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ABSTRACT

Water serves as the basis of life on Earth, vital for all living organisms and a critical asset
for human society. Ensuring access to clean and affordable water stands among the
fundamental objectives, yet it remains a tough global challenge. The issue of
environmental contamination especially regarding water pollution has long been a matter
of public concern. Addressing this issue demands the removal of pollutants from different
water sources to enhance their quality. Among the pollutants persisting in polluted water
are heavy metals, inorganic compounds and organic dyes which entered into the
environment through untreated sewage, hazardous industrial discharges, the disposal of
effluents from various industrial and the agricultural runoff into water bodies. Presently,
numerous developing nations confront the persistent issue of water contamination.
Various methods including physico-chemical and bioremedial measures have been
applied to remove different pollutants from wastewater. Among various techniques, the
adsorption method stands out as a promising physical approach for the treatment of
wastewater containing organic and inorganic contaminants because of certain advantages
like cost-effectiveness, ease of handling and good efficiency. Adsorbents are classified
into two categories: natural and synthetic. Natural adsorbents are economically viable,
abundantly available and exhibit considerable potential for removing both inorganic and
organic pollutants from wastewater. However, traditional adsorbents have demonstrated
limited effectiveness in removing hazardous contaminants from wastewater due to their
low adsorption capacities. Consequently, various synthetic adsorbents have been studied
to address this limitation. Over the past two decades, synthetic adsorbents have been
extensively synthesized from a variety of industrial and agricultural waste materials to

effectively remove diverse pollutants from contaminated water sources.

In recent times, there has been a growing interest in the application of nano materials and
their composites for wastewater treatment. These materials possess distinctive size, shape
and physiochemical properties that facilitate the removal of impurities from water.
Amongst several nano-materials, magnetic nano ferrites along with their synthesised
composites have garnered significant attention in wastewater treatment. Nano ferrites
exhibit remarkable magnetic properties, allowing easy removal by applying an external
magnetic field from water after its treatment. However, despite their effectiveness as
adsorbents, nano ferrites are prone to short-term performance issues and low stability in

an aqueous solution. To address these drawbacks, magnetic ferrites are being modified
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with different materials which has emerged as a crucial strategy to enhance their stability
against oxidization and aggregation. Moreover, the modification of surface increases the
possibility of surface functionalization, thereby improving their capacity of adsorption as
well as selectivity towards target pollutant. Among the various types of surfactants,
polymers etc. bio-waste modified spinel ferrites have gained significance owing to their
unique properties like non-toxicity, cost- effectiveness and higher adsorption capacity for
treating wastewater. Consequently, in the present study, bio-wastes such as pine cone,
walnut shell and pistachio shell have been employed to alter the surface properties of
nano ferrites. These modified ferrites were then utilized to adsorb different dyes and
Cu(Il) metal ion from waste water. The review of literature suggests that among the
various synthesis methods, the low temperature combustion method stands out as a
simple, time efficient and cost effective approach for synthesizing nano metal ferrites. So,
in this research study, magnetic ferrites have been synthesized using low combustion
method and their composites have been prepared using low cost bio-waste materials viz.

pine cone, walnut shell and pistachio shell under ambient environmental conditions.

The surface characteristics of the magnetic ferrites and their bio-waste based composites
were assessed using Fourier Transform Infrared (FTIR) spectroscopy while their
crystallite size was examined by X-ray Diffraction (XRD). The morphological structure
was determined using Scanning Electron Microscopy (SEM) and elemental composite
was determined by Energy Dispersive Spectroscopy (EDS). The surface area was
analysed by the Brunauer-Emmett-Teller (BET) technique. The thermal stability of
material was evaluated through Thermogravimetric Analysis (TGA) while the pH of point
zero charge (pHpzc) was calculated to assess the pH at which there is net zero charge on
the surface of the material. The FTIR spectra of various metal ferrites and their bio-waste
based composites indicated successful attachment of the bio-wastes onto the surfaces of
metal ferrites. X-ray Diffraction spectra confirmed the phase purity and spinel character
of the prepared metal ferrites which was also found in the metal ferrite bio-waste
composites despite their surface modification. The average crystallite size of metal
ferrites varied from 20 to 40 nm, whereas for the bio-waste composites, it increased from
30 to 60 nm. SEM analysis revealed that the pure metal ferrites exhibit granular structure
and varied particle size while the bio-wastes showed a rough, flaky structure. The
composites exhibit uneven surface with ferrites attached on the surface. EDS analysis

