalysts the phenol degradation was maximum till certain
catalyst dosages and beyond this amount no significant degradation was achieved. The main
reason could be due to the difficulty of light penetration through the reaction mixture when the

catalyst amount increases and also the higher probability of the e-h* pair of the catalyst to
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recombine [43]. From the figure, it can be observed that the maximum dose was 0.35 g which

was taken as the optimum amount in further studies on phenol degradation.
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Figure 6.9 Effect of nanocomposite (a) CDT/PAC, (b) TiO.-NP/PAC, and (c) TiO, amount in the
degradation of phenol solution under visible light

(b) Effect of pH

Several experiments were run to observe the effect of pH on the degradation of phenol. The pH
of 20 ppm phenol solution was varied between 2-10 by adding HCIl and NaOH solution and the
solution was stirred with 0.35 g of catalysts (CDT/PAC, TiO>-NP/PAC, and TiOy). It can be
observed that phenol degradation increased at the acidic pH (=2) region (Figure 6.10) and
gradually decreased at the alkaline pH region for all three catalysts. This is because of the
ionization state of phenol molecules and the surface chemical state of TiO: at this pH.
Furthermore, the pHzpc of the CDT/PAC, TiO2-NP/PAC, and TiO> catalysts were 6.65, 6.45,
and 6.25 respectively; at pH values lower than the pHzpc, the catalyst's surface becomes
positively charged. Phenol with one hydroxyl group ionizes easily into anionic phenol in a
strongly acidic solution which leads to electrostatic interaction between the positive surface of
the nanocomposite and the negatively charged s-electron cloud of the phenol molecule [44].
However, at higher pH, the positive charge on the nanocomposite surface gradually diminishes,
as a result, the intake of phenol ions decreases.
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Figure 6.10 Effect of (a) CDT/PAC, (b) TiO2>-NP/PAC, and (c) TiO2 (0.35 g) with pH in the degradation
of phenol solution under visible light
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(c) Effect of initial phenol concentration and light irradiation time

The effect of initial phenol concentration and light irradiation time was studied using 0.35 g of
nanocomposite at optimum pH 2 for phenol concentrations of 20, 40, 60, 80, and 100 ppm and
varying visible light irradiation time (Figure 6.11). It can be seen from the figure that the
degradation of phenol was initially increased with visible light irradiation time till 60 minutes
for all the concentrations. The maximum degradation of 100% at 60 minutes was found for 20
ppm phenol solution, and for 40, 60, 80, and 100 ppm solution degradation percentage reduced
to 82%, 75.5%, 63.9%, and 53% at 60 minutes irradiation time. This lesser degradation of
phenol with the increase of initial concentration could be due to the lower availability of
hydroxyl groups for photoreaction as the negatively charged phenol ions concentration
increases it deactivate the positive surface active sites of catalysts. At higher phenol
concentration, more phenol molecules are available for adsorption on the surface of the
nanocomposite. Thus, photons get trapped between the phenolic particles, which prevent light
particles from reaching the surface of the nanocomposite [45]. As a result, the production of
reactive hydroxyl radical reduces, and consequently, the degradation of phenol is decreased.
However, when the light exposure time reached beyond 60 minutes, the degradation became
saturated and no further degradation occurred upon further increase in exposure time. This may
be because the degradation resulted in the generation of a large amount of low molecular weight
organic molecules, which hindered the formation of hydroxyl radicals and prevented further

photodegradation [46].
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Figure 6.11 Effect of (a) CDT/PAC, (b) TiO,-NP/PAC, and (c) TiO; (0.35 g) with contact time in the
degradation of phenol solution under visible light

6.3.3 Kinetic studies
The reaction kinetics of the photocatalytic degradation of phenol (20 ppm) was studied under
optimum operating conditions. The rate of the reaction (Kapp), and the half-life time (t12) were

determined using equations 6.3 and 6.4.
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Ci:k

In C_t app

t (6.3)

In2

tl/Z = Kapp (6.4‘)

where Cj is the initial phenol concentration (20 ppm); Ce is the equilibrium phenol
concentration; Kapp is the apparent reaction rate, and ty is the half-life time [36].

