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ABSTRACT

In the processing of textile dyes and pharmaceutical compounds, large amount of
waste is generated which directly or indirectly gets disposed-off into water streams.
This has led to the undesirable toxicity of surface as well as ground water inducing
negative impact on organisms residing in aquatic water bodies and humans.
Therefore, it becomes necessary to efficiently remove these organic compounds from
municipal as well as industrial effluents. In view of the aforementioned requirement
heterogeneous photocatalysis act as cost-effective approach in lieu of conventional
wastewater treatment technologies. In present study, TiO, (Titanium dioxide)
nanoparticles were synthesized chemically using solution route. As TiO; is active only
under Ultraviolet (UV) exposure, doping with iron (Fe) is performed to alter its
surface properties and make it visible light responsive. To further improve its
separation and reusability the doped TiO, is mixed with biodegradable support matrix
i.e. microcrystalline cellulose (MC). The synthesized bionanocomposite was
characterized through Diffuse Reflectance Spectroscopy (DRS), Dynamic Light
Scattering (DLS), X-Ray Diffraction Spectroscopy (XRD), Zeta Potential (ZP),
Brunauer-Emmett-Teller (BET), Fourier-infrared Transform Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDX)
to study their surface and morphological properties. The resulting bionanocomposite
showed a significant photocatalytic degradation of methylene blue ~95% and
diclofenac ~84% within 120 minutes of solar irradiation. Reusability tests were
carried out in order to check the economic viability of bionanocomposite which was
found to be 49% even after 8 consecutive uses. Kinetics of photocatalytic degradation
was modelled against different equations in order to elucidate the trend of degradation
which was found to be pseudo-first order. Thus this study suggested the use of Fe-
TiO,-cellulose as a green and sustainable catalyst for wastewater treatment without
leaving any photocatalyst in the reaction system hence contributing towards use of

green technology system.

Keywords: Photocatalysis, Bionanocomposite, Reactive oxygen species, Methylene

blue, Diclofenac



CHAPTER 1

Introduction

The worldwide increase in population has led to improved recognition and
understanding for better health and lifestyle leading to rapid industrialization. This
abrupt development of industries add huge amount of recalcitrant compounds to water
bodies (Agnihotri et al., 2018). Among different sources, industries engaged with
chemical manufacturing such as dyes and pharmaceuticals produces enormous
amount of pollutants which sometimes untreated or maybe partially treated are being
introduced in the water streams. Dyes are complex organic molecules, which when
applied to any fabric dispense color used in various industries such as paper, textile,
leather tanning, plastics, food processing etc. (Yagub et al., 2014). This process
requires lot of water adding harmful adulterants to water bodies such as acid and
alkalis. In addition to dyes, pharmaceutical active compounds present in surplus
amount are responsible to alter the properties of water. The major sources of
pharmaceuticals in water bodies include leakages occurred at manufacturing units,
excretion of drugs through urine and unused medicines disposal in domestic and
hospital wastes (Moctezuma et al., 2012).

The global application of dyes and pharmaceuticals has resulted in negative
impact on both aquatic as well as terrestrial ecosystem. About 7 X 10° tons of
synthetic dyes are being manufactured in industries out of which 10-50% of colorants
are departed to water bodies unrefined causing water pollution (Teh et al., 2011).
Moreover with the increasing need of pharmaceuticals the global annual drug
consumption ranges from 100,000-200,000 tons among nations like India, Brazil,
China, South Africa and Russia holding major proportion (IBEF 2019). These
contaminants when remain in contact with humans and animals for longer period
affect biological balance and human health. Frequent studies have shown the
feminizing effect on male fishes because of estrogen and certain chemicals behaving
like that, causing alteration in ratios of females to males (Chauhan et al., 2019). They
cause mortality, reproduction problems, immobilization and inhibition of growth in
terrestrial ecosystem (Lee et al., 2017). The widespread existence of these compounds

causes serious skin rashes, chronic respiratory infections, allergy, cancer in humans,



vomiting, nausea, acute toxicity, mutagenicity and eutrophication by blocking
sunlight and oxygen in water (Agnihotri et al., 2018).

These beformentioned issues have raised the concern regarding possible methods
for effective removal of recalcitrant compounds from wastewater. There has been a
considerable amount of research in the development of sustainable water treatment
technique among which the most employed one was the conventional method. These
methods helps in removing organic matters, solids and sometimes nutrients by fusion
of physical, chemical and biological technologies such as screening, mixing,
adsorption, ion-exchange, activated sludge process, filtration etc. (Bilal et al., 2019).
The above mentioned conventional methods were not up to the expectations because
of the inability to perform complete mineralization, production of toxic by-products,
unworthiness of biodegradation based treatments as pharmaceuticals are inherently
toxic to biological species employed and their high cost. So, it becomes a necessity to
develop new techniques for treatment of contaminated wastewater more effectively
than conventional methods (Agnihotri et al., 2018). The focus is now being shifted
towards the synthesis of novel materials at nanoscale. Among various non-
conventional technologies used, Advanced Oxidation Processes (AOPs) became the
most efficient technique for expulsion of contaminants from waste water. AOPs were
accomplished to oxidize organic pollutants into intermediate species, that eventually
turns into inorganic compounds through hydroxyl radicals (OH’) (Kanakaraju et al.,
2018).These are further distinguished into various processes that are; photo-Fenton
process, Fenton process, photo-induced process, ozonation, ultrasound, photo
catalysis.

AOP based wastewater treatment performed using photocatalysis is done by the
help of metal nanoparticles like TiO,, ZnO, and other oxides which behave as
effective catalysts for degradation. These nanoparticles consist of distinctive
properties when compared to their bulk part, which involve its sole mechanical,
optical, physical and the electromagnetic properties. The size, large surface area to
volume ratio, shape, and mass dependent activity made these metal nanoparticles
exceedingly photocatalytic in nature (Ghosh et al., 2002). Various routes of
nanoparticle synthesis are studied among which chemical synthesis method has
gained the maximum applicability due to its robustness, ease and better control over

morphology, size and dispersity of nanoparticles.



Among several semiconductors studied for photocatalytic degradation process,
titanium dioxide (TiO,) became the most considered one because of its strong
oxidizing power, non-toxicity, low cost and is easy to handle. But, the major
disadvantage of using TiO, as an effective catalyst is its large band gap of 3.2 eV due
to which it is active only under UV light that accounts for 10% of the solar spectrum.
Also the rapid e” and h* charge pair recombination reduces the degradation efficiency
(Ni et al., 2007). So to make it work under solar spectrum, synthesized nanoparticles
were doped with iron which reduced its band gap, making it visible light active (Sood
et al., 2015). Further, to enhance the degradation rate, make its removal easy from
slurry system the nanocomposite was loaded using biopolymers. Among various
polymers such as chitosan, PVA (Polyvinyl acetate), cellulose, we prefer cellulose for
loading (HPS et al., 2016) due to its abundance in nature and least expensive.