revealed the elemental composition of the metal ferrites before and after surface



modification, showing a rise in the carbon content and a decline in other elemental
constituents in the metal ferrite bio-waste composites compared to the simple metal
ferrites. BET analysis revealed that the specific surface area of pure metal ferrites ranged
from 0.4 to 2 m2/g, while for the metal ferrite bio-waste composites, it increased from 1
to 4 m2/g, confirming the attachment of the bio-wastes onto the surfaces of the metal
ferrites. TGA analysis revealed the thermal stability of different bio-waste composites.
pH point zero charge analysis showed that the calculated pHpzc values for the bio-waste
based metal ferrites composites ranged from 5.5 to 7.5.

The adsorption behavior of various magnetic ferrite bio-waste composites was studied for
inorganic metal ions and organic dyes using batch adsorption method. Preliminary studies
were conducted to determine the most suitable magnetic ferrite bio-waste composites,
which were then selected for further analysis of their adsorption behavior towards
selected dyes in single, binary, ternary systems and metal ions. Therefore, the adsorption
studies demonstrated the specificity of different magnetic composites towards particular
types of dyes and Cu(ll) metal ion in aqueous solution. Analysis of the adsorption data
obtained from kinetic and thermodynamic equilibrium studies revealed that the magnetic
bio-waste composites serve as effective materials for removing various cationic dyes
from different dye systems and Cu(ll) metal ion. Additionally, the adsorption kinetic
studies affirmed that the Pseudo second order model fitted best for the removal of cationic
dyes (in single, binary, ternary systems) and Cu(ll) metal ions by using various magnetic
ferrite bio-waste composites followed the. These findings indicated chemical nature of
adsorption process for the adsorption of various cationic dyes and Cu(Il) metal ion. The
adsorption behavior of different dyes and Cu(ll) ion was studied by changing the pH
values between 3 and 11 and adsorbent dosage from 0.1 - 0.5 g. Optimal removal
percentages were observed at pH 6-7 for dyes and pH 7 for Cu(ll) metal ion. Furthermore,
the adsorption behavior of prepared composites was assessed at varying concentrations
ranging from 50 to 250 mg/L (single dye system) and 20 to 100 mg/L (binary and ternary
dye system). It was observed that adsorption capacity (Qe) of cationic dyes and Cu(ll) ion
increased as the concentration of adsorbate increased in single, binary and ternary system.
The effect of concentration was determined at three distinct temperatures which were
25°C, 30°C and 35°C. Results from the temperature study revealed the endothermic
nature of adsorption process. Different isotherm models including Langmuir, Freundlich,

Temkin and Dubinin-Radushkevich (D-R) model were employed to analyse the
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adsorption equilibrium behavior of different magnetic composites in both single as well
as multi-component systems. The findings indicated that among the different isotherm
models, the equilibrium data for various dyes was best described by the Langmuir model
which suggests that the surface of various magnetic ferrite bio-waste composites contain
uniform active sites and Cu(ll) ion fitted best with Freundlich model. The cationic dyes
form a monolayer on the surface of the magnetic composites. Regenerating nano ferrites
based bio-waste composites post-adsorption is crucial in assessing the performance of the
material. The effectiveness of the adsorbent after recycling process is the primary factor
in determining its cost efficiency. Hence, the regeneration capabilities of various metal
ferrite bio-waste composites were individually studied in different systems over five to
six successive cycles. The calculated data clearly demonstrates that even after five to six
adsorption-desorption cycles, the magnetic ferrite bio-waste composites still maintained
a good regeneration efficiency. These findings highlighted the favourable reusability of
the metal ferrite bio-waste composites, yielding notable outcomes. In summary, the study
suggests that magnetic bio-waste composites are environmentally friendly, highly
selective and cost-effective in nature. They could serve as viable alternatives for removing

various dyes and metal ions from wastewater.
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1.1. General Introduction