The graph was plotted between In (Ci/Ce) against irradiation time (t) as shown in Figure 6.12.
The fitted curve gives a high correlation coefficient of R? = 0.999, and the reaction rate constant
Kapp and the half-life period ti/> were found to be 0.086 min' and 7.981 minutes. This signifies
that the phenol photodegradation follows the Langmuir-Hinshelwood pseudo-first-order rate

kinetics.
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Figure 6.12 Pseudo-first-order rate kinetics of phenol degradation loaded on CDT/PAC nanocomposite

6.3.4 Thermodynamics studies

In order to further understand the effect of temperature on the degradation process, degradation
at four temperatures 298 K, 308 K, 318 K, and 328 K were analyzed. The different
thermodynamics parameters including enthalpy change (AH®), entropy change (AS°), and Gibbs

free energy (AG®) were calculated using the equations:

_ As®  AHC
InKy =—— — (6.5)
AG° = —RT InK, (6.6)

where T is the absolute temperature, Kg is the distribution coefficient, R (8.314 J mol* K1),
The values of AH® and AS® were calculated by slope and intercept of linear fitting from InKgq vs
1/T (Figure 6.13).
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Figure 6.13 InKqvs 1/T plot (phenol concentration = 20 ppm, pH = 2, Nanocomposite dose = 0.35 g
and Contact time = 60 minutes)

The calculated thermodynamics parameters are shown in Table 6.2. From the table, it can be
seen that the AH® and AS® values are -46.856 and -0.1106 kJmol™, respectively. The negative
value of AH® indicates that the process of degrading phenol is exothermic, and the negative
value of AS° indicates a slight reduction of randomness at the nanocomposite/phenol solution
interface during the degradation of phenol on CDT/PAC. The negative AG° values indicate that
the reaction involved in photocatalytic degradation of ANT using NDT/PAC is spontaneous
[44]. Moreover, the decrease of AG® with the increase in temperature indicates that raising the

temperature is unfavorable for phenol degradation.

Table 6.2 Thermodynamic parameters calculated for the degradation of phenol using CDT/PAC
nanocomposite

Thermodynamic parameters
T (K) AG® (kJ mol?) AH® (kJ mol) AS® (kJ molK)
298 -13.891
308 -12.785
318 11678 -46.856 -0.1106
328 -10.572

6.3.5 Effect of interfering ions on photocatalytic degradation of phenol

The effect of different interfering ions such as NaCl, ZnCl,, CuSOQas, glycine, oxalic acid,
NaNOs, Cd (NOs),, and EDTA were analyzed as their presence hinders the generation of
hydroxyl radical (‘OH), superoxide radical (O27), electron (¢), and holes (h*) [47]. In this
regard, 20 ppm of these interfering ions were prepared and added to the phenol solution at
optimum operating conditions. A graph showing the rate of phenol degradation for various
interfering ions is shown in Figure 6.14. The figure shows that the degradation percent
decreases from 99.9% to 91.2% (oxalic acid), 87.0% (NaNQ3), 75.5% (NaCl), 72.0% (ZnCl),
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68.5% (EDTA), 65.8% (Cd (NOs).), 64.0% (CuSOa), 58.0% (Glycine), respectively. The
addition of glycine, CuSO4, Cd (NOs)., and EDTA significantly reduced the rate of phenol
degradation. The reason for the decrease in the degradation rate is that Glycine acts as a-OH
absorber, the SO4% ion of CuSO, as electron absorber, the ion of nitrate Cd(NOs). as photons
absorber, and EDTA as a holes scavenger [48,49]. Likewise, the chloride ions of ZnCl, and
NaCl absorb holes and hydroxyl radicals [50]. [48]. However, the presence of other interfering
ions (oxalic acid, NaNOz) had reduced the effects of the photocatalytic degradation process.
From this result, it can be inferred that the photocatalytic degradation of phenol in the presence

of interfering ions follows the order:

Oxalic acid < NaNO3z < NaCl < ZnCl; < EDTA < Cd (NOs3)2 < CuSOs4 < Glycine.