Therefore, in the recent study, an effort was made to synthesize cellulose
functionalized Fe-TiO, bionanocomposite which was further evaluated for the
photocatalytic degradation of methylene blue. Synthesized bionanocomposite is
characterized through FTIR, DLS, ZP, DRS, XRD, SEM, EDX and BET to study the
morphology, size and charge distribution of nanoparticles. Various parameters were
performed in order to check the degradation efficiency of prepared catalyst which
includes: pH, dye concentration, catalyst concentration, irradiation time, reusability
test and scavenging effect on the catalyst in degradation experiments. Kinetic
modelling followed by methylene blue degradation was also studied. Finally, the
prepared bionanocomposite is used to check the degradation efficiency of

pharmaceutically active compound i.e. diclofenac.

Obijectives of the Project Work:

e Synthesis and characterization of Fe doped TiO, nanoparticles.

e Synthesis and characterization of cellulose functionalized Fe doped TiO,
bionanocomposite.

e Photocatalytic degradation of model organic contaminant: Evaluation of

process conditions and its optimization.



CHAPTER 2

Literature Review

The enormous growth in economy across globe resulted in rapid industrialization and
hence water contamination through recalcitrant compounds. Recalcitrant compounds
are referred as chemicals which are highly resistant to microbe degradation in both
soil as well as water showing adverse effects even at micro levels (Pouran et al.,
2015). The advancement in area of textile and medical science for providing colourful
and safe life to humans raise the demand for dyes and pharmaceuticals (Tiwari et al.,
2017). Dyes are coloured ionizing aromatic, heterocyclic compounds which show
affinity towards the substrate, they are being applied to. In modern era, dyes are
prepared from petroleum based intermediates and coal tars referred as synthetic dyes.
The first synthetic dye ever prepared by human was Mauviene. Among different types
of dyes such as acridine dyes, azo dyes, anthroginone dyes, etc. azo dye i.e.
Methylene Blue is found as the major contaminant. It is cationic, water soluble,
thiazine dye a formal derivative of pentothiazine which works by converting the ferric
iron in haemoglobin to ferrous iron (Rauf et al., 2011). With dyes, pharmaceuticals
even after treatment, at low level (ng/L to mg/L) are detected frequently in drinking
water, natural and wastewater bodies. These are the chemical compounds based on
their therapeutic activity are categorized into diverse classes such as antibiotics,
analgesic/antipyretics, central nervous system drugs, cardiovascular drugs, beta
blockers and many more. Major source of their entrance into water streams include
human urine where 90% of the drug gets released in un-metabolised form. Also the
discard from hospitals, landfill leachates and veterinary waste becomes the reason for
their mixing in water streams (Chauhan et al.,2019).

After China, India is among the second largest exporter of dye stuff. The size
of Indian textile market is expected to reach up to US$ 223 by 2021 (IBEF 2019).
During fabric manufacturing process around 10-15% of dye colorants are discarded
off to water streams without any treatment. Along with dyes India is also the largest
producer of generic drugs where India alone exports 20% of the global generic
compounds (IBEF 2019). This sector of India alone provides about 17.27 billion USD
in 2016-17 which is expected to increase by 20 billion USD by 2020. According to
recent data report collected 36% increment in antibiotic consumption has been



observed in India (Chauhan et al., 2019). The ill effects caused by these compounds
are headache, vomiting, confusion, shortness of breath, red blood cell breakdown and
allergic reactions. Under long term contact of these compounds the colour of urine,
sweat and stool changes from blue to green. Burning sensation in eyes had been
observed leading to permanent damage (Agnihotri et al., 2018). In aquatic organisms,
development of intersex fishes has been observed and also contributes to the
development of antibiotic resistant strains. As consequences, it became essential to
find out effective methods to eliminate these substances in surface and wastewater.

2.1 Conventional Wastewater Treatment Methods

The degradation rate and strategy of recalcitrant compounds mainly rely on biological
and chemical nature of the compounds such as solubility, biodegradability, adsorption
etc. In ancient time, conventional wastewater treatment was applied as a standard
method to reduce harmful effects of wastewater. It is the fusion of three different
processes (Figurel) i.e. physical, biological and chemical which help to remove
solids, organic matter & nutrients from polluted water. The conventional wastewater
treatment methods include: screening, mixing, flocculation, chemical precipitation,
ion exchange, adsorption, activated sludge process, sludge digestion (Dariani et al.,
2016). These methods have been tried to remove recalcitrant compounds, however
they show some limitations of poor degradation efficiency due to:
e Production of secondary by-products after degradation which are toxic in
nature.
e During sorption based treatment, the sorption ability of dyes and
pharmaceutical contaminants affect the properties of sludge.
e Due to highly toxic nature of recalcitrant compounds towards the biological
species, conventional method based on biological degradation is not effective.
With the overall knowledge of lethal effects of recalcitrant compounds and their
inability of complete degradation through conventional wastewater treatment method,
it became a necessity to develop better techniques based on nano-enabled hybrid

technology which provides more effective degradation results.



2.2 Nanotechnology Based Treatment

Nanoscience and nanotechnology became the key for Research and Development with
their increasing use in every field (Bystrzejewska et al., 2009). Nanotechnology is
science carried out at nano scale (1-100 nm). The notion about nanotechnology started
in a talk entitled as “There’s Plenty of Room at the Bottom” by a well-known
physicist Richard Feynman at the California Institute of Technology (CalTech) where
American Physical Society meeting was been held on December 29, 1959, at times
where nanotechnology term was still unknown. Here Feynman described an operation
which aided scientists to manage and run particular atom and molecules. After certain
years, while examining ultra-precision machining, other Professor named Norio
Taniguchi incidentally gives the word nanotechnology. In 1981, when the scanning
tunnelling microscope was developed which helps to “see” individuals atoms, become
the reason for evolution of term nanotechnology (Khan et al., 2017). The
achievements gained by researchers in area of nanotechnology found its practical
applications in daily life, in industries and medicines as well. To tackle with
recalcitrant compounds, nano-enabled techniques such as Advanced Oxidation
Processes have gained immense importance (Figurel).

Treatment Method

!
[ 1

{ Conventional Method L Non-conventional Method
¢ 'L 'L l Nanotechnology
| Biological || Chemical || Physical ’ -
‘ Method ‘ ‘ Method Method ‘ Advanced Oxidation
Process
7 alent Metal Oxide
erovalen NPs
Hybrid
Nanocomposite

Figure 1: Schematic representation of various approaches for wastewater

treatment

AOPs carry out degradation process based on production of reactive oxygen species

and free radicals which degrade pollutants into simpler and toxic free components.



