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1.1 Introduction

Environmental pollution is one of the critical and escalating challenges with far-reaching
implications for the planet's health and sustainability. The ongoing scenario is led by a complex

interplay of various human activities that continue to release pollutants into the air, water, and
land, contributing to a myriad of environmental issues. Among those, water and land pollutions
are of significant concerns.

In the contemporary world, water pollution is a pervasive problem that affects both
developed and developing countries. Industrial discharges, agricultural runoff, and untreated
sewage continue to contaminate water bodies, posing serious threats to aquatic ecosystems and
human health. Depending on their natures, water contaminants can be categorised into two

major groups: (a) inorganic contaminants and (b) organic contaminants.
1.1.1 Inorganic water contaminants

Inorganic water contaminants are generally originated from non-living sources like geological
phenomena, industrial and agricultural activities etc. These type of contaminants hardly
degrade over time persisting in the environment for extended periods resulting serious health
issues to human beings.

There are several inorganic water contaminants i.e., toxic heavy metals like lead
(Pb(11)), arsenic (in the form of arsenate (As(V) and arsenite As(ll1)), chromium (Cr(V1)),
cadmium (Cd(11)), mercury (Hg(I1)), nickel (Ni(ll)), zinc (Zn(I1)) etc. and non-metals like
fluoride (F~ ) nitrate (NO3"), sulphate (SO+%*) /sulphite (SOs%), chloride (CI™), phosphate
(PO*) etc.

Among these water contaminants, a brief overview of fluoride and arsenic, the most toxic
components has been discussed below.

Fluoride

Source: Natural source of fluoride originates from rocks, soil, and water. Groundwater, in
particular, may contain varying concentrations of fluoride depending on geological conditions.*
In anthropogenic source, human activities, such as industrial discharges, mining, and the use

of certain fertilizers and pesticides can contribute to elevated fluoride levels in water.?
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Health impact: Excessive fluoride intake during tooth development can lead to dental
fluorosis. In regions with high fluoride concentrations in drinking water, long-term exposure
may lead to neurological damage, Alzheimer’s syndrome skeletal fluorosis.® According to the
World Health Organization (WHO), the optimal fluoride concentration in drinking water is
around 0.5 to 1.5 mg/L.

Arsenic

Source: Arsenic is found in nature as Earth's crust in the form of rocks and minerals,* leaching
into groundwater. Human activities such as mining, smelting, and the use of arsenic-containing
pesticides, industrial discharges® etc. as anthropogenic sources may contribute to high arsenic
levels in water.

Health impact: Chronic exposure to arsenic in drinking water is associated with an increased
risk of cancer specially skin, lung, bladder etc. Long-term exposure has been linked to
cardiovascular diseases, diabetes, and neurological problems.® The WHO guideline for arsenic

in drinking water is 10 pg/L.’
1.1.2 Organic water contaminants

Organic contaminants are mainly carbon based compounds that can enter water sources
through natural processes or human activities. These include pesticides, different type of
industrial chemicals, pharmaceuticals etc. Among those, synthetic dyes are the most common
organic pollutants which are widely used in textiles, cosmetics, printing industries. The
synthetic dyes can be categorised mainly into three types as a) cationic, b) anionic and c¢) non-
ionic dyes. The anionic dyes like brilliant red, methyl orange (MO), congo red etc are generally
characterized by their negatively charged groups such as sulfonate, carboxylate etc. On the
other hand, cationic dyes like methylene blue (MB), crystal violet, rhodamine B, thiazine dye
etc. contain positively charged amino groups in their molecular structure. 8 Improper disposal
of coloured dyes often cause water pollution affecting both surface and ground water. Among
these dyes, MB is found to be one of the most toxic, carcinogenic, and non-biodegradable dyes
that poses a serious threat to human health and the environment. Renal toxicity and subsequent
kidney damage may result from high dose or prolonged exposure to MB as suggested from

several studies.’
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1.2 Water decontamination process:

Several techniques are adopted for decontamination of water. An overview of different

commonly used processes for decontamination of water is illustrated in the following section.

1.2.1 Coagulation and flocculation: In the coagulation process, suspended particles get
precipitated in the form of insoluble hydroxide in presence of coagulants. Flocculation process
involves gradual mixing of water by promoting the coagulated particles to form larger
aggregates. Through sedementation and filtration the contaminants finally get removed.®
However, removal of trace amount of contaminants cannot be accomplished by this process.
Also production of huge amount of sludge causing disposal issue makes it ineffective in some

cases.1t

1.2.2 lon exchange: lon exchange is a highly effective water treatment technique involving
the use of ion exchange resin which are crosslinked organic polymer beads with charged
functional groups. These resin facilitate the removal of dissolved ions from water by
exchanging them with ions of similar charge. In the cation exchanger resin, the cationic species
(Mg?*,Ca®* ,other heavy metal ions etc.) are separated via electrostatic interactions with the
negatively charged carboxylate (-COO") or sulfonate (SO3") functional groups of resin by ion
exchange process. On the other hand, the anions like CrO4>/Cr,07*~, NOs~, H2AsO4 /HASO4*
get adsorbed with the exchange of positively charged functional groups of quaternary
ammonium (-NR3*) or primary, secondary, tertiary amines in anion exchanger resin. The ion
exchange method offers numerous benefits in water purification by effectively removing heavy
metal ions as well as softening water by removing calcium and magnesium ions.*? lon exchange
method also has that advantage of having easy regeneration procedure maintaining a long term

use of resin. However, it has certain limitations as follows:

e Only the ionisable components can be removed by this process. This process is not
useful for the removal of organic or biological contaminants.

e Optimization of pH, ionic strength etc. are often necessary for each specific separation.

e Regular sanitization and regeneration are necessary. Failure to do so may lead to

bacterial development on the resin surface which can further contaminate water.
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1.2.3 Membrane filtration process: Membrane filtration is a separation process that utilizes
membranes to selectively remove particles, contaminants from a fluid stream. These
membranes act as barriers, permitting some components to flow through while keeping others
depending on their differences in size, shape, charge, or other characteristics.™® Typically,
membranes used in membrane filtration processes are composed of variety of materials. Each
material has unique qualities and performance characteristics ideal for particular usage.
Membrane technologies can be categorised into two main types; a) pressure driven b)
electrically driven process.'*

Pressure driven membrane process is subcategorised into four types.

Microfiltration (MF): MF membranes have relatively larger pores (0.1 to 10 um) compared to
the other membrane types allowing them to remove suspended solids and some larger colloidal
particles from feed water.*®

Ultrafiltration (UF): Pore size of UF membranes ranges from 0.001 to 0.1 pm.
Polyethersulfone membranes are used in ultrafiltration process. The driving force for
separation in ultrafiltration can be pressure or concentration gradient depending on the specific
application. This process is used to separate suspended solids, macromolecules, colloidal
particles etc. from liquid stream.

Nano filtration (NF): NF utilizes polyamide membranes with pore sizes ranging from 0.001 to
0.01 pm. The surface charge of NF membranes, influenced by functional groups like carboxyl
or sulfonic acid, crucially determines their selectivity and separation performance. In neutral
and alkaline conditions, NF membranes carry a negative charge, facilitating the repulsion of
negatively charged ions and molecules for selective removal during filtration. However, in
acidic medium, the membrane surface may carry no charge or become less negatively charged,
potentially affecting selectivity. NF proves highly effective in removing divalent ions, organic
compounds, and some low molecular weight solutes. Nevertheless, monovalent ions and small
molecules may pass through the membrane, making it suitable for specific water treatment
applications.

Reverse Osmosis (RO): RO process is an effective and proven technology which is widely used
in water purification. In RO, a high pressure gradient is applied across the membrane to
overcome osmotic pressure. Herein, water molecules are passed through a semi-permeable
membrane having very small sized pores (<0.001um) while rejecting dissolved particles or
contaminants.!’ RO systems are extensively employed in various purification processes due to

their ability to effectively remove organic contaminants and other inorganic based pollutants
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like arsenate, chloride, fluoride, sulfate, lead etc. The membrane-based technology offers the
advantage of separating components without altering their state as well as in the absence of
using any chemicals via an energy-efficient and ideal process. However, this process has some

limitations.’

e The membranes often get clogged or fouled by impurities reducing efficiencies;
therefore, frequent cleaning or replacement of membrane components are required.

e The discarded water stream needs proper disposal to avoid secondary pollution.

e Reverse osmosis system can be expensive to set up which limits their applicability for

some applications or regions with limited resources.

The electrically driven membrane process includes electrodialysis (ED). In ED process, an
electric potential is applied across a series of ion-selective membranes. The generated ion
concentration gradients drive the migration of ions through membranes.*8 Positively charged
ions migrate towards the cathode through cation-selective membrane while negatively charged
ions migrate toward the anode through anion-selective membrane. Therefore, this process is
particularly useful for the removal of specific ions. Numerous factors, including feed water
ionic content, pH, current density, flow rate, and ED cell structure determine the effectivity of

the ED process.*

1.2.4 Adsorption process: It is a surface phenomenon in which molecules or atoms from a
fluid (liquid or gas) adhere to the surface of a solid or liquid substrates, known as adsorbents.
This process occurs due to the attractive forces between the adsorbate and adsorbent system,
resulting in the accumulation of adsorbate molecules/ions (contaminants) on the surface of
adsorbents. The adsorption process is influenced by several factors like pH, temperature, ionic
strength as well as surface area of adsorbent. Changes in pH can alter the surface charge of the
adsorbent material. It affects the degree of ionisation of the adsorbate leading to variation in
adsorption behaviour. Materials with high surface area render more adsorption sites leading to

increased adsorption capacities. Figure 1.1 shows a schematic pathway for adsorption process.
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Figure 1.1: Adsorption process for removal of contaminants from water.

The adsorption process can be categorized into two types, (a) physical adsorption and (b)

chemical adsorption.

Physical Adsorption: Physical adsorption or physisorption occurs due to weak intermolecular
forces between the adsorbent and adsorbate molecules. This includes van der Waals force of
attraction, hydrogen bonding and dipole-dipole interactions. It involves the formation of thin
layer of adsorbate molecules while multilayer adsorption is also possible under certain
circumstances. Physical adsorption exhibits no specificity toward adsorption sites. This process

is reversible in nature and generally occurs at low temperature.

Chemical Adsorption: Chemical adsorption or chemisorption is governed by the formation of
chemical bonds between adsorbent and adsorbate molecules. This process is generally
irreversible in nature. Unlike physisorption, it exhibits specificity in adsorption sites with the

formation of monolayer of adsorbate molecules on the adsorbent surface.

Application: Adsorption is a crucial phenomenon with diverse applications across various
fields.

e It is widely used to remove impurities from gases. One common example is the
removal of impurities like sulfur compounds, volatile organic compounds etc. from

natural gas or biogas by using activated charcoal.?°
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Adsorption of reactants onto the catalyst surface is a fundamental step in catalysis
to facilitate chemical reactions.

Adsorption chromatography is widely used in analytical chemistry and preparative
chromatography for the separation and purification of complex mixtures.

In water treatment process, adsorption serves as a vital mechanism for removing
pollutants or contaminants. For example, arsenic contamination from water can be
mitigated through specialized adsorbents such as iron oxide based materials,
activated alumina etc. Zeolite based adsorbent materials are often used to remove
different contaminants including fluoride and other heavy metals such as lead,
cadmium etc. through ion exchange mechanism.?! Additionally, adsorption
techniques are often employed to remove different organic dyes from industrial
effluents.??

Adsorption onto porous materials serve as a promising approach in drug delivery
systems.?® It helps regulate and control the release rate of pharmaceutical

compounds.

Adsorption process offers several advantages over other water treatment methods.

Versatility: This process is very much effective in removing wide ranges of
contaminants including organic compounds, heavy metals and other pollutants. Its
versatility makes it suitable for treating diverse types of water sources such as,
industrial water, drinking water and ground water.

Selectivity: The selectivity toward particular contaminant is advantageous without
affecting the overall water composition.

Minimal chemical utilization: In contrast to other techniques like coagulation and
flocculation, adsorption often uses little or no chemicals. This reduces the risk of
introducing additional chemicals into water simplifying the treatment process.
Antifouling properties: Adsorption systems are generally less susceptible toward
fouling compared to membrane based process. The adsorbent surface can easily be
regenerated to restore its adsorption capacity thereby reducing the system
downtime and maintenance.

Environmentally benign: Numerous adsorbents used in water treatment process are
environmentally friendly and poses minimal risk to human health. Its ability to
fully adsorb contaminants make it beneficial by not producing any other unwanted
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by-products. Furthermore, adsorption can be integrated to sustainable water
treatment approaches by using bio-based or renewable adsorbents.

While adsorption is versatile and effective water treatment process, it has some
disadvantages. The scarcity of suitable adsorbents with high adsorption efficacy for specific
pollutants is a significant hurdle. The non-selective nature of adsorption results in simultaneous
adsorption of various ions or contaminants. This diminishes the capacity to target specific
pollutants. Moreover, some adsorbents require surface modification or chemical activation to

enhance their adsorption capacity leading to complexity in processing steps.

1.2.5 Photocatalytic process: Photocatalysis represents a promising area of research with
diverse applications across environmental, energy and synthetic chemistry domains. It involves
the process of photoexcitation in which a semiconductor material absorbs photons with energy
equivalent to or greater than its bandgap. The photo generated electron-hole pairs are the key
intermediates responsible for driving photocatalytic reactions (Fig.1.2). This process typically
occurs primarily via two pathways: (a) direct pathway and (b) indirect pathway. The direct
pathway involves photogenerated electrons and holes to participate directly in redox reaction
with adsorbed reactant molecules on the catalyst surface. In the indirect pathway, the
photogenerated electron-hole pairs react with adsorbed water molecule or molecular oxygen.
This produce highly reactive hydroxyl (*OH) or superoxide (O2+") radicals capable of initiating
redox reactions. The Kinetics of photocatalytic reactions are influenced by various factors such

as incident light intensity, wavelength, surface area of catalyst etc.
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Figure 1.2: Photocatalytic process for degradation of pollutants.

There are two types of photocatalysts: (a) Homogeneous photocatalyst and (b)
Heterogeneous photocatalyst. Homogeneous photocatalysts interact directly with reactants in
solution and undergo chemical transformations. On the other hand, heterogeneous
photocatalysts, usually semiconductor materials such as TiO, ZnO, Fe;Os primarily react with
the reactant molecules at the catalyst surface. Photocatalysis finds extensive applications in the
degradation of organic pollutants, pesticides, pharmaceuticals etc. from waste water.?* The
photocatalytic system are also being explored for solar-driven water splitting to produce
hydrogen fuel.?® It offers greener and sustainable routes for various organic transformations by
harnessing the light source. However, this process has challenges in terms of catalyst stability
and light absorption efficiency. Additionally, charge carrier combination rate can also limit its
overall efficiency. The recovery and reuse of catalyst materials from the reaction system can
provide challenges impacting economical feasibility for large scale application.

Despite the above challenges, adsorption and photocatalysis are generally preferred choices
over other water treatment processes toward eco-friendly alternatives for water treatment. In
this dissertation work, the adsorption and photocatalysis processes have been followed to
remove detrimental contaminants like fluoride, arsenic and organic dye (MB) from

contaminated water.
1.3 Types of adsorbents for removal of water contaminants

Various adsorbent materials such as activated carbon, alumina, zeolite, clay, bone char, mixed

metal oxides, layered double hydroxides etc. are utilized for the removal of different organic
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and inorganic water pollutants. These materials function based on their unique properties and
adsorption mechanism.

Activated Carbon: Activated carbon is a highly porous form of carbon with a large surface
area, typically ranging from 500 to 1500 m?/gm. The activation process is achieved by treating
carbon material with oxidising agents at high temperature. Its complex pore structure, including
micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm) provide numerous
adsorption sites for a wide range of molecules.?6?

Activated Alumina: Activated alumina is a highly porous form of aluminium oxide with high
surface area ranging from 200-400 m?/gm. It is usually synthesized by heating aluminium
hydroxide or alumina hydrate at high temperature. This results removal of water molecules
thereby forming porous structure. It exhibits high affinity, particularly for fluoride ions along
with other contaminants.?® Its adsorption capacity is primarily attributed to surface hydroxyl
groups which can form hydrogen bonds with polar molecules and ions present in water.
Zeolites: Zeolites are crystalline aluminosilicates with porous structure and cation exchange
properties. The porous materials are composed of silicon, aluminium and oxygen atoms
arranged in framework that allows selective adsorption molecules based on their size and
polarity.?® Zeolites can be of two types: (a) natural zeolite and (b) synthetic zeolite. Natural
zeolites are mineral formations that originate through geological processes. They generally
exhibit lower surface area and non-uniform pore structures. In contrast, synthetic zeolites are
crystalline aluminosilicate materials synthesized by precise chemical reactions and
conditions.®® It mimics the porous structure of natural zeolite. However, they offer tailored
compositions, pore sizes and structures which enhances the overall performance. Therefore,
synthetic zeolites like MCM-22, ZSM-5, ZSM-22, NaY, NaX etc. outperform natural zeolites
in removing different contaminants.

Clay: Bentonite clay and other types of clay materials are natural adsorbents with layered
structure and high surface area. Its high cation exchange capacity enables it to attract and adsorb
ions like calcium, sodium, potassium and heavy metals from solution.3!3?

Carbon nano tubes (CNT): CNT are cylindrical nanostructures (diameter ~1-100 nm) with a
high aspect ratio and exceptional adsorption properties.®® They can be single walled or multi-
walled. They have shown potential toward removal of microorganisms, heavy metals and
organic pollutants from water.3*

Graphene-based materials: Graphene is a single layer of carbon atoms arranged in a two

dimensional honeycomb lattice. Graphene based materials can take various forms which

10
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includes pristine graphene sheets, graphene oxide, reduced graphene oxide etc. These materials
can be used in different form including membrane filters, nanocomposites, adsorbent powders
to remove water pollutants.®

Metal Oxide based materials: Metal oxides are a class of inorganic compounds composed of
metal cations bonded to oxygen anions. Adsorption onto metal oxide surfaces can occur
through various mechanism including chemisorption, physisorption, ion exchange, surface
complexation and precipitation.® They exhibit selectivity towards specific contaminants based
on their surface chemistry and interactions. For example, iron oxide nanoparticles are widely
used as adsorbents for the removal of heavy metals like arsenic, lead, cadmium etc. and other

inorganic pollutants from water.%’

1.4 Types of photocatalysts for removal of water contaminants:

Photocatalysts can degrade or transform pollutants into harmless substances by harnessing the
power of light. There are various types of photocatalysts with unique advantages for water

treatment:

Hematite (a-Fe203): In crystal structure of Hematite (Fig. 1.3.), a-Fe2Os3, shares a structural
similarity with corundum, adopting a three-dimensional framework built from trigonally
distorted octahedra FeOs. These octahedra are interconnected with thirteen neighbours via one
face, three edges, and six vertices.® The structure falls under the space group R3c exhibiting
rhombohedral symmetry, with lattice parameters a=b =5.431 A, ¢ = 13.021 A in the hexagonal
cell. Iron oxide based photocatalysts, particularly hematite (a-Fe203) has garnered attention for
their photocatalytic properties. Hematite is a semiconductor material that has wide bandgap of
approximately 2.1-2.2 eV. This primarily allows it to absorb light in UV and visible region
generating reactive oxygen species responsible for degradation of organic pollutants. Surface
engineering techniques, such as doping and heterojunction formation can enhance the surface
reactivity and photocatalytic performance of hematite. Iron oxides are abundant and cost
effective materials making them attractive for large scale applications in water treatment and

environmental remedation.3°

11
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Figure 1.3: Crystal structure of hematite (a-Fe203).

Titanium dioxide (TiO2): TiO: exists in several crystalline forms like anatase, rutile and brukite.
Among these, anatase and rutile phases are the most extensively studied for their superior
photocatalytic activity. The bandgap of TiO. depends on its crystalline phase. The anatase
phase shows bandgap around 3.2 eV whereas rutile shows bandgap around 3 eV. This wide
band gap enable TiO> to absorb UV light, with the little absorption in the visible region, limiting
its activity to UV irradiation.*

Metal-Organic Frameworks (MOF): These are a class of porous materials consisting of metal
ions or clusters coordinated with organic ligands to form extended three-dimensional structure.
MOF based photocatalysts are synthesized by incorporating photo-active components such as
semiconductor nanoparticles or organic chromophore into the MOF framework. The properties
of MOF based photocatalysts, such as band gap, surface area and porosity can be tuned through
rational design and synthetic strategies. This enables the optimization of photocatalytic
performance and selectivity for specific applications such as pollutant degradation, hydrogen
evolution etc.*4

Carbon based photocatalysts: Carbon based photocatalysts encompass a wide range of
materials with diverse properties and applications. Graphitic carbon nitride (g-C3N4) stands out
for its polymeric structure, visible light capability and potential for applications in water
splitting and pollutant degradation.** Carbon dots consisting of fluorescent carbon

12
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nanoparticles exhibit strong light absorption in the UV and visible regions, making them
suitable for various photocatalytic applications.** Graphene and graphene oxide with their
exceptional electrical conductivity and high surface area show effectivity for photocatalytic
reactions under visible light irradiation.** Functionalized CNT can enhance photocatalytic
activity and selectivity by facilitating charge separation and improving surface reactivity.*®
Additionally, doped carbon materials exhibit improved visible light absorption and catalytic
activity for various photocatalytic reactions including pollutant degradation, hydrogen
productions and CO2 reduction.*’

Recently, there has been a notable shift in research focus towards synthesizing
adsorbent or photocatalyst materials using agro or industrial wastes. Agro and industrial waste
are often available in large quantities as by-products of agricultural and manufacturing process.
Converting waste into functional materials for water treatment reduces the environmental
impact of waste disposal. Additionally, waste based materials are typically available at low or
no cost, making them economically attractive option for synthesis of adsorbents and

photocatalysts materials.

A brief overview of different agro and industry based waste materials is provided in the
following sections.

1.5 Agro waste based materials: Agro waste, also known as agricultural waste, refers to any
residue or by-product generated from agricultural activities. The following are some examples
of agro-waste materials.

Rice husk ash (RHA): Rice husk, the outer covering of rice grains, is a widely available agro
waste material. It is composed primarily of cellulose, hemicellulose, lignin and silica. The silica
content in a rice husk ranges from 15%-20%.This makes it one of the richest natural sources
of silica.*® RHA is the residue obtained after burning rice husk. It primarily comprises silica
(SiO2) constituting around 80-95% of its composition. It possesses high thermal stability
making it suitable for applications in high temperature. The high surface area and adsorption
capacity of RHA makes it suitable for water treatment applications.*® Due to its pozzolanic
properties, RHA serves as an additive in cement and concrete production.®®! Utilizing RHA
in various applications (Fig. 1.4) help in reducing waste disposal issues associated with rice

husk combustion.
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Figure 1.4: Utilization of RHA obtained from rice mill.

i

Baggase: Baggase is the fibrous residue left behind after sugarcane or agave stalks are crushed.
It primarily consists of cellulose, hemicelluloses, lignin with small amount of sugar and protein.
Baggase is fibrous in nature and typically has high moisture content. It is a valuable biomass
resources with significant energy potential. It has different applications in water treatment,
energy production, biofuel manufacturing, paper making and soil improvement.52>4

Wheat straw: Wheat straw is the stalk left after wheat grains are harvested. It is composed of
high level of carbohydrates, proteins, minerals (calcium, phosphorous) etc. Its chemical
composition makes it promising for biofuel production. Wheat straw can be utilized in various
industrial applications including water treatment, paper making, cardboard production, and
construction materials.>*

Coconut/Almond/Walnut/Peanut shell: Coconut shells, almond shells, walnut shells, and
peanut shells exhibit a diverse array of chemical properties that render them valuable resources
for numerous applications. These agricultural wastes contain significant amounts of cellulose,
lignin, and hemicellulose contributing to their structural integrity. They also offer valuable
resources in the form of ash after combustion containing carbon, and residual nutrients such as
potassium and phosphorus. Their surface area and porosity may impact their adsorption
capacity and suitability for applications like water purification and gas adsorption. With their
rich carbon content, these materials can be utilized in biochar production and carbon
sequestration efforts. Moreover, their chemical composition makes them suitable for soil

amendment, organic fertilizers, biofuel production, and composite materials.>">
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Corn stover: Corn stovers refer to the stalks, leaves and cobs left in the field after corn harvest.
Like other agrowaste materials, lignocellulosic fibres are the integral constituents of it. It shows
diverse applications in water treatment, bioenergy production, soil improvement and other
industrial processes.>°

Though the agrowaste materials offer potential benefits in renewable energy
production, their improper disposal or management can leave negative impacts. Therefore,

sustainable waste management strategies are essential to mitigate those adverse effects.

1.6 Industrial waste based materials: Industrial waste refers to any residual material
generated during industrial processes.This waste can encompass a wide range of materials
including solid, liquid or gaseous substances. Herein, some examples of industrial waste based

materials and their detrimental effects are summarized below.