100
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Figure 6.14 Photocatalytic degradation of phenol in the presence of interfering ions using CDT/PAC
nanocomposite

6.3.6 Nanocomposite reusability and photostability

The reusability and photostability of nanocomposite material were analyzed to visualize the
effectiveness, sustainability, and economic benefits of the material. Hence, the photocatalytic
degradation of phenol was carried out for five cycles of usages using the CDT/PAC
nanocomposite as shown in Figure 6.15. For this, the nanocomposite which remained after the
photocatalytic reactions were collected, washed with distilled water, and then dried in an oven
[49]. The dried nanocomposite was then recycled for degradation of phenol and in the first
cycle, the phenol degradation was 98.5%. Although, the degradation efficiency of the composite
decreased for the phenol in the second (90.6%), third (85%), and fourth (79%) cycles by
recycling the nanocomposite again. This decrease in degradation efficiency was due to the
constant decrease of vacant adsorption sites within the CDT/PAC composite surface [50]. In

the fifth cycle, the degradation efficiency of the nanocomposite was around 73%, signifying
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that CDT/PAC nanocomposite still shows better reusability after running it through several

times.
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Figure 6.15 Phenol degradation efficiency of CDT/PAC nanocomposite upto five cycles

In order to understand the photostability of the CDT/PAC nanocomposite, the nanocomposite

retrieved after five-time reuse was characterized by FT-IR analysis, and the result was

compared with that of the pristine CDT/PAC nanocomposite (Figure 6.16). Comparing the FT-

IR peaks of CDT/PAC before and after phenol degradation, no significant change in the

functional groups could be observed which indicates that the nanocomposite maintains the

original structure during reuse.
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Figure 6.16 FT-IR spectra of CDT/PAC before and after ANT degradation
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6.3.7 GC-Mass analysis
Identification of the end phenol degradation products is confirmed through GC-Mass

spectroscopic analysis as shown in Figure 6.17.
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Figure 6.17 Mass spectra of degradation products of phenol aqueous solution

The major intermediate products obtained were phenoxy radicals at m/z = 125, hydroguinone
at m/z = 108, maleic acid at m/z = 116, phenoxide ion at m/z = 93, oxalic acid at m/z = 90, and
formic acid at m/z = 46. The probable mechanism for degradation is reflected in Figure 6.18
[51]. Phenol is initially degraded by an attack of hydroxyl radicals produced in the reaction
medium generating resonating phenoxy radicals. The phenoxy radicals oxidized to give
intermediate benzoquinone and hydroquinone which further degraded and opened the rings to
form maleic acid and phenoxide ion [52]. The generated phenoxide ion degraded to form oxalic
acid and formic acid, which finally yielded harmless CO and water.
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Figure 6.18 Proposed degradation pathway for the degradation of phenol over CDT/PAC
nanocomposite [51]

6.3.8 Energy consumption and cost analysis

(a) Electrical energy determination

In visible-light-driven photocatalytic degradation of phenol using the CDT/PAC
nanocomposite process, electric energy consumption is one of the major contributors to the total
operating costs [53]. Therefore figure-of-merit-based electric energy per order (Eeo) calculation
was used for a Langmuir-Hinshelwood pseudo-first-order kinetic model of advanced oxidation
processes.

The Eeo (kWhmSorder?) can be calculated as [54]:

P xtx1000
Ego = TN (6.7)
VXGOXIOg(C—)
e

where P represents total input power (kW), V represents the volume of phenol (L), C;
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represents the initial concentration of phenol, C, represents the final concentration of phenol,
and t represents the light irradiation time (minute).