Improved standard of living, world’s continuous rising population demand more natural
resources. With the increase in demands on global scale, the problems of environment are
also increasing. Among all the natural resources, water is the vital component which is
responsible for the proper functioning of the ecosystem.? About 71% of Earth’s surface
is covered with water which comprises of 97% salty water, 2% water available which is
in frozen form and the remaining 1% water which is utilized for various purposes such as
household chores, drinking, industrial applications etc.? Water pollution worldwide
emerge as the biggest problem of this century, so United Nations (2015) in their 17
Sustainable Development Goals (SDGs) also highlighted the issue in their Sustainable
Development Goal number 6 which states “Clean water and sanitation for all” by the
year 2030. Safe water access is essential for economic growth as well as productivity.®
Water pollution is one of the problem which contributes majorly to the environmental
pollution.* Access to reliable clean water becomes a global challenge of 21% century.®
According to the Sustainable Development Goal 6 established by the United Nations,
“reaching universal coverage by 2030 will necessitate a significant boost in current
worldwide advancement rates: a six-fold increase for drinking water, a fivefold increase
for sanitation and an eightfold increase for hygiene”.% In accordance with Goal 6's target
6.2, “By 2030, achieve universal and equitable access to safe and affordable drinking
water for all. By 2030, achieve access to adequate and equitable sanitation and hygiene
for all and end open defecation, paying special attention to the needs of women and girls
and those in vulnerable situations”. As per target 6.3, “By 2030, improve water quality
by reducing pollution, eliminating dumping and minimizing release of hazardous
chemicals and materials, halving the proportion of untreated wastewater and substantially
increasing recycling and safe reuse globally”.”® The main problem recognized is
untreated water discharged from various sources such as agriculture, industries, municipal
etc. to water bodies which affects the quality of water and harm the aquatic organisms
and ultimately results in water pollution.® Therefore, in much affected areas, it is much
important to implement basic technologies for the treatment of waste water. Recycling,
reduce and reuse of water are vital in reduction of wastewater pollution as well as in the

contamination of fresh water resources.°
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Figure 1.1: Sustainable Development Goal 6

From all the sources, the discharge of industrial waste water in natural water bodies pose
serious threats to the life existing on earth.!* Various industries such as metal refining,
automobile, textile, pharmaceuticals, cosmetic, paint manufacturing etc. contribute
various type of pollutants to the water bodies.>*® The pollutants are majorly categorized
into organic pollutants and inorganic pollutants. As a consequence, water pollution
caused by both organic and inorganic contaminants has emerged as the most substantial
environmental concern that endangers human existence on a global scale.'®!" Different
pollutants include heavy metals'®2°, dyes?!?2 antibiotics, metalloids?*2*, Surfactants!’:18,
insecticides, herbicides®®, pesticides!®® etc. have been discharged without their prior
treatment. From the above mentioned pollutants, dyes and heavy metals are of great

concern because of having mutagenic and carcinogenic properties. 31725
1.2. Target Pollutants

Dyes and heavy metals are non-biodegradable compounds which cannot be eliminated at
the time of wastewater treatment in effluent treatment plants and are of great concern
because water is the basic necessity and it should be free from all types of
contaminants.?”? Untreated disposal of heavy metals and dyes cause environmental
pollution and become a major concern worldwide by threatening human health as well as
ecosystem.?® Dyes and heavy metals emerge as major source of environmental pollution

which ultimately affects the ecosystem and human health.?23°
1.2.1. Dyes

Many industries use dyes as coloring agents such as pharmaceutical, cosmetic, paint,
textile, plastic etc. In various industries, the dyes produced annually are more than 7 x

10° tons.®! In the year 1956, artificial dyes are firstly invented. Before 1956, different



plant parts such as roots, leaves, bark, lichens, wood etc. were used as natural dyes. Due
to some limitations such as low fastness of colour to fabrics, easily fade of colour on
exposure to light and washings, less colour range etc., natural dyes were replaced with
synthetic dyes.3? But after 1956, synthetic dyes were used for the coloring of different
materials derived from petrochemicals which provides fast colour and have wide range.*?
Chromophores and auxochromes are two compounds basically which are mainly
responsible for the composition of synthetic dyes where, the dye color is produced
because of chromophore and color intensity is attained due to auxochrome.® Dyes are
harmful for aquatic life, plants, animals, human beings etc.??34 Dyes may show acute or
chronic effects on the exposed organisms which depends upon the concentration of dye
and exposure time.® In humans, these dyes if inhaled or ingested may cause serious health
issues like skin problems, nervous system disorder, kidney failure, liver damage etc.®
Due to mutagenic and carcinogenic dye characteristics effluent from various textile plants
should be taken in view and require proper treatment before discharge into the

environment.®’
1.2.1.1. Effect of Dyes

The presence of dyes in wastewater can have numerous adverse effects on the entire

ecosystem:22:34:38

e Environmental Pollution: Dyes can give water bodies unnatural colors, affecting
aquatic ecosystems and disrupting the balance of aquatic life. Some dyes are toxic
to aquatic organisms, leading to a decline in biodiversity.