Red Mud: Red mud (RM), also known as bauxite residue, is generated during the processing
of buxite into alumina in the Bayer’s process (Fig. 1.5). It is highly alkaline with pH values
typically ranging from 10-13. RM consists mainly of iron oxides (Fe203), aluminium oxides
(Al203), silica (SiO) and various other compounds including titanium oxide (TiOz), sodium
oxide (Na20O) and calcium oxide(Ca0).%* Large quantities of RM is generated annually
worldwide with an estimated around 200 millions ton produced annually. Improper disposal of
RM can lead to environmental pollution and ecological damage.The alkalinity of RM can affect
soil and water quality. This can lead to soil degradation, reduced fertility and contamination of
surface and ground water. Despite its environmental challenges, RM has been explored for
various environmental applications. One significant application is its use as potential raw
material for the synthesis of iron-rich ceramics, iron oxide pigments and adsorbents for water
treatment. Additionally, RM also shows extensive use in construction materials, particularly in

cement and concrete production.®?
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Figure 1.5: Alumina obtained from Bauxite via Bayer’s process.

Fly ash: Fly ash is a by-product of coal combustion in thermal power plants. It is primarily
composed of SiO2, Al203 and Fe2Os. There are two main types of fly ash: Class F and Class C.
Class F fly ash is produced from burning anthracite or bituminous coal and contains low levels
of calcium oxide (CaO). Class C fly ash is produced from burning sub-bituminous or lignite
coal and contains higher levels of CaO. However, its release into air can contribute to air
pollution. Inhalation of fly ash particles can cause severe health issues. Regulations and proper
handling procedures are essential to mitigate the risk. Fly ash, with its porous structure and
high surface area, serves an efficient adsorbent for removing pollutants from aqueous solution
and air stream. %364

Steel slag: Steel slag is a by-product of steel manufacturing processes like blast furnaces or
basic oxygen furnaces. It contains mainly SiO, Fe2O3, Al.O3 along with other alkali metal
oxides.®® Inappropriate disposal of steel slag often causes adverse effects to environment.
Therefore, recycling and utlizing steel slag is a crucial step to minimise the environmental
impacts. However, it can be effectively used as construction material including concrete
production,bricks, lighweight aggregates, ceramics and adsorbents for decontamination of
water.56:67

Waste tire and rubbers: These are often found as discarded from automotive industries,
construction sites and manufacturing processes. Their slow decomposition rate often poses
significant challenges to environment. However, these can be recycled into valuable materials
such as adsorbent materials for water purification, biofuels, green chemicals, rubberized

asphalt for road construction etc.®8-"
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Special wastes: Special wastes are materials that come from different chemical plants like
pharmaceutical manufacturing, electronics production, metal fabrication and so on.”* These
contain a varety of hazardous substances including solvents, heavy metals and radioactive
materials etc. which poses risk to human health and ecosystem. Solvent recycling techniques
include distillation and filtering which minimises the requirement of new raw material.”
Similar to this, heavy metal recycling involves methods like electroplating, ion exchange, or
precipitation to recover valuable metals from industrial effluent or scrap materials.”
Nevertheless, because of their inherent risks, recycling radioactive materials necessitates strict
regulations and specialized facilities. Reprocessing or transmutation processes are frequently
used to reduce radiological concerns.”

Herein, for improved adsorption efficiency, two types of waste material have been
chosen for the synthesis of adsorbents and photocatalysts for the removal of inorganic and
organic water contaminants. Agro waste rice husk ash has been chosen to synthesize zeolite
based adsorbents for the removal of fluoride ion. On the other hand, industrial waste red mud
has been utilized to synthesize iron oxide based adsorbents and photocatalysts for the removal
of As(V) and MB, respectively.

Accordingly, a literature survey on different adsorbents and photocatalysts derived from RHA
and red mud based waste materials have been summarized in the following section.

1.7 Rice husk ash based adsorbents for decontamination of water:

Rice husk ash (RHA) emerges as a highly appealing bio-based adsorbent material for pollutant
removal owing to its abundance, renewability, and cost-effectiveness. The straightforward
process of obtaining RHA through rice husk combustion at elevated temperatures (~ 700-900
°C) ensures low production costs. Moreover, the high silica content of RHA results in a porous
structure, offering a large surface area and abundant active sites for pollutant adsorption. By
repurposing agricultural waste into a valuable adsorbent, RHA not only mitigates
environmental pollution but also contributes to the maintenance of ecosystem and water

quality.

Numerous literatures have been reported till date based on preparation of RHA based
adsorbents and their potential application toward removal of different contaminants from

water. Inorganic and organic contaminants are removed using RHA based adsorbents.
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Utilizing RHA, Zn(Il) removal efficiency of 95.8% was achieved at an adsorbent dosage level
of 10 g/L following pseudo-second order kinetic model with adsorption capacity of ~690
mg/gm.” Srivastava et al. synthesized mesoporous RHA with surface area of 36.44 m?/gm for
the removal of heavy metals.”® The sorption of Pb(ll) ions using RHA with adsorption capacity
of 91.74 mg/gm was studied by Tarun et al.”” Feng et al. studied adsorption of Pb(I1) and Hg(II)
by utilising RHA with adsorption capacity values of 9.86 and 3.05 mg/gm, respectively at 30
C.”® RHA based zeolite was reported to remove Fe (I1), Cu (I1), and As (V) with maximum
removal percentages of 91.46%, 90%, and 87.81%, respectively.’® Recently, iron-modified
mesoporous NaY zeolite obtained from RHA was found to show effective removal of As(V)
(99.90%) compared to the pristine unmodified zeolite (40.31%).8° HCI treated RHA was found
to effectively remove heavy metal ions of Cr(VI1), Pb(Il) and Zn(Il) with maximum adsorption
efficiencies of 87.12, 88.63 and 99.28%, respectively.®s Allophane, an aluminosilicate
substance, derived from RHA showed phosphate removal of 35.1 and 4.3 mg/gm with type |
and type 1l allophanes, respectively.®? Surface modification of RHA using acetic acid showed
asignificant removal of Cu?* with 99% efficiency.® Fe-Mn oxides@SiO2 nanoparticles derived
from RHA showed 70.5% removal of Co(Il) from waste water 3 MgO nanoparticles obtained
from magnesium salt in the presence of moringa oleifera leaf extract was impregnated into
RHA which resulted Cr(V1) and Pb(I1) removal of 79.20 and 96.02%, respectively from mining
waste water.%®

Different organic contaminants are also removed using RHA or RHA based adsorbent
materials. Chandrasekhar and Pramada studied the effect of pH and pore volume on the
adsorption of MB dye using RHA.8® Lakshmi et al., investigated the effect of temperature on
Indigo Carmine (IC) dye removal using RHA with optimum adsorbent dosage of 10 gm/L.’
In another study, RHA showed promising adsorption capacities of 1.53 x 1074, 8.07 x 107,
and 1.63 x 107 mol/gm of phenolic compounds like phenol, resorcinol and 2-chlorophenol,
respectively.3® Mahi and co-workers found that RHA with higher surface area showed more
adsorption efficiency of phenol (0.886 mg/gm) as compared to rice husk (0.0022mg/gm).8° 3-
aminopropyltriethoxysilane functionalized RHA revealed maximum adsorption capacity of 8.2
mg/gm at pH 6 for the removal of humic acid from water. ®® A hydrogel composite of
biopolymer starch (ST) and RHA showed an impressive adsorption capacity of 1906.3 mg/gm
in just 60 min for the removal of MB.% A mesoporous geopolymer composed of RHA and
metakaolin exhibited 70.8% removal of methyl violet 10B dye with adsorbent dosage of 1.5

gm/L.%? Sulphuric acid pre-treated RHA with surface area 138 m?/gm was utilized by Jahid et
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al. for the removal of MB which showed maximum adsorption capacity of 107 mg/gm at pH 8
within 60 min.*® Recently, RHA was found to be an effective adsorbent for the removal of
antibiotic ofloxacin showing maximum adsorption percentage of 79.71% with adsorption
capacity of 6.28 mg/gm, at pH 6.%* Novel nZSM-5 zeolite from RHA was reported to show
high adsorption capacity of 125.43 mg/gm for the removal of CV.% Thiol modified (using 3-
Mercaptopropyltrimethoxysilane) magnetic mesoporous  silica  (magMCM-41)
nanoparticles obtained from RHA resulted 83.44 and 79.38% removal of 24-
Dichlorophenoxyacetic acid and glyphosate, respectively with their adsorption capacity values
of 120.36 and 108.53 mg/gm.*® Congo Red (CR) and Naphthol Green B (NGB) could be
removed from aqueous solution using cetyltrimethyl ammonium bromide (CTAB)
functionalized sodium silicate derived from RHA with maximum capacities of 73.04 and 86.59
mg/gm, respectively at 303 K.%” Mesoporous silica (SBA-16) with surface area 461 m?/gm
obtained from RHA showed removal of Rhodamine B dye with maximum adsorption capacity

of 166.7 mg/gm as calculated from Langmuir model.%

1.8 Red mud (RM) based adsorbents and photocatalysts for decontamination

of water

RM has acquired considerable interest due to its remarkable efficacy as an adsorbent material
in mitigating water pollution. However, the caustic nature of RM poses several environmental
and human health risks. Therefore, it needs to be neutralized before using as decontaminating
agents. The physico-chemical characteristics of RM can be tuned using a variety of treatment
techniques, such as heat treatment, neutralization, acidification etc.®® For water
decontamination, RM is utilized both as adsorbent material as well as photocatalyst due to

abundant presence of Fe;Os content.
1.8.1 Red mud based adsorbents for the removal of different contaminants

Application of red mud based adsorbents for the removal of different inorganic

contaminants:

Metal ions represent a significant category of pollutants in aquatic environment. Among them
arsenic is especially notable because of its pervasiveness in natural water and its severe threat
to human health. Adsorption process has been extensively used to remove arsenic from waste

water.1® Altundo et al. utilized red mud to remove both As(l11) and As(V) from water with
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adsorption capacities of 8.86 and 6.86 umol/gm, respectively.!®* With As concentration of
133.5 pmol/L using RM dosage of 20 gm/L, adsorption equilibrium was reached within 45 and
90 mins for As(l11) and As(V), respectively. Interestingly, the adsorption of As(111) and As(V)
are exothermic and endothermic in nature, respectively. In a study, activated seawater-
neutralized red mud i.e., activated Bauxsol (AB) showed equilibrium within 3 and 6 h for
As(V) and As(l11), respectively which followed pseudo-first-order kinetics.'% The optimal pH
for As(V) adsorption was found to be 4.5, and almost complete removal was achieved
regardless to the initial As(V) concentration. The adsorption capacity of activated red mud
(ARM) for removing Cr(V1) from both synthetic aqueous solutions and industrial effluents was
investigated.®The Langmuir monolayer capacity of ARM for Cr(VI) was determined to be
30.74 mmol/gm. Dursun et al. investigated the use of red mud activated with HCI for Cr(V1)
removal.*® It was found that the optimal red mud dose and pH value resulted in approximately
70% removal efficiency for chromate. It is reported that the primary components, Fe,O3 and
Al;O3 in red mud caused the removal of Cr(VI) from water.1%1% Table 1.1 summarizes

adsorption capacities of red mud derived adsorbents toward removal of different ions.
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Table 1.1: Different red mud derived adsorbents and their adsorption capacities toward

removal of different ions.

Type of adsorbents Contaminant Adsorption capacity References
metal ions (mg/gm)

Red mud Ni(ll) 13.69 107
BRA Cr(111) 17 108
BRB Cr(l1) 33 108
ZVI@GRM Pb(Il) 188.67 109
ZVI@QGRM Cr(VI) 51.55 109
Modified Red mud Pb(I1) 551.11 110
Immobilized Red mud Mn(IT) 57.25 11
ICRM@600 SIY)) 59.45 112
Fe-biochar RM composite As(V) 13.40 113
Fe-biochar RM composite Ni(ll) 17.60 113
AMD catalysed RM Sh(V) 1638 114
AMD catalysed RM As(V) 109 114
AMD catalysed RM Pb(Il) 509 114
MZ-20 Sr(11) 172 115

Tor et al. found that granular RM (GRM) was effective in removing fluoride from water with
adsorption capacity of 0.644 mg/gm at pH 4.7 wherein equilibrium was reached after 6 hours,
irrespective of the initial fluoride concentration.’'® Cengeloglu et al. investigated that the
pristine RM and the HCI activated RM showed nitrate adsorption capacities of 1.859 and 5.858
mmol/gm, respectively, and the equilibrium was reached within 60 min.**” In another batch
process, HCI treated RM with enhanced surface area and total pore volume rendered phosphate
adsorption capacity of 0.58 mg/gm at 40°C (pH 5.5).1*8 The efficacy of RM—Chitosan beads
(Rm-Ch) was investigated for removal of fluoride, chromate, and phosphate ions from water

with adsorption capacities of 6.15, 30.88 and 23.54 mg/gm, respectively.!® The adsorption
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process was exothermic following pseudo-second-order kinetics. Recently, RM-based
geopolymer microspheres (RM@GMs: 75-150 pm) with adsorbent dosage of 1 gm/L showed
fluoride adsorption capacity of 76.57 mg/gm within 45 min at pH 2 following pseudo-second

order kinetic model.12°

Application of red mud based adsorbents for the removal of different dyes and phenolic

compounds:

Effluents particularly coloured dyes and phenolic pollutants are considered as highly toxic to
aquatic life affecting the overall quality of natural water sources. Researchers have investigated
the utilization of RM as a promising adsorbent material for removing dyes and toxic phenolic
compounds from wastewater. HCl-activated RM was found to effectively remove Congo Red
(CR) dye from water at pH of 7.0 with maximum adsorption capacity of 7.08 mg/gm within 90
mins.*2! Zhang et al. utilized acid-treated RM to remove Malachite Green (MG) and CV dyes
with maximum adsorption capacities of 336.4 and 60.5 mg/gm, respectively at pH >3.2.12?
Hydrazine sulphate activated RM was utilized to remove up to 94% Indigo Carmine (IC) dye
with adsorption capacity of 62.6 mg/gm.'% In another study, mesostructured RM based
material with high surface area was employed for the removal of MB where maximum
adsorption capacities of 232 mg/gm and 274 mg/gm were achieved at pH 7 for different variant
of RM.1?* RM derived adsorbent materials were also utilized in removing phenol and phenol
derivatives like 2-chlorophenol, 4-chlorophenol, and 2,4-dichlorophenol etc. from
wastewater.'?> High adsorption capacities for 2,4-dichlorophenol and 4-chlorophenol with
removal efficiency of 94-97% were observed at pH 6 while removal% for 2-chlorophenol and
phenol was in the range of 50-81% at pH 4-5. Tor et al. investigated the removal of phenol
from water using HCl-activated RM which exhibited a higher adsorption capacity (8.156
mg/gm) compared to neutralized RM (4.127 mg/gm) at 25 + 1°C (pH 6).1%

A summary of adsorption capacity of red mud derived adsorbents for different

inorganic anions, dyes and phenolic pollutants is presented in Table 1.2.
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Table 1.2: Different RM derived adsorbents and their adsorption capacities towards removal

of different inorganic anions, dyes and phenolic pollutants.

Type of Adsorbent Contaminant dyes and Adsorption References

phenolic compounds capacity

(mg/gm)
Acid activated RM Phosphate 202.90 127
AICl3 modified RM Fluoride 91.28 128
Activated RM Nitrate 5.85 129
Ce modified RM Fluoride 14.74 130
a-Fe;O3 microsphere Congo Red 342.57 131
SFO@NaP1 MB 47.90 132
RSM-optimised RM Reactive Blue 2 118.24 133
RSM-optimised RM Reactive Black 5 121.02 133
RSM-optimised RM Reactive Red 24 129.19 133
RSM-optimised RM Reactive Yellow 15 142.64 133
RM-MK geopolymer MB 19.96 134
ARM/NiOCH Congo Red 348.00 135
g-CsN4/RM-MK-GP MB 170.90 136
Activated RM Phenol 1.79 137
Treated RM Phenol 49.30 138
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1.8.2 Red mud based photocatalysts for the removal of different

contaminants

Red mud characterized by its complex matrix of metal oxides, predominantly iron and
aluminium, possesses inherent photocatalytic activity under appropriate light irradiation. By
harnessing the photoactive components within RM, researchers have started exploring its
suitability towards the development of efficient and eco-friendly photocatalytic applications.
In a study, HCI modified RM with surface area of 317.14 m?/gm showed 94.2%
removal of MO with adsorbent dose of 0.7 gm/L.13® RM-based ZnO-Fe,O3 composite catalyst
exhibited promising results in detoxifying Orange Il, achieving a removal efficiency of 57.7%
at 973 K.* Cobalt-doped neutralized RM of dosage 0.08 gm revealed 97.21% MB degradation
within 150 min at pH 9 starting with 20 mg/L of dye concentration.! Recently, Xiaogiang et
al reported that reduced Graphene Oxide (rGO) modified RM composite (RM-H/rGO) showed
99.8% degradation of Rhodamine blue (RhB) within 20 mins.'*? They have also studied the
removal of various organic contaminants at a wide range of pH. The incorporation of rGO was
reported to serve a dual purpose i.e., it impeded the recombination of charge carriers and
expedited the Fe3*/Fe?* cycle during the heterogenous Fenton process. In another study, zero-
valent iron heterogeneous Fenton catalyst (RMB-900) exhibited 98% removal of Acid Red G
within 10 min, which was 6.7 times higher reaction rate constant than that of commercial zero-
valent iron.1** Geopolymer microspheres derived from a combination of RM and granulated
blast furnace slag were functionalized by loading BiOX (where X = ClI, Br, I) photocatalysts
onto their surfaces leading to a significant improvement in formaldehyde gas adsorption of
around 85.71% within 60 min.* Ferrous oxalate dihydrate photocatalyst of different variants
derived from ferric oxalate and RM were utilized for photo-Fenton degradation of MB with
95.5-97.6% efficiency within 10-30 min.}* A novel composite, FesO4@C/RM synthesized
from RM in combination of carbon black (derived from scrap tires) showed 95.9% removal of
orange Il dye within 90 min in the presence of peroxymonosulfate.1*® RM was utilized as a
primary material to produce TiO2/RM composite which exhibited remarkable efficacy in
removing tetracycline hydrochloride from water under visible light.!4” Among the various
component ratios, TiO2/RM-0.5 with dosage of 0.5 gm/L showed approximately 80.9%
removal of TC solution (10 mg/L) within 2 h. A cutting-edge Z-scheme-heterojunction g-
C3N4/RM composite was synthesized using RM and melamine as precursor materials.*® The
composite was found to show a notable enhancement in the spatial separation of

photogenerated carriers which facilitated the efficient degradation of formaldehyde of 63.04%
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within 2 h. RM based biochar obtained from grapefruit peel showed enhanced performance in
activating peroxydisulfate (PDS) for degrading 89.98% RhB at pH 4.6 starting with 20 mg/L

concentration of adsorbate.'*®

1.9 Outline of dissertation work

Water pollution is a pressing global concern posing significant threats to human health and
ecosystems. With growing industrialization, agricultural activities and urbanization, the release
of pollutants into water bodies is becoming widespread, necessitating the development of
effective and sustainable water treatment technologies. It is worth mentioning that various
research groups have devoted their expertise in synthesis of different porous adsorbents and
photocatalysts for decontamination of water. However, challenges still exist in terms of
synthetic procedure, availability of precursor resources and environmental issues. In this
context, utilization of agricultural and industrial waste materials for water remediation has
emerged as promising approach to address environmental challenges valorising waste
resources.

This dissertation work focuses on the utilization of agro waste rice husk ash (RHA) as
adsorbents and industrial waste red mud (RM) as adsorbents as well as photocatalysts for the
decontamination of water.

The primary objective of the present study comprises

e Toinvestigate the efficacy of RHA and RM based adsorbents for the removal of various
water contaminants like As(V) and fluoride.

e To evaluate the photocatalytic activity of RM based photocatalysts for the degradation
of methylene blue (MB) under visible light irradiation.

e To assess the synergistic effects of combining adsorption and photocatalysis for
enhanced water decontamination.

e To elucidate the mechanisms underlying the pollutant removal processes and explore

the factors influencing adsorption and photocatalytic performance.

Chapter 1 describes a general overview of different type of water decontamination processes,
utilization of different adsorbent and photocatalyst materials. A comprehensive overview of
the existing literature is illustrated on utilization of RHA and RM based adsorbent materials as
well as photocatalytic activity of latter for the removal of different inorganic and organic based

water contaminants.
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Chapter 2 explores the application of rice husk ash derived zeolite-based adsorbents for the
removal of fluoride from water. This chapter is divided into two subsections, 2A and 2B. 2A
part delves into the investigation of MgO-modified zeolite as an effective adsorbent for fluoride
removal from water. This study explores the synthesis process of MgO-modified zeolite and
evaluates its performance in removing fluoride ions under various experimental conditions with
mechanistic insights of fluoride adsorption process. 2B part focuses on the utilization of Al2Os-
modified zeolite as an alternative adsorbent for fluoride removal from water. This study
investigates the synthesis methodology of Al2Oz modified zeolite and examines its adsorption
capacity for fluoride ions in aqueous solutions through batch and column adsorption

experiments.

Chapter 3 demonstrates hydrothermal synthesis of hematite (a-Fe2Oz) from red mud precursor
with tuned morphology and textural property. The synthesized materials have been applied as
adsorbent for the removal of As(V) from contaminated water under different experimental

conditions.

Chapter 4 illustrates synthesis of metal (Cu, Mn, Ce) doped hematite (a-Fe2O3) obtained from
RM toward their photocatalytic efficiency for degradation of MB. A structure property
correlation is established for photocatalytic degradation of MB. By examining the
electrochemical properties, a probable mechanism was proposed based on enhanced e /h* pair

separation and migration of RM based photocatalyst.

Chapter 5 demonstrates summary of the work described in the thesis and the possible future

perspective of the entire thesis work.
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2A.1 Introduction

In ground water fluoride toxicity is a major concern to human health and other living
organisms. Fluoride in drinking water has beneficial as well as detrimental effects depending
upon its concentration, exceeding the permissible limit can cause many health issues. Among
many common techniques, adsorption process is suitably applied for fluoride removal
particularly, for low concentration of fluoride level in water because of low processing cost,
ease of operation and high efficiency.! Different adsorbent materials like porous alumina,??
layered double hydroxide,*rare earth oxide,> Fe-Ce-Ni nano adsorbent,® porous MgO,’ bone
char® etc. are used for fluoride removal from water. It is reported that activated alumina and
magnesium oxide are commonly used adsorbents for defluoridation due to their high specific
binding sites to adsorb fluoride through inner-sphere complexation.®'® However, leaching
tendency of alumina as a soluble species into the treated effluent is the major constraint for
defluoridation.!! Due to high isoelectric point (in alkaline pH) of MgO, it possesses strong
electrostatic interaction with anionic pollutants like fluoride, arsenate/arsenite etc. favouring
anionic decontamination of water. Mg-modified zeolite was used for the removal of heavy
metal contaminants from water.!? Rice husk ash is an agro-waste material which can be used
for the synthesis of zeolite.!*Modification of MgO with rice husk ash derived zeolite can
lower the cost of MgO precursor.

In the present work, zeolite A obtained from agro-waste rice husk ash is used for the
preparation of zeolite A-MgO composite by a simple processing condition. The objective of
this study is to synthesize an efficient adsorbent material by a simple process, and its
utilization for defluoridation of water with the effects of contact time, temperature, pH,
competing ions, sample dose, initial fluoride concentration and recyclability test. The
adsorption behaviour was understood by kinetic models (pseudo-first order and pseudo-
second order) and adsorption isotherms (Langmuir and Freundlich). To understand the nature
of adsorption process, thermodynamic study was performed. A tentative formation

mechanism in removing F~ ions by zeolite A-MgO composite was proposed.

2A.2 Experimental
2A.2.1 Materials

Magnesium chloride hexahydrate (MgCl..6H>O) (>98%), urea [CO(NH)2], and sodium
fluoride (NaF) (>97%) were purchased from Merck, India while sodium aluminate (45%
Na;O + 55% Al,O3) was procured from Sigma-Aldrich. Rice husk ash (95% SiO,) was
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collected from J.M. Biotech Pvt. Ltd., India. Millipore water was used throughout the

experiment.

Preparation of zeolite A-MgO composite

In a typical experiment, 2 gm of zeolite A synthesized from rice husk ash!* was added into
80mL of 0.5 M MgCl> solution in the presence of 10 gm of urea under stirring for 20 min.
The whole dispersion was poured into 100 mL Teflon-lined autoclave followed by
hydrothermal reaction at 150 °C for 5 h. The prepared product was centrifuged and washed
with water for several times until the supernatant liquid is almost neutral (pH 7-8). The
sample was dried at 70 °C for 4 h followed by calcination at 600 °C for 2 h to obtain zeolite

A-MgO composite.
2A.2.2 Characterization

The synthesized zeolite A-MgO composite was characterized by X-ray diffraction (X’Pert
Pro XRD (Philips), PW 3050/60), Fourier transform infrared spectroscopy (Spectrum two,
PerkinElmer), X-ray photoelectron spectroscopy (ULVAC-PHI), BET surface area, pore size
analysis (Quantachrome (ASIQ, MP) and field emission scanning electron microscopy (Zeiss,
Supra™ 35VP).