Combining the Langmuir-Hinshelwood pseudo-first-order rate equation 6.3 with equation 6.7,
the model electric energy per order, Eeo (model) can be obtained, and can be written as [55]:

Epo = —— (6.8)

where K, represents pseudo-first-order rate constant (min).

Table 6.3 shows the calculated experimental and model Eego values for the degradation of
phenol. According to this table, less electrical energy was consumed during the degradation of
20 ppm phenol solution as compared to higher concentrated phenol solution. This increase of
electrical energy consumption value when the phenol concentration is high is attributed to the
fact that higher concentrated phenol solution has a lower degradation rate. In addition, the
experimental Eeo value exactly coincides with the model Eeo value which confirms that the
photocatalytic degradation of phenol follows Langmuir-Hinshelwood pseudo-first-order rate
kinetics [56].

Table 6.3 Effect of phenol concentration on electrical energy consumption
Experimental conditions Apparent R? Eeo Eeo

Initial CDT/PAC pH rate constant experimental model
Conc. Conc. (Kapp) (Min™?) (kWh m=2order?) | (kwh m2order?)
(ppm) (gLh

20 0.35 2 0.08683 0.99 1065.28 1105.60

40 0.35 2 0.05132 0.70 1856.26 1870.61

60 0.35 2 0.03956 0.96 2279.12 2426.69

80 0.35 2 0.03569 0.97 2401.63 2689.82

100 0.35 2 0.03326 0.97 2500.00 2886.34

(b) Total operating cost

The total operating cost involved in a reaction is a very important feature to understand the
efficiency of that method. The overall cost of a reaction is equal to the sum of the principal cost,
maintenance cost, and operating cost. These costs depend on the reactor configuration,
concentration of the pollutant, light irradiation time, and nanocomposite amount [57].

In this study, calculations for the total operating cost and energy consumed in the photocatalytic
degradation of phenol was considered at optimum operating conditions, i.e., CDT/PAC
nanocomposite dose of 0.35 g, light irradiation time of 60 minutes, pH 2, and phenol

concentration (20, 40, 60, 80, and 100 ppm) using the equations 6.9 and 6.10.

Energy consumed per mg of phenol degradation (kWh)xunit cost (INR/kWh)x 10°

Total operating cost = (6.9)

phenol degradation (mg)

Power input (kW) xReaction time (min)
1000x60

Energy consumed per mg of phenol degradation (kWh) = (6.10)
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The results obtained are represented in Table 6.4 and it can be noticed that a total of 312.50,
190.54, 137.96, 122.26, and 117.92 INR (Indian rupee) were utilized for 20 ppm, 40 ppm, 60
ppm, 80 ppm, and 100 ppm phenol degradation using 0.35 g of CDT/PAC nanocomposite.
Furthermore, the value of operating costs was decreased with an increase in the initial phenol
concentration i.e., from 312.50 to 117.92 INR [54].

Table 6.4 Cost analysis of phenol degradation in the photocatalytic reactor under different operating
conditions

Phenol | CDT/PAC Phenol Phenol Reaction Energy Total operating
Conc. Conc. Degradation | degradation time consumed per cost (INR/kg of
(ppm) (gLh Efficiency (mg) (minute) mg of phenol phenol
Ci C (%) Cs=[(C1x Cs degradation degradation) Cs
Cs C4/100) (kWh) = [(C7 x unit
x working Cr= [(Px cost x 106)/C5]
volume] Cs)/(1000 x 60)]
20 0.35 100.0 4.00 60 0.0005 312.50
40 0.35 82.0 6.56 60 0.0005 190.54
60 0.35 75.5 9.06 60 0.0005 137.96
80 0.35 63.9 10.22 60 0.0005 122.26
100 0.35 53 10.60 60 0.0005 117.92

(a) Total energy consumed (P) 0.5 kW [includes energy for electronic magnetic stirrer (50W), water pump
(50W), exhaust fan (50W), and Visible lamp (350 W)] (b) Working volume of reactor 0.2 L and (d) Unit cost
of power 2.5 INR (kWh),