e Water quality degradation: Dyes can reduce the transparency of water, limiting
sunlight penetration and hindering photosynthesis in aquatic plants. This can lead
to the depletion of oxygen in water, causing harm to fish and other aquatic
organisms.

e Health risks: Certain dyes and their breakdown products are carcinogenic or have
toxic effects on humans. When present in drinking water sources, they pose health
risks such as skin irritation, respiratory issues, and even long-term health
complications like cancer.

e Bioaccumulation: Dyes can accumulate in aquatic organisms through food chain,

leading to bio magnification. This means that higher-level predators may consume



contaminated prey and accumulate higher concentrations of dye compounds,

increasing the risk of toxicity.

Overall, the existence of dyes in the wastewater poses significant environmental and
health risks, highlighting the importance of effective dye removal techniques and stricter

regulations to minimize their impact on water quality and ecosystems.
1.2.2. Heavy Metals

Heavy metals basically are the metallic elements with high atomic mass and density.
These elements occur naturally in the Earth’s crust but human activities like industrial
processes, metal refining, mining and agricultural practices can lead to their increased
release into the environment.! Some common heavy metals are arsenic, lead, copper,
nickel, mercury, chromium and cadmium.!83%40 Exposure to these metals may lead to
damage of liver, kidney, central nervous system etc.*1? Heavy metals may reach human
body through dermal exposure, inhalation or may be through oral ingestion.® But the main
passage for the entry of these elements into human body is through two main channels
i.e.; water and food.*® These may become fatal and pose serious threats to life if the intake
will exceed permissible limits which are provided by World Health Organization
(WHO).* Additionally, heavy metals can persist in environment for long periods, posing
risks to ecosystems and wildlife. For clean environment and good human health, it is
much important to eliminate harmful heavy metals from water bodies.*® Because of their
persistence and toxicity, they are regulated pollutants in many countries and efforts are
made to monitor and control their release into the environment. Treatment technologies
such as filtration, precipitation, and adsorption are often employed to remove heavy

metals and mitigate their environmental impact.>46
1.2.2.1. Effect of Heavy Metals

The effects of heavy metals can differ based on the particular metal, its concentration,
and the exposure duration. Generally, heavy metals can cause various adverse effects as

discussed below:3446:47

A. Human health effects:
e Toxicity: Heavy metals including lead, mercury, cadmium, copper and arsenic are

toxic to humans, even at low concentrations. Chronic exposure to these metals can



lead to different health problems including kidney damage, neurological
disorders, respiratory issues, cardiovascular diseases and various types of cancer.

e Developmental and reproductive effects: Prenatal exposure to certain heavy
metals can affect fetal development and lead to birth defects. Heavy metals may
also impact reproductive health and fertility in both men and women.

e Accumulation: These can accumulate in body particularly in organs like liver,
brain and kidneys. This accumulation can result in long-term health
complications.

B. Environmental Effects:

e Ecological toxicity: Heavy metals can have toxic effects on plants, animals, and
microorganisms in ecosystems. They can disrupt biochemical processes, inhibit
growth and reproduction, and even lead to mortality in sensitive species.

e Bioaccumulation and Bio magnification: Heavy metals may bioaccumulate in
tissues of living organisms, meaning that concentrations increase up the food
chain. Predators at the top of the food chain may accumulate high levels of heavy
metals, leading to bio magnification and increased risk of toxicity.

e Disruption of Ecosystems: Elevated concentrations of heavy metals can disrupt
the balance of ecosystems by affecting nutrient cycling, species composition, and
overall biodiversity.

C. Environmental Contamination:

e Soil and water pollution: Heavy metals can contaminate soil and water sources
which poses risk to agricultural productivity as well as drinking water quality.
They can persist in environment for longer periods, leaching into groundwater
sources and spreading through surface water bodies.

e Contaminated sites: Industrial activities such as mining, smelting, and
manufacturing can create contaminated sites known as "brownfields" or
"superfund sites," where heavy metal pollution poses risk to human health and the

environment.