2A.2.3 Adsorption experiment

For adsorption experiment, 1L stock solution of NaF (7.24 mg/L) was prepared. Batch
adsorption experiment was carried out with 20 mL (7.24 mg/L) stock NaF solution and 0.02
gm (1 gm/L) sample dose under stirring for a specific time at room temperature maintaining
pH of solution ~ 6.7. After adsorption of F~ ions, the sample (adsorbent) was separated by
filtration and F-ions concentrations in solution were measured by lon Selective Electrode
(ISE) (Versa Star 90, Orion) using TISAB buffer solution. The adsorption capacity at

equilibrium ge(mg/gm) was calculated as follows:
ge = (Co-Ce) (V/m) (2A.1)

where, Co and C. are the initial and equilibrium F~ concentrations in mg/L, respectively,

while V is the volume of F~ concentration in L and m is the sample dose in gm.
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2A.3 Results and discussion
2A.3.1 Characterization of zeoliteA-MgO adsorbent

Fig. 2A.1(a) shows the XRD patterns of zeolite A-MgO powders. The characteristic peaks of
MgO (JCPDF File # 75-0447) were noticed corresponding to (hkl) values of (111), (200),
(220), (311) and (222) at 26 around 36.5, 42.8, 62.2, 74.6 and 78.5, respectively. However, in
the presence of MgO particles surrounding onto zeolite A crystal, the intensity of zeolite A
peaks (JCPDF File # 39-222) became lower or hidden at 20 around 7.2, 10.2, 12.5, 21.7, 24.1,
26.1, 27.2, 29.9 and 30.8 with (hkl) values of (200), (220), (222), (600), (622), (640), (642),
(644) and (660), respectively. Here, preferential orientation of MgO crystals in their
respective crystallographic planes is observed compared to that of zeolite A crystals.

Fig. 2A.1(b) shows the FTIR spectra of zeolite A-MgO composite powders. The
broad absorption bands at around 590 and 857 cm™ are due to stretching vibration mode of
Mg-O-Mg.?>1" However, the absorption band centred at 1429 cm™ could be assigned due to
COs* ions. The aerial chemisorption of H,O and CO, molecules onto the porous MgO
surface caused the formation of CO3? ions.'® The presence of zeolite A was confirmed from
its characteristic vibration bands at 464, 685, 792, 1022, 1644 and 3438 cm™.!® Si-O-Al
bending vibration was appeared at 464 cm™, while Si-O-Si and Si-O-Al symmetric stretching
vibrations were observed at 685 and 792 cmt, respectively. The absorption band at 1022 cm™
was attributed to Si-O-Si and Si-O-Al asymmetric stretching vibration. The H-O-H bending

and stretching vibrations appeared at 1644 and 3438 cm?, respectively.
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Figure 2A.1: (a) XRD patterns (* indicates zeolite A peaks) (b)FTIR spectra of zeolite A-
MgO powders.
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Fig. 2A.2 shows the FESEM image of zeolite A-MgO composite powders. It demonstrates
that cube-shaped zeolite A particles of dimension around 1 um are surrounded by nano-sheet
like MgO particles with thickness in the range of 50-70 nm. It is understood that during
hydrothermal reaction of MgCl, and urea in the presence of zeolite A, nucleation of as-
prepared Mgs(CO3)a(OH)2.4H20 occurred!’ onto the surface of zeolite A particles followed
by the growth of the former as nanosheet like structure. However, after calcination at 600
°C/2 h, Mgs(COz)4(OH)2.4H,O are converted into MgO particles without any structural

changes.

Figure 2A.2: FESEM image of zeolite A-MgO composite powders.

Fig. 2A.3(a) shows BET isotherm of zeolite A-MgO composite. A horizontal plateau
of the isotherm at lower p/po<4.5 indicates the microporous characteristics of zeolite A.
However, the appearance of hysteresis loop within the range of 0.45-0.99 of p/p, illustrates
the formation of interparticle mesopores of zeolite as well as those of MgO particles. The
isotherm resembles group 1V, H3 type as per IUPAC classification signifying slit-like
mesopores of the sample. The BET surface area of the sample was measured as 69 m?/gm
having of external (mesopore) surface area of 35 m?/gm and micropore surface area of 34
m2/gm. The pore volume and pore size of the sample were 0.36 cm3/gm and 3.9 nm,
respectively. Fig. 2A.3(b) shows the pore size distribution curve (BJH desorption) of the
sample indicating a sharp peak at around 3.9 nm. It is reported that the BET surface area of
starting zeolite particles in the absence of MgO was found to be 54 m?/gm with mesopore and
micropore surface area values of 31 and 23 m?/gm, respectively. The pore volume and pore
size of the pure zeolite were calculated as 0.0092 cm®/gm and 3.9 nm, respectively. It
indicates that presence of MgO in zeolite A-MgO composite enhances both the BET surface

area and pore volume which could help facilitate its adsorption performance for
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defluoridation of water. However, the pore size remained same for both in the presence and
absence of MgO in zeolite A. The surface textural properties i.e., surface area, pore volume
and pore size played a significant role for the adsorption of fluoride ions from aqueous
solution.

@) 0) o

250

o

=

o
1

2004

g

o

@®
)

)
o
|_
n
~
E £
~ C
(Y) ~
£ €
3} 2
= 150 / )
° | ] = 0.06
Q 4 3}
2 1004 o’ l. e
o . A 0041
-8 .l...‘ I’. E
< % punmnn et > 0.02- =
(0] rl—lﬂlllllnnnllll © / .‘lIl..----—l—l—l_.—.
£ 01 0.001_
E T T T T T T T T T T T T
S 00 0.2 0.4 0.6 0.8 1.0 12 24 36 48 60 72 84 96
Relative pressure (p/pQ) Pore diameter (nm)

Figure 2A.3: (a) N2 adsorption-desorption isotherm and (b) pore size distribution of zeolite

A-MgO composite.

XPS study was performed to analyse the chemical state, electronic structure and
electronic states of materials by determining their binding energy. It reveals the binding
energies of O1s, Si2p, Nals, Al2p and Mg2p appearing at 531.6, 102.4, 1072.2,74.2 and 49.9
eV, respectively (Fig. 2A.4). XPS results are shown in Table 2A.1 which also shows the
atomic % of the elements, Al, Si, Na, Mg and O as 5.87, 6.58, 0.73, 19.72 and 67.10%,
respectively. The presence of significant amount of Mg as Mg(ll) ions contributed for

adsorption of fluoride ions from aqueous solution.
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Table 2A.1: XPS results of zeolite A-MgO composite.

Electronic state of the elements Binding Energy (eV) Atomic %
Ols 531.6 67.10
Si2p 102.4 6.58
Nals 1072.2 0.73
Al2p 74.2 5.87
Mg2p 49.9 19.72
(a) (b) (c)
O (1s) .
0 200 400 600 800 1000 525 530 535 540 95 100 105 110
Binding Energy (ev) Binding Energy (eV) Binding energy (eV)
(d) (e) (f)
Na (1s) Al 2p) Mg (2p)

1065 1070 1075 1080
Binding Energy (eV)

66

69 72 75 78 81
Binding Energy (eV)

42

45 48 51 54 57 60
Binding Energy (eV)

Figure 2A.4: XPS spectra of zeolite A-MgO composite (a) Survey spectra (b) O (1s) (c) Si
(2P) (d) Na (1s) (e) Al (2p) (f) Mg (2p).

2A.3.2 Adsorption study

Role of contact time

Table 2A.2 shows variation of fluoride ion adsorption (%) with time using zeolite A- MgO
composite having initial fluoride concentration of 7.24 mg/L, adsorbent dose of 1 gm/L at pH

6.8 and temperature 30 °C. It indicates that about 72% adsorption occurred within 5 mins of
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contact time between adsorbent (zeolite A supported MgO) and adsorbate (aqueous solution
containing F~ ions). After that adsorption (%) of F~ ions increased slowly and reached a
maximum value of about 94% within 90 mins (Fig. 2A.5(a)). It demonstrates that after a

certain time, the adsorption sites of the adsorbent got saturated preventing further adsorption.

Table 2A.2: % Adsorption with time for the removal of fluoride ions.

Time (min) % Adsorption
0 0.00
5 72.23

10 77.35
20 84.94
40 9291
60 93.88
90 94.14
120 94.19
150 94.22
180 94.24

Role of adsorbent dose

To study the role of adsorbent dose on the adsorption of F~ions, the amount of adsorbent was
taken in the range of 0.5-10 gm/L using adsorbate (F~ions) concentration of 7.24 mg/L at pH
6.8, temperature 30 °C and duration of contact time as 120 min. Table 2A.3 shows that %
adsorption increased sharply from 88.7 to 96.7% with increase in adsorbent doses from 0.5 to
2 gm/L. However, no significant increase in % adsorption was noticed with adsorbent doses
above 2 gm/L. A maximum % adsorption of 98% was obtained using loading capacity of the
adsorbent as 10 gm/L (Fig. 2A.5(b)). Initially up to a certain loading of adsorbent, the
abundance of more adsorbent surface sites facilitates the uptake capacity of F~ ions.?°

However, it becomes saturated after an optimum concentration of adsorbent loading.
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Table 2A.3: % Adsorption with adsorbent dose (gm/L) for the removal of fluoride ions.

Adsorbent dose (gm/L) % Adsorption
0.5 88.68
1.0 94.19
2.0 96.74
4.0 97.22
6.0 97.54
8.0 97.87
10.0 98.04

Role of initial F~ions concentration (Adsorbate dose)

To study the role of adsorbate dose on the adsorption of F~ions, different concentrations of
adsorbate doses ranging from 7.24 to 232 mg/L were chosen using adsorbent dose of 1 gm/L
at pH 6.8 and contact time of 120 min at 30 °C. Table 2A.4 shows that with increase in F~
ions concentrations up to 49.6 mg/L, the % adsorption of F~ions decreased slowly from 94 to
91% followed by sharp fall of adsorption efficiency down to 45% with increase in adsorbate
doses from 49.6 to 232 mg/L (Fig.2A.5(c)). With increase in F~ ions concentration in
solution, the adsorbent sites are saturated with the abundance of F~ions.? It inhibits further

adsorption of F~ions due to repulsion of negatively charged F~ions.
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Table 2A.4: % Adsorption with adsorbate dose (mg/L) for the removal of fluoride ions.

Adsorbate dose (mg/L) % Adsorption

7.24 94.19
16.1 93.52
23.1 93.16
49.6 91.05

96 63.33

115 59.39

182 50.16

232 45.25

Role of pH

The pH of solution plays a vital role for the removal of F~ions from contaminated water. It

monitors the surface charge of the adsorbent. In general, the adsorption of negatively charged

contaminants is favoured in acidic pH while alkaline pH facilitates the adsorption of

positively charged contaminants. Table 2A.5 shows the effect of pH (in the range 2.4 to 10)

on the adsorption of F~ions with F~ concentration (initial) of 7.27 mg/L, adsorbent dose of 1

g/L and contact time of 120 min at 30 °C. It exhibits that up to pH 5.1, the % adsorption

remained almost constant around 95.5% followed by slight decrease to 94.2% at pH 6.8.

However, after pH 6.8, a significant decrease of 85.9% and 81.9% adsorption were noticed at

pH 8.5 and 10, respectively (Fig. 2A.5(d)). In alkaline pH, a sudden decrease in F~ ion

adsorption % could be attributed to repulsion between negatively charged OH~ and F~ ions

rendering hindrance of F~ion adsorption onto the adsorption sites.??
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Table 2A.5: % Adsorption with change in pH.

pH % Adsorption
2.4 95.63
3.8 95.69
51 95.51
6.8 94.19
8.5 85.91
10 81.90
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Figure 2A.5: Effect of (a) contact time, (b) adsorbent dose, (c) initial fluoride ion

Initial F~ion Conc. (mg/L)

concentration and (d) pH on the adsorption of F~ions by zeolite A-MgO composite.
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Role of temperature

The role of temperature on the adsorption of F~ ions was investigated by changing the
temperatures in the range of 30-70 °C with F~ concentration (initial) of 7.27 mg/L, adsorbent
dose of 1 gm/L and contact time of 120 min at pH 6.8. Fig. 2A.6(a) shows that F~ ions
adsorption (%) was enhanced with increasing temperatures from 30 to 70 °C. With rise in
temperature, F~ ions diffusion rate is increased through the pore surface of the adsorbent

materials rendering higher adsorption rate.??

Role of co-existing anions

The presence of co-existing anions like chloride (CI-), nitrate (NO3-), phosphate (PO4>") and
sulphate (SO4*) in ground water could influence the adsorption efficiency of the adsorbent
materials for the removal of F~ions. Fig. 2A.6(b) shows the role of various competing ions on
the removal % of F~ions with adsorbate dose of 7.27 mg/L, adsorbent dose of 1 gm/L and
contact time of 120 min at pH 6.8. It reveals that the % adsorption of F~, CI-, NOs~, POs*-and
SO4> ions contributed as 94.2, 4.6, 14.2, 28.8 and 34%, respectively. It is clear that the
competing ions, PO4>~ and SO4%~ have significant affect for the removal of fluoride ions with
the competition for their adsorption onto the adsorbent surface.?* The hydrated ionic radii of
the competing ions follow in the order of CI- (3.32 A) < NO3 (3.35 A) < POs* (3.39 A) <
S04> (3.79 A).% It is clear that PO4* and SO4% ions have larger hydrated ionic radii
compared to Cl- and NOs™ ions; therefore, outer sphere complex formation via long range
electrostatic force was enhanced by PO3- and SO4% ions than that of CI- and NO3~ ions

having smaller hydrated radius.?®

Recyclability test

Recyclability test was performed using adsorbent concentration of 1 gm/L after adsorption of
adsorbate (F~ ions) of concentration 7.27 mg/L under stirring for 2 h in batch mode at 30 °C
of pH 6.8. After adsorption, the adsorbent sample was regenerated by treating with Na>COz
solution (0.1 M) with stirring condition for about 18 h followed by washing with DI water
and drying. Fig. 2A.6(c) shows that up to 3 cycle, there is no significant change in
decreasing the adsorption %; however, it starts decreasing slightly as 90% and 87% for 4™

and 5" cycles, respectively. Interestingly, mesoporous alumina? and alumina modified NaA
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zeolite'* also revealed that adsorption efficiency of the adsorbents decreased after 3" cycles
for the removal of fluoride ions. During several times regeneration using Na2COs, the surface

structural changes of the adsorbent could occur with excess OH- ions leading to surface

passivation toward the adsorption of negatively charged F~ ions.
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Figure 2A.6: Role of (a) reaction temperature, (b) competing ions and (c) regeneration study

for F~ions adsorption by zeolite A-MgO composite.

2A.3.3 Kinetics study

For Kkinetics study of adsorption, pseudo-1°t order and pseudo-2" order kinetics models were
applied. The mathematical expression for pseudo-first-order kinetics model is:
In (Qe-q) = -kat + In Qe (2A.2)

where, ge (mg/gm) and qg: (mg/gm) are the amounts of F~ions adsorbed at equilibrium and at
time t (min), respectively. The pseudo-1% order kinetics was interpreted by plotting In (qe-0p)
vs.t which was almost linear (Fig. 2A.7(a)). The first order rate constant (ki) and ge are
obtained from the slope and intercept of the curves, respectively. The linear form of the

pseudo-2"Y order kinetics is expressed as:

46



MgO modified zeolite 4

t/gr = 1/kaqe? + (L/ge)t (2A.3)

By plotting t/q: vs.t, a straight line is obtained and the values of ge (mg/gm) and k2 (2" order
rate constant) are determined from the intercept and slope of the fitting curve, respectively
(Fig. 2A.7(b)).From pseudo-1% order kinetics plot, the values of ki, ge and R? values are
calculated as 0.0559 min, 1.994 mg/gm and 0.9385, respectively, while pseudo-2" order
kinetics plot renders the values of k, g. and R? as 0.1116 gm/mg/min, 6.8870 mg/gm and
0.9994, respectively. It is obvious that pseudo-2"* order model is better fitted than pseudo-1%
order model because of higher correlation co-efficient (R?) value of the former model
indicating higher F~ions adsorption at equilibrium (ge). It signifies that adsorption process is

followed by chemisorption with the formation of monolayer.
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Figure 2A.7: Kinetics data with linear fitting of (a) pseudo-1% order and (b) pseudo-2" order

kinetic models.

2A.3.4 Adsorption Isotherms

For adsorption study, the adsorption isotherm is an important parameter in terms of

quantitative relationship between the adsorbed amount and concentration of adsorbate at

equilibrium, reflecting how the adsorbate molecules are adsorbed on the surface of the

adsorbent. The equilibrium data for the adsorption process was fitted to Langmuir and

Freundlich isotherm models.? The linearized form of Langmuir isotherm is expressed as:
Ce/Qe = Ce/Om+ L/KL.Om (2A.4)

where, gm (Mg/gm) and K. are the maximum adsorption capacity and Langmuir adsorption

constant, respectively. By plotting Ce/ge vs. Ce, the gm can be obtained from the slope
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wherein K is obtained intercept of the linear plot. On the other hand, the linearized form of
Freundlich isotherm is represented as:
log ge = log Kr+ 1/nF log Ce (2A.5)

By plotting log ge vs. log Ce, nr (adsorption intensity) and Kr, the Freundlich constant can be
obtained from the slope and intercept of the linear curve, respectively. Fig.2A.8 shows (a)
Langmuir and (b) Freundlich isotherms for the adsorption of F~ ions. From the Langmuir
isotherm, gm and K are calculated as 107.64 mg/gm and 0.074 L/mg, respectively with R?
value of 0.9804. The nr and K values of Freundlich isotherm are determined as 2.2753 and
13.30, respectively with R? value of 0.9535. From the curves it is obvious that Langmuir
isotherm having higher R? value is better fitted for the adsorption of F~ ions by zeolite A-
MgO composite. It signifies that adsorption process is governed by the formation of

monolayer of the adsorbate onto the uniform adsorbent surface.
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Figure 2A.8: Isotherm plots: (a) Langmuir and (b) Freundlich for the adsorption of F~ions.

2A.3.5 Adsorption Thermodynamics

The nature of adsorption process was explained by measuring three thermodynamic
parameters like changes of standard Gibbs free energy (AG°), entropy (AS°) and enthalpy
(AH®). These parameters can be determined as follows:

AG® = - RT1nKy4 (2A.6)

1nKg = ASY/R — AHY/RT 2A.7)

where, Kqg = ge/Ce, is the equilibrium constant, R and T are the universal gas constant (8.314
J/mol/K) and absolute temperature in Kelvin, respectively. From the plot InKq vs. 1/T (egn,

2A.7), AS° and AH?® are obtained from the intercept and slope of the linear plot, respectively
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(Fig. 2A.9). The values of AG® at different temperature are obtained from the following
equation:
AG® = AH® — TAS® (2A.8)

From the plot (Fig. 2A.9), the values of AS° and AH° are found as 0.03148 kJ/mol/K and
+2.526 kJ/mol, respectively. The values of standard Gibbs free energy change (AG°) are
calculated as —7.0124, —7.3272, —7.6420, —7.9302 and —8.2736 kJ/mol at 303 K, 313 K, 323
K, 333 K and 343 K, respectively. The negative values of AG®° signify the spontaneity of the
adsorption process while the +AH® indicates endothermic reaction of F~ ion adsorption. It is
demonstrated that adsorbate ions got increased at the solid liquid interface during adsorption

process.?’
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Figure 2A.9: In Kq vs. 1/T plot for F~ions adsorption.

2A.3.6 F-ion removal mechanism

A tentative mechanism for the removal of fluoride ion from aqueous solution is shown in Fig.
2A.10. MgO powders adhered onto zeolite particles (Zeo-MgO) interacts with water
molecules forming Zeo-Mg(OH)2 having abundance of surface hydroxyl groups in MgO. In
the presence of F~ions in aqueous solution, Zeo-Mg(OH): is transformed into Zeo-Mg(OH)>-
«Fx leaving hydroxyl ions (OH") in solution.” Thus, the pH of the solution is increased
hindering the adsorption of F~ions competing with OH~ ions. However, under acidic medium

at low pH, Zeo-Mg(OH): is converted into positive species of Zeo-Mg(OH)22* which behave
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as a facile adsorption sites for the removal of F~ ions in aqueous solution via electrostatic

attraction.

Zeo-MgO + H,0 == Zeo-Mg(OH),
Zeo-Mg(OH), + XF oy Zeo-Mg(OH), .F x+xOH_

Zeo—l\ég _OH + 2H* — Zeo-Mg-OH,"

H OH,*

Zeo-Mg—OH," + 2F m= Zeu-M‘g—OHZ*.....F'
|

OH,"....F- )

Figure 2A.10: A tentative mechanism for F~ions adsorption by zeolite A-MgO composite.

2A.4 Conclusion

For the removal of F~ions from aqueous solution, a suitable adsorbent i.e., Zeolite A-MgO
composite powders was prepared by hydrothermal technique at 150 °C/5 h in the presence of
aqueous solution of MgCl2 and urea followed by heating at 600 °C/2 h. XRD analysis of the
product showed preferential crystallization of MgO along with cubic NaA zeolite phase
which were further confirmed by FTIR. FESEM image revealed cube-shaped zeolite A
particles of dimension around 1 pm surrounded by nano-sheet like MgO particles with
thickness in the range of 50-70 nm. The BET surface area, pore volume and pore size of the
adsorbent were found to be 69 m?/gm, 0.36 cm*gm and 3.9 nm, respectively. XPS study
showed the characteristic binding energies of O1s, Si2p, Nals, Al2p and Mg2p at 531.6,
102.4, 1072.2,74.2 and 49.9 eV, respectively. The product exhibited that 72% fluoride
adsorption occurred within 5 mins followed by 94% removal within 90 mins. Initially up to a
certain loading of adsorbent, the abundance of more adsorbent surface sites facilitates the
uptake capacity of F~ ions followed by saturation after an optimum concentration of

adsorbent loading. With increase in adsorbate concentration, the adsorbent sites are saturated
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with the abundance of F~ ions inhibiting further adsorption of F~ ions due to repulsion of
negatively charged F~ions. In acidic pH, F~ ions removal was facilitated due to electrostatic
attraction followed by sudden fall of F~ions adsorption in alkaline pH because of electrostatic
repulsion. F~ ions adsorption % increased with rise in temperatures from 30 to 70 °C. For
competing ions, POs* and SO+ ions had significant affect for the removal of fluoride with
the competition for their adsorption onto the adsorbent surface. For recyclability test, there is
no significant decrease for F~ions removal up to 3 cycle followed by slight decrease in 4%
and 5" cycle. For kinetics study, pseudo-second-order model is better fitted indicating higher
F~ions adsorption at equilibrium. Adsorption isotherm was better fitted with Langmuir model
signifying monolayer formation of the adsorbate onto the uniform adsorbent surface. In
thermodynamic study, the negative values of AG®° signified the spontaneity of the adsorption

process.
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ALO3 modified rice husk ash derived zeolite
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2B.1 Introduction

Fluoride toxicity has harmful effect on human beings causing different health issues
therefore, defluoridation of groundwater is becoming essential worldwide. Selection of
effective adsorbent material is crucial for defluoridation via adsorption technique. The
adsorbents are chosen based on their physico-chemical properties like porosity, surface area,
favourable kinetic and transport properties, thermo-chemical stability, regenerative capacity
and low cost. Water defluoridation commonly employs a variety of adsorbent materials like
ceramic based metal oxides (alumina, magnesia, calcia, iron oxide etc),* alumina dispersed
charcoal,? etc. Due to their unique crystalline structure, zeolites are often used as a potential
adsorbent for the removal of different water contaminants. It is worth mentioning that zeolite
without any modification show nominal adsorption efficiency within the range of 25-50
mg/gm towards the removal of heavy metals.® Therefore, prior modification of different
adsorbent materials is needed towards water decontamination applications. In a recent time,
Angaru et al. have reported the removal of industrial effluents using sodium alginate (SA)
and carboxymethylcellulose (CMC) entrapped with bimetallic magnetic (nano zero valent
iron and nickel) fly ash zeolite (ZFN) with composition of SA: CMC : ZFNas1:1:1
(weight ratio).*® The adsorption capacities for Cu(ll) and Cr (V1) were found to be 63.29 and
10.15 mg/gm, respectively. For defluoridation of water, different modified zeolites as
adsorbents are also reported.®’ Recently Rita et al. reported alum modified zeolite and its
efficiency toward fluoride removal with maximum adsorption capacity of 2.43 mg/gm.® Yang
et al. prepared Mn-Ti modified zeolite for water defluoridation resulting maximum
adsorption capacity of 2.17 mg/gm.° Aluminium coated natural zeolite was also found to be
effective toward fluoride removal.’® However, preparation of zeolite based composite
adsorbent via simple route with high adsorption capacity still remains a great challenge.