6.3.9 Comparison studies

The efficiency of the CDT/PAC nanocomposite obtained in the present work for the
degradation of phenol was compared with other nanocomposites which have been reported in
the literature (Table 6.5). The amount of composite taken, contact time, and the degradation
capacity of the nanocomposite were the parameters considered for comparison. The CDT/PAC
nanocomposite shows very effective degradation efficiency of phenol in contrast with other
reported literature and hence could be used as a better candidate for the nanocomposite
preparation.
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Table 6.5 Comparison of catalytic activity of other work in the literature with CDT/PAC
nanocomposite
Nanocomposite Pollutant | Mass | Volume | Ci Contact | % Source
(ml) time degradation
(minute)
GdVO4/FG Phenol 50 100 1x10% | 180 98 [58]
mg mol
dm3
EVIFG24 Phenol 50 100 1x10* | 180 96 [59]
mg mol
dm3
RGO-TiO; Phenol 1.5g | 1000 1.06 20 94.70 [60]
mM
ZnO@FeHCF Phenol 20 15 1x 10* | 1440 95 [61]
mg M
BiOBr/PSCN/Ag/AgCI | Phenol 50 100 1x10* | 60 98 [47]
BioBr/PSCN mg mol 90
PSCN/Ag/AgCI dm3 81
BiOBr/Ag/AgCl 72
Ag/AgCI 46
BiOBr 48
PSCN 50
GCN 43
TiO/AC Phenol 25 1000 10 ppm | 90 80.60 [62]
mg
TiO, Phenol 1g 1000 0.4 900 36.90 [63]
mmol
TiO2/SWP700 Phenol 1g 150 50 ppm | 720 69.30 [64]
CDT/PAC Phenol 0.35 200 20 ppm | 60 99.90 Present
g study

6.4 Conclusion

In this study, cobalt-doped TiO2 supported on activated carbon was prepared successfully using
the hydrothermal synthesis method. Characterization of the prepared nanocomposite confirmed
the contribution of Co ions in reducing the bandgap of TiO2-PAC nanocomposite and
transforming optical responses to the visible light region. The supporting material PAC has
deducted the electron-hole recombination and agglomeration of TiO2 nanoparticles thus
increasing the photocatalytic activity. The CDT/PAC nanocomposite could be used effectively
for the degradation of phenol from an aqueous solution with a maximum degradation
percentage of 99.90% within 60 minutes for 20 ppm phenol solutions. The degradation of
phenol using CDT/PAC nanocomposite followed the pseudo-first-order kinetic model
according to the Langmuir-Hinshelwood model. The thermodynamic study has shown that the

degradation process is exothermic and spontaneous. The presence of interfering ions glycine,
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CuSOs4, Cd(NOs3)2, EDTA mostly affects the degradation of phenol solution. The
nanocomposite is highly stable and can be used several times without any significant loss of
inactivity. GC-MS analysis confirmed the generation of end products phenoxy radicals,
hydroquinone, maleic acid, phenoxide ion, oxalic acid, and formic acid. The electrical energy
consumed and total operating cost involved in the photocatalytic degradation of phenol using
CDT/PAC nanocomposite were analyzed and very low amount of 312.50, 190.54, 137.96,
122.26, and 117.92 INR (Indian rupee) operating costs was found to have been incurred for 20
ppm, 40 ppm, 60 ppm, 80 ppm, and 100 ppm phenol solution. Thus the visible light active Co-
doped TiO- supported on activated carbon nanocomposite can be a favorable photocatalyst for

future environmental applications.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This chapter presents the overall summary and conclusions of the thesis. The future scope of

the work is also highlighted in this chapter.