Radical species are termed as atoms or molecules with single unpaired electron
present on them for e.g., hydroxyl radical (HO"), peroxide radical (HO";), superoxide
anion radical (O,"7), and alkyl radical (RO"), among which the hydroxyl radicals came
out to be most effective in degradation process. The reason why hydroxyl radicals
gain maximum attention is: its non-selective nature, powerful oxidizing capabilities
(Eo = +2.80 V) and high reactivity. These HO" radicals react with organic compounds
through different reaction methods which can either be by hydrogen absence from C-
H, N-H, or OH groups, also through radical-radical interactions, and by direct electron
transfer hence giving oxidized intermediates. After complete mineralization of
compounds, these AOPs produce CO, (carbon dioxide), H,O (water) and inorganic
acids. Despite of having maximum oxidizing capabilities, the degradation rate
depends on the bond between OH" and the organic pollutant.

HO +RH — R’ Eqg. (1)

R+ 0, — RO Eqg. (2)

HO + RX — RX + OH Eqg. (3)

Some of the most commonly used AOPs for degradation of recalcitrant compounds
involves UV, electrochemical oxidation, Photo-Fenton, sonolysis, ozonation,

UV/peroxide oxidation, photocatalysis etc. (Kanakaraju et al., 2018).
2.3 Nanoparticle Synthesis

Substantially two approaches are mostly studied for synthesis of nanorange particles:
“top to bottom” approach and “bottom to top” approach (Figure 2).

e Bottom to top approach — In this synthesis of nanoparticles occur through
chemical or biological methods where nanoscale particles are formed by self-
assembly of atoms.

e Top to bottom approach — In this technique size reduction of appropriate bulk
material occurs through different approaches including grinding, milling etc.

producing fine particles of nano scale.
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Figure 2: Approaches for synthesis of nanoparticles

The morphology and size of nanoparticles formed depends on technique used for their
preparation. Mostly bottom-up approach is preferred for nanoparticle synthesis. This
is classified under two different methods such as: chemical (supercritical fluid, use of
inorganic matrix as support, and coprecipitation) and biological (which includes use
of algae, fungi, bacteria, or plants) whereas physical process is carried out in synthesis
on nanoparticle through “top to down” approach: (microwave irradiation, ultraviolet
radiation, sonochemical, laser ablation, thermal decomposition, photochemical),
Further, 2 types of techniques are followed during synthesis through physical method
such as mechanical and vapour. Mechanical techniques include, melt mixing and ball
milling whereas the vapour technique includes laser ablation, ion implantation, sputter
deposition etc. When preparing nanoparticles through biological method, fungi, algae,
plants, DNA (Deoxyribonucleic acid) etc. are utilized (Ahmed et al., 2016). Above all
these techniques present, nanoparticle synthesis is carried out through chemical
reduction which helps in synthesis of control sized NPs. Obtained nanoparticles when
studied were found to be monodispersed and colloidal in nature. Some of the chemical
methods include, sol-gel method, solution based method, chemical precipitation,
template method synthesis. Rapid nucleation of nanoparticles is observed in this

method providing us with small size nano-range particles.
2.4 Properties of Nanoparticles

Various forms of nanomaterial have been discovered such as nanotubes, nanowires,
particles, films, quantum dots as well as colloids. Nano-range materials have properties
different from their bulk properties where high surface-to-volume ratio of nanoparticles

results in swift increase of reactivity occurring at molecular level. Materials at nanoscale



behave totally different when compared to bulk material but it is still difficult to study
their chemical and physical properties. The surface and interfacial properties of
nanoparticles get changed in presence of chemical reagents (Mueller & Nowack,
2010). Consequently, these reagents are the one which support the NPs against
coagulation or aggregation by maintaining particle charge or through modification in
its outmost layer. The characteristics of nanoparticles are based up on their inner and
surface structures which include shape and size. NPs either interact with one other or
could remain free based on attractive or repulsive interaction forces between them
which make their characterization difficult. Ideal nanoparticles should have high
surface area, fast dissolution, strong sorption and high reactivity. These also have
some discontinuous properties referred to as super paramagnetism, quantum
confinement effects and also localized surface plasmon. More is the presence of
surface defects on nanoparticles, more effective is the photocatalyst. Due to formation
of discrete energy levels nanoparticles blue shift has been observed in nanoparticles

making them able to behave as atom individually.
2.5 Chemical Synthesis of Nanoparticles

With their unique chemical and physical characters, nanoparticles are used in diverse
fields like industrial applications, health impacts, and environmental studies.
Conventionally chemical method is preferred for synthesizing metal or metal-oxide
nanoparticles which occur through alterations in basic properties (chemical, physical)
of used precursor. The process of chemical synthesis start by selecting compounds
referred as precursor which gets converted into atom after addition of chemical
reductants. These synthesized atoms undergo the process of nucleation then
aggregation and at last formation of nanoparticles. There are various sources for
synthesis of metallic and other nanoparticles including precursors, ethanol, other
chemicals using different techniques such as chemical precipitation, template method,
hydrothermal method etc. Iron doped TiO, is synthesized through co-precipitation
method, by ultrasonication and finally calcination. Sonochemistry has always been
proved to be a good method in preparation of mesoporous materials that arises from
detectable depressions, the formation, growth and later on implosive collapsing of
bubbles into liquid (Stankic et al., 2016). Calcination always performed in air is done
for powders where the powdered material is heated at high temperature causing
change in properties of nanoparticles. It is observed that a better scattering of the

10



nanoparticles, better thermal stability, higher surface area, and also phase clarity is

obtained by sonication (Bagheri et al., 2015).
2.6 Photocatalysis

Heterogeneous photocatalysis is appearing to be valuable AOP for water purification
and degradation of recalcitrant compounds. A semiconductor used as photocatalyst is
identified on the basis of electronic structures present among which the one filled
band with highest energy is stated as valence band (VB) whereas another empty one
with low energy is referred as conduction band (CB). The gap that separates both
these bands is called as band gap that has forbidden energy. When the radiation with
energy equal or greater compared to that of the band gap energy is taken up by a
semiconductor particle, the e from VB gets excited into CB which simultaneously
generates h* in VB. These e and h* have ability to recombine at the outer surface or
inner bulk of particle matter within a fraction of nanoseconds that causes dissipation
of energy in form of heat. These electron/holes generated could also get trapped at
surface states inside which these charges act with donor atoms (D) or acceptor atoms
(A) species which are absorbed or found close to surface of particle. The energy level
present at the bottom of CB is nothing but the reduction potential of photoelectrons
whereas, energy level at top of VB gives the oxidizing ability of photo holes (Zaleska,
2008).