With the above motivation, in the present study alumina gel@zeolite X
nanocomposite is synthesized by sol-gel process followed by its structural and surface
textural properties analysis. The synthesized material was utilized to investigate its fluoride
ions uptake capacity from water with batch and fixed bed column study. In a batch process,
the performance of the adsorbent was studied by varying adsorbate and adsorbent
concentration, pH, temperature and competing ions effect, whereas in column adsorption
process breakthrough study was performed in terms of initial fluoride concentration, flow rate
and bed height of the column. The adsorption behavioural pattern of the adsorbent for
removal of fluoride was accomplished by applying different kinetic models.
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2B.2 Experimental
2B.2.1 Materials

Aluminium nitrate nonahydrate [AI(NOz)3.9H.0] (>98%), ammonia (NHz) solution (25
wit%), sodium hydroxide (NaOH) pellet (>97%), and sodium fluoride (NaF) (>97%) were
purchased from Merck, India while sodium aluminate (45% Na,O + 55% Al>03) was
procured from Sigma-Aldrich. Rice husk ash (95% SiO2) was collected from J.M. Biotech
Pvt. Ltd., India.

Synthesis of alumina gel @zeoliteX nanocomposite

Zeolite X was prepared from rice husk ash (RHA) as silica source.!! In a typical process, 7
gm of RHA was digested in the presence of 5.25 M NaOH solution (50 mL) under stirring at
85 °C for 2 h. Sodium aluminate powder (4.4 gm) in 20 mL water was introduced in the
above digested dispersion followed by stirring for 20 min. The whole dispersion was
hydrothermally treated at 90 °C for 6 h to obtain zeolite X powder. Alumina sol was prepared
by slow addition of ammonia solution into 1 M aluminium nitrate solution under stirring at
60 °C for 8-10 h until a translucent sol was obtained at pH around 4-5. For the synthesis of
alumina gel@zeolite X composite, 5 gm of as-prepared zeolite X was added into 100 mL of
alumina sol under stirring at 70 °C for 2 h, the pH was maintained at around 7 by addition of
ammonia solution yielding a viscous slurry mass. It was then dried at around 100 °C for 4-6 h
to obtain alumina gel@zeoliteX nanocomposite.

The synthesis procedure for alumina gel@zeolite X nanocomposite is shown
schematically in Fig. 2B.1. In the first step, zeolite X was synthesized by digestion of rice
husk ash (RHA) in the presence of sodium hydroxide and sodium aluminate. Under
hydrothermal reaction at 90 °C for 6 h, silicate of RHA extract interacts with sodium
aluminate yielding zeolite X with the formation of Al-O-Si network in which negatively
charged AlO4 and SiO4 species are counterbalanced by non-bridging Na* ion in the network
structure. In the second step for the preparation of alumina sol, aluminium nitrate solution
undergoes hydrolysis and polymerization reaction in the presence of NHz solution at 60 °C/8-
10 h rendering alumina sol with Al-O-Al network structure. At pH 4-5, the sol particles are
protonated which interacts with Al-O-Si network of zeolite X particles through hydrogen
bonding resulting alumina sol-zeolite X suspension. By adding further NH3z solution at 70

°C/2 h up to pH ~7, a slurry viscous mass composing of alumina sol and zeolite X particles is
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formed. After heat treatment at 100 °C, the slurry is transformed into alumina gel@ zeolite X

nanocomposite composed of adhered alumina nanoparticles surrounding micron sized zeolite

X particles.
Sodium aluminate
solution
NaOH h—l drothermal /O\ /
D.'gestfon 90°C/6 h
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Na*Sl
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Figure 2B.1: Schematic diagram for the synthesis of alumina gel@zeolite X nanocomposite.

2B.2.2 Characterization

The synthesized alumina gel@zeolite X nanocomposite was characterized by X-ray

diffraction (XRD) operating with Philips X’Pert Pro XRD, PW 3050/60) using CuKq
radiation, X-ray photoelectron spectroscopy(XPS,ULVAC-PHI), Fourier Transform Infrared,

FTIR (Spectrum two, PerkinElmer), N2 adsorption-desorption isotherms (Quantachrome

(ASIQ MP), field emission scanning electron microscopy (FESEM, Zeiss, SupraTM 35VP,

Oberkochen, Germany) and transmission electron microscopy (TEM, Tecnai G2 30ST

(FEI)). The particle size of nanocomposite was also evaluated by dynamic light scattering
(DLS) method (Zetasizer, ZEN 3600, Malvern, UK).
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2B.2.3 Adsorption Study
Batch adsorption study

For fluoride ion adsorption in a batch study, different experimental parameters like adsorbate
and adsorbent concentrations, contact time, pH, temperature and competing ions were varied.
For recyclability and competing ion effect, adsorbent dose of 2 gm/L was used. Adsorption
kinetic studies were performed by varying the initial fluoride concentration for each of the
adsorbent dose i.e., 0.5, 1 and 2 gm/L. Fluoride measurement was done using lon Selective
Electrode, ISE (Orion Versa Star 90). The amount of ge (mg/gm) was calculated using the

following equation.
Ge=(Co = C)(V/m) (2B.1)

Where, C, and C.represent the initial and final concentration of adsorbate (mg/L),
respectively, whereas VV and m are solution volume (L) and mass (gm) of the adsorbent,
respectively.

For regeneration study, 2 gm/L of adsorbent after adsorption treatment with 5 mg/L
fluoride (F°) solution for 120 min at pH 6.5, was treated with 0.1 M Na>CO3 solution under
stirring condition for 20 h. It was then filtered and washed with DI water followed by drying

to obtain regenerated sample.

Column adsorption study

Continuous column adsorption study was performed in a glass column of 3 cm ID and 60 cm
height. A glass wool of 0.5 mm was placed above the adsorbent. For column study, different
concentrations of influent fluoride solution (2, 5 and 8 mg/L) was used for downward flow.
The flow rates were adjusted at 5, 10 and 15 mL/min and the bed heights were maintained as
5, 10 and 15 cm. At regular time intervals, the samples were collected from the exit of the
column and fluoride ion concentrations were measured by ISE. It is worth noting that for
column study, downward flow was chosen because it helps prevent bed lifting of the column.
For operational and dynamic behaviour of adsorption column, breakthrough time and shape
of the breakthrough curve was studied. For breakthrough curve, C./C, was plotted as a
function of time, where C, and C; are the influent and effluent fluoride concentration at time t,
respectively. The amount of fluoride concentration adsorbed (g;otq;) by alumina@zeolite X
gel nanocomposite in the column was determined from the area under breakthrough curve of

Caas (Mg/L) vs time (t) multiplied by the flow rate using the following equation:
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Q Q rte
Gtotar=A 1000 _ 1000 ft=0 Caas dt (2B.2)

Where, Q (mL/min) is the flow rate, A is the area under the breakthrough curve, t is the
total flow time and C,45 (Mg/L) is the adsorbed concentration (C,-C;).
The amount of total fluoride ions introduced as influent in the column (Mtta) Was

determined by the following equation:

CoXQXttotal
Meotal = 1000 (28-3)

The removal percentage (X%) of fluoride ions is calculated as follows:

X% = Lotal 5 100 (2B.4)

Mtotal

The desorption experiment was done by passing 0.1 M NaOH solution at a flow rate of 2

mL/min followed by washing with DI water until pH of the effluent reached at ~6.5.

2B.3 Results and discussion
2B.3.1 Characterization of alumina gel@zeolite X nanocomposite

Fig. 2B.2(a) shows the XRD pattern of alumina gel@zeolite X nanocomposite with the
appearance of characteristic peaks of zeolite X at 20 values of 6.1, 11.7, 15.4, 20.1, 23.3,
26.6, 30.9 and 33.6 corroborating to the hkl values of (111), (311), (331), (440), (533), (642),
(157) and (664), respectively (JCPDF File # 39-218). However, no characteristic peaks of
crystalline alumina polymorphs were noticed indicating its amorphous gel stage in the
synthesized material which was confirmed by comparing with pure zeolite X crystalline peak
obtained from our previous study.

FTIR spectrum of the material is shown in Fig. 2B.2(b). The appearance of absorption
bands at 3440 and 1640 cm™ is due to OH stretching and bending vibrations, respectively.
The Si-O-Si stretching and bending vibrations are located at 990 and 460 cm™, respectively;
whereas Si-O-Al bending vibration is confirmed at 579 cm™.1? The shifting of stretching
vibration of Si-O-Si to lower wavenumber is attributed to decrease in bond strength with
internal hydrogen bonding as Si-O....HO-Si and Si-O...HO-Al."The absorption bands at 662
and 735 cm™ are the signature of Si-O/Al-O S4R symmetric bending and stretching vibrations
of zeolite X, respectively.™ It is to be noted that a sharp absorption peak appeared at 1385
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cm? is due to the presence of NOs~ ions accumulated during the synthesis of alumina sol
from aluminium nitrate precursor.

BET surface area of alumina gel@ zeolite X composite was calculated from N>
adsorption-desorption isotherm (Fig.2B.2(c)). The total surface area was found to be 257
m2/gm comprising of micropore surface area of 198 m?/gm and mesopore surface area of 59
m2/gm. The BET isotherm shows typical IV type with H3 hysteresis loop signifying
mesopore characteristics above the relative pressure (p/po) of 0.4. However, the horizontal
plateau at lower p/po range indicates the zeolitic micropores. The total pore volume of the
sample was estimated as 0.166 cm3/gm. Fig. 2B.2(d) shows the BJH pore size distribution
curve with pore size of 3.9 nm from desorption data, and the inset corresponds to pore size
distribution obtained from NLDFT method revealing cylindrical pores with pore sizes of
0.98, 2.6 and 4.8 nm. It is to be pointed out that unmodified zeolite X shows surface area of
703 m?/gm with micropore and mesopore surface area values of 623 and 80 m?gm,
respectively.!! Interestingly, surface area decreased after modification of zeolite X with
alumina gel. However, adsorption efficiency of alumina gel modified zeolite X is higher than
that of unmodified zeolite X (discussed in the next section). It is inferred that for adsorption
of fluoride ions, surface area of the adsorbent is not the sole factor but the presence of

alumina gel with abundance of surface hydroxyl ions plays a significant role.
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Figure 2B.2: (a) XRD pattern, (b) FTIR, (c) BET isotherm and (d) BJH pore size distribution

(inset: pore size distribution by NLDFT) of alumina gel@ zeolite X nanocomposite.
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XPS of the sample was performed to study the surface chemical analysis i.e.,
chemical and electronic states of the elements, binding energy of the specific element and the
composition of the elements present in the sample. Fig. 2B.3 shows XPS of alumina gel@
zeolite X nanocomposite: (a) full scan survey and (b) Al2p, (c) Si2p, (d) Nals and (e) Ols
deconvoluted spectra. The Al2p spectrum is centred at 74.18 eV associated with BE of Al-O
bond while BE for Nals is found at 1072eV. The deconvoluted Si2ps» spectra with BE at
101.8 and 102.8 eV correspond to Si-O°(hon-bridging) and Si-O-Si (bridging) bonds,
respectively.'* Interestingly, the O1s deconvoluted spectra show the BE at 530.2, 531.6 and
533.2eVV which signify the presence of lattice oxygen (42.4%), surface oxygen defects
(49.2%) and adsorbed hydroxyl (OHY) groups (8.4%), respectively.’® The elemental
composition (atomic%) of Al, Si, Na and O was found to be 19.15, 5.84, 0.33 and 74.67%,
respectively. The Al and O contents are contributed from both the zeolite X and alumina gel

components in the nanocomposite while Si and Na are originated from zeolite X.
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Figure 2B.3: XPS of (a) full scan survey, (b) Al 2p, (c) Si 2p, (d) Na 1s and (e) O 1s spectra

of alumina gel@zeolite X nanocomposite.
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Microstructural study of the synthesized material is carried out by FESEM and TEM.
Figs. 2B.4(a),(b) shows FESEM micrographs with low and high magnification image. It is
noticed that nano meter sized alumina gel particles (50-100 nm) with high surface charge are
aggregated surrounding the zeolite X particles. The gel particles with Al-O-Al linkage
interacts with zeolite X via hydrogen bonding and/or electrostatic interaction. The TEM
image of alumina gel@zeolite X nanocomposite also confirms the adherence of nano meter
sized aggregated alumina gel particles around the spheroid shaped zeolite X particles of size
around 0.5-1 um (Fig. 2B.4(c)). The adhered alumina gel particles are indicated with dotted
red line. The particle size of nanocomposite was also determined by dynamic light scattering
(DLS) method indicating average particle size of 1.2 um (Fig. 2B.4(d)). The atomic%
composition of the element present in the material is determined from EDS analysis (Fig.
2B.4(e)). It reveals Al, Si, Na and O atomic% as 20.82, 11.30, 1.15 and 66.73%, respectively.
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Figure 2B.4: (a) FESEM (low mag.), (b) FESEM (high mag.), (c) TEM images, (d) Particle
size disribution and (e) EDS analysis of alumina gel@ zeolite X nanocomposite.
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2B.3.2 Batch adsorption experiment
Effect of contact time

Fig. 2B.5(a) shows % removal of F~ ions with contact time keeping the initial concentration
of 5 mg/L (pH~6.5) at 30 °C for different adsorbent doses of 0.5,1 and 2 gm/L. It is clear that
at 120 min of adsorption, equilibrium is reached with % adsorption of 96.2,99 and 99.7% for
adsorbent dosages of 0.5, 1 and 2 gm/L, respectively. Fig. 2B.5(b) shows the change in
adsorption capacity (q:) with time. It reveals that adsorption capacity is maximum for 0.5

gm/L of adsorbent dose which is in decreasing order with increasing the dose concentration.
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Figure 2B.5: Effect of contact time on (a) % fluoride adsorption (b) Adsorption capacity by
alumina gel@ zeolite X nanocomposite.

Effect of initial F~ ion concentration

Fig. 2B.6(a) shows that with increase in initial F~ concentration (pH~6.5), % adsorption
decreases for different adsorbent dosages of 0.5, 1 and 2 gm/L for 120 min contact time at 30
°C. The decreasing trend can be explained by the fact that with increasing F~ ions, the
adsorption sites get more screened by the accumulated adsorbate species with the saturation
of co-ordination sites rendering less adsorption.® Fig. 2B.6(b) shows that adsorption capacity
(ge) increased sharply with adsorbate dose. The adsorption capacity is becoming higher with

decreasing adsorbent dose.
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Figure 2B.6: Effect of initial fluoride ion concentration on (a) % fluoride adsorption (b)
Adsorption capacity by alumina gel@ zeolite X nanocomposite.

Effect of adsorbent dose

Fig. 2B.7(a) reveals that with increase in adsorbent dose, the % removal increased sharply up
to 4gm/L followed by reaching saturation limit after 8 gm/L. It is worth noting that with
increase in adsorbent dose, the accessible adsorption sites get increased rendering larger
amount of fluoride uptake.!” However, fluoride uptake capacity is becoming saturated after a
certain adsorbent dosage. The % adsorption is >99% for adsorbent dose in the range of 4-10

gm/L. Fig. 2B.7(b) shows that adsorption capacity (ge) decreased with increasing adsorbent

dose.
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Figure 2B.7: Effect of adsorbent dose on (a) % fluoride adsorption (b) Adsorption capacity

by alumina gel@ zeolite X nanocomposite.

To compare the adsorption capacity (mg/gm) of alumina gel@ zeolite X

nanocomposite with respect to zeolite X for the removal of fluoride, the same experiment was
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carried out for 120 min with different adsorbent dosages (0.5, 1, 2 gm/L). The adsorption
capacities for both the zeolite X and alumina gel@zeoliteX were measured (Table 2B.1). It
was found that adsorption capacity values for zeolite X were 2.6, 0.70 and 0.55 mg/gm for
adsorbate dosages of 0.5, 1, 2 gm/L, respectively, whereas those were 9.75, 5.02 and 2.40
mg/gm for alumina gel@ zeolite X nanocomposites, respectively. It is worth noting that

modified zeolite (alumina gel@ zeolite X) enhances the adsorption capacity for fluoride ions
removal.

Table 2B.1: Adsorption capacity (mg/gm) of zeolite X and alumina gel@zeolite X
nanocomposites.

Time (min) | Initial adsorbate | Adsorbent | Adsorption Adsorption
conc. (mg/L) dose(gm/L) | capacity capacity (mg/gm)
(mg/gm) of | of alumina gel@
zeolite X zeolite X
0.50 2.6 9.75
120 5 1.00 0.70 5.02
2.00 0.55 2.40

Effect of Temperature

To study the temperature effect on adsorption, the initial F~ concentration was maintained at
5 mg/L for 120 min contact time at pH 6.5. Fig. 2B.8(a) shows that % adsorption increases
significantly with increase in temperature for 0.5 gm/L to 2gm/L adsorbent dose; The
increasing trend with temperature is attributed to the endothermic nature of the process,
therefore showing better fluoride removal efficiency. Fig. 2B.8(b) shows that adsorption

capacity (qe) increased slightly with increasing temperature.
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Figure 2B.8: Effect of temperature on (a) % fluoride adsorption (b) Adsorption capacity
by alumina gel@ zeolite X nanocomposite.

Effect of pH

The pH of aqueous solution plays a pivotal role on adsorption because positively charged
hydrogen ions and negatively charged hydroxyl ions on the adsorbent surface interact with F~
ions during adsorption. Fig. 2B.9(a) shows that for 0.5 gm/L adsorbent dose, the %
adsorption drastically falls after neutral pH. On the other hand, for 1-2 gm/L adsorbent doses
no significant change of % adsorption is occurred through a wide range of pH. It is obvious
that at higher pH, particularly for lower adsorbent doses (0.5 gm/L), the affluence of
hydroxyl ion diminishes the adsorption of negatively charged fluoride ion rendering a
decreasing trend in adsorption. However, pH has a minimal effect for higher concentration of
adsorbent which is important for practical application. Fig. 2B.9(b) shows the change in
adsorption capacity (ge) with pH. The adsorption capacity is maximum for adsorbent dose of
0.5 gm/L; however, it decreased significantly after pH ~6.5. For adsorbent dose of 1-2 gm/L,

the adsorption capacity remains almost same throughout a wide range of pH (3-10).
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Figure 2B.9: Effect of pH on (a) % fluoride adsorption (b) Adsorption capacity for the

adsorption of F-ions by alumina gel@ zeolite X nanocomposite.

Effect of co-existing anions

The presence of various co-existing anions in natural groundwater may challenge the removal
efficiency of the adsorbent material during adsorption of fluoride ions. The effect of co-
existing anions like sulphate (SO42°), chloride (CI-), nitrate (NOs~), phosphate (PO4>") was
studied. Fig. 2B.10(a) reveals that % adsorption of F~is becoming 97.7% in the presence of
Cl-, NOs~, PO4* and SO4* ions which contributed 6.9, 2.6, 19.7 and 9.88% adsorption,
respectively. It is to be noted that lyotropic series of different anions for AI** is in the order of
F~ > S04 > CI- > NOs~ which reflected the adsorption affinities of these anions with the
adsorbent containing AI**.28 Due to larger hydrated ionic radius of phosphate ion compared to
other competing ions, the phosphate ion has tendency to form outer sphere complexes held by
long range electrostatic force rendering higher adsorption.® Moreover, PO4*ions are readily
hydrolyzed in solution rendering more hydroxyl ions, and the adsorption sites become
negative. It causes electrostatic repulsion with F~ ions. Thus, a negative effect is resulted for

adsorption of F~ ions in the presence of PO4*-ions.?°

Regeneration study

To study the effectivity of the adsorbent, the regeneration study is one of the most important
processes to be performed and generally an alkaline solution is chosen to fulfil this purpose
as the hydroxyl ions show the ion exchange ability with fluoride ion. Regeneration process

was continued up to five cycles and F~ adsorption run was continued for each cycle. It is
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found that>90% adsorption is noticed up to 3" cycle followed by gradual decrease in fluoride
removal efficiency for 4" and 5" cycles (Fig. 2B.10(b)). During regeneration, the fluoride
ions get desorbed by the adsorption of the hydroxyl ion. It is attributed to the fact that after
regeneration with some cycles, some hydroxyl groups are entrapped at the adsorbent surface
which could not be removed completely by washing with water. It inhibits to some extent
further adsorption of fluoride ions due to anion-anion repulsion between entrapped OH™ ions
of the adsorbent and F~ ions of adsorbate. Thus, removal efficiency starts decreasing

gradually after 4™ cycle.
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Figure 2B.10: Effect of (a) co-existing ion and (b) recyclability study for the adsorption of

F-ions by alumina gel@ zeolite X nanocomposite.

2B.3.2.1 Adsorption Kinetics

The pseudo first-order and pseudo-second order kinetics models were applied for adsorption
study. Table 2B.2 presents the mathematical expressions and kinetic parameters obtained
from the above models. For first order kinetics, ge and ki (first order rate constant) can be
determined from the intercept and slope, respectively obtained from the linear plot of In (Qe-
gt vs t, while for second order kinetics, by plotting t/q: vs t, the values of ge and k2 (second
order rate constant) can be obtained from the intercept and slope, respectively. The linear
fitting curves with the kinetic data are shown in Figs. 2B.11(a) and 2B.11(b) for pseudo-first-
order and pseudo-second-order models, respectively. From the curves it is clear that pseudo-
second-order model is best fitted with correlation co-efficient (R?) values close to unity,
signifying chemisorption process of the adsorption. It is obvious that for different adsorbent

doses, F~ adsorption decreased with increasing adsorbent doses.
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Figure 2B.11: Kinetics data with linear fitting of (a) pseudo-first-order and (b) pseudo-

second-order for the adsorption of F~ions by alumina gel@ zeolite X nanocomposite.

Table 2B.2: Kinetic parameters for the adsorption of fluoride ions.

Model Mathematical Adsorbent dose (gm/L)
expression
0.5 1.0 2.0
Pseudo-first | In (ge-qt) = -kit + In ki (mint) 0.03861 0.03824 0.03636
order Qe
Kinetics ge(mg/gm) 8.026 1.2200 0.06110
R? 0.9657 0.8823 0.5616
S.E (Intercept) 0.346 0.375 0.729
S.E(Slope) 0.003 0.004 0.008
Pseudo- t/0t = 1/k2qe® + k2 (gm/mgmin) 0.0729 0.1239 4.52
second (1/ge)t
order ge(mg/gm) 10.62 5.07 2.411
Kinetics R? 0.9999 09999 | 0.9999
S.E (Intercept) 0.198 0.056 0.011
S.E(Slope) 0.002 0.0005 0.0001

Note: ge and gt (mg/ gm) are the amounts of fluoride adsorbed at equilibrium and time t
(min), and ki (min) and k2 (gm/mg/min) are the first and second-order rate constants,

respectively, SE = Standard Error.
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2B.3.2.2 Adsorption Isotherms

The equilibrium adsorption data for different adsorbent doses of 0.5,1 and 2 gm/L was fitted
with Langmuir and Freundlich isotherm models. Table 2B.3 represents the linear form of the
two models along with the parameters calculated from the two isotherm curves. For
Langmuir Isotherm, the linear plot of Ce/ge vs. Ce, the maximum adsorption capacity
(gm(mg/gm)) and Langmuir adsorption constant (K.) can be determined from the slope and
intercept, respectively (Fig. 2B.12(a)); whereas, for Freundlich isotherm, by plotting log ge
vs. log Ce, the adsorption intensity (nf) and Kr (Freundlich constant) can be determined from
the slope and intercept of the linear plot, respectively (Fig. 2B.12(b)). The higher correlation
coefficient R? obtained from the Langmuir isotherm curve indicates the best fitting for the
adsorption of F~ removal. It is clear that there is an increasing trend of adsorption capacity
with decrease in adsorbent dose rendering a maximum adsorption of 104.16 mg/gm for the
adsorbent dose of 0.5 gm/L. A comparative data on maximum adsorption capacity, kinetics
and rate constant for fluoride ion adsorption by alumina gel@ zeolite X nanocomposite and
reported adsorbents is presented in Table 2B.4, which shows better adsorption capacity of the
present synthesized nanocomposite.
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Table 2B.3: The parameters obtained from Langmuir and Freundlich models.

Adsorbent dose (gm/L) 0.5 1.0 2.0

K. (L/mg) | 0.0217 | 0.0972 | 0.26431

gm (mg/gm) | 103.62 | 68.119 | 37.608
Langmuir
isotherm CelQe=Ce/Gm+1/K1.qm R? 0.8973 | 0.9877 | 0.9822

S.E (Intercept) | 0.113 | 0.0476 | 0.080

S.E (Slope) | 0.001 | 0.0006 | 0.001

KL (L/mQ) 10.452 | 11.668 | 10.739
Freundlich | log ge = log Kr+ 1/nr log am (Mg/gm) 2653 2764 3.495
isotherm Ce

R?2 0.8781 | 0.9826 | 0.9245
S.E (Intercept) | 0.197 | 0.061 | 0.106

S.E(Slope) | 0.052 | 0.018 | 0.030

Note: ge is the amounts of fluoride adsorbed at equilibrium and gm is ge for a complete
monolayer, i.e., maximum adsorption capacity (mg/gm), K. is adsorption equilibrium
constant (L/mg); Kr and nr are empirical constants, indicating the adsorption capacity and

adsorption intensity, respectively, SE = Standard Error.
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Figure 2B.12: Isotherm plots: (a) Langmuir and (b) Freundlich for the adsorption of F~ions

by alumina gel@ zeolite X nanocomposite.
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Table 2B.4: A comparative data on maximum adsorption capacity, kinetics and rate constant

for fluoride ion adsorption by alumina gel@zeolite X nanocomposite and reported

adsorbents.
Adsorbents Maximum Kinetics Value of rate Ref
adsorption constant k
capacity
(mg/gm) at
25°C
Bentonite/chitosan 1.16 Pseudo second 149.67 21
beads order (gm/mg.min)
Crystalline gamma 32.00 Pseudo second 0.03 22
alumina order (gm/mg.min)
Ceramic adsorbent 2.16 Pseudo second 0.64 23
order (gm/mg.min)
AlFe650/C 13.64 Pseudo second 0.07 24
order (gm/mg.min)
Aluminium 1.73 First order 0.101 min? 25
impregnated chitosan
Aluminium coated 11.52 Pseudo second 0.6804 26
modified zeolite order (gm/mg.min)
Alumina gel@zeolite 103.62 Pseudo second 0.0729 Present
X order (gm/mg.min) work

2B.3.2.3 Thermodynamic parameters

The thermodynamic parameters such as Gibbs free energy (AG°), enthalpy (AH°) and
entropy (45°) were calculated using the following equations.?’