Chapter 7 Summary and Conclusions

Heterogeneous photocatalysis is emerging as an alternative wastewater treatment method for
the degradation of hazardous pollutants. Semiconductor materials have the potential to perform
photocatalysis when irradiated with light to generate powerful hydroxyl radicals (-OH). The
semiconductor material like TiOz is mainly used as a photocatalyst in the field of wastewater
treatment, air purification, inactivation of microorganisms, smell elimination, anti-mist, and
self-cleaning. However, powdered TiO2 has low exchange efficacy, high agglomeration ability,
and also has a high quantity recombination rate between electron and hole pairs which limits
the complete use of TiO> in the highly available visible light region (400-750 nm). As a result,
to overcome the agglomeration of TiO, it was immobilized on activated carbon, and to transfer
the light absorption to the visible light region, it was doped with metal ions. Thus, the present
thesis is focused on doping TiO2 with transition metal ions, and impregnating it on activated
carbon adsorbent to enhance the photocatalytic activity of TiO2 in the visible light region. The

summary of the overall thesis work is presented below:

1. Photocatalyst TiO2 was successively synthesized using the sol-gel method. The synthesized
TiO2 was immobilized on chemically activated pine cone activated carbon (PAC) using the
hydrothermal method. SEM and XRD results of the nanocomposite revealed that TiO:
nanoparticles are placed inside the PAC pores and the TiO> particles are in anatase form with a
crystal size of 2.35 nm. The prepared nanocomposite showed a maximum of 99.10%
degradation of 20 ppm alizarin red S (ARS) dye after 80 minutes of Ultra-Violet light exposure
using 0.05 g of the nanocomposite. The Langmuir-Hinshelwood pseudo-first-order rate kinetics
described the photocatalytic degradation of ARS well with an apparent rate constant of 0.02372
mint and a half-life time of 29.30 minutes. According to the thermodynamic parameter, the
degradation was exothermic and spontaneous. The presence of interfering ions such as glycine,
copper sulphate, cadmium nitrate, and zinc chloride affects mostly the degradation of ARS
which indicated that hydroxyl radicals are the dominant reactive species in the ARS degradation
process. Regeneration studies indicated the reusability of the exhausted nanocomposite up to
the fifth cycle with significant degradation efficacy. GC-MS analysis reveals that the end-
products of ARS photodegradation leads to the formation of low molecular weight products
such as cyclo 3,5-hexadiene 1,2-dienone, carbon dioxide, and water. The cost involved while
running the experiment was found to be 672.72, 240.24, and 156.86 INR for 20 ppm, 60 ppm,
and 100 ppm ARS degradation using 0.05 g of TiO>-NP/PAC nanocomposite. Theoretical
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investigation through DFT results suggested that the binding TiO. with PAC increases the
chemical reactivity of the nanocomposite as compared to TiO2 nanoparticles.

2. TiO2 supported on PAC nanocomposite doped with Fe ions shifts the light absorbance in the
visible light region. The Fe-doped titanium dioxide nanocomposite supported on activated
carbon was synthesized using an ultrasonic-hydrothermal method. The XRD spectra indicated
that the Fe ions were incorporated into the crystal lattice of TiO. The surface morphology of
the nanocomposite confirmed that Fe-doped TiO2 nanoparticles were well dispersed on the PAC
surface and exhibited average particle size distribution of 2-20 nm. The doping of Fe3* ions
reduced the optical bandgap of the nanocomposite from 3.2 to 2.3 eV and shift the light
absorption in the visible light region. The synthesized FDT/PAC nanocomposite was utilized
as an efficient photocatalyst for the degradation of Congo red (CR) dye under visible light
irradiation. FDT/PAC nanocomposite displayed much improved visible light active
photocatalysis (100%) than bare TiO2 (25%) and TiO2-NP/PAC (33.50%) nanocomposite
towards CR degradation under optimum conditions (CR concentration = 20 ppm, pH = 1,
Nanocomposite dose = 0.06 g, and Contact time = 60 minutes). The photocatalytic degradation
of CR was satisfactorily described by the pseudo-first-order rate kinetics with an apparent rate
constant of 0.05341 min? and a half-life period of 12.97 minutes. The FDT/PAC
nanocomposite has excellent regeneration properties and it degrades around 64% CR at the fifth
cycle of use. The GC-MS analysis showed the asymmetric cleavage of the CR forming low
molecular products such as phenyl cation, carbon dioxide, and water. The FDT/PAC
nanocomposite was very effective in photocatalytic inactivation of bacteria E. coli and S.
aureus. The maximum inactivation of E. coli was achieved within 120 minutes and S. aureus
within 75 minutes under visible light irradiation. The total operating cost was found to be
312.50, 236.74, and 166.67 INR for 20 ppm, 60 ppm, and 100 ppm CR dye degradation using
0.06 g FDT/PAC nanocomposite.