2.7 Nanomaterial in Photocatalysis

Photocatalysis is the operation of progress which includes converting organic
contaminants into inorganic and toxic free compounds, generating CO, and H,O with
the use of catalyst and AOPs. The aqueous system of nature is typically purified
through solar light which starts this breakdown of organic compounds. Degradation
protocol carried out using photocatalysis doesn’t produce any toxic compound,
making it more valuable than any other AOP. The surrounding oxygen itself acts as
required oxidant for photocatalysis. The attributes of model photocatalyst is that it
should be non-toxic, stable, inexpensive and highly photoactive in nature.
Nanoparticles act as photocatalyst that intensify the degradation rate. Most of the
photocatalyst used are the semiconductors of metal oxides, ordinarily having a narrow
band gap. These induce the radical species which further reacts with impurities in

water and degrade them non-selectively. Titanium dioxide NPs are widely used as
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heterogeneous photocatalysts due to some reasons such as: low cost, inertness, high
refractive index as well as having photostable nature. The main reason for using TiO,
as a catalyst is that it could be used in slurry as well as fixed bed reactors. The size
range that generally desired is 20-50 nm. In nanoparticles, combined oscillations of
electrons of conduction band (CB) results in Surface Plasmon Resonance (SPR) and
these electrons resonate with the incident light (electromagnetic field). When these
electrons settle to their thermal equilibrium states, they release heat in their
surrounding which induce reaction in molecules that are adhered on the surface of
nanoparticles (Figure 3). Since, TiO, is the most efficient catalyst used to carry out
degradation process but it has some limitations as well such as:

e Photogenerated e/h" pair recombination: electrons from CB very quickly
recombine with holes from VB and produce heat or photons.

e Rapid backward reaction between hydrogen and oxygen occurs causing
formation of water which effects the production rate of free radical species
and hence degradation rate.

e Due to large band gap of TiO, i.e. 3.2 eV it is able to work efficiently under
UV radiations only. Since UV light is only about 5% - 10% of solar light
whereas visible light is about 50% of solar light, hence reducing degradation
efficiency (Ni et al., 2007).
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Figure 3: Mechanism of degradation of recalcitrant compounds using

TiO, nanoparticles
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In order to make the catalyst visible light active and resolve the above listed problems,
continuous research is being carried out. For which doping of metals, non-metals or
transition metals were experimentally performed and some among these were found to
be effective in reducing band gap. Different dopants used for this process includes:
Ag, C, N, Fe, V, Cu, Co, Au, and Pt etc. (Figure3). Out of all metal doping is the most
opted one as the benefits associated with it are:

e Inhibition of electron — hole pair recombination.

e Threshold wavelength response increases in visible region.

e Generation of heterojunctions.

e Formation of new discontinuous energy level beneath the CB thus reducing

band gap.
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Figure 4: Effect of metal doping on TiO,

Among various metal dopants Fe is found to be the most effective dopant because of:
e Same ionic radii of Fe** (0.693A°) which is nearly same as that of Ti**
(0.745A°).
e Stable half-filled d® electronic configuration of Fe.
e Fe* acts as charge carrier trap, hence inhibiting e/h* pair recombination (Ali

etal., 2017).
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Fe doped TiO, shows overlapping between d orbital of Ti and d orbital of Fe** which
make these nanoparticles more efficient to carry out degradation under solar light
(Figure 4).
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Figure 5: Photocatalytic mechanism of Fe-TiO, nanoparticles

2.8 Immobilization of Fe doped TiO, Nanoparticles on Cellulose

Biopolymers are the support matrix having flexible nature, mechanically stability, low
cost, easy availability and high durability. Biopolymers including cellulose and
chitosan have appeared as an efficient material to carry out the adsorptive removal of
dyes and other heavy metals from contaminated water (Olivera et al., 2016). Cellulose
is the most abundant biopolymer found on earth and is naturally obtained from plant
sources such as wheat stalks, recycled newspapers, wood, grass, sugarcane bagasse,
bacteria, fungi etc. (HPS et al., 2016). It is renewable, natural, non-toxic and
biodegradable in nature. The advances occurring in nanoscience has provided us with
the possibility to develop nano-sized cellulose which became an attractive option
because of its surface properties, ease of functionalization and chemical accessibility.
Cellulose immobilized TiO, NPs are easy to remove from the treated solution through
adsorption and filtration techniques thus providing us clean water (Olivera et al.,
2016).
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There are various literatures shown in Table 1 representing the degradation of MB and

pharmaceutical compounds by Fe doped TiO, NPs and other cellulose based bio

composites.

Table 1: Literature survey for evaluation of various photocatalyst for

degradation of dyes and PhACs

Photocatalyst  Target Light Source & % References
Compound Time Required Degradation

TiO, Ibuprofen UV radiations, 99% Jallouli et al.,
240 minutes 2018

TiO, Venlafaxine UV irradiations, 99% Lambropoulou
30 minutes etal., 2017

Fe-TiO, MO 300 W Halogen 72% Tong et al,
Tungsten, 360 2008
minutes

Fe-TiO, Pentoxifyllin ~ Solar spectrum, 92% Bansal et al.,
180 minutes 2018

Cellulose Reactive Solar Radiation, 86% Ribeiro et al.,

acetate-Fe Black 5 180 minutes 2016

films

RC/N-doped Phenol Under UV as 96.6%&78.8% Mohamed et

TiO, well as Visible respectively al., 2016
light for 180
minute

BC/TiO; Methylene Philips(125W), 89% Brandes et al.,

Blue 35 minutes 2018

TiO, Cellulose Paracetamol UV irradiation, 79% Baeza et al,

120 minutes 2019

*MO — Methylene Orange, TiO, — Titanium dioxide, UV — Ultraviolet radiations,

BC — Bacterial Cellulose, RC — Regenerated Cellulose, Fe — Iron, TiO, — Titanium

dioxide
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2.9 Characterization techniques
2.9.1 X-Ray Diffraction (XRD)

XRD helps to observe the crystallite and amorphous quality of synthesized
nanoparticles along with purity of sample. The sample is homogenized properly in a
solvent and the pattern was noted under Bragg’s angle (0). Debye Scherrer formula is
used to calculate the average particle size:

D=0.9ABcos0

Where, D is thickness of nanoparticle, B is half maxima of reflection at Bragg’s angle
20, A is referred as wavelength of X-ray & 0 reflects the diffraction angle or Bragg’s
angle. X-Ray produce scattered beams after striking on single nanoparticle crystal

forms a diffraction pattern.
2.9.2 UV-Visible Spectrophotometric Analysis

This technigue helps in determining the organic and inorganic components present in
any solution. It works on the principle of Beer-Lambert law which says, when a beam
of monochromatic light passes through solution having an absorbing substance, the
rate at which radiation intensity decreases is directly proportional to concentration of

solution and incident radiation i.e.
A =log (lg/l)