_ (Co=Ce)

AG° = —RTInK®,, where K°,, = C

InK°,, = AS®/R — AH® /RT (2B.5)

where K°,, is the equilibrium constant,?®%0 R represents the universal gas constant (8.314 J
/mol/K) and T is the temperature in Kelvin scale. The Gibb’s free energy (AG°®) values

obtained for the adsorption process at all temperatures are listed in Table 2B.5. AH® and AS°
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were determined from the slope and intercept of the plot of in K°,, vs. 1/T (Fig. 2B.13). The
positive values of AH® indicate the adsorption process to be endothermic which was
observed for all the three adsorbent doses 0.5, 0.1and 2gm/L, as well as the value of 4S° was
also found to be positive for all three cases indicating the increasing trend of randomness of
the adsorption process. The negative value of AG° indicates the process is spontaneous which

in turn was found to be more negative with increasing temperature.:
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Figure 2B.13: Plot of In K°,, versus 1/T for fluoride ions adsorption.

72



Al203 modified zeolite X

Table 2B.5: Thermodynamic parameters of fluoride adsorption for different adsorbent doses.

Adsorbent dose
(gm/L)

AH® (kJ/mol)

AS® (J/mol.K)

AG° (kJ/mol)

0.5

1.0

2.0

+6.225

+26.603

+8.878

+47.772

+126.87

+78.31

—8.249 at 303K
—8.726 at 313K
—0.204 at 323K
—9.682 at 333K

—10.160 at 343K

—11.575 at 303K
—12.835 at 313K
—14.095 at 323K
—15.355at 333K

—16.615 at 343 K

—14.84 at 303 K
—15.629 at 313 K
—16.4129 at 323K
—17.1959at 333K
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2B.3.2.4 Adsorption mechanism

Fig. 2B.14 shows schematically a proposed mechanism for adsorption of F~ ions by alumina

gel@zeolite X nanocomposite. Two possible ways could take place for fluoride adsorption

onto the adsorbent surface: (i) electrostatic attraction between protonated hydroxyl groups

and fluoride ions and (ii) ion exchange of fluoride ions with surface hydroxyl groups. To

understand the adsorption mechanism, point of zero charge (pHpzc) of the nanocomposite was

studied varying pH condition. The pHp,c was calculated by the familiar mass titration




Al203 modified zeolite X

method® varying different adsorbent concentrations (0.005 to 4 gm) which were added to 10
mL of 0.01 N NaCl solution. An asymptomatic value of pH was found to reach with
increasing the mass of the adsorbent and the equilibrium pH was considered to be the pHpzc
which was found to be around 5.7. Nanoporous zeolite X with high surface area enhances
adherence of nanometer size alumina gel particles in the adsorbent. Alumina gel contains a
plethora of hydroxyl groups on its surface. In acidic medium, below the pHpzc, these hydroxyl
groups get protonated which help facilitate adsorption of fluoride ions. However, in alkaline
medium where solution pH is greater than pHp,c some of the hydroxyl groups could be
exchanged with fluoride ions, the rest hydroxyl groups take part in electrostatic repulsion
with negatively changed fluoride ions. Thus, at higher pH the electrostatic repulsion prevails
over exchange capability between negatively charged hydroxyl and fluoride ions. It is worth
mentioning that nanoporous zeolite having high surface area and surface hydroxyl groups
(protonated and non-protonated) of alumina gel play a significant role for adsorption of

fluoride ions from aqueous solution.

water

O Zeolite X

/
Alumina gel H,0-A_
Alumina gel@zeolite X O g ’ 01,?,/0

nanocomposite

Figure 2B.14: A proposed mechanism for the adsorption of F~ ions by alumina gel@ zeolite

X nanocomposite.

2B.3.3 Column adsorption study
Effect of initial fluoride concentration

To study the effect of influent concentration on the breakthrough curve, the initial fluoride
concentration was varied from 2 to 8 mg/L keeping the bed height at 10 cm and flow rate at
10 ml/min. Fig. 2B.15(a) shows the breakthrough curve obtained at different fluoride
concentrations. It illustrates that the time taken for bed saturation was longer for low initial

fluoride concentration. At lower concentration gradient, the required amount of fluorinated
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water was higher due to slower transportation with increase in mass transfer interface causing
decrease in mass transfer coefficient. As the initial fluoride concentration increases, the slope
of the breakthrough curve becomes steeper, giving rise to smaller breakthrough and
exhaustion time. It was found that breakthrough time (C+/C,=0.05) occurred after 94, 59 and
36 h for fluoride concentrations of 2, 5 and 8 mg/L, respectively. The phenomenon could be
explained by the fact that with increasing the fluoride concentration, the number of available
fluoride ion increases rendering rapid saturation of the bed column within a particular time
span. At the saturation stage, the excess fluoride ions remain unadsorbed, and the uptake
capacity of the column gets reduced. It is worth mentioning that mass diffusion process is
affected by the concentration gradient of fluoride ions. The higher concentration gradient

with higher driving force renders maximum mass transfer.

Effect of flow rate

The effect of flow rate was studied at 5, 10 and 20 mL/min keeping the bed height at 10 cm
and initial feed concentration at 5 mg/L. The breakthrough curves at different flow rates are
shown in Fig. 2B.15(b). At lower flow rate, adsorption process was found to be very effective
initially due to the availability of more adsorption sites which gradually decreases with time
leading to less effective adsorption. It was observed that with increasing flow rate, the
breakthrough curve becomes steeper giving rise to decreasing breakthrough time as well as
adsorbed ion concentration. At faster flow rate the solute could not reside in the column for
longer time and the fluoride ions leave the column before the adsorption equilibrium can
reach.33* Thus, at lower flow rate, the contact time of the fluoride ions with the adsorbent
materials becomes more with high interparticle diffusion which causes the removal efficiency
higher leading to higher breakthrough and exhaustion time. The interparticle diffusion is the
rate of diffusion after the early stages of adsorption determined by various parameters like

mass of adsorbent, initial concentration of adsorbate and particle size.

Effect of bed height

Fig. 2B.15(c) shows the breakthrough curves obtained for the adsorption of fluoride ions with
bed heights of 5, 10 and 15 cm in which 30, 60 and 90 gm of adsorbent were loaded,
respectively in the column, keeping the flow rate as 10 mL/min and initial feed concentration
as 5 mg/L. From the breakthrough profile it is observed that curve for 5 cm bed height is

steeper compared to 10 and 15 cm i.e., breakthrough time and exhausation time increase with
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increasing bed height. With increasing bed volume the adsorption sites also increase which
leads to greater mass-transfer interface with larger amount of fluoride ions adsorption. It is
reported that with increase in adsorbent volume in column the diffusive mass-transfer
overrides the axial dispersion of adsorbate. Therefore, efficient removal of contaminants can

be achieved by increasing bed height which in turn will furnish more active sites for

considerable adsorption.
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Figure 2B.15: Breakthrough curves for adsorption of fluoride (a) at different initial

concentrations, (b) at different flow rates and(c) at different bed heights.

2B.3.3.1 Kinetic models on breakthrough curves

For evaluating adsorption efficiency, adsorption study on fixed bed column is advantageous
over batch mode. Effective study of breakthrough curves could be explained by different
mathematical models. In this study, the adsorption behavioural pattern of alumina gel@
zeolite X nanocomposite for the removal of fluoride was accomplished by applying different
models like Adams-Bohart,® Thomas,*® Yoon-Nelson®” and bed depth service time (BDST)®
for ascertaining the individual factors of the column along with the extrapolation of

breakthrough curves.

76



Al203 modified zeolite X

Adams-Bohart model

The adsorption capacity of the adsorbent as well as the initial part of breakthrough curves can
be predicted by Adams-Bohart model. It also helps to predict the saturation concentration of
adsorbate. This model considers surface reaction theory by defining a relationship
between C,/C, and t in a continuous arrangement in which instantaneous equilibrium is not

attained. The mathematical expression of this model can be written as-

In (%) = K,5Cot — KN, (g) (2B.6)

Where,C; and C, indicates effluent and influent adsorbate concentration at time
t,K 45(L/mg.h) represents Adams-Bohart rate constant, N, (mg/L), Z (cm) and F (cm/min)

refer to sorption capacity of bed, bed height and linear velocity, respectively. By plotting

In (%) against time (t), line fitting curves are obtained. The values of No and Kag are

0

obtained from the slope and intercept of the linear plots, respectively. Fig. 2B.16 shows linear
regression analysis of breakthrough curves using Adams-Bohart model at different (a)
concentrations, (b) flow rates and (c) bed heights. Table 2B.6 summarizes the calculated
parameters obtained from linear regression analysis. It is noticed that kinetic constant Kag
increases with increasing flow rate and decreases with increasing initial fluoride
concentration and bed height. It is to be noted that at the initial stages of the column
adsorption study the entire system was occupied by the external mass transfer.®® Interestingly,
the adsorption capacity No increases with increasing influent concentration and flow rate, but
a reverse trend is observed for bed height which has been found to be similar with Mukherjee

et al. in their study of biosorption of fluoride by immobilized bead of NaA zeolite.*
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Table 2B.6: Adams-Bohart Model Parameters.

Co (mg/L) Q(ml/min) Z(cm) Kagx1073 No(mg/L) R?
(L/mg h)
2 10 10 8.60 5072.13 0.9729
5 10 10 4.09 9214.74 0.8258
8 10 10 2.35 13782.75 0.8120
5 5 10 3.18 6481.32 0.9584
5 10 10 3.78 9970.38 0.8258
5 15 10 4.50 12564.18 0.8727
5 10 5 5.00 13886 0.7802
5 10 10 3.80 9917.06 0.8250
5 10 15 3.29 8983.81 0.9776
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Figure 2B.16: Linear regression analysis of Breakthrough curve using Adams Bohart Model

at different (a) concentrations, (b) flow rates and (c) bed heights.
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Thomas model

Thomas model is one of the most acceptable and widely used model for the interpretation of
performance theory of the adsorption process in fixed bed columns. The assumptions of this
model mainly hold as: 1) adsorption-desorption process follow Langmuir kinetics, 2) pseudo-
second order reversible reaction kinetics and 3) negligible axial dispersion. Thomas model is
applicable where external resistance and intraparticle diffusion become insignificant
throughout the mass transfer process.** The linearized form of Thomas model is shown in the

following equation.

C k w
ln(c—‘z—1)=%—kmxcoxt (2B.7)

Where,Co(mg/L) and Cy(mg/L) correspond to inlet and outlet fluoride
concentrations, respectively, k¢, (L/mg.h) is the Thomas rate constant, qo (mg/g) refers to

equilibrium fluoride uptake per gm of adsorbent, W (g) indicates the mass of the adsorbent,
Q (mL/min) is the flow rate and ¢t as flow time. By plotting In (% - 1) vs time ¢, line fitting
t

curves are obtained. The values of of kr;, and go can be obtained from the slope and intercept
of the linearized plot, respectively. Fig. 2B.17 shows linear regression analysis of
breakthrough curves using Thomas model at different (a) concentrations, (b) flow rates and
(c) bed heights. Table 2B.7 summarizes the calculated parameters obtained from linear
regression analysis of Thomas model. Thomas rate constant krn increases with increasing
flow rate and decreases with influent fluoride concentration and bed height. It is attributed to
mass transport resistance which decreases with increase in flow rate and decrease in initial
fluoride concentration and bed height of the packed column. The adsorption capacity, qo
(mg/g) increases with increasing initial fluoride concentration and flow rate; however, it
decreases with bed height. The higher regression coefficient (R?) values obtained from
Thomas model compared to other models fit well with the experimental data. It demonstrates

that internal and external diffusions are not the rate limiting step.*?
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Table 2B.7: Thomas Model Parameters.

Co (mg/L) Q(ml/min) Z(cm) KThx1073 go(mg/q) R?
(L/mg h)
2 10 10 12.22 4,729 0.9621
5 10 10 6.602 7.799 0.9638
8 10 10 3.96 11.232 0.9728
5 5 10 473 5.86 0.9918
5 10 10 6.11 8.425 0.9638
5 15 10 7.21 10.77 0.9827
5 10 5 8.45 11.302 0.9516
5 10 10 6.20 8.326 0.9631
5 10 15 4.77 8.335 0.95233
@ () s
NS m 15 mL/mi_n
4 ® 10 mL/min
= 41 M 5 mL/min
QZz- S 2
(@] o
E 0 g o]
-2 - 24
4 T80 10 10 200 2o 300 350 4 s 10 10 20 20 0 3%
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m 5cm
el0cm
15¢cm

In [(Co/Ct)-1]

0 50 100 150 200 250 300 350
Contact Time (h)

Figure 2B.17: Linear regression analysis of breakthrough curves using Thomas model at

different (a) concentrations, (b) flow rates and (c) bed heights.
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Yoon-Nelson model

A simple model was established by Yoon and Nelson for analysing breakthrough
performance of the column. Yoon and Nelson model refers that decrease rate of adsorption
probability for each adsorbate molecule is proportional to the adsorbate adsorption
probability and adsorbate breakthrough probability. It is a simple model because it does not
require any detail data regarding characteristics of adsorbate, type of adsorbent or physical

properties of adsorption bed. The mathematical expression of this model is given as follows:

ln (Cocfct) = KYNt - KYNT (288)

where, Ky represents Yoon-Nelson rate constant, T corresponds to time required for 50%

breakthrough, C,(mg/L) and C, (mg/L) are effluent and initial fluoride concentrations,
respectively and t (h) is the flow time. By plotting in (% - 1) vs time ¢, line fitting curves
t

are obtained. The values of of Ky, and T can be obtained from the slope and intercept of the
linearized plot, respectively. Fig. 2B.18 shows linear regression analysis of breakthrough
curves using Yoon-Nelson model at different (a) concentrations, (b) flow rates and (c) bed
heights. Table 2B.8 summarizes the calculated parameters obtained from linear regression
analysis of Yoon-Nelson model. Yoon-Nelson rate constant Ky, increases with increasing
flow rate and initial fluoride concentration while it decreases with increasing bed height. It is
to be noted that the values of Ky, were found to decrease with increasing t values upon
increasing bed height which indicates that the adsorbate breakthrough was taking longer
duration with increasing bed height. Meanwhile Ky, was found to increase with increasing
flow rate and initial fluoride concentration while their corresponding 7 value shows a

decreasing trend.
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Table 2B.8: Yoon-Nelson Model Parameters.

Co (mg/L) Q(ml/min) Z(cm) Kynx103 t(hr) R?
(hr?)
2 10 10 24.43 236.54 0.9622
S 10 10 33.01 156 0.9638
8 10 10 31.77 140 0.9732
S S 10 25.71 216.24 0.9961
5 10 10 33.01 155.99 0.9638
5 15 10 38.95 132.95 0.9827
S 10 S 45.66 104 0.9513
S 10 10 33.48 154.21 0.9631
S 10 15 25.79 231.51 0.9523
(a) 4+ (b) 44

§ ] Contact Time (h) — 21 Contact Time (h)

S 50 100 1538 200 300 350 %) 350

o’ Y/ S50 -

= [ 4

% 21 - : émgﬁ: 5-2- =15 mL/min

s Homimn
-4 4
-6

(€)

In [Ct/(Co-Ct)]

300

m 5cm
® 10cm
15cm

350

Figure 2B.18: Linear regression analysis of breakthrough curves using Yoon-Nelson model

at different (a) concentrations, (b) flow rates and (c) bed heights.
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Bed depth service time (BDST) Model

The BDST model holds a simple relation between bed depth and service time. This model
helps anticipate the sustainability of the removal capacity of certain amount of adsorbent
material before the revival is required. The assumptions of this model are that the adsorption
rate is proportional to the residual capacity of adsorbent as well as the concentration of the
adsorbing solute. BDST model neglects both the external and internal mass transfer
resistance. A linear relationship between bed height (Z) and service time (t)was proposed by

Hutchins®® which is as follows:

p o NoZ _

1h4%—1] (2B.9)

CoV  KqCo

Where K, (L/mg hr) is the rate constant, N, (mg/L) is the sorption capacity, C, is the initial

fluoride concentration (mg/L), C,is the effluent concentration (mg/L) and V (cm/h)

corresponds to the linear velocity. The service time was selected as the time when % attains
0

the value 0.05. By plotting service time (t) vs bed depth (Z) at flow rate 19 mL/min, the
values of N, and K, can be calculated from the slope and the intercept of the plot,
respectively (Fig. 2B.19). The linear plot with regression co-efficient (R?) 0.9974 indicates
the validity of the BDST model with this column experiment. The BDST model parameters
are shown in Table 2B.9. The adsorption capacity (No) and rate constant (Ka) were calculated
as 2933.55 mg/L and 0.0430 L/mg.h, respectively. The rate constant signifies the transfer rate
from fluid to solid phases. For avoidance of breakthrough short bed height is required for
high Ka, and for low K, value bed depth should be high.

Among various kinetic models for column study, the better correlation with
experimental data (R?) ranging from 0.95 to 0.99 is fitted for Thomas, Yoon-Nelson and
BDST models. Thomas model with no external and internal dispersion limits is dependent on
Langmuir adsorption-desorption energy following second-order reversible reaction kinetics.
Yoon-Nelson model is based on the assumption that adsorption rate is proportional to the rate
of decrease in adsorption. BDST model signifies that rate of adsorption is maintained by

surface reaction between adsorbate and unused capacity of adsorbent.
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Table 2B.9: BDST Model Parameters.

Co (mg/L) Q (ml/min) Z (cm) No(mg/L)  Ka(L/mg hr) R?
5 10 5

2933.55 0.0430 0.9974
5 10 10

5 10 15

110
100 1

90
80 - R%=0.9974
704

60 -

Service time (h)

50
40+

4 6 8 10 12 14 16
Bed depth (cm)

Figure 2B.19: Linear Plot of BDST for fluoride adsorption.

2B.3.2.2 Desorption and regeneration study

After exhaustion point is reached in fixed bed column experiment, the adsorbent
alumina gel @ zeolite X nanocomposite is regenerated by desorption of the adsorbed fluoride
ions. Fig. 2b.20 shows the desorption-regeneration cycle for fluoride removal. It was
observed that % removal of fluoride ions decrease as 99, 90, 78 and 69% for 1%, 2", 3" and
4™ cycle, respectively. The adsorption capacity of regenerated adsorbent was decreasing in
each cycle which is attributed to the fact that some quantity of fluoride ions got trapped into
the pores of the adsorbent which was difficult to remove during desorption process,

deactivating for adsorption of fluoride ions to some extent.
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Figure 2B.20: Desorption-regeneration cycle for fluoride removal.

2B.4 Conclusion

Alumina gel@ zeolite X nanocomposite was prepared by sol-gel process using alumina sol
and hydrothermally synthesized zeolite X particles. Microstructural study confirms that
alumina gel particles (50-100 nm) are aggregated surrounding the micron sized (0.5-1 um)
zeolite X particles. The synthesized material was utilized for the adsorption of F~ ions via
batch and column studies. In a batch study, % adsorption increases with contact time,
adsorbent doses and temperature while it decreases with initial F~ ion concentrations. pH has
a minimal effect for adsorbent dose of 1-2 gm/L. Langmuir isotherm shows the best fitting
for the adsorption of Frendering a maximum adsorption of 104.16 mg/gm. The adsorption
process is endothermic with negative value of AG? indicating spontaneity of the process. In
column study, Thomas model fitted well with the experimental data and breakthrough curve
prediction, demonstrating that internal and external diffusions are not the rate limiting step.
The adsorption capacity, go (mg/gm) increased with increasing initial fluoride concentration
and flow rate; however, it decreased with bed height. The present work is significant for the
development of nanocomposite based materials toward the removal of different contaminants

from water.
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Fez203 nanoflakes

3.1 Introduction

Arsenic contamination in groundwater is a serious concern for the living beings. As a silent
killer, arsenic (As) causes various complications in human organ system like skin cancer,
pigmentation, Blackfoot disease. cardiovascular disease, lungs, urinary bladder, kidney related
ailments etc.’ The most commonly arsenic in natural water is in the form of oxyanions as
arsenite (AsO3>) and arsenate (AsO4%) depending on redox conditions with pH, the former is
more toxic than the latter.* However, the arsenate species (As(V)) mostly exists in surface
water because of its thermodynamic stable form.> Arsenic removal from ground water has
been accomplished using a variety of techniques, including oxidation and sedimentation,® co-
precipitation,” membrane separation,® coagulation and filtering,’ ion exchange, reverse
osmosis, electrolysis, adsorption, and many others.!®* Adsorption technology has shown
promise for the removal of arsenic from water because to its simple design, ease of operation,
high efficiency, greater regeneration ability, and wide applicability in small scale treatment
plants.’® Chutia et al. showed the adsorption capacity of zeolites of type H-MFI-24 (H24) and
H-MFI-90 (H90) as 35.8 and 34.8 mg/gm for the removal of arsenic starting with arsenic
concentration of 10 mg/L at pH 6.5 using sample dose of 2 gm/L .1® The maximum adsorption
capacity of the MOF-based adsorbent material used in numerous studies on the adsorption of
arsenic was found to be 90.92 mg/gm which could be attributed to mesoporous structure
facilitating mass transfer within the pores during adsorption process.!’ Yao et al. showed the
adsorption capacity of iron oxide/activated carbon magnetic composite as 17.86 mg/gm with
initial As concentration of 10 mg/L at pH 6 for 60 min contact time using sample dose of 5
gm/L.*8 Arsenic and other hazardous ions were also shown to be very effectively removed by
polymer-based composite.® Layered double hydroxides,?>?? hierarchical porous ZIF-823 and
iron based materials?*2® are found to be commonly used for As(V). Pintor et al. showed
adsorption capacity of iron coated cork granulates as 4.3 and 4.9 mg/gm for the removal of
As(V) and As(l11), respectively with their initial concentration of 25 mg/L at 20 °C for 24 h
contact time using 2.5 gm/L of sample dose.?* Iron based layered double hydroxides exhibited
efficient arsenic adsorption due to their synergistic effect of interlayered structure and the
presence of iron containing metal-oxygen bonds facilitating electrostatic interactions with
arsenite/arsenate oxyanions?’3¢

Arsenic removal from contaminated water using low cost adsorbents is highly
demanding particularly in rural area community having low income. Babazad et al used

carbonized rice husk for the removal of lead and arsenic from aqueous solution.3! Nguyen et
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al reported arsenic removal from ground water using laterite.> Red mud (RM) is a waste
product in aluminium industry. RM contains mainly iron and aluminium oxide/hydroxides with
a small amount of silica, TiO2, Na,O and Ca0.**** The oxides/hydroxides of iron, aluminium
and titanium are effective for the adsorption of As(V). It is worth noting that raw red mud has
lower arsenic adsorption capacity compared to modified RM or synthesized iron
oxides/hydroxides as adsorbents. Numerous researchers have reported using modified red mud
to successfully remove arsenic from an aqueous solution.®*“° Recently, Yu et al. reported
arsenic removal from aqueous solution using porous red mud beads.*!

In the present work, iron constituent from RM was extracted by acid leaching followed
by hydrothermal reaction in the presence of aqueous ammonia. Synthesis of iron oxide with
high surface area from RM by a simple hydrothermal process without further heat treatment is
rarely reported to the best of our knowledge. In this study, it is demonstrated that how the
reaction time affects the crystallinity and surface properties of the material toward adsorption
efficiency of arsenic. The synthesized product was used for the removal of As(V) from aqueous
solution. Kinetic studies were performed for the adsorption of arsenic by changing different

parameters like concentration of adsorbates and adsorbents, time, pH and temperature.

3.2 Experimental
3.2.1 Materials

The industrial waste red mud was collected from Utkal Aluminium International Ltd., Odisha,
India. Hydrochloric acid (HCI) (37 wt.%), ammonia (NHz) (25%) and standard arsenic acid
(HsAsOs4, 1000 mg/L) were purchased from Merck, India whereas sodium arsenate
heptahydrate (Na2HAsO4.7H20, 98-102.0 %) was collected from Loba Chemie Pvt. Ltd.