Overall, the effects of heavy metals underscore the importance of monitoring and
regulating their release into the environment, implementing pollution prevention
measures and employing remediation strategies to mitigate their impact on human health

and ecosystems.



1.3. Methods for Wastewater Treatment

Pollutants present in industrial effluents can be removed by various physical, chemical

and biological methods.*>#84° The treatments for polluted water is a three step procedure

which includes primary treatment, secondary treatment and tertiary treatment.*® Over the

last ten years, an extensive range of methods have been employed to treat organic and

inorganic contaminants in wastewater.1®*%%! These include chemical oxidation,

precipitation, coagulation/flocculation, enzymes, fungi, reverse osmosis, evaporation,

algae, photo degradation, membrane filtration, adsorption, ion exchange etc.%°2-* which

can be applied as per the nature of the target pollutant. Table 1.1. outlines the different

treatment technologies along with their respective advantages as well as disadvantages.

Table 1.1: Different methods used for wastewater treatment along with advantages and

disadvantages: 17304955

TREATMENT
METHOD

APPLICATION ADVANTAGE

DISADVANTAGE

lon Exchange

Produce good quality
Hydrometallurgy, treated material
metals finishing Less time consuming

Low waste generation

High maintenance
cost

Rapid clogging and

more saturation of

reactors

Membrane Filtration

Pharmaceutical Less consumption of

industry, chemical Chemical

Flow rates are limited
High operational and

maintenance cost

industry Less waste generation )
Fouling of membrane
Simple Efficiency depends on
Low cost type of material
Adsorption Wastewater treatment Easy operation Waste management

Target pollutants of

wide variety

Require adsorbent’s

regeneration

Coagulation/Flocculation

Characteristic feature
Purification of water, of sludge settling
textile industry Economically good

Process simplicity

More sludge
generation and
formation of bigger

particles




TREATMENT

APPLICATION ADVANTAGE DISADVANTAGE
METHOD
o Handling issues
Water splitting, _ _
_ o ] More degradation rate  Exposure to UV light
Photo catalysis disinfection and ) _
_ Energy production may cause harm as it
cleaning _ ) )
is carcinogenic
Require optimum
favorable environment
o Industrial and municipal Economically feasible Need more
Biological Methods ] .
wastewater/ Effluents High BOD removal maintenance and

management

Slow process

1.4. Adsorption

Numerous studies in the literature suggest that, among all the treatment methods,
adsorption seems to be the best method employed for removing different pollutants from
wastewater.%%>” Adsorption basically is a phenomenon whereby the molecules of liquid
phase got attached to the surface of solid phase. Adsorption is a widely used method as it
has certain advantages which includes low operational cost, high efficiency, less time
consuming, more productive, recyclable ability, convenient, simple in operation etc.28%859
Adsorption is a separation technique wherein fluid, liquid or gas molecules known as
adsorbate adhere to the exterior and interior surfaces of a solid object termed as

adsorbent,>0:60

1.5. Types of Adsorbent
Various adsorbents can be utilized for removing pollutants from aqueous solution.
Adsorbents are majorly categorized into two different types which are:>06-64

= Conventional adsorbents

=  Non-Conventional adsorbents
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Figure 1.2: A pictorial representation showing different types of adsorbents
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The present research study focuses on the surface modification of magnetic metal ferrites
and their application as an adsorbent for the purpose of eliminating various types of dyes
and Cu(Il) metal ion from aqueous solution. This chapter offers comprehensive literature

review focusing on nanomaterials such as metal ferrites and their composites.
2.1. Nanomaterials in Adsorption

According to recent innovations, nanotechnology provide tremendous opportunities in
establishing sustainable and cost-effective systems for water supply.® Nanotechnology
relates to the materials having physical dimensions 100 nm or less.?® Nanotechnology
gives potential opportunity for purifying water at a low cost and shows great operational
effectiveness in removing pollutants and reusability. Nanomaterials have been
successfully employed in a variety of fields such as medicinal science, catalysis, material
science, space science etc. and are now widely preferred in wastewater treatment as these
have shown significant results with good adsorption efficiency.>?3656 Experts have
found that nanotechnology is a better option for treating wastewater because it also has
certain distinctive characteristics such as nano size, broad surface area, high reactivity,
robust solution mobility, mechanically strong, pore volume, high selectivity,
dispersibility, easily modifiable etc. Several heavy metals including Pb, Mo as well as
other contaminants (organic and inorganic) and many harmful microorganisms have been
successfully eliminated by utilizing different nanomaterials.®”%8 Nanomaterials may be in
the form of nano tubes, nano rods, nano wires and nano particles.®® Various nano materials
such as graphene, carbon nano tubes, quantum dots, nano porous materials, metal organic
framework nano sheets (MOFs), core shell nanoparticles etc. have been used in several

applications including the treatment of wastewater.”