Where: A is absorbance, Iy is intensity of light upon a sample cell and | is the intensity
of light departing the sample cell. As light falls on matter, electrons get excited

providing optical band gap.
2.9.3 Dynamic Light Scattering (DLS) Analysis

Dynamic light scattering (DLS) assists to discover size distribution pattern of
nanoparticles. The principle behind this technique is Brownian motion of molecules
and particles in suspension scattered the laser of light at different intensities.
Measurement of these fluctuations of intensities can be used to analyse the Brownian
motion velocity and size of particle by Stoke — Einstein relationship. The equation is

given as:
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Dh= kgT
31N D¢

Where: Dy shows the hydrodynamic diameter of nanoparticle, D;gives us the
translational diffusion coefficient, kg is the Boltzmann’s constant, T denotes the
thermodynamic temperature and m shows the dynamic viscosity. In DLS, these

fluctuations can be measured by photon counter.
2.9.4 Scanning Electron Microscope (SEM) Analysis

SEM helps in the production of sample images by scanning the surface of sample
through focused electron beams. The principle at which SEM works depends on the
interactions that take place between the sample and electron beam predicting results at
various magnifications. It is carried out after the sample is completely air dried. The
sample is loaded with metal and is kept on sample holder. After which focused beam

is used to scan the sample and produce images.

2.9.5 Fourier-Transform Infrared Spectroscopy (FTIR)

This technique is used to determine the functional groups present on the
nanoparticles. This work on the principle that when infrared radiation of 10,000 to
100 cm™ are passed through the sample, few radiations get absorbed whereas some of
these get passed away. These radiations when get adsorbed, gets converted into
rotational and vibrational energies. When IR radiations get on the surface on
nanoparticles the molecular fingerprint of sample is generated. Each single sample has

its own unique fingerprint which helps to identify the chemicals present in the sample.
2.9.6 Brunaer-Emmett-Teller (BET) Analysis

BET analysis serves as the basis for analysing specific surface area of materials. This
theory only applies to system of multilayer adsorption and uses gases referred as
probing gas which doesn’t react with material surface in order to detect specific
surface area. Among various gases used, liquid nitrogen is mostly preferred and is
carried out at boiling temperature of N, gas which is 77 K. This concept is based on
Langmuir theory, which was given for monolayer molecular adsorption. Specific
surface area calculated through this technique depends on adsorbate molecule used

and its cross-section.
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CHAPTER 3

Materials and Methods

3.1 Materials

Titanium n-butoxide (Ti(OCH,CH,CH,CHs),) was purchased from Sigma-Aldrich;
absolute ethanol (99.9%) ; iron chloride hexahydrate, (FeCls.6H,0), microcrystalline
cellulose and urea were purchased from Loba Chemie; NaOH and methylene blue
(MB) dye powder were procured from SD Fine-chemicals. Magnetic stirrer model MS
H280 Pro and Centrifuge model himac CR 22G were used; pestle mortar and
sonicator were also used. All glasswares were washed using aqua regia solution and
distilled water. These were kept for drying at 60°C and stored in dry conditions for

further use.
3.2 Preparation of Titanium Dioxide Nanoparticles (TiO,)

2.5 ml of titanium butoxide and 25 ml of ethanol was taken in a beaker while 13 ml of
distilled water and 13 ml of ethanol were taken in another round bottom flask. Both
the solutions were mixed in round bottom flask under constant stirring of 30 minutes.
This resulted in formation of white suspension which was collected after
centrifugation at 4000 rpm for 20 minutes. The pellet obtained was washed using
ethanol and distilled water properly after which it was oven dried at 100°C (Li et al.,
2008).

3.3 Preparation of Fe-TiO, Nanoparticles

An appropriate stoichiometric amount of iron chloride hexahydrate was added to 25
ml of distilled water to synthesise 0.5% Fe-TiO,. The resultant solution was then
stirred at 1000 rpm for 2-3 hours followed by sonication for 1 hour. The yellow
coloured product obtained was then dried and calcined at 100°C and 400°C

respectively.
3.4 Immobilization of Fe-TiO, Nanoparticles on Microcrystalline Cellulose

4 wt% of cellulose solution was prepared by adding appropriate amount of cellulose
into another solution containing NaOH, urea and distilled water in the ratio 7:12:81.

The prepared slurry was precooled at -20°C and thawed extensively to obtain an
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almost transparent solution. To this solution 25 mg of iron doped TiO, was added and
left for sonication for about 2 hours till it properly gets dispersed. The obtained
suspension was centrifuged for 20 minutes at 3000 rpm. The formed pellet was finally
washed with distilled water and dried for further photocatalytic applications
(Mohamed et al., 2015).

3.5 Preparation of MB Solution

40 ppm of methylene blue stock was prepared by adding 4 mg of MB powder in 100
ml of distilled water with continuous stirring for 5 min. The working MB solutions
were subsequently prepared over a wide range of 5 - 20 ppm (5, 10, 14, 16, 18) from
the stock solution of 40 ppm.

3.6 Photocatalytic Decolourisation of MB Dye

The photocatalytic decolourisation of organic pollutant i.e. MB dye was done with the
chemically synthesized cellulose-Fe doped TiO, NPs. The reaction was carried out by
mixing 1.6 mg/ml of prepared catalyst in 10 ml of dye solution in a glass batch
reactor. The adsorption-desorption reaction was performed for about 40-45 minutes
by keeping samples in the dark after which they were placed in direct sunlight under
continuous stirring conditions. At every interval of 20 minutes 200pl of sample was
retrieved and its decolourization Kinetics was studied using UV-Visible
spectrophotometer till it gets properly degraded which took around 120 minutes. The

decolourization percentage was calculated by the formula:
Co-C
Decolourization (%) = —-— X 100 Eq. (4)

Where, C is final concentration of dye and Cy is initial concentration of dye.
3.7 Optimization of Dye Decolourization
Single Factor Study

To determine the various factors affecting the dye decolourization single factor study
was performed. To carry out this study, the factors taken into account were: (A) effect
of pH, (B) effect of dye concentration, (C) effect of catalyst, (D) effect of irradiation

time, (E) effect of various scavengers, (F) reusability test
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A. Effect of pH — 20 ppm dye solution was prepared with different pH, i.e. 4, 6,
7, 8, 10 and 1.6 mg/ml of catalyst was added to each vial. UV-Visible
spectrophotometric readings were recorded after 2 hours.

B. Effect of dye concentration (ppm) — Dye solution was prepared with different
concentrations of 10, 20, 30, 40 ppm having 1.6 mg/ml of catalyst and was
mixed well. UV-Visible spectrophotometric readings were taken after 2 hours.

C. Effect of catalyst — 20 ppm dye solution was prepared and 10 ml was taken
into different glass vial. To this different concentration of catalyst i.e. 0.4
mg/ml, 0.8 mg/ml, 1.6 mg/ml was mixed properly. Then UV-Visible
spectrophotometric readings were recorded after 2 hours.