3. Ni-doped TiO> supported on activated carbon nanocomposite was synthesized via a simple
hydrothermal method. The XRD spectra confirmed the existence of the anatase phase of TiO>
and also good dispersion of Ni?* ions on the surface of TiOz-activated carbon. The white
spherical TiO> particles accumulating with Ni ions were aggregated on the PAC surface and
their particle sizes range from 5-20 nm. The bandgap energy of TiO> reduces from 3.1 to 2.4
eV with the doping of Ni?* ions in the TiO, structure and this reduction in the bandgap shifts
the optical absorbance to the visible light region. The prepared NDT/PAC nanocomposite
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seems to be very efficient towards photocatalytic degradation of anthracene (ANT) and a
maximum of 99.9% degradation was observed for 20 ppm solution within 50 minutes. The
photocatalytic degradation process was found to be in good agreement with the Langmuir-
Hinshelwood pseudo-first-order rate kinetics having a rate constant of 0.11449 min* and a half-
life period of 6.05 minutes. The thermodynamic study indicated the temperature dependence,
exothermic, and spontaneity of the degradation process. The effect of different interfering ions
such as EDTA, NaCl, ZnClz, CuSOs, glycine, oxalic acid, NaNOs, and Cd(NOz). was analyzed,
and among them, the presence of glycine, EDTA, CuSQO4, NaNO; affects mostly in the
degradation percentage of ANT as these have strong scavenging properties for the electron,
hole, and hydroxyl radical. The NDT/PAC nanocomposite can be reused several times having
good degradation efficiency till the fifth cycle. GC-MS analysis confirmed the generation of
low molecular weight end products such as (1E, 3E)-penta-1,3-dien-1-ol, carbon dioxide, and
water after the photocatalytic degradation. The total operating cost in Indian rupees (INR) used
during the ANT degradation using 0.05 g NDT/PAC nanocomposite were as follows: 347.56
(20 ppm), 205.45 (40 ppm), 158.54 (60 ppm), 135.63 (80 ppm), and 131.02 (100 ppm). Thus,
it can be concluded from this work that the prepared nanocomposite can act as a good visible

light-sensitive photocatalyst for degradation of ANT in water solution.

4. Cobalt-doped TiO2 supported on activated carbon was prepared successfully using the
hydrothermal synthesis method. Doping of Co ions reduces the bandgap of TiO.-PAC
nanocomposite and shifts the photocatalytic activity towards the visible light region. The
CDT/PAC nanocomposite could be used effectively for the degradation of phenol from an
aqueous solution with a maximum degradation percentage of 99.90% within 60 minutes for 20
ppm phenol solutions. The degradation followed pseudo-first-order kinetics with a rate constant
of 0.086 min™ and a half-life time of 7.981 minutes. The thermodynamic study revealed that
the degradation process is exothermic and spontaneous. The presence of interfering ions
glycine, CuSOs, Cd(NOz3)2, EDTA affects mostly the degradation of phenol solution as they
have electron and hole scavenging properties. The nanocomposite is highly stable and can be
used several times without any significant loss in catalytic activity. GC-MS analysis confirmed
the generation of low molecular weight end products such as formic acid, carbon dioxide, and
water. A total of 312.50, 190.54, 137.96, 122.26, and 117.92 INR (Indian rupee) were utilized
for 20 ppm, 40 ppm, 60 ppm, 80 ppm, and 100 ppm phenol degradation using 0.35 g of
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CDT/PAC nanocomposite. Thus the Co-doped TiO> activated carbon nanocomposite using
visible light irradiation can be a promising photocatalyst for the degradation of phenol.