Preparation of iron oxide from red mud

Fig. 3.1 shows schematically for the preparation of iron oxide extracted from RM. For the
extraction of Fe(lll) from RM, 40 gm of crushed RM powder was leached with 400 mL 6M
HCI under reflux condition at 90 °C for 3 h. The leachate was separated out by centrifugation
and the concentration of Fe(lll) was found to be 1M. For the preparation of iron oxide based
adsorbent, 10 mL of RM extract was taken in a beaker followed by dropwise addition of
NH4OH under stirring to raise the pH 8-9. A brown solid mass was obtained which was diluted
to 70 mL by adding Millipore water under stirring condition. After 30 min of stirring, the whole

dispersion was transferred into a Teflon-lined hydrothermal autoclave and was kept at 150 °C
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for 6-24 h. The brown coloured products were collected by centrifugation and repeated washing
with Millipore water followed by drying at 60 °C for 6 h. The samples are designated as FENH-
6, FENH-12 and FENH-24 for hydrothermal treatment of 6 h, 12 h and 24 h, respectively at
150 °C.

Collected Industrial waste
Red Mud

Reflux
90°C/ 3 hr

Addition of
ammonia pH ~8

Jpwii3y104pAH

Q (buihip/ buiysom)
(4ve/z1/9) 10 3 ,05T

Figure 3.1: Schematic diagram for the preparation of iron oxide extracted from red mud.
3.2.2 Characterization

The synthesized materials were characterized by Fourier transform infrared (FTIR)
spectroscopy(Spectrum two, PerkinElmer), Raman spectroscopy(Horiba T6400 spectrometer
with 532 nm laser),X-ray diffraction (XRD) (PhilipsX'Pert Pro PW 3050/60, using Ni-filtered
Cu-K, radiation, A= 0.15418 nm), X-ray photoelectron spectroscopy (XPS)(PHI 5000 Versa
Probe 11, ULVAC-PHI with AIK, radiation), X-ray fluorescence (XRF) (PANalytical, Axios,
Almelo, Netherland), FESEM (Model: Zeiss, Supra 35VP, Oberkochen, Germany),N2
adsorption-desorption study (Quantachrome (ASIQ MP) where the specific surface area was
measured by BET (Brumauer-Emmett-Teller) method and pore size distributions were
calculated from BJH (Barrett-Joyner-Halenda) method. The microstructural analysis of the
samples was performed by Field emission scanning electron microscopy (FE-SEM) (Model:
Zeiss, Supra 35VP, Oberkochen, Germany) and transmission electron microscopy (TEM)
(Tecnai G2 30ST (FEI).
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3.2.3 Arsenic adsorption experiment

Adsorption kinetics study of arsenic from aqueous solution was performed by varying different
parameters like contact time, initial arsenic concentration, sample dose, temperature, pH and
competing ions effect. Sample dose (adsorbent) was varied from 0.1 to 1 gm/L with initial
arsenic concentration of 5 mg/L. For variation of time (5-180 min), pH (1.5-11.5), temperature
(303-343 K) effect, sample dose was fixed at 0.25 gm/L with initial arsenic concentration of 2
mg/L and for competing ions (chloride, nitrate, sulphate and phosphate) the initial
concentration of each component was fixed around 5mg/L with sample dose 1gm/L. For
adsorption isotherm study, initial As(\V) concentration was varied from 2 to 20 mg/L with
sample dose of 0.50 gm/L at equilibrium time of 180 min, temperature (303 K) and pH (6.5).
The As(V) concentration after adsorption was determined by Inductively Coupled Plasma
Atomic Emission Spectrometer (ICP-AES), ARCOS 130 MV, Spectro Analytical Instruments
GmbH, Kleve, Germany and Inductively Coupled Plasma Mass Spectrometer (ICP-MS),
NexION 300X, PerkinElmer, USA.

The equilibrium adsorption capacity, ge (mg/gm) was determined from the following equation:

qe=(Co = C)(V/m) (3.1)

Where,C, and C, are the initial and final concentration of arsenic (mg/L), respectively, while V
and m represent the solution volume in litre and mass in gram of the sample, respectively.
Noh and Schwarz method*? was adopted for determination of point of zero charge (pHpzc). In
this method, different sample quantities (5 mg to 2 gm) were taken in 10 mL 1 mM NaCl each
under stirring for 24 h followed by their pH measurement. A plot of pH vs. sample mass was
drawn in which pH approached to an asymptotic value by which the pHp.c of the sample was
determined.

For the regeneration of the adsorbent the exhausted adsorbent material was digested
with 0.1 M NaOH for 24 hours followed by repeated washing with Millipore water and drying.
Thereafter for the recyclability test, 1 gm/L of regenerated sample dose was stirred with 2 mg/L
arsenic containing aqueous solution (20 mL) for 120 min at pH 6.5, which were performed

with total of five adsorption-desorption cycles.
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3.3 Results and Discussion
3.3.1 Characterization of a-Fe203

Fig. 3.2(a) shows the XRD patterns of the sample obtained from hydrothermal treatment of red
mud extract at 150 °C for 6-24 h. It confirms the crystalline phase of a-Fe2O3 with 26 values
of 24.27,33.22, 35.77,41.09, 49.74, 54.36, 57.91, 62.82 and 64.49 corresponding to hkl values
of (012), (104), (110), (113), (024), (116), (018), (214) and (300), respectively (JCPDS File
No. 86-0550). It is noticed that with increasing the reaction time, crystallinity of a-Fe>O3 phase
becomes higher. To ascertain the presence of other impurities in the prepared sample, XRF
analysis was conducted. Table 3.1 showed that iron oxide and alumina contents were 81.40%
and 14.30%, respectively in the presence of trace amount of other impurities.

FTIR study of the prepared samples obtained at 150 °C for 6-24 h is shown in Fig.
3.2(b). The appearance of vibration bands at 472 and 576 cm™ are the signature of stretching
vibration of Fe-O bond.**** A broad band at 1099 cm indicates the stretching vibration of Fe-
OH-Fe.*® The absorption peaks at 1405 and 1635 cm™ are ascribed to O-H bending vibration
while the absorption band at 3445 cm™ is due to O-H stretching vibration of absorbed water
molecules in the sample. However, in the instance of the sample FENH24, a shoulder peak is
noticed at 3144 cm™.% This peak indicates that the hydrogen-bonded OH is in its stretching
vibrational state. It is interesting to note that as reaction time increases, polymeric association
takes place, and hydrogen bonding plays a significant part in this process which facilitates in
the formation of nanoflake structure.*’

Fig. 3.2(c) shows Raman spectra of the products obtained at 150 °C for 6-24h. The
appearance of vibration band at 222 cm™* corresponds to symmetric stretching vibration of Fe-
O in Aig phonon mode. The bands at 288, 405 and 609 cm™are assigned to Eq phonon mode of
vibration which are the signature of a-Fe2Os. It is reported that hematite (a-Fe2O3) belonging
to R3c space group generally exhibits seven phonon lines comprising two Aig and five Eg
phonon modes.*®*° However, in the present study, four phonon mode of vibrations i.e. one Asg

and three Eg4 was obtained.
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Table 3.1: XRF Analysis of Sample FENH2.
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Figure 3.2: (a) XRD pattern, (b) FTIR and (c) Raman spectra of a-Fe.Os3.
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Fig. 3.3(a) shows the BET isotherm of hydrothermally treated sample at 150 °C for 6,
12 and 24 h reaction time. It is noticed that surface area values are maximum of 347 and 331
m2/gm, for 6 and 12 h treated samples, respectively followed by sudden decrease to 136 m?/gm
for 24 h treated sample. The BET curve shows a drastic decrease in surface area for the sample
FENH24 which could be understood by high crystallite growth and crystallinity at 24 h reaction
time. For 6-12 h reaction time, crystallization occurs slowly reflecting lower intensity of a-
Fe2Os3 peaks in XRD pattern. In kinetically controlled systems, amorphous to crystalline phase
transitions are frequent.>® These transitions involve an initial fast-growing amorphous phase
and a slow crystallisation, resulting in a gradual trend in increasing crystallite size, which was
found to be 2.1, 4.2 and 16.4 nm for FeNH6, FENH12, and FENH24, respectively. Therefore,
a rapid increase in crystallite size from 4.2 to 16.4 nm for FENH12 and FENH24, respectively
lead to reduced surface area of the latter. The BET isotherms show type IV as per IUPAC
classification which is the signature of mesoporous characteristics. However, the nature of
hysteresis loops of the isotherm in 6-12 h samples is H2 type signifying ink-bottle like
mesopores while that of 24 h treated sample is H3 type indicating slit-like pores.>! Interestingly,
the total pore volume of the three samples heat treated at 6, 12 and 24 h are comparable at
around 0.33-0.36 cm®/gm, whereas the average pore diameter calculated from BJH desorption
plot (Fig. 3.3(b)) is found in the range of 3.5-3.7 nm. It is worth noting that surface properties
particularly, the surface area has a significant role toward the adsorption of water contaminants

from aqueous solution.
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Figure 3.3: (a) BET isotherm, (b) BJH pore size distribution of a-Fe;Os3.

To investigate the surface chemical analysis, XPS study was performed. Figs. 3.4 show
XPS spectra of Fe2p and O1s, respectively for as synthesized (a)FENH6 (b) FENH12 and (c)
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FENH24. The appearance of peaks at around 710.6 eV and 724 eV could be attributed to the
spin orbit doublets of Fe2ps, and Fe2p12, respectively® confirming the existence of the Fe(ll1)
state. The corresponding shake-up satellite peaks for Fe2ps> and Fe2p1. were found to be 719
and 729 eV, respectively. The peak at 709.2 eV with satellite peak at around 715 eV confirms
the existence of Fe(ll) in case of FENH6 and FENH12 samples attributing to the coexistence
of Fe(I1)-Fe(l11) prior to the formation of stable a-Fe>Os. However, no primary peak for Fe(ll)
2p32 was noticed in case of FENH24. It is demonstrated that the crystal structure of a-Fe;Os
contains Fe(ll) sites, which could be originated via electron hopping.>*>* The deconvoluted
peaks of O1s spectra are shown at 530.6, 531.2 and 532 eV/(Fig. 3.4(d)-(f)) signifying the lattice
oxygen in Fe-O, surface oxygen defects and oxygen in adsorbed hydroxyl groups,
respectively®>°® with their percentage abundance of 25.7%, 36%and 38.3% for FENH24
sample. The lattice oxygen, surface oxygen defects and oxygen in adsorbed hydroxyl groups
for FENHG6 are 46.77%, 25.05% and 28.17%, respectively whereas those for FENH12 samples
are found to be 48.08%, 32.45% and 34.9%, respectively. It is worth mentioning that surface
oxygen defects and oxygen in adsorbed hydroxyl groups are in increasing trend as
FENH6<FENH12<FENH24. It could affect their adsorption efficiency for As(V). However,
the surface area values of the samples follow as: FENH6>FENH12>FENH24 which
demonstrate a pronounced effect on adsorption efficiency superseding the effects of surface

oxygen defects and oxygen in adsorbed hydroxyl groups.
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Figure 3.4: XPS spectra of a-Fe203:(a)-(c) Fe2p and (d)-(f) O1ls.
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Morphology of the synthesized products was examined by FESEM and TEM. Fig.
3.5(a)-(c) shows the FESEM microstructures obtained at 150 °C for different reaction times of
6, 12 and 24 h, respectively. It is noticed that for lower reaction time (6 h), highly agglomerated
particles are obtained. However, with increase in reaction time of 12 h, nanoflake-like particles
start growing. A complete nanoflake-like assembly with petal-like structure of a-Fe>Os was
obtained for 24 h reaction time. During hydrothermal reaction at 150 °C, dissolution of the
agglomerated particles takes place rendering high entropy of the system. With increasing
reaction time, the nascent nuclei start growing in a certain crystallographic orientation
generating flake-like structure minimizing entropy of the system. TEM image of the sample is
shown in Fig. 4(d)-(f) for 6, 12 and 24 h reaction time, respectively. It reveals nanopores in the
samples. Interestingly, with a close observation of TEM microstructures it is revealed that very
tiny a-Fe2O3 particles of size in the range of 2-5 nm assembled in a petal-shaped particles,
particularly for 24 h reaction time. The HRTEM images of a-Fe>Osparticles are shown in Fig.
3.5 (g)-(i) for three different reaction times of 6, 12 and 24 h, respectively. It indicates the
lattice fringes of (110) plane corresponding to the lattice spacing of 0.25 nm which

corroborated to the high intensity peak of a-Fe,Ozobtained from XRD pattern (Fig. 3.2(a)).

Figure 3.5: (a-c) FESEM images, (d-f) TEM images and (g-i) HRTEM images of a-Fe2O3

particles.
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3.3.2 Arsenic adsorption study
Effect of contact time

The percentage adsorption of As(V) from aqueous solution with contact time is shown in Fig.
3.6(a) keeping the initial As(V) concentration of 2 mg/L (pH~6.8) with sample dose of 0.25
gm/L at 30 °C. It is noticed that the % adsorption of As(V) increased sharply up to 60 min of
contact time reaching equilibrium at 120 min of adsorption with % adsorption of 99, 96.6 and
92%, for the samples FENH6, FENH12 and FENH 24 prepared at reaction time of 6 h, 12 h
and 24 h, respectively. Adsorption capacity (q:) with time of the samples is shown in Fig. 3.6(b),
which reaches maximum values of 7.9, 7.7 and 7.4 (mg/gm) for FENH6, FENH12 and
FENH24, respectively. It is demonstrated that arsenic level could be lowered down to 2-3 pg/L
(<10 pg/L as per WHO’s limit) with contaminated real water (64 ug/L) using 0.25 gm/L of
sample dose within 5 min. of adsorption. Fig. 3.6(c) shows that the samples FENH6, FENH12
and FENH24 resulted 96, 95 and 94.4 % adsorption within a short time of adsorption (5 min),

respectively.
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Figure 3.6: Effect of contact time on (a) % As(V) adsorption (b) Adsorption capacity on the
adsorption of As(V) by a-Fe2O3 particles (c) % Adsorption of As(V) by a-Fe2Os reaching
below the WHO limit.
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Effect of initial As(V) concentration

Fig. 3.7(a) shows that the % adsorption is in decreasing trend with increasing the As(V)
concentration from 2 to 20 mg/L (pH~6.8 at 30 °C for 120 min contact time) using 0.50 gm/L
of sample dosage. It is noteworthy that with increasing As(V) concentration, the adsorption
sites are getting shielded with the accumulation of contaminated ions, and co-ordination sites
are becoming saturated resulting lower adsorption.>”*® The adsorption capacity (ge) is in

increasing trend with increasing initial arsenic concentrations (Fig 3.7(b)).
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Figure 3.7: Effect of initial As(V) concentration on (a) % As(V) adsorption (b) Adsorption
capacity on the adsorption of As(V) by a-Fe2O3 particles.

Effect of sample dose

Fig. 3.8(a) shows that with increase in sample dose, the % adsorption is sharply increased up
to 0.4 gm/L of sample dosage followed by slow increase up to 1.0 gm/L of adsorbent using 5
mg/L of As(V) contaminated water. With increase in sample dose, there is abundance of
adsorption sites which facilitates more amount of As(V) adsorption uptake. However, the

adsorption capacity (ge) decreased with increasing sample doses (Fig. 3.8(b)).
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Figure 3.8: Effect of adsorbent dose on (a) % As(V) adsorption (b) Adsorption capacity on
the adsorption of As(V) by a-Fe2O3 particles.

Effect of pH

The role of pH in aqueous solution is important for the adsorption of As(V) by the surface
charged (positively charged H* ions and negatively charged OH- ions) of adsorbent sample.>®
Fig. 3.9(a) shows that using 2 mg/L arsenic contaminated water with sample dose of 0.25 gm/L,
the adsorption (%) of As(V) remains almost constant (>96%) up to pH 8.8 for all the samples
FENH6, FENH12 and FENH24, respectively. However, it falls sharply in alkaline pH (9.9-
11.7) and reaches to minimum values of 76, 72 and 67%, at pH 11.7 for the samples FENH®,
FENH12 and FENH24, respectively. Interestingly, the adsorption capacity (ge) of all the
samples remains practically same of about 7.8 mg/gm within a wide range of pH (1.5-8.8)
followed by its sharp decrease within the pH range of 9.9-11.7 (Fig. 3.9(b)). To understand the
effect of pH on As(V) adsorption, the measurement of point of zero charge (pHezc) of the
sample was done which was found to be around 9.9. It is clear that below pHpzc, there is
abundance of positively charged surface of the adsorbent which helps facilitate to interact with
the negatively charged species of As(V) through electrostatic attraction rendering higher %
adsorption and adsorption capacity. However, with increase in pH above pHpzc(pH>pHpzc),
the negatively charged surface repels the negatively charged adsorbate decreasing the

adsorption efficiency of the samples.
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Figure 3.9: Effect of (a) pH on % As(V) adsorption (b) Adsorption capacity on the adsorption
of As(V) by a-Fe2Os particles.

Effect of Temperature

For temperature effect on As(V) adsorption, the initial As(V) concentration was kept at 2 mg/L
with sample dose of 0.25 gm/L for 60min of contact time at pH 6.8. Fig. 3.10(a) shows that
As(V) adsorption in aqueous solution increases with rise in temperature. Interestingly, the
increasing trend was more significant for the sample FENH24 (synthesized for 24 h reaction
time at 150 °C). Fig. 3.10(b) also reveals that adsorption capacity increased with rise in
temperature. It is worth noting that the increase of As(V) adsorption efficiency with
temperature signifies the endothermic process of adsorption resulting higher efficiency of
As(V) adsorption.
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Figure 3.10: Effect of temperature on % As(V) adsorption (b) Adsorption capacity on the
adsorption of As(V) by a-Fe>Os particles.
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3.3.3 Thermodynamic investigation

The thermodynamic study on As(V) adsorption process was carried out at different temperature
at 303, 313, 323, 333 and 343 K. The thermodynamic parameters like enthalpy (AH®), entropy
(45°) and Gibbs free energy (AG°) were derived as follows:

K° 4= (Co-Ce)/Ce (3.2)
In K°,, = AS°/R — AH® /RT (3.3)
AG® = —RTInK®,, (3.4)

Where, K°., is the equilibrium constant, T (K) is the temperature and R is the universal gas
constant (8.314 J /mol/K)

By plotting InK%qvs. 1/T from equation (3.3), the values of AH® and AS° can be
obtained from the slope and intercept of the plot, respectively (Fig. 3.11). Table 3.2 shows the
thermodynamic parameters values of AH®, AS° and AG®° for all the samples. The endothermic
nature of As(V) adsorption process was confirmed by positive values of AH®. Further, the
positive values of AS° demonstrate that there prevails randomness at the solid-liquid interface
during adsorption process. The spontaneity of the adsorption process was confirmed by the
negative values of AG®. It is to be noted that with increase in temperature, AG° values are
becoming more and more negative indicating favourable adsorption of As(V) with
temperature,®® and it is chemisorption rather than physisorption. It is to be noted that for the
samples prepared at different temperatures, the values of 45° are comparable for the samples
FENH12 and FENH24 while it is increased for the sample FENH6. However, -AG°values are
in decreasing trend as FENH6>FENH12>FENH24. It indicates that with increasing reaction
time, the adsorption process by the sample is becoming less favourable due to lower AS° and -
AG° values, particularly for FENH24.
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Figure 3.11: Plot of InKq versus 1/T for the adsorption for As(V).
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Table 3.2: Thermodynamic parameters of As(V) adsorption for different sample with fixed

adsorbent doses (0.25 gm/L).

Sample ID

AH® (kJ/mol)

AS° (J/mol.K)

AG° (kJ/mol)

FENH6

FENH12

FENH24

+12.2698

+12.6331

+12.6364

+63.5189

+59.8693

+58.0982

—6.9947 at 303K
—7.6337 at 313K
—8.2727 at 323K
—8.9117 at 333K

—9.5577 at 343K

—5.265 at 303K
—5.855 at 313K
—6.445 at 323K
—7.035at 333K

—7.625at 343 K

—4.9376 at 303 K
—5.5176 at 313 K
—6.0976 at 323K
—6.6776 at 333K

—7.2576 at 343 K

Effect of co-existing anions

In natural underground water, various co-existing ions may be present which have

susceptibility to compete with the arsenic at the active surface of the adsorbent. In this study

the effect of common co-existing ions such as chloride (CI), nitrate (NO3-), phosphate (PO4%-)

and sulphate (SO4%") has been evaluated on the adsorption of As(V) using each contaminant

concentration and sample dose of 5 mg/L and 1 gm/L, respectively. Fig. 3.12(a) shows that in
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the presence of above co-existing anions, the % adsorptions for As(V) were 97.5, 92.3 and
89.9%, for the samples FENH6, FENH12 and FENH24, respectively along with % removal of
Cl-, NOs~, PO4* and SO4* as 30-34, 47-50, 93-96 and 87-90%, respectively. It is noticed that
the adsorption affinity for different anions with the adsorbent follows in the order of
As(V)>P0s*>S04>> NO3>CI-. Here, POs* ion due to its same chemical nature with arsenate
has strong competitive effect with As(V) for adsorption sites of the adsorbent inhibiting As(V)
adsorption. The order of hydrated ionic radius of anions are SO4>> NO3s>CI-. Therefore,
S04 ions due to its larger ionic radius, form outer-sphere complexes with Fe(l11) of adsorbent

through long range electrostatic force compared to NOz-and CI- ions.

Recyclability study

For minimizing cost of water treatment reusing the adsorbent materials after adsorption of
As(V) contaminant water, regeneration study is of utmost important. In this regard, used
adsorbent is treated with alkaline solution to exchange negatively charged arsenate (As(V))
with hydroxyl ions. Fig. 3.12(b) shows the recyclability study of three different samples
FENH6, FENH12 and FENH24. It illustrates that up to 3" cycle, the adsorption is >90%
followed by gradual fall of As(V) adsorption up to 5™ cycle indicating the % adsorption of
>60%.lt is to be noted that after some cycles, the adsorption efficiency becomes lower because
the adsorbed exchangeable hydroxide ions start trapping within the pore structure of adsorbent
which are difficult to wash out with water. Therefore, adsorption is becoming hindered due to

electrostatic repulsion between negatively charges hydroxide and arsenate ions.
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Figure 3.12: (a) Co-existing ions effect and (b) Recyclability study for the adsorption for
As(V) ions.
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3.3.4 Adsorption Kinetics

For kinetics study of adsorption, the experimental data was fitted with pseudo-first order and
pseudo-second order models. The mathematical expression of the two models are shown in
Table 3.3. From pseudo-first order kinetics model, by plotting In(ge-qt) vs t, the adsorption
capacity at equilibrium (ge) and rate constant (ki) are evaluated from the intercept and slope,
respectively. On the other hand, for pseudo-second order kinetics, the equilibrium adsorption
capacity (ge) and second order rate constant (kz) are determined from the intercept and slope,
respectively by plotting t/qtvs t. Figs. 3.13 (a) and (b) show the linear fitting curves for pseudo-
first-order and pseudo-second-order models, respectively. The relevant parameters obtained
from pseudo-first order and pseudo-second order Kinetics model are presented in Table 3.3.
The correlation co-efficient (R?) for pseudo-second-order model approaches to 1 with high
degree of linearity (best fitting curve) which signifies chemisorption process for As(V)
adsorption. The equilibrium adsorption capacity (ge) was around 8 mg/gm for three samples
FENH6, FENH12 and FENH24 with a nominal decrease in values with increase in reaction

time for the preparation of adsorbent materials.

(@) (b)
B FENH6
21 = ® FENH12 251
A FENH24| —~
(@)]
—~~ 201
& O £
2 > 15
~ -2 - c
c "= 10-
k= £ 10
_4. ]
o 51
= B FENH6
® FENH12
6 n 0 A FENH24
0 30 60 90 120 150 0 30 60 90 120 150 180
Contact Time (min) Contact Time (min)

Figure 3.13: Kinetics data with linear fitting of (a) pseudo-first-order and (b) pseudo-second-
order.
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Table 3.3: Kinetic parameters for the adsorption of As(V) for adsorbent dose of 0.25 gm/L.