D. Effect of irradiation time — 20 ppm was prepared to which 1.6 mg/ml of
catalyst was added and mixed properly. UV-Visible spectrophotometric
readings were recorded after 0, 10, 20, 40, 60, 80, 100, 120 min.

E. Reusability test — 20 ppm of dye was prepared and 1.6 mg/ml of catalyst was
added to it, mixed well. Degradation rate was observed for constitutive 8
readings with same parameters after 2 hours daily.

3.8 Kinetic Modelling

Photocatalytic decolourization of dye can be more precisely described by Kinetic
modelling, models are known as decay models. For practical application of
photocatalytic reaction, kinetic models are necessary. In this study, four different
kinetic models were made to analyse the photocatalytic degradation of MB by TiO,
NPs.

1) First-order kinetic model (Equation 5)
In[Co — C] = -kt Eqg. (5)
2) Pseudo First-order kinetic model (Equation 6)
In[Co — C] =In[C] —kt Eqg. (6)

3) Second-order kinetic model (Equation 7)

Sk Eq.(7
C o g. (7)
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4) Pseudo Second-order kinetic model (Equation 8)

t 1 £ g
Co kC2 9. (8)

e

3.9 Preparation of Standard Curve for Diclofenac

100 ppm of diclofenac stock was prepared by adding 50 mg of drug was dissolved in
500 ml of distilled water with continuous stirring for 10-15 minutes. From this 100
ppm stock solution the working diclofenac concentrations were prepared over wide
range from 5-20 ppm i.e. 5, 10, 14, 16, 18, 20 ppm. After preparation of standard its
absorbance was noted at 340 nm.

3.10 Photocatalytic Degradation of Diclofenac

The photocatalytic degradation of organic pollutant i.e. diclofenac was done with the
chemically synthesized cellulose immobilized Fe doped TiO, NPs. The reaction was
carried out by spiking 10 ml of distilled with 2 mg of drug and 10 mg of
bionanocomposite is added to the above prepared solution in a glass batch reactor.
The adsorption desorption process was performed for about 40-45 minutes by keeping
samples’ in the dark after which they were placed in direct sunlight under continuous
stirring conditions. At every interval of 20 minutes 200ul of sample was retrieved and
its degradation kinetics was studied using UV — Visible spectrophotometer till it gets
properly degraded which took around 120 minutes. The degradation percentage was
calculated by the formula:

Co—-C
Decolourization (%) = (()I_o X 100 Eq. (9)

Where, C is final concentration of dye and Cy is initial concentration of dye.

e All the experimental work was carried out from months between March to

June between 11 am to 1 pm.
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CHAPTER 4

Results and Discussion

4.1 Characterization of Synthesized Nanoparticles
4.1.1 Scanning Electron Microscope (SEM) Analysis

The SEM images of Fe doped TiO, nanoparticles immobilized on cellulose support
matrix are shown in figure 6. Results of SEM analysis carried out at different
magnifications shows equal distribution and incorporation of Fe doped TiO,
nanoparticles at the surface of microcrystalline cellulose indicating the presence of
strong bond which arises because of electrostatic or chemical interactions. Cellulose
interactions with TiO, NPs prevent the alteration and morphology of

bionanocomposite during different reaction conditions (Virkutyte et al., 2012).

SEl  15kV WD12mm  SS35 x5,000  5um SEI  15kV WD12mm  SS35 x10,000 1pm S—
SAl Labs, TIET Patiala G.Mourya 0000 01 May 2019 SAl Labs, TIET Patiala G.Mourya 0000 01 May 2019

Figure 6: SEM micrographs of Fe doped TiO, nanoparticles immobilized on
cellulose (a) at 5,000x and (b) at 10,000x

4.1.2 Energy Dispersive X-ray spectroscopy (EDX) Analysis

Table 2 illustrates different elements present in Fe doped TiO, nanoparticles
immobilized on microcrystalline cellulose based on the weight and atomic percentage
and figure 7 represents the EDX plot of SEM images of Fe-TiO,-cellulose
bionanocomposites. The EDX result shows different intense peaks present at Ti, O, Fe

and C atoms.
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Table 2: Elemental composition of synthesized bionanocomposite

Elements Weight % Atomic %
CK 41.91 51.06
OK 51.22 46.85
TiK 6.69 2.05
Fe K 0.18 0.05

Fe atoms on doping enter the lattice of TiO, nanoparticles. Presence of C and O atom
occurs due to the use of microcrystalline cellulose in preparation of
bionanocomposite. The composition of elements in bionanocomposite is in agreement

with those proposed in preparation progress.

2 4 B g 10 12 14 16 18 a0
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Figure 7: EDX plot of Fe doped TiO, nanoparticles immobilized on

microcrystalline cellulose
4.1.3 Dynamic Light Scattering (DLS) and Zeta Potential Analysis

DLS analysis is carried out to find the hydrodynamic diameter of synthesized
bionanocomposite. With DLS, Zeta Potential was also carried out to check the charge
present on the sample as shown in figure 8 and figure 9. Zetasizer Nano ZS equipment
was used for determination of particle size and charge of nanoparticles dispersed in
Milli Q water. From figure 8 it was found that the hydrodynamic diameter was 434

nm and poly dispersity index of 0.583.
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Figure 9: Zeta potential curve of the synthesized bionanocomposite

The stabilities of dispersion were observed with zeta potential of -3.80 mV which
represent the premises of well dispersed nanoparticles. This negative charge on the
surface indicates that the bionanocomposite synthesized is capable of adsorbing

cationic dye at its surface and hence enhancing its degradation rate.

4.1.4 Diffuse Reflectance Spectroscopy (DRS) Analysis

0.5 wt. % doping of Fe on TiO, NPs was performed which were further immobilized
on microcrystalline cellulose. The prepared bionanocomposite was subjected to DRS
measurement in order to compare the reduction in band gap and enhancement in

degradation rate.
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Figure 11: Absorbance and Tauc plot of Fe doped TiO, nanopatrticles

immobilized on microcrystalline cellulose

From obtained results it was evident that Fe doping was necessary to reduce the band
gap and enhance photodegradation. The figure 10 shows that band gap reduces from
3.2 eV to 2.9eV when doping is performed as iron get incorporated into the lattice
structure of TiO, altering its electronic configuration. Moreover, Fe doping results in
lowering of € and h* pair recombination which results in enhanced photoadsorption
of O,. Based on touc plot in figure 11 further reduction in band gap was observed
from 2.9eV to 2.69eV in case of Fe-TiO,-cellulose causing a red shift in absorption.
This red shift in adsorption edge of Fe doped TiO, attributed to the excitation of 3d

electrons of TiO,to Fe conduction band (charge-transfer transition).
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4.1.5 Brunauer-Emmett-Teller (BET) Analysis

N, physical adsorption-desorption isotherms helps to determine the surface area and
pore size diameter of Fe doped TiO, nanoparticles and bionanocomposite prepared
through immobilization of these nanoparticles on cellulose. The BET isotherm and
relative to this the BJH plot obtained from the adsorption branch of isotherm of the

catalyst are represented in figure 12.
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Figure 12: (a) Adsorption-Desorption isotherms of Fe doped TiO;, nanoparticles
and bionanocomposite
(b) BJH plot of Fe-TiO, nanoparticles and bionanocomposite
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The BJH plot tells us about the pore size of cellulose-TiO,, Fe-TiO, nanoparticles and
cellulose immobilized Fe doped TiO, confirming the presence of mesoporous

structures as depicted in table below.