Significant research in the field of wastewater treatment is conducted by using nano
materials and concluded that nanomaterials show efficient results in removing different
types of waste from effluent.’® Nano materials have specific properties such as high
surface area, versatile surface modifications etc. which make them suitable to remove

variety of contaminants easily and effectively.®>"

From last decade, magnetic nanoparticles have gained much attention by researchers in
the wastewater treatment field. Numerous nanomaterials had been used for the removal

of inorganic and organic pollutants from the waste water out of which magnetic nano



ferrites are of great interest. Magnetic materials are of three types mainly i.e.;

diamagnetic, ferromagnetic and paramagnetic.??

2.1.1. Nano Ferrite: A Magnetic Material

Waste water treatment employ several types of nano materials such as meso-porous
components, nano metal oxides, nano ferrites because of unique physiochemical
properties.’®"® Among all these categories, nano ferrites and their composites have
gained considerable significance in waste water treatment because of having remarkable
magnetic character which allows easy separation of ferrites using magnetic force. Ferrites
basically comprises of iron oxide and are ceramic materials having certain advantages
like tunable properties, high magnetization and electrical resistance which makes them
suitable for effectively removing various pollutants from aqueous solution.””~"® These
materials also exhibit magnetic properties which have an added advantage of easy
separation of the adsorbent from wastewater after adsorption process. Figure 2.1
illustrates the magnetic separation of adsorbent from wastewater after treatment. Due to
cost effectiveness and suitability for different industrial applications, the interest of using
ferrites for conducting various research studies is increasing rapidly.”? Certain other
advantaged such as strong adsorption capacity, reusability and easy separability after their

use makes magnetic nano ferrites more feasible for waste water treatment.

. - Adsorption
Magnetic nano
particle

Dye and heavy
metal containing
waste water

Q
QQR (T

Q9

Post-adsorption

Magnet
nano particle

Figure 2.1: Magnetic separation of adsorbent after wastewater treatment
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Ferrites are also widely used these days by researchers in distinct fields such as pigments,
mobile communication, magnetic biosensors, catalysis, pollution control etc.”” Ferrites
are ceramic, non- conductive ferromagnetic metal compounds. These possess remarkable
physical as well as chemical properties. Large surface area, porous surface, magnetized
nature etc. makes ferrites suitable for the process of adsorption.”’~"® There are three main

types of ferrites which are as:"

1. Spinel
2. Garnet
3. Hexagonal

Due to excellent potential applications, physiochemical properties and simple
composition in comparison to other ferrites’, spinel ferrites have gained enormous
interest globally in the field of wastewater treatment.®° Spinel ferrites are basically metal
oxides with general formula AB204."

Where, A- Divalent metal ion such as Zn?*, Mg?*, Cu?*, Ni?*, Co?" etc.
B- Fe
O- Oxygen

Spinel ferrites are widely used because of having flexibility, variability, good efficiency,
chemical stability, thermal stability etc. Spinel ferrites exhibit unique properties which

are useful in the field of waste water treatment.’* 7781

2.1.2. Synthesis Method and Adsorption Behavior of Metal Ferrite
2.1.2.1. Synthesis Method

Magnetic nano ferrites can be synthesized by different methods such as co-precipitation,
hydrothermal, sol-gel method, combustion, ultra-spray pyrolysis, refluxing, microwave
thermal, wet-chemical method etc. which can be used to obtain magnetic nano ferrites
having different structural and morphological properties. Some important methods of
ferrite synthesis are shown in table 2.1 along with their benefits and drawbacks.>®

11



Table 2.1: Different methods of ferrite preparation along with advantages and disadvantages