Model Mathematical Sample ID
expression
FENH6 FENH12 | FENH24

ki (mint) 0.0484 0.0502 0.0383

Pseudo-first | In (Qe-qt) = -kit + In ge( Mmg/gm) 5.6046 6.1080 4.9888
order Qe )

Kinetics R 0.9640 0.9745 0.9620

S.E (Intercept) 0.2603 0.2262 0.2119

S.E(Slope) 0.0035 0.0030 0.0028

ka2 (gm/mg/min) 0.0230 0.0196 0.0152

Pseudo- | t/gi = 1/koqe® + (1/ge)t | ge(mg/gm) 8.1699 7.9872 7.7700
second order )

Kinetics R 0.9994 0.9992 0.9970

S.E (Intercept) 0.1060 0.1270 0.1577

S.E(Slope) 0.0010 0.0013 0.0026

3.3.5 Adsorption Isotherms

To assess the adsorption performance of arsenic at the solid-liquid interface, Langmuir and
Freundlich isotherm models were used. The linear expression of the two models are shown in
Table 3.4. From Langmuir isotherm, by plotting Ce/ge vs. Ce, the maximum adsorption capacity
(gm(mg/gm)) and Langmuir adsorption constant (Ki)are obtained from the slope and intercept,
respectively (Fig. 3.14(a)). By plotting log ge vs. log Ce, in Freundlich isotherm, the adsorption
intensity (nf) and Kg (Freundlich constant) can be obtained from the slope and intercept,
respectively (Fig. 3.14(b)). The Langmuir isotherm illustrates that adsorption process is
uniform with monolayer formation whereas Freundlich isotherm is considered for multilayer
non-uniform and reversible adsorption. The relevant parameters determined from Langmuir
and Freundlich isotherm are revealed in Table 3.4. The correlation coefficient R? (=0.98)
obtained from Langmuir isotherm indicates best fittings for As(V) adsorption as compared to
Freundlich isotherm. It is noticed that the maximum adsorption capacity values calculated from
Langmuir isotherm were found to be 41.1, 36.8 and 32 mg/gm for the samples FENHS,
FENH12 and FENH24, respectively which were higher than those obtained from humic acid
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grafted magnetic nanoparticles.r However, a study regarding the adsorption capacity
compared to other adsorbent materials has also been done which is represented in a tabular

form in Table 3.5 exhibiting better adsorptivity of synthesized a-Fe2Os.

a b
@ 012 ®)
- A
=
= 0.081 1.4
= 0.08 )
2 O 1.2-
) o
S0.041 k
) 1.0
)
0.00
0.8 B FENH6
o Fen o Fenr
-0.04 4 A FENH24 064 = ° £ A FENH24
0.0 05 1.0 15 20 25 30 3.5 40 4 3 2 1 0 1 2
Ce (mg/L) log Ce

Figure 3.14: (a) Langmuir and (b) Freundlich isotherms for the adsorption for As(V) ions.

Table 3.4: The parameters obtained from Langmuir and Freundlich models.

Adsorbent dose (0.50 gm/L) FENH6 | FENH12 | FENH24
KL (L/mg) 3.3956 | 2.3129 0.9759
Langmuir Celge=Ce/qm+1/KL.qm | gm (Mg/gm) 41.1353 | 36.8595 | 31.0655
isotherm
R? 0.9790 | 0.9977 0.9822

S.E (Intercept) 0.0011 | 0.0006 | 0.0032

S.E (Slope) 0.0015 | 0.0005 0.017

Kr (mg/gm) 31.6956 | 24.2940 | 16.6264
Freundlich log ge = log Kr+ 1/nF | NF 1.8402 | 1.7008 2.031
isotherm log Ce

R? 0.9772 | 0.9552 0.9123

S.E (Intercept) 0.0851 | 0.0951 | 0.0800

S.E(Slope) 0.0370 | 0.0544 | 0.0675
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Table 3.5: A comparative data on maximum adsorption capacity of synthesized a-Fe>O3 and

reported adsorbents for As(V).

Adsorbents pH Adsorbate Adsorption Ref
Maintained concentration capacity
Iron oxide coated 7.5 40 pg/L 0.36 mg/gm 62
Natural rock
Green synthesized a- 6.5 2-30 mg/L 38.47 mg/gm 63
Al,O3
Chitosan-MNP 3.0 5-500 mg/L 10.40 mg/gm 64

Magnetic nano particle

impregnated Chitosan 6.8 50 mg/L 35.70 mg/gm 65
Beads
Iron Chitosan 7.0 10 mg/L 22.50 mg/gm 66
Composite
Iron oxide coated 6.5-7.3 5 mg/L 4.50 mg/gm 67

sponge (IOCSP)

RM derived a-Fe;03 6.8 2-20 mg/L 41 mg/gm Present
work

3.3.6 Adsorption mechanism

Surface property as well as ligand binding ability of the adsorbent materials plays a pivotal role
in the adsorption process. Iron oxide based adsorbents are found to be prone to arsenic
adsorption mainly due to their physico-chemical properties which assists the adsorption of
arsenic over a wide pH range. Fig. 3.15 shows a proposed mechanism for the adsorption of
As(V) ions by by a-Fe>Os particles. It is demonstrated that arsenic adsorption on iron oxide
based materials occurs through inner-sphere surface complex via monodentate, bidentate or

tridentate ligand, and outer sphere surface complex. Inner sphere surface complexation takes
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place over a wide range of pH i.e., below or above pHpzc®® The outer sphere complexation is
governed by electrostatic force of attraction between the negatively charged arsenate ions and
positive surface of iron oxide based adsorbent. It is dominated at lower pH<pHpzc. The Fe(lll)
in a-Fe,O3 molecule can act as a Lewis acid because of vacant d orbital, while in arsenate ions
with filled p electron of oxygen behaves as Lewis base. As a result a dn-pzt bonding occurs
between the adsorbent molecules of iron oxide and binding ligands of arsenate during the
formation of inner sphere complexes. However, the arsenate ions could bind to the adsorbent
surface by the hydration layer with water molecule forming outer sphere complexes where
electrostatic interaction, vander Waals forces of attraction, hydrogen bonding etc., could led to
a significant role for effective adsorption.®® It is mentioned worthy that as per XRF results,
alumina content in the synthesized product is less quantity (14.30%) as compared to a-Fe;O3
(81.40%). It is reported that in the presence of both iron oxide and aluminium oxide as
adsorbents, iron oxide preferably adsorbed As(V).”%™* During As(V) adsorption, iron oxide
forms both the inner sphere and outer sphere complexation with arsenate species (HAsO4%),
while alumina as positively charged aluminium hydroxide species [AlI(OH)3-2H]?* interacts
with arsenate species via electrostatic interaction (outer sphere complexation) only.”? In the
present work, iron oxide with its high concentration plays more significant role for adsorption
of As(V) which could supersede the adsorption ability of alumina. In order to comprehend the
adsorption mechanism, Fig. 3.16 depicts the FTIR study of the sample (FENH6) dose before
and after As(V) adsorption. The emergence of a new peak at 858 cm™ indicates the formation

of As-O bonds during adsorption onto Fe surface.”
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Figure 3.15: Proposed mechanism for the adsorption of As(V) ions by a-Fe>Os particles.
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Figure 3.16: FTIR spectra of the FENH6 sample before and after As(V) adsorption.
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3.4 Conclusion

We have prepared iron oxide nanoflakes from RM extract by hydrothermal reaction at low
temperature (150 °C/6-24 h). The synthesized product was utilized for the adsorption of
As(V)from aqueous solution. For competitive ions effect, the adsorption affinity for different
anions with the adsorbent follows in the order of As(V)>POs*>S0s*> NO3z>Cl-.The
spontaneity of the adsorption process was confirmed by the negative values of AG° favouring
adsorption of As(V) via a chemisorption process. The pseudo-second order kinetics and
Langmuir isotherm models exhibit the best fitting for the adsorption of As(V). Arsenic
adsorption on iron oxide based materials occurs through inner-sphere surface complex via
monodentate, bidentate or tridentate ligand, and outer sphere surface complex by electrostatic
interaction, van der Waals force of attraction, hydrogen bonding etc. The present study shows
a direction in designing for fabrication of iron oxide based nano-adsorbents using industrial

wastes for effective performance of de-arsenification of water.
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Chapter 4

Red mud derived iron oxide based photocatalysts
for the degradation of methylene blue dye
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4.1 Introduction

In recent days, iron oxide-based photocatalysts have gained significant attention due to their
remarkable resistance to corrosion, low toxicity, great chemical stability, and narrow band gap
energy.? Fe,O3 with suitable valence band-edge, is an outstanding catalyst for the photo-
squalor of unrefined pollutants and is not only abundant in nature but also mass-
producible.®Alpha Fe,O3 (hematite) possesses specific advantages over other phases of iron
oxide, such as magnetite (Fe3O4) and gamma Fe.Oz (maghemite), which contribute to its
unique utility in various research fields like energy storage and conversion, sensors and
detectors, catalysis, biomedical applications etc.*” Despite of having all those advantages,
photocatalytic activity in FeOzis often overwhelmed by its hole diffusion length
(approximately, 10 nm) and an extremely short electron—hole recombination time.®® In order
to facilitate the photocatalytic activity of Fe,Os, doping with different metals or non-metal
ions is essential by tuning its band gap as well as providing better anchoring sites. Recently,
photocatalytic degradation of MB in the presence of Ni doped hematite has been reported by
Asma etal.® Shahid et al. studied photocatalytic properties of a-FeOs/NiOnanowires.** Hyun
et al. reported that photocatalytic efficiency of hematite nanocrystals increases with doping
with Manganese.*?

However, achieving high photo-catalytic activity using low-cost resources is still a
significant challenge. Many synthesis methods require high energy inputs, which can offset the
cost advantages of using low-cost materials. For the development of low-cost catalysis,
utilization of waste based precursors could be very significant in terms of energy and
environment. Utilizing red mud as a precursor as photocatalysts offers environmental
advantages by repurposing of an industrial waste product. In the present study, a sustainable
route is developed to synthesize iron oxide based photocatalysts extracted from red mud,
followed by doping with Mn, Cu and Ce for the degradation of MB, an organic water pollutant.
The structural, optical, morphological, and photocatalytic activity of the synthesized catalysts

were investigated.
4.2 Experimental section

4.2.1 Materials and Methods

The industrial waste red mud (RM) was obtained from Utkal Aluminium International Ltd.,
Odisha, India. Tetrapropyl ammonium hydroxide (TPAH) (1M in water), hydrochloric acid (37
wt%), cerium (I11) chloride heptahydrate (CeCls.7H20) were purchased from Sigma Aldrich.
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Methylene blue (MB), copper (Il)chloride dihydrate (CuCl2.2H,0), manganese (II) chloride
tetrahydrate (MnCl2.4H,0) were purchased from Merck, India.The experiment was carried out

using Millipore water.

Preparation of bare and doped iron oxide based materials from red mud
Synthesis of bare iron oxide photocatalyst

The iron in RM was extracted as reported earlier in our previous work.™ In brief, the extraction
of Fe (I11) from RM involved leaching of 40 gm of crushed RM powder with 400 mL of 6 (M)
HCI under reflux conditions at 90 °C for 3h.In order to synthesize iron oxide-based adsorbent,
the requisite amount of tetra propyl ammonium hydroxide solution was added dropwise into
10 mL of RM extract under stirring for 30 min, maintaining a pH of 8-9. The as-generated
brown solid mass was placed into a hydrothermal autoclave lined with Teflon followed by
heating at 150 °C/24 h. The reddish brown product was collected by repeated centrifugation
and washing followed by drying at 60 °C/6h. The prepared sample was designated as FETP.
Fig.4.1 shows schematically the synthesis of iron oxide extracted from RM.

Synthesis of metal doped photocatalysts

For the synthesis of Mn, Cu, and Ce doped iron oxide, 10 mL aqueous solutions of
MnCl2.4H,0 (0.106 gm), CuCl,, 2H>0 (0.096 gm) and CeCls.7H>0 (0.096 gm) were added
separately into 10 mL RM extract under stirring for 10 min keeping Fe:M (Mn/Cu/Ce)=10:1
(mol ratio). TPAH was added dropwise into the above solutions to maintain the pH of 8-9, and
stirring was continued for another 20 min. A brown-colored precipitate as-obtained from each
experiment was placed into a Teflon-coated hydrothermal autoclave followed by heating at 150
°C/24 h. The as-synthesized products were collected by repeated centrifugation and washing,
followed by drying at 60 °C/6 h. The prepared products were designated as FMNTP, FCUTP
and FCETP for Mn, Cu and Ce doped a-Fe203, respectively. Fig. 4.1 illustrates the preparative

steps of the above products.
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Figure 4.1: Schematic diagram for the preparation of bare and doped iron oxide extracted from

red mud.

4.2.2 Characterization

The materials were subjected to X-ray diffraction (XRD) analyses utilizing a Ni-filtered Cu-
Kq radiation (A = 0.15418 nm) and a Philips X Pert Pro PW 3050/60 powder diffractometer
operating at 40 kV and 30 mA.The Raman spectrum was recorded using a RENISHAW
spectrometer with 785 nm radiation from a diode laser source with 20X objective lense at room
temperature. The characteristic vibration bands of the synthesized samples were verified using
Fourier transform infrared (FTIR; Spectrum two, Perkin Elmer) with a resolution of 4 cm™.
Transmission electron microscopy (TEM) with a Tecnai G2 30ST (FEI) apparatus working at
300 kV and FESEM (Model: Zeiss, Supra™ 35VP, Oberkochen, Germany) operating at a 10
kV accelerating voltage were used to analyze the microstructure of the particles. Measurements
of BET surface area, and nitrogen adsorption-desorption were carried out using a
Quantachrome (ASIQ MP) apparatus at the temperature of liquid nitrogen (77 K). Before
measurement, the sample was kept for degassing for 3 h at 200 °C under vacuum. The total
pore volume was calculated using the amount of nitrogen adsorbed at a relative pressure (p/po)
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of around 0.99 and the Barrett-Joyner-Halenda (BJH) method was used to calculate pore size
distribution. Using a PHI 5000 Versa probe Il Scanning XPS microprobe (ULVAC-PHI,
USA), X-ray photoelectron spectroscopy (XPS) experiments were performed. A Jasco V-730
UV-vis spectrophotometer was used to record UV-visible spectra in the 200-800 nm
wavelength range. The photoluminescence properties were conducted by QM-5NIR
Fluorescence spectrophotometer with an excitation wavelength of 350 nm in the range of 370-
700 nm.

4.2.3 Photocatalytic Study

The synthesized products were used for photocatalytic degradation of MB solution under
visible (A= 465 nm) light irradiation at room temperature in the photo reactor using 300W
Xenon lamp. In a typical photocatalytic test, 0.02 gm of the sample was mixed with 50mL of
1.56 x10™° M MB dye solution followed by stirring for about 60 min in dark to achieve
adsorption equilibrium. Photocatalytic experiments were carried out in a batch type reaction
system. Aliquots were taken out by filtering and the filtrates were analysed using a UV-visible
spectrophotometer. Rest of the dye solution was irradiated by visible light under constant
stirring in the presence of 30% H>0O,. After regular intervals, an aliquot of the sample was
collected from the reactor and analysed using the proper analytical techniques in order to
monitor the progress of the reaction. The diminishing absorption intensity at Amax= 664 nm
reveals photo-catalytic degradation of the MB. The photo-catalytic activity was calculated by

following equation:

Percentage (%) degradation :(1 — %) x 100 4.1)

0

where C, and C; are concentration of MB before and after irradiation, respectively.

The Total Organic Carbon analyser (Shimadzu Corporation) was used to examine the removal
of total organic carbon (TOC), taking into account the variation in the concentrations of total
carbon (TC) and inorganic carbon (IC). The percentage reduction in TOC value is shown in

the following equation.

TOC (%) =(1 - £

x 100 (4.2)
)

o
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4.2.4 Photochemical measurements

Photo-electrochemical activity of the materials was determined by preparing thin films on glass
substrates coated with fluorine-doped tin oxide using a spin coater. The solution was drop cast
on the glass slides up to 3 layers and put to calcination at 350 °C for a time duration of 2 h. A
galvanostat-potentiostat (ZIVE SP1) was employed to conduct the photo-electrochemical
experiments under 150 W Xenon lamp as the illumination source. The measurements were
accomplished with the help of three-electrode configuration with KCI saturated Ag/AgCl and
platinum wire as reference electrodes and counter electrodes respectively. Linear sweep
voltammetry measurements were performed by varying the potential from -0.2 V to 1.0 V vs
Ag/AQCI using 0.1 M NaxSO4 as electrolyte. Transient photocurrent measurements were
performed at a fixed bias of 0.6 V vs Ag/AgCl, under consecutive dark and light conditions
with an interval of 20 sec. Electrochemical impedance spectroscopy measurements were
obtained in a frequency range from 0.1 Hz to 100 kHz. Mott-Schottky experiments were
conducted at three different frequencies of 200, 500 and 1000 Hz which helps to determine the

semiconducting behaviour and flat-band potential.

4.3 Results and discussion
4.3.1 Characterization of bare and doped iron oxide

The X-ray powder diffraction patterns shown in Fig. 4.2(a) revealed the presence of a hematite-
like phase as almost a single phase in all four samples where all of the diffraction peaks could
be indexed to rhombohedral structure of a-Fe2O3 with R3c space group (JCPDS file no. 33-
0664). For the as-prepared Mn/Cu/Ce-doped a-Fe203, no other crystalline phase corresponding
to their oxides and its related secondary or impurity phase was detected in the diffraction
pattern. However, to observe the effect of doping in host lattice structure, the high intensity
peak corresponding to (110) plane was monitored. The inset in Fig. 4.2(a) displays that a lower
angle shifting occurred for Cu and Ce doped samples where the former showed higher degree
of shifting in comparison to that of pure hematite. This observation can be explained based on
the ionic radius differences between the Cu?*(0.073nm) and Ce3*(0.101nm) /Ce** (0.097 nm)
dopants and Fe®*(0.065nm).1*%° The crystal lattice expands when a dopant with a larger ionic
radius is introduced. This causes tensile stress, which may increase the distances between
nearby atoms, causing peak shifting in a lower angle.'®!" However, the higher extent of peak
shifting in case of Cu doped sample could be due to the higher polarizing power of Cu?*
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compared to Ce®**/Ce* having larger ionic radius. On the other hand, a very nominal shifting
of 0.01° at higher angle was observed in case of Mn doped sample. The observation suggests
that Mn could exist in +11 or +111 state which has similar ionic radius'®® with Fe3* that causes
subtle differences in the electronic structure or charge distribution between the dopant and host
ions leading to a slight shift in the lattice positions.

The samples were subsequently examined by Raman spectroscopy (Fig.4.2(b)) to
support the XRD results. Hematite with its corundum structure falls into D3d point group. They
include two Alg modes involving symmetric stretching of oxygen atoms and five Eq modes
involving symmetric stretching and bending of iron-oxygen bond. The intense peak at ~225
cmt and the weak peak around 495 cm™ correspond to Alq modes, and the peaks around 251,
298, 411, and 613 cm* represent the Eq modes of a-Fe2Oz assigned as FETP 292! The additional
peak around 667 cm™ corresponds to IR active E, mode as reported in literature.?? However,
no such significant peak shifting was observed after doping of o-Fe.O3 samples. This
observation suggests that dopant has insignificant effect on the vibrational modes associated
with the lattice vibrations or molecular bonds. Therefore, it is suggested that the corresponding

dopant has integrated into the crystal lattice without causing major structural distortions.

FTIR study of the synthesized bare and doped iron oxide based samples are shown in
Fig. 4.2(c). Similar types of band were found in the case of the un-doped and doped a-Fe;Os.
The relative intensities and position of these bands have not changed significantly except with
the minor distortion in the band area spanning from 470 to 581 cm™* which represents the
distinctive stretching vibration of the Fe-O bond.?®Mn-O/Cu-O/Ce-O vibrational peaks are
predicted to resemble those in the Fe-O range (460-600 cm™), which makes them quite difficult
for precise identification.?#%However, with doping, the intensity of the Fe-O peak was also
found to decrease, which could be attributed to the distortion of Fe-O crystal lattice caused by
the presence of corresponding dopants.?®?"The O-H stretching and bending vibrations of the
absorbed water molecules in the samples were identified with the absorption bands at 3432 and
1629 cm?, respectively. A small band at 1115 cm™ corresponding to the bending vibration of
hydroxyl group (M—OH) was observed in all the samples.?*° FTIR study implies that the
dopant cations have no significant effect on the vibrational characteristics of undoped a-Fe20s.
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Figure 4.2: (a) XRD pattern, (b) Raman spectra and (c) FTIR spectra of bare and doped a-
FeoOs.

Fig. 4.3(a) shows the N adsorption-desorption isotherms of the samples (i) FETP, (ii)
FMNTP (iii) FCUTP and (iv) FCETP. According to the IUPAC classification, the curves show
type 1V isotherms, indicating the mesoporous characteristics of the samples. The BET surface
area follows the order as: FCETP>FCUTP>FETP>FMNTP. It is worth noting that during
precipitation and subsequent hydrothermal reaction process, Ce**/Ce** and Cu?*ions provide
additional nucleation sites, leading to the formation of solid products with larger surface
areas,> while Mn?*/Mn?" shows no significant effect on BET surface area of a-Fe20s. FCUTP
and FCETP samples exhibited H2 type hysteresis loops above the relative pressure (p/po) of
0.45 signifying ink-bottle-like mesopores, whereas H3 type hysteresis loop was exhibited by
FMNTP and FETP signifying narrow slit like pores. Here, pore geometry also plays an
important role in changing the surface area of the samples. Fig. 4.3(b) displays the

corresponding BJH pore size distributions where the pore diameter of all the samples is in the
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range of 3.3-3.7 nm. Table 4.1 shows BET surface area, pore volume and pore size values of
all samples. Among all the samples Cu doped a-Fe>O3 (FCUTP) shows maximum pore volume
compared to other samples. In particular, Ce doped a-Fe O3z (FCETP) having higher BET

surface area indicates lower pore volume than Cu and Mn doped a-Fe2Os.
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Figure 4.3: (a) BET isotherms, (b) BJH pore size distributions of bare and doped a-Fe>Os3.

Table 4.1: The textural properties of bare and doped a-Fe>Os3.

Sample ID SgeT (M?/gm)?2 Vp-Total (cmM3/gm)P DgiH (NmM)°
FETP 53.90 0.168 3.49
FMNTP 51.9 0.224 3.33
FCUTP 263.9 0.35 3.70
FCETP 312.5 0.111 3.50

a Specific surface area, ° Total pore volume, ¢ Pore diameter

The X-ray photoelectron spectroscopy (XPS) determines the valence states of Fe and
O ions and the surface chemical compositions of the representative bare and doped samples.
Fig.4.4 shows (a) survey peaks of FETP, FMNTP, FCUTP and FCETP, and (b) Mn2p, (c)
Cu2p and (d) Ce3d peaks for samples FMNTP, FCUTP and FCETP, respectively. Fig. 4.4(e)
Fe2p and (f) O1s shows the deconvoluted XPS spectra of bare and doped a-Fe20s, respectively.
The binding energies around 710.7-711.4eV and 723-724eV are indicative of Fe 2p3; and Fe
2p112 in the high resolution Fe 2p spectra, which correspond to Fe®* in a-Fe,O3 with two satellite
peaks, clearly distinguishable at ~717.7eV and ~731eV.*’However, a peak around 709.2-709.8
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eV was found in the case of all the samples except FCUTP, which could be the indication of
formation of intermediate y-Fe,O3z phase at the surface prior to the formation of stable a-
Fe»03 . The peaks at binding energies of 712.9, 711.3 and 710.3 eV indicate the presence of
Fe-O bond.*** However, the peak position at ~714.8 eV of FCUTP is due to the presence of
Fe3*ions.All of these observations therefore, rule out the presence of Fe?* species in the
samples. The oxygen atoms bonded to iron (lattice oxygen) and oxygen atoms of hydroxyl
groups (-OH) render peak positions of ~528.6-529.4 eV and ~530-530.2 eV respectively. The
defect sites arising due to low oxygen coordination exhibited peaks at ~531.1 eV, whereas
binding energies at 531.8-532.7 eV confirm the presence of chemisorbed and/or physisorbed
water (Fe-OH) molecules on metal surfaces.®®2’In the XPS spectrum of Mn2p (Fig.4.4(b)) for
sample FMNTP, two distinct peaks were discernible with binding energies of 640.35 and
~651.5 eV for Mn2pz/2 and Mn2p1s, respectively. Herein, Mn remains as (+11) and (+111) states
in the hematite lattice.® Nevertheless, satellite shake-up peaks at around 645.58 eV and 653.2
eV are the signatures of Mn2ps;z and Mn2p12, respectively.®>%° Fig. 4.4(c) shows Cu 2ps2 and
Cu 2py2 binding energies of FCUTP at around 931.8 and 951.8 eV, respectively with their
separation of 20 eV, indicating the presence of Cu?‘in the lattice.*'*? The Ce3d spectrum of
FCETP was deconvoluted into five primary peaks at 891.3 (Ce 3ds2), 897.6 (Ce 3ds/2), 907.9
(Ce 3ds12), 903.10 (Ce 3dsr2), and 895.2 (Ce 3ds/2) eV, the former 3 peaks are due to Ce* while
the latter 2 peaks are assigned to Ce**(Fig. 4.4(d)). It confirms the coexistence of Ce3* and
Ce**in the lattice.**** All of the above findings confirm the successful doping of metal ions in

the hematite lattice.
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Figure 4.4: XPS spectra of (a) Survey, (b) Mn (2p), (c) Cu(2p), (d) Ce (3d), (e) Fe2p and (f)
Ol1s for bare and doped a-Fe2Os.

The morphology of a catalyst is crucial for catalytic degradation as it influences the
surface area, accessibility of active sites, mass transport, thereby controlling surface/volume

ratio.*> The FESEM and TEM images of the doped and bare a-Fe2O3 samples are shown in
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Figs. 4.5 and 4.6, respectively. Fig. 4.5(a) shows the FESEM image of well dispersed quasi-
ellipsoid shaped a-Fe,Oz particles with an average width of 300-320 nm and of length of 600-
670nm.The Mn-doped o-Fe>Os (FMNTP) resembled plate like morphology (Fig.4.5(b))
whereas, agglomerated particles were noticed for Cu (FCUTP) and Ce doped a-Fe2O3 (FCETP)

(Fig. 4.5(c) and Fig. 4.5(d)).