Table 3: Representation of specific surface area, pore diameter and pore volume

of nanocomposites and bionanocomposite

Fe-TiO, Cellulose-TiO, Cellulose
immobilized
Fe-TiOz

Specific Surface Area  72.329 (m“/g)  6.4949 (m“/g)  7.1562 (m°/g)

Mean Pore Diameter  11.147 (nm) 8.3422 (nm) 11.91 (nm)

Total Pore Volume 0.2016 (cm®g) 0.0135 (cm®/g)  0.021308 (cm*/g)

As concluded from Table 3 the decrease in specific surface area of Fe-TiO, i.e. 72.329
(m?/g) to 7.1562 (m?/g) on adding cellulose to nanocomposite occurs due to increase
in agglomeration on top layer of nanoparticles and also inside the bulk of adsorbent
matrix. This agglomeration occurs because the vacant spaces found in cellulose get
filled by Fe-TiO, during synthesis. The increase in mean pore diameter of cellulose
immobilized Fe-TiO, reflects the high porosity of cellulose.

4.1.6 X-Ray Diffraction (XRD) Analysis

XRD analysis was carried out to find the crystalline properties of cellulose, the
synthesized Fe-TiO,-cellulose bionanocomposite and micro-structural changes
occurred. The XRD pattern of cellulose and synthesized Fe-TiO,-cellulose is shown in
figure 13. XRD study shows the characteristic peaks of pure cellulose which appeared
at 20 value of 23.1° and 35° were for (200) and (044) respectively, corresponds to the
structure of plane particles. Neither a new peak nor any peak shit was observed when
compared with pure cellulose indicates that Fe-TiO,-cellulose bionanocomposite
consists of two phase structures i.e. nanoparticles as well as polymer. The diffraction
peak at 20 value of 23.9° were for (101) represents the anatase phase of
bionanocomposite. This result indicates that addition of cellulose to nanocomposite
causes overall increase in crystallinity which affects the final properties of

bionanocomposite (Ahmadizadegan, 2017).
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Figure 13: XRD plot of pure cellulose and bionanocomposite

4.1.7 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR of Fe-TiO,-cellulose was recorded in wavenumber ranging between 4000-500
cm™. The FTIR spectrum of bionanocomposite has been shown in figure 14 having
well defined peaks. The peak at 3345.8 cm™ shows the absorption of surface OH bond
in cellulosic composite (Sood et al., 2015). The peak at 1629 cm™ shows the H-O-H
bending vibration of absorbed water. From this it was concluded that addition of Fe
ions in TiO, matrix results in changes which enhance absorption of OH groups. The
peak observed at 2901 cm™ shows the stretching of C-H bond. The band appearing at
668 cm™ and 560 cm™ refers to Ti-O stretching modes of Ti-O-Ti or may be due to

vibration of anti-symmetric Ti-O-Ti modes of TiO, (Ali et al., 2017).
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Figure 14: Typical FTIR spectra of as prepared Fe-TiO, Cellulose

4.2 Standard Curve of Methylene Blue
Standard curve for methylene blue dye was prepared from the stock solution of 20
ppm having concentrations: 5, 10, 14, 16, 18 and 20 ppm. Their absorbance was taken

in UV—Visible spectrophotometer at 664 nm.
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Figure 15: Standard curve representation of methylene blue dye
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4.3 Single Factor Studies

The effect of different parameters on methylene blue degradation was studied,;
optimizing four different parameters i.e. dye concentration (ppm), catalyst

concentration (mg/ml), irradiation time (minutes) and pH.
4.3.1 Effect of Dye Concentration

The photocatalytic degradation of MB was evaluated over particular range of dye
concentration starting from 5ppm to 40 ppm under solar irradiation of 120 minutes.
When checking out the effect of dye concentration it was observed that with
continuous increase in concentration from 5 ppm to 20 ppm the photodegradation
efficiency gradually reduces from 98% to 93.9% as shown in figure 16 (b). But as the
concentration reaches up to 40 ppm a sharp reduction in degradation rate was
observed i.e. 77%. The reason accounting for such fall in degradation rate is that MB
is light sensitive in nature and with increasing dye concentration the layering of dye
over the surface of nanoparticle also increases which hinders the direct contact of
sunlight with bionanocomposite. Subsequently the number of hydroxyl radical
attacking MB decreases dropping down the degradation rate. Thus the 20 ppm dye

was found to be optimum to carry out further experiments (Tayeb & Hussein, 2015).
4.3.2 Effect of Catalyst Concentration

The effect of synthesized bionanocomposite on methylene blue was studied under 120
minutes of reaction time. The most effective degradation of methylene blue was
observed at 1.6 mg/ml of catalyst concentration. The result shows that for catalyst
concentration of 0.4, 0.8 and 1.6 mg/ml of 20 ppm dye solution the degradation rates
are 77%, 85% and 95% respectively. The reason for this observation is that with
increased catalyst concentration higher fraction of dye molecules get attached at the
surface of bionanocomposite enhancing photo-oxidation reactions for degradation.
However any further increase in catalyst concentration results in nanoparticle
aggregation minimizing degradation efficiency. Also the ability of light to penetrate
deep inside the solution with high catalyst dosage reduces because multiple
backscattering of light decreases the overall adsorption of light at catalyst surface
(Tayeb & Hussein, 2015).
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4.3.3 Effect of pH

Another parameter studied was pH ranging from 4 to 10 for 120 minutes under solar
illumination. pH is one of the most important factor that affects the photocatalytic
degradation. It shows its promising effect on both the catalyst and dye solution during
degradation experiment as the degradation rate depends on the surface charge present
on catalyst i.e. positive, negative or neutral. The photocatalytic degradation proportion
of MB exploiting synthesized bionanocomposite increases constantly on increase in
pH showing maximum degradation at pH 10 i.e. 97%. This was the optimum pH
condition at which the further experiments were carried out in whole study. This
effect of pH on photocatalytic degradation is described as follows. The surface of
bionanocomposite is negatively charged which generate more hydroxyl anions at high
pH. These generated anions show electrostatic interaction with cationic dyes and
adsorb more dye for degradation. Whereas in acidic pH more positive site surfaces are
formed that don’t tend to adsorb dye molecules and hence show less degradation
efficiency (Benhabiles et al., 2016).