Method of Ferrite
Preparation

Advantages

Disadvantages

Hydrothermal

Direct formation of powder from

solution
Control of particle size
Resulting powder exhibits high

reactive nature

e Prior information about
solubility is required
e Slurry formed showed high

corrosive nature

Microwave Thermal

e Cost effective
e Rapid synthesis process

e Crystalline in structure

e Exaggerated growth

e Presence of impurities

Sol-Gel

Morphology control and small
particle size

e Better homogeneity

e Expensive procedure

e Requires close monitoring

Combustion

e Requires low temperature

e Cost effective

e Good stoichiometry control

e More chances of impurity
e Fast reaction possibility which
needs extra protection

Co-precipitation

Nano particles formed are of
uniform size
e Reduction in reaction
temperature
e Reacting materials

homogeneous mixing

e Chances of impurity formation
e More time consuming
e Reacting materials solubility

affects precipitation rate

Wet chemical

e Uniform particle size

e Required low temperature

e Low yield

e More possibility of impurities

12



2.1.2.2. Adsorption Behavior of Metal Ferrite

The literature review of different ferrites prepared by using various methods along with

the various parameters is shown in the table 2.2.

Table 2.2: Various method for the synthesis of ferrite with adsorption capacities

) Adsorption
Magnetic .
S. No. ) Method Adsorbate Capacity  Year Reference
Material
(mg/g)
Co-precipitation
1. MnFe204 Methyl blue 148.04 2014 82
method
2. CaFe20s4  Sol-gel technique Congo Red 40.93 2015 83
Co-precipitation
3. MnFe204 Zn(Il) 454.5 2020 84
method
Co-precipitation
4. CoFe204 Zn(Il) 384.6 2020 84
method
Microwave Eriochrome Black T -
mediated (EBT) '
5. CoFe204 2020 8
hydrothermal Bromophenol Blue 25 6
method (BRB) '
_ Sol-gel auto
Magnesium- )
_ _ combustion Cr(VI) 30.49 2021 86
Zinc Ferrite
method
Cobalt Lead 275
Ferrite Co-precipitation Zinc 390
7. ) 2022 21
Nanoparticles method Congo Red 831
(CEN) Malachite Green 161
Auramine O (AO)
201.29
Hydrothermal Methylene Blue
8. ZnFe20a4 256.76 2022 29
method (MB)
152.48
Cd(ll)
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Adsorption

Magnetic )
S. No. _ Method Adsorbate Capacity  Year Reference
Material
(mg/g)
Thiazole yellow G 63.04
_ Co-precipitation (TYG)
9. NiFe204 L 2023 7
method Alizarin yellow R
(AYR) 55.71
Thiazole yellow G
o 67.05
Co-precipitation (TYG)
10. CoFe204 o 2023 7
method Alizarin yellow R
60.19
(AYR)

2.2. Surface Modification of Metal Ferrites

Although magnetic nano ferrites have various advantages but sometimes show certain
limitations which affects their removal efficiency. So to enhance efficiency, stability,
shelf life etc., magnetic nano ferrites can be modified with various organic and inorganic
materials.®” Surface modifications can be done by using metal oxides®®, surfactants®’ %,
polymers®®9 etc. The modification on the surface of magnetic nano ferrites results in the
addition of specific functionalization groups onto the material’s surface. This process
enhances the adsorption efficiency and improves selectivity towards removal of target

pollutants from wastewater.>®

2.2.1. Deposition of Metal and their Oxide

The doping of ferrites with metals and their oxides to form new adsorbents plays a crucial
role in wastewater treatment by facilitating the removal of various pollutants. The process
of adsorption comprises the attachment of different molecules on the surface of the metal
oxide particles resulting in the reduction of pollutant concentration in the water. Metals
and metal oxides possess a high surface area and specific surface properties that make
them effective adsorbents.®? They can adsorb an variety of pollutants from wastewater

through physical and chemical interactions.