Figure 4.5: FESEM images of bare and doped a-Fe,Oz particles :(a) FETP, (b))FMNTP, (c)
FCUTP and (d)FCETP.

A similar kind of microstructural feature is also clearly observed in TEM images for all
the samples (Fig. 4.6). In the absence of any dopant cations, quasi-ellipsoid shaped a-Fe>O3
particles was noticed (Fig. 4.6(a)). TEM images of FMNTP, FCUTP and FCETP (Fig. 4.6(b)-
(d)) exhibit highly porous microstructure of the samples. Fig.4.6(e)-(h) show the lattice fringe
spacing in the range of ~0.26-0.28 nm for all the samples which was in good agreement with
the spacing of the (110) lattice plane of a-Fe20s. A slight increase in lattice spacing of FCUTP
and FCETP is due to ionic size mismatch of Cu?* and Ce3*/Ce** with Fe3*in the lattice, which

goes in accord with the XRD peak shifting in lower angle.

127



FJe203 and doped Fe203 catalysts

(b)

100 nm

Figure 4.6: TEM images of bare and doped o-Fe2Oz3 particles: (a) FETP, (b) FMNTP, (c)
FCUTP and (d) FCETP; HRTEM image of (¢) FETP (f) FMNTP (g) FCUTP and (h) FCETP.
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EDX analysis confirms the doping concentrations (wt%) of Mn, Cu and Ce in a-Fe>Oz particles
as 3.48, 3.69 and 3.25% for the samples (a) FMNTP, (b) FCUTP and (c) FCETP, respectively

(Fig.4.7).
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Figure 4.7: EDX spectra of doped a-Fe2O3 particles (a) FMNTP, (b) FCUTP and (c) FCETP.

4.3.2 Optical properties

The diffuse reflectance spectra reveal that FETP after metal doping exhibits stronger absorption
in the visible region. It has been observed from the Kulbelka-Munk (K-M) plots that bandgap
narrowing occurs with doping of Mn, Cu and Ce atoms into a-Fe2Os3 lattice from 1.9 eV (for
bare a-Fe203) to 1.2, 1.7 and 1.6 eV, respectively (Fig. 4.8(a)-(d)). This lowering of bandgap
after metal doping further enhances visible light harvesting, which leads to an improvement in

the photocatalytic performance.
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Figure 4.8: K-M Plots of (a) FETP, (b) FMNTP, (c) FCUTP and (d) FCETP.

4.3.3 Methylene blue degradation studies

Photocatalytic activity of iron oxides was examined by degradation of MB in the presence of
visible light (A > 420 nm). Within 60 min, all samples achieved adsorption equilibrium. The
adsorption effectiveness of doped samples was observed to be higher in the case of FCUTP
and FCETP with larger surface area compared to Mn doped (FMNTP) and un-doped a-Fe2O3
(FETP). Fig. 4.9 shows UV-Visible absorption spectra of MB degradation for the bare and
doped a-Fe.O3 samples: (a) FETP, (b) FMNTP (c) FCUTP and (d) FCETP. The results of the
blank test indicate that there was a little MB self-degradation under light. It was found that the
distinctive absorbance peak at 664 nm gradually diminished over time. Fig. 4.9(e) shows the
amount of photodegradation of MB over time for the samples FETP, FMNTP, FCUTP and
FCETP respectively. The maximum % dye removal efficiency was shown by FCUTP (~91%)
followed by FCETP (85.3%) and FMNTP (75.7%) within 60min of exposure time. Table 4.2

shows comparative data for MB dye removal efficiency.
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Figure 4.9: (a)-(d) UV-Visible absorption spectra and (e) degradation of MB for bare and

doped a-Fe203 samples.
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Table 4.2: The removal % of MB in the presence of different photocatalyst.

Sample Removal % Rate constant Ref
ID (mint)
MnTiOs/TiO2 catalyst 76.0 0.005 46
GF/TiO2 NTA 65.9 0.008 47
CuO nano particle 78.0 0.012 48
RM derived Cu 90.9 0.040 Present
dopeda-Fe,O3 catalysts work

The stability of the photocatalyst was explored by testing reusability of the best performing Cu
doped photocatalyst (FCUTP) under optimal conditions. Removing the photocatalyst from the
reaction solution after each cycle, it was washed with distilled water followed by drying at 60
°C to remove organic contaminants. As shown in Fig. 4.10(a), there was no significant change
in the photocatalytic activity of up to three cycles followed by gradual decrease in removal
efficiency of MB. Furthermore, XRD analysis of the FCUTP sample were carried out to
confirm the change in the crystalline structure before and after the 4™ cycle, as shown in Fig.
4.10(b). The crystal structure of FCUTP sample was nearly identical to the pristine sample, as
revealed from XRD analysis conducted after four sequential photodegradation reactions. This

outcome unequivocally confirmed the good stability of the photocatalyst.
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Figure 4.10: (a) Recyclability test (b) XRD pattern of FCUTP for photostability test.
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Fig.4.11 shows the logarithm plots of absorbance —In(C;/C, ) versus reaction time (t) for all
the samples where the pseudo-first order kinetics was found to be followed.

Where, C, represents the initial concentration of dye and C; represents the concentration of dye
at reaction time t(min) and K represents the rate constant of reaction.

Table 4.3 represents the, percentage of adsorption, percentage of pollutant degradation and rate
constants of the samples. It shows that % adsorption and degradation of MB as well as rate
constant significantly increased with Cu doping (FCUTP) followed by Ce doping (FCETP).
Instead of lower surface area of Cu doped a-Fe2O3 than Ce doped a-Fe2O3, the former shows
higher % adsorption because of increased pore volume. However, with Mn doping (FMNTP)
an insignificant % of adsorption and degradation of MB was noticed because of lower surface
area. The effect of dopant cations in a-Fe.O3 lattice on the adsorption and degradation

mechanism of MB has been explained shortly in Section 3.5.
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Figure 4.11: The logarithm plots of the absorbance (—In(C;/C,)) with reaction time for bare
and doped a-Fe;Oz sample: (a) FETP, (b) FMNTP, (c) FCUTP and (d) FCETP.
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The experiment under simulated solar light (CX-05E, AC input 200-240 , 300 W Xe lamp) was
also performed using the best performing Cu doped o-Fe.Oz photocatalyst (FCUTP).
Accordingly photocatalytic rate constant (K) (Fig. 4.12 (b)) was calculated by re-plotting
photodegradation ratio (Fig. 4.12 (a)) following first order reaction equation as discussed
earlier. Interestingly, in presence of solar light, a comparable photocatalytic efficiency was

achieved with rate constant of 0.0369 min™’.
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Figure 4.12: (a) Degradation of MB with time, (b) The logarithm plots of the absorbance
(—In(C;/Cy) with reaction time for Cu doped a-Fe2O3z sample (FCUTP).

Table 4.3: The %adsorption and %degradation of MB, rate constant of the bare and doped a-

Fe>Os sample.

Sample ID % of MB % of MB Rate constant (K)
adsorption degradation in min!
FETP 4.78 72.9 0.02326
FMNTP 7.82 75.7 0.02348
FCUTP 17.8 90.9 0.04010
FCETP 15.6 85.3 0.02881

134



Fe203 and doped Fe203 calalysts

4.3.4 Quenching Studies

The photocatalytic process is commonly occurred with some important photo-induced reactive
species, such as hydroxyl radicals (*OH), holes in HOMO (h*), and electrons in LUMO (e").%°
Typically, isopropyl alcohol (IPA), a specified scavenger of *OH radicals, was employed under
optimum conditions to identify the responsible free radicals against the best performing Cu
doped system. The dye removal efficiency was significantly reduced on addition of IPA
indicating the strong influence of *OH radical during oxidation process. Notably, in the
presence of IPA, the removal percentage decreased from 90.9 % to 81.6 % in 60 min of reaction
time. The results demonstrated that *OH radicals were the predominant reactive species causing
effective breakdown of the conjugated system. However, addition of AgNOz (an electron
scavenger) also showed a negative impact on the rate of reaction, indicating the role of electrons

as a reactive species for the photocatalytic degradation process.

Fig. 4.13 illustrates TOC reduction for the concerned dye utilising the best-performing
material FCUTP in different reaction times with 0.4 gm/L of catalyst concentration. In 60min,
~91% colour and ~84.7% TOC removal yielded the highest levels of decolorization and
mineralization, respectively. However, after being exposed to visible light for 90 minutes,
86.5% of the TOC content was attained without any effect on decolouration.
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Figure 4.13: TOC removal% at different reaction time.

135



FJe203 and doped Fe203 catalysts

4.3.5 Photoelectrochemical Performance and Mechanistic Study

In order to explore how doping of a single semiconductor with various metal atoms can
influence the rate of charge carrier recombination and facilitate interfacial charge transfer, the
photoelectrochemical investigation was carried out. Linear Sweep Voltammetry measurements
were performed under light irradiation condition in order to determine the photo response of
the as-synthesized materials of bare a-Fe203, and 3 wt% doping content of Mn, Cu and Ce
each. Fig. 4.14(a) shows that among all samples, the highest photocurrent density of ~1.1uA
/cm?was obtained for FCUTP at 0.9 V vs Ag/AgCl, which is equivalent to 2-fold augmentation
as compared to bare FETP (0.5 pA /cm?). FMNTP and FCETP exhibit a photocurrent density
of 0.91pA /cm?and 0.8 1pA /cm?at 0.9 V vs Ag/AgCl, respectively. Moreover, there has been
a slight cathodic shift in the onset potential for Cu, Mn and Ce doped FETP with respect to
pure FETP, which also indicates an enhancement in the photoelectrochemical performance
after doping with the metal atoms. Fig. 4.14(b) represents the linear sweep voltammogram of
FCUTP with 0.5 and 2% doping concentrations of Cu. It was observed that FETP with 3% Cu
doping exhibits the highest photocurrent density (Fig. 4.14(a)) as compared to other
compositions (Fig. 4.14(b)). The transient photocurrent measurements have been carried out in
order to determine the stability of the materials against photo corrosion (Fig. 4.14(c)). It was
observed that FETP samples after doping with Mn, Cu and Ce are fairly stable under light

irradiation.

Electrochemical impedance measurements were carried out to understand the charge
transport and migration at the electrode and electrolyte interface. Fig. 4.13(d) shows the
Nyquist plots of the photoanodes, which have been further fitted with the Randles-equivalent
circuit model as represented in the inset of the corresponding figure and Table 4.4. The lowest
charge transfer resistance was observed for FCUTP (576 kQ2) as compared to bare FETP (1950
kQ) which reveals that the charge transfer and conductivity improves considerably at the

electrode-electrolyte interface after doping with Cu.
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Table 4.4: Fitting parameters of Nyquist plots.

Material Rs/Q Rcr/kQ | Ccr/uMho W/Q
FETP 72.5 1950 4.5 60100
FMNTP 130 1511 5.6 0.009
FCUTP 60.8 576 9.0 0.001
FCETP 58.3 1790 4.1 0.006
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Figure 4.14: Linear Sweep Voltammogram of (a) FETP, FMNTP, FCUTP, FCETP, (b)
FCUTP-0.5%, FCUTP-2%, (c) Transient photocurrent spectra, (d) Nyquist plots of FETP,
FMNTP, FCUTP, FCETP.
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In order to gain insight into the relative band structure, the flat band potential (Em),
nature of semi conductivity and charge carrier concentration (Ng) have been determined using

Mott-Schottky analysis. The Mott-Schottky equation is as follows:

1 2 kT
—_= — (Eapp_Efb_z) (4.4)

C? qeyeNg

Here, the junction capacitance is denoted by C, the donor density is represented by Ng, and
eorepresent the dielectric constant of the semiconductor and the absolute permittivity of
vacuum, respectively. Eapp and Egm specify the applied potential and the flat band potential,
respectively. The Boltzmann constant is indicated as k, and q denotes the elementary charge of
an electron.>®>! It was observed that pure FETP shows n-type semiconductivity which does not
change upon doping with different metals. The flat band potentials (Ew)for FETP, FMNTP,
FCUTP and FCETP were noted as —0.32, —0.37, —0.38 and —0.40 V vs Ag/AgCl, respectively
(Fig. 4.15). On the basis of difference in conduction band (CB) and Es, the conduction band
minima (CBM) has been calculated as shown in Table 4.5. Furthermore, the valence band (VB)
position has been estimated from the bandgap values and position of CBM of the as-

synthesized materials.
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Figure 4.15: Mott-Schottky plots of (a) FETP (b) FMNTP (c) FCUTP (d) FCETP.
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Interestingly, the charge carrier concentration of FETP increases after doping of different
metals (Table 4.5). Moreover, FCUTP exhibits the highest charge carrier concentration
(17.5x10* cm~2) among the as-synthesized materials which is 4.1 times higher than that of
bare FETP (4.3 x 10 cm~3). The relative energy band diagram of bare FETP and FETP after

doping with various metals has been presented in Fig 4.17.

Table 4.5: Position of conduction band, valence band and donor density of as-synthesized

materials.
Material Efovs Efovs CBM | Bandgap VB Na(cm3)
Ag/AgCI(V) | RHE (V) | (eV) (eV) (eV)

FETP ~0.32 0.29 0.09 1.9 1.99 4.3x10'8
FMNTP ~0.37 0.24 0.04 1.2 1.24 10.4x10%8
FCUTP ~0.38 0.23 0.03 1.7 1.73 17.5x10%8
FCETP ~0.40 0.21 0.01 1.6 1.61 4.8 x10'8

The Photoluminescence (PL) spectra of a-Fe2Oz and the doped hematite, excited at 350
nm is depicted in Fig. 4.16. Each material shows strong luminescence band at 404nm and 429
nm which might correspond to blue emission caused by electron and hole recombination. The
emission arises from radiative recombination process where excited electrons in the CB
recombine with holes in the VB releasing photons with equivalent energy. The presence of
ionized oxygen vacancies and structural flaws creates additional energy levels leading to
emission in longer wavelength ~452nm.%>>* Notably, the decrease in PL intensity in case of
doped samples suggest lowering in electron-hole pairs recombination rate; thereby, indicating
enhanced charge carrier separation efficiency which is consistent with other experimental
findings.>® The intensity was found to be lowest in case of Cu doped o-Fe,O3 (FCUTP) which
can be correlated with the highest photocurrent generation as observed from the

photoelectrochemical measurements.
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Figure 4.16: PL spectra of bare and doped a-Fe2Os3.

For mechanistic approach of photocatalytic degradation of MB, it is understood that
during catalytic breakdown of H2O: in the presence of catalysts, H>O; acts as a significant
source of *OH production in the Fenton reaction. In this case, hydroxyl (*OH) and peroxide
(HO2¢) radicals are produced when H20; is adsorbed on the catalytic surface.*® The active sites
of the catalytic surface get reacted by means of these radicals. Adsorbed H,O: triggers a
reaction in addition to the free radicals where a chain process drives the reactions forward.

Ultimately, the released hydroxyl (*OH) radicals degrade the MB dye.
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Figure 4.17: Schematic representation of relative energy band diagram of doped a-Fe2O3.

The enhanced photocatalytic activity of a-Fe-Oz doped with Cu, Ce, and Mn was
ascribed to several factors like increased surface area, reduced band gap energy, decreased
electron-hole recombination rate and enhanced electron-hole production efficiency in
comparison to undoped a-Fe,O3. Cu doped a-Fe2O3 exhibited superior photocatalytic
performance despite higher band gap energy and a smaller surface area compared to Ce doped
Iron oxide. This can be explained by the higher photo response as observed from
photoelectrochemical measurements. With exposure of light, it generates more free electrons
in the redox reaction during the photocatalytic process. Instead of having lower band gap
energy and slightly higher photo response of Mn doped sample as compared to Ce doped
sample, the former showed lower photocatalytic performance. The low surface area of Mn
doped sample with decrease in catalytic active sites could be the reason for its poorer catalytic
performance. It is inferred that a synergistic effect of adsorption and photocatalysis takes part
for photocatalytic degradation of MB with a number of governing factors like surface area,

pore volume, band gap energy and photo response of the metal doped a-Fe20:s.
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4.4 Conclusion

In this study, metal doped iron oxide-based catalysts derived from red mud were effectively
synthesized by a simple hydrothermal process followed by their degradation study of
methylene blue. The Ce doped a-Fe,O3 shows a maximum surface area of 312.5 m?/gm while
Cu doped sample renders maximum pore volume of 0.36 cm3/gm. Microstructural studies
reveal well-dispersed quasi-ellipsoid shaped o-Fe2Os particles for undoped samples that get
agglomerated with metal doping. XPS study confirms the presence of Mn?*/Mn®*, Cu?",
Ce**/Ce*" in 0-FeOs lattice wherein Fe exists as Fe**state.Cu doped a-Fe203 shows maximum
% adsorption and photocatalytic degradation of MB due to its higher pore volume and photo
response ability with significant increase in charge carrier concentration (17.5x10'® cm).
Nyquist plots for the metal-doped samples demonstrates a considerable lowering in the charge
transport resistance in comparison to the pristine iron oxide. Experiments on radical capture
reveals that electrons in addition to the hydroxyl radical produced from H2O; are essential for
the breakdown of MB solution. Iron oxide-based photocatalysts derived from red mud presents
a viable, environmentally acceptable way to effectively remove organic dye from water.
Additionally, the eco-friendly nature of iron oxide photocatalysts aligns with the growing

emphasis on sustainable technologies including solar fuel production and CO2 photoreduction.
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Summary and future directions

4.1 Summary

The present Ph.D. thesis work demonstrates the synthesis of agro waste and industrial waste
based nano adsorbents. Agro waste rice husk ash was utilised for the synthesis of zeolite based
adsorbents (MgO-zeolite and alumina gel@zeolite X composites) whereas industrial waste red
mud was utilised for the synthesis of iron oxide based adsorbents and iron oxide based
photocatalysts. The crystal structures, textural, microstructural and spectroscopic properties of
the synthesized mesoporous materials and composites were analysed. The synthesized
materials were employed as adsorbent/photocatalyst for the removal of different water

pollutants. The thesis comprises of four Chapters

In Chapter 1, A general overview of water pollutants with various removal methods, their
advantages and disadvantages was focused. Herein, different types of agricultural and
industrial waste products, their uses and adverse effects was discussed. The significant
emphasis has been given on the adsorption and photocatalysis processes due to their merits

over other processes towards the removal of water contaminants.

In Chapter 2, the use of zeolite based adsorbent derived from rice husk ash was discussed in
two subsections.

In chapter 2A, a facile template free synthesis of zeolite A-MgO composite was
described in the presence of zeolite A, MgCl, and urea solution under hydrothermal reaction
at 150 °C for 5 h followed by calcination at 600 °C/2 h. The simultaneous crystallization of
MgO and NaA zeolite within the composite was confirmed by XRD and FTIR analysis.
FESEM studies revealed formation of nano-sheet like MgO particles (50-70 nm) adhering to
the the surface of NaA zeolite crystals (1um). The sample exhibited a BET surface area of 69
m*gm and a pore size of 3.9 nm, suggesting the structural integrity of the zeolite with
additional surface area and porosity through the incorporation of MgO nano-sheets. XPS study
reflects the presence of Mg?* indicating successful incorporation of Mg?" in the composite
material. Employing 1 gm/L of the Zeolite A-MgO composite dosage, 94% removal efficiency
of fluoride was achieved within 90 min at pH 6.8. A probable mechanism for the adsorption of

fluoride from aqueous solution was discussed.

In chapter 2B, a simple sol-gel synthesis of alumina gel@zeolite X nanocomposite was
discussed prepared from rice husk ash derived zeolite X and alumina sol. The synthesized nano
composite was characterized by XRD, FTIR, XPS, nitrogen adsorption-desorption study and

FESEM and TEM. The aggregation pattern observed from microstructural studies infers a close

146



Summary and future directions

association between the nanoscale alumina particles (50 to 100 nm) and the micron-sized
zeolite X particles (0.5 to 1 um). This synthesized material with BET surface area 257 m%*/gm
was employed for fluoride (F~) ion adsorption with batch and column studies. In batch studies,
the Langmuir model best described the adsorption isotherm, showing a maximum adsorption
capacity of 103.6 mg/gm with an adsorbent dose of 0.5 gm/L. In column studies, the adsorption
capacity (o (mg/gm) increased with higher initial fluoride concentrations and faster flow rates,
but decreased with increasing bed heights. The breakthrough curves in column studies were
analysed using different mathematical models. Among them, the Thomas model provided a
best fit with the experimental data, while the bed depth service time (BDST) model determined
the adsorption capacity of 2933.55 mg/L under the optimum conditions.

In Chapter 3, hydrothermally (150 °C/6-24 h) synthesized iron oxide (a-Fe2O3) derived from
red mud in the presence of NH4OH was discussed. The crystalline phase of a-Fe,O3; was
confirmed by X-ray diffraction study which was further supported by Raman spectroscopic
analysis. Microstructural investigation of the synthesized products obtained at 150 °C/24 h
reveals the formation of flake-like structure. With increasing reaction time, the BET surface
area decreased in the order of 347, 331 and 136 m*/gm for 6 (FENH6), 12 (FENH12) and 24 h
(FENH24), respectively. To study de-arsenification of water with the prepared iron oxide,
influence of various factors like contact time, adsorbate and adsorbent concentrations, pH and
temperature toward adsorption capacity was discussed. The highest adsorption capacity for
As(V), ranging from 32 to 41 mg/gm, was achieved with an adsorbent dose of 0.25 gm/L. The
adsorption process followed pseudo-second order kinetics and was best described by the

Langmuir isotherm model. A tentative adsorption mechanism was also proposed.

In Chapter 4, hydrothermal synthesis of iron oxide based photocatalysts at 150 °C/24 h in the
presence of tetra propyl ammonium hydroxide was illustrated. The incorporation of various
metal (Mn, Cu, Ce) dopant ions into the o-Fe>O; lattice significantly enhanced the
photocatalytic performance of the catalysts in degrading methylene blue (MB) dye. The
synthesized products were characterized by XRD, FTIR, UV-Visible spectroscopy, XPS,
Raman spectroscopy, nitrogen adsorption-desorption study, FESEM, TEM, solid state UV and
photoluminescence (PL) spectroscopy. The formation of rhombohedral a-Fe;Os phase in the
synthesized samples was confirmed by XRD and Raman spectroscopy. The incorporation of

the metal dopants was assessed by XPS studies. The mesoporosity of all the samples was
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evident from N> adsorption-desorption studies which showed highest surface area for Ce doped
0-Fe20s (312.5 m?/gm) followed by Cu doped (263.9 m?*/gm), bare a-Fe>Os (53.9 m?*/gm) and
Mn doped 0-Fe>03 (51.9 m?/gm). This study revealed that doping of Mn, Cu, and Ce in a-Fe,Os
structure significantly impacts its photocatalytic performance. Kulbelka-Munk (K-M) plots
showed that the bandgap of a-Fe,Os; decreased from 1.9 eV to 1.2, 1.7 and 1.6 eV with the
incorporation of Mn, Cu, and Ce metal ions, respectively, enhancing light absorption.
Electrochemical impedance spectroscopy demonstrates that the Cu-doped a-Fe>O3 showed
lowest charge transfer resistance, indicating improved charge transfer and conductivity at the
electrode-electrolyte interface compared to undoped Fe.Os (FETP). Photocatalytic tests
revealed highest removal efficiency (91%) of Cu doped a-Fe>O3 for degradation of MB dye
followed by Ce-doped (85.3%) and Mn-doped a-Fe;O3; (75.7%) within 60 minutes. An
interrelationship amongst the morphology, textural properties and the photocatalytic efficiency

of a-Fe>O3 photocatalysts was established.

4.2 Future directions

The current thesis work provides a profound research direction on the synthesis and tuning
properties of agro and industrial waste derived mesoporous adsorbents and photocatalysts for
removal of water contaminants. Sustainable decontamination of major inorganic and organic
water pollutants from water using waste based mesoporous materials is still demanding and
challenging task. With the motivation of present dissertation work, future research direction

could be proposed as follows:

1) Simultaneous removal of different inorganic and organic pollutants by using
composite adsorbent material with tuned morphology and surface properties
derived from different agro and industrial waste based products could address
several critical challenges in environmental remediation and resource management.

i) Mesoporous zeolite and iron oxide-based materials and composites extend many
possibilities beyond environmental uses. Due to their unique structural and
chemical properties, they are finding increasing demand in energy storage,
renewable energy, and biomedical fields. The synthesis techniques described in this
thesis can be adopted to prepare other mesoporous metal oxides and composites

with tailored properties and broader applications.
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i) The future work plan also includes utilization of exhausted sludge to prepare glass-
ceramic foam, aiming to prevent further secondary pollution. The main concept
behind immobilizing toxic components in a glass-ceramic host is to synthesize a
robust material that can be safely disposed or repurposed for beneficial uses. The
glass-ceramic foams could be applied as building materials due to their thermal and
acoustic insulating properties. Thus, it may explore new applications to maximize

its potentiality in sustainable waste management.

The present dissertation work is significant for the benefit of living beings in terms of

environment and health issues.
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