Future Prospects

In this thesis, TiO2 and metal-doped TiO2 supported on activated carbon are applied for the
degradation of dyes and pharmaceuticals compounds. This work can be extended by
incorporating TiO2 and metal-doped TiO> with natural fibers, g-CsNas, or LDH using similar
synthetic routes reported in this thesis. The synthesized photocatalysts can be used for dye-
sensitized solar cells, hydrogen production, chemoselective reduction of nitroarenes,
degradation of volatile aromatic pollutants, and debromination of polybrominated diphenyl
ether.

1. Developing new visible-light hybrid photocatalyst by coupling TiO2 with other metal oxides
such as ZnO, ZrO,, Ca0, Cu20 and supporting them on activated carbon to apply them in photo
electrochemical water splitting reactions, photodegradation of herbicides, insecticides, and

saturated hydrocarbon.

2. The photocatalytic performance can be further evaluated to degrade more water pollutants

and the method can be used on an industrial scale.

3. In this thesis, TiOz is doped with transition metals, however, TiO2 can also be co-doped with

metal and non-metal, multi-element for higher visible active photocatalysis.

4. The technique of total organic carbon (TOC) can be employed to investigate the

mineralization of pollutants used in this thesis.
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» Attended Sensitization workshop on DST women Scientist Scheme, organised by DST, New-
Delhi and Nagaland University, 4"-5" March, 2019.

« Attended Short term course on Analytical Techniques for Physical, Chemical and Bio-
inspired materials, organised by NIT, Dimapur, 23'9-27" July, 2018.

« Attended one day workshop on Importance of IPR in Academic Institutions, organised by
IPR cell, Nagaland University 29t May 2019.

* Attended Two-Day workshop on “Quality Enhancement in Research” organised by IQAC,
Nagaland University, 22"9-23"" March, 2021.

Webinar Attended
» Attended one day International Webinar on *“ E-Learning Trends Today and Beyond 2021”
organised by Manipur Institute of Management Studies, Manipur University, 121" May, 2021.

 Attended International E-Conference on “Recent Advances in Chemical, Physical and
Biological Sciences” organised by Department of Chemistry, Nabira Mahavidyalaya, Katol,
29"-30™ June, 2021.



« Attended International Webinar on “Sustainable Chemsitry IWSC-2021" organised by ACT,
Homi Bhabha Centre for Science Education Mumbai, 18" march 2021.

« Attended National Level Online Faculty Development Programme on “Effcetive Teaching
Techniques and Skills for Career Advancement” organised by Faculties of science Stream, Sao
Chang College, Nagaland, 23'-28" June, 2021.

« Attended Webinar on “Saga of science from 13" to 21 Century”, organised by Department
of Chemistry, Mizoram University, 25" August, 2020.

» Attended Three days National Online FDP on “ICT Tools for Effective Teaching Learning”
organised by IQAC, Kamla Nehru Mahavidyalaya, Nagpur, 8"-10" June, 2021.

 Attended National Level One-Week Faculty Development Programme on “Research
Methodology” organised by Kamla Nehru Mahavidyalaya, Nagpur, 26™"-1%t May, 2021.

» Attended National Webinar on “Recent Advances in Chemistry” organised by Department of
Chemistry& IQAC, Govt. G.N.A. PG College, Bhatapara, 26" July, 2021.

» Attended Live Webinar on “Visions: How science and Technology will Revolutionize the
21% century” and “Fruit Juice Clarification Techniques Using Membrane Technology”
organised by Mizoram University, 21 September, 2020.
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