4.3.4 Effect of Irradiation Time

Effect of irradiation time was observed on decolorization efficiency up to 120 minutes
time interval. In graph 16 (d), 95% degradation was observed up to 120 minutes
which increases with more adsorption of catalyst with time generating excess of

electrons and holes to carry out degradation.
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Figure 16: Graphs showing percentage degradation of MB dye at different (a)

catalyst concentration, (b) dye concentration, (c) pH and (d) irradiation time

4.4 Effect of Scavengers

Generally, degradation of recalcitrant compounds through photocatalysis is result of
the oxidative properties of reactive species generated that includes ‘OH, h*, €7, ‘O,
The formation of ‘OH and "0, radicals under light carries out degradation. The effect
of scavengers was studied on photocatalytic degradation of Methylene Blue using
four different scavengers where Methanol was used for hydroxyl radicals, Ascorbic

Acid was used for hole radicals, p-benzoquinone was used for superoxide radicals and
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Sodium Nitrate was used for e radicals. Photodegradation results show reduction in
degradation efficiency on adding scavengers which occurs due to decrease in
concentration of reactive oxygen species. This proves that hydroxyl and superoxide
(OH & °O,) radicals play vital role in photocatalytic degradation process. From
figure 17 effects of scavengers was concluded on photocatalytic degradation. It was
found that methanol inhibits the degradation and reduces it up to 45% and on addition
of ascorbic acid it reduces up to 57%. This is due to the reason that h* generated
during photo-oxidation reacts with H,O to form hydroxyl radicals which play the most
important role to carry out degradation at maximum rate. When these h* and hydroxyl
radicals got scavenged the degradation rate decreases. But on addition of p-
benzoquinone and sodium nitrate not much effect was observed in degradation
percentage reduction. This is because of the fact that superoxide radicals are less
stable when compared to hydroxyl radicals and react less with organic contaminants
independently, so affecting less on degradation rate when scavenged. This concludes
that degradation of Methylene Blue occurs through oxidation process majorly via
attack by OH radicals (Soliman et al., 2017)
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Figure 17: Effect on percentage degradation of MB dye after addition of

different scavengers

33



4.5 Reusability Test

Recycling of photocatalyst is one of the main targets of industries which make the
degradation process cost-effective. To study the reusability of photocatalyst, the
catalyst was recycled 8 times regularly and degradation efficiency was plotted. These
degradations were carried out at optimized conditions where 1.6 mg/ml of catalyst
was added in 20 ppm of MB dye. The catalyst was recovered by washing it 2-3 times
with distilled water and drying at optimum temperature. The dried catalyst is further
reused to carry out degradation experiments. From figure 18 it was observed that
degradation rate decreases from 95% to 49%. This reduction occurs due to constant
loss of bionanocomposite on washing (Sarkar et al., 2015). Another reason for
decrease in degradation rate may be that the surface of catalyst got covered by dye
molecules which reduce the light reaching the catalyst hence decreasing the
concentration of photo-generated holes and electrons.

100 95.12 - % Degradatlonl

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8

Figure 18: Effect on degradation percentage after reusing the sample
4.6 Kinetic Modelling

To understand the degradation mechanism of dyes under solar spectrum, kinetics was
studied on the basis on Langmuir-Hinshelwood isotherm models. Four different types

of kinetic models were studied i.e. first-order, pseudo-first order, second-order and
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pseudo second-order showing results for model fitting in figure 19. The values of
coefficient R are also mentioned in figures and the order of kinetics followed by MB
depends on the R? value. Among all models, it was concluded that degradation

follows pseudo-first order kinetics in concordance with Langmuir equation shown as:
In (Co-C) = kt

where Cy is initial dye concentration and K is rate constant.
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Figure 19: Representation of kinetic model followed by MB dye
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The linear correlation between Co-C vs time which clearly proves that MB
degradation follows pseudo-first order kinetics. Further the regression coefficient R
was found to be 0.9348 and intercept equal to zero which shows that degradation rate
only depends on concentration of dye. Whereas, the R? value found in second order
and pseudo-second order were far away from unity, which states that these models

were not fit to depict degradation rate.
4.7 Standard Curve of Diclofenac

Standard curve for diclofenac was prepared from the stock solution of 100 ppm
having concentrations: 5, 10, 14, 16, 18 and 20 ppm. Their absorbance was taken in
UV-Visible spectrophotometer at 340 nm.
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Figure 20: Standard curve of diclofenac

4.8 Photocatalytic Degradation of Diclofenac

Degradation of diclofenac was carried out for 120 minutes of irradiation time using
synthesized Fe-TiO,-cellulose bionanocomposite. To carry out this experiment 20
ppm of drug solution was prepared. 200ul of sample was extracted at different
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intervals of 0, 10, 20, 40, 60, 80, 100 and 120 to find the degradation efficiency
through UV-Visible spectrophotometer. The percentage degradation of Diclofenac

was found to be 83.76% after 120 minutes and is represented in graph below.
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Figure 21: Graph representing percentage degradation of diclofenac

These anti-inflammatory drugs such as diclofenac are found to retain in water for
longer time without being degraded through microorganisms. These compounds affect
the water quality at large scale making it toxic and unfit for humans. The
bionanocomposite prepared was capable of degrading 83.76% of diclofenac from
wastewater reducing its harmful effects on humans and aquatic organisms. Further

analysis of bionanocomposite could be helpful in degradation of other pharmaceutical

compounds as well.
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CONCLUSIONS

Heterogeneous photocatalysis was performed successfully to carry out degradation of
model organic pollutants i.e. methylene blue and diclofenac using synthesized Fe
doped TiO, nanoparticles mixed with microcrystalline cellulose. The degradation
efficiency was found to be dependent on various parameters such as catalyst
concentration, dye concentration, pH and irradiation time. Photocatalytic experiment
concluded that maximum of 95% degradation was achieved for 20 ppm methylene
blue dye as initial concentration withl1.6 mg/ml catalyst concentration, pH 10 and 120
minutes of solar irradiation. Further reusability study over 8 consecutive cycles
claimed the gradual decrease in degradation rate up to almost half i.e. (49%) on 8"
use, which predicts the cost-effectiveness of the used bionanocomposites. When
observed under different scavengers, degradation rate reduces in the order of p-
benzoquinone > sodium nitrate > ascorbic acid > methanol. Different kinetic studies
performed reveals that MB follows pseudo-first order Kinetics. This synthesized
bionanocomposite was further used to check its efficiency for degradation of
pharmaceutical active compound i.e. diclofenac under solar irradiation which shows
83% of drug degradation in 120 minutes. Thus, Fe-TiO,-cellulose bionanocomposite
based on above performed experiments appears to be an effective catalyst for
degradation of organic contaminants at large scale.
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