14



Deposition of metals and metal oxides onto various substrates such as activated carbon
or silica, agricultural wastes, bio-wastes etc. allows for the modification of the adsorbent's
surface properties. This modification enhances its affinity for specific pollutants
improving its overall performance in wastewater treatment. Metal and metal oxide based
adsorbents are often capable of being regenerated and reused making them economically
viable for wastewater treatment>®® This reduces the cost linked with disposing of used
adsorbents, thus enhances the sustainability of the treatment process. The environmental
impact of metal and metal oxide-based adsorbents should be considered especially in
terms of potential leaching of metals into the treated water. The development of
environmentally friendly adsorbents and strategies to mitigate any negative effects is an
ongoing area of research. Liu et al. prepared magnetic NiosZnosFe2O4 using sol
combustion method and followed the process of calcination. The prepared material was
utilized for the removal of dye Congo Red. It has been observed that CR adsorption
increased with nickel doped zinc ferrite when compared with pure zinc ferrite.®* Abbas et
al. synthesized NiosZnosFe2Os (Nickel doped zinc ferrite) nanocomposite and further
used for removal of W(V1), Cr(V1), V(V) and Mo(VI) ions.%®

2.2.2. Surfactant Treatment/Coating

Surfactants, or surface-active agents, can play a significant role as adsorbents in
wastewater treatment. Surfactants have amphiphilic properties, which means they have
both hydrophobic (water-repelling) and hydrophilic (water-attracting) regions. This
unique characteristic allows surfactants to interact with a wide range of pollutants in
water. Surfactants can adsorb hydrophobic organic compounds, such as oils, greases, and
certain organic pollutants, onto their hydrophobic tails. This adsorption helps in removal
of hydrophobic contaminants from the waste water improving water quality. Some
surfactants have been found efficient in adsorbing metal ions and dyes from wastewater.
The hydrophilic head group of surfactants can interact with metal ions, dyes etc. leading
to their removal through adsorption onto the surfactant micelles or surfaces. These can
enhance the adsorption capacity of certain materials.®®%” For example, modified ferrites
impregnated with surfactants may exhibit improved adsorption performance due to the
synergistic effects of surfactant interactions with pollutants. The biodegradability of

many surfactants is an important consideration in wastewater treatment. Biodegradable

15



surfactants are preferred to minimize any adverse environmental impacts associated with
their use.% In conclusion, surfactants play a versatile role in wastewater treatment by
adsorbing a variety of contaminants, thereby enhancing the overall efficacy of the
treatment processes. Their unique amphiphilic properties make them valuable in
addressing challenges related to the elimination of hydrophobic and hydrophilic

pollutants from the aqueous solution.

Singh et al. modified the surface of CoFe2O4 nanoparticles with sodium dodecyl sulfate
and studied the removal of Crystal violet. The results obtained indicated that SDS
modified CoFe.O4 nanoparticles showed good adsorption efficiency for removing
cationic dyes.*® Zhang et al. synthesized SDS modified ZnFe.O4 nanoparticles for
removing Methylene blue.*?® Adel et al. synthesized MgFe,04-CTAB NPs and applied to

remove indigo carmine dye from wastewater.%*

2.2.3. Polymer Treatment/Coating

Polymers are macromolecules, which are extremely large molecules formed by the fusion
of numerous smaller molecules. Before they are transformed into polymers, these smaller
components are referred to as monomers. Indeed, the term "polymer" originates in Greek
and translates to "many members".1°21% One of the most innovative materials being used
for effective wastewater treatment is nanomaterials and polymers. These entities possess
distinct functional features that can be modified to accommodate the needs of an
extensive array of wastewater treatment technologies. Polymer nanocomposites are a
novel category of materials that exhibit enhanced performance as a result of combining
the advantageous characteristics of nanomaterials and polymers. Clearly, a thorough
understanding of the fundamental properties and scientific principles that strengthen these
types of functional materials is essential for their evident development.’®* Polymer
coatings on surface of adsorbent materials increases their effective surface area. This
enhanced surface area offers additional active spots on the adsorbent’s surface, hence
improving the overall adsorption capacity. Surface modification alters the chemical as
well as physical properties of material making it more effective in adsorbing specific
contaminants from wastewater. Blending polymer coatings with other substances such as
carbon-based adsorbents or metal oxides can augment overall adsorption capacity as well

as the efficiency of prepared material. Polymer-coated adsorbents can often be

16



regenerated and also reused which makes them cost-efficient and environmentally
friendly.1% The coatings may prevent irreversible interactions with pollutants allowing
for repeated use of the adsorbent. In summary, polymer coating plays a versatile role in
improving adsorption capabilities of materials used for water treatment. Through surface
modification and the introduction of specific functionalities, polymer-coated adsorbents
can be tailored for improved selectivity, stability and efficiency in removal of pollutants

from wastewater,41:104.106

Pandey et al. highlighted the use of recent advancements in polymer nanocomposites for
water purification. Their properties with respect to metal ions, pigments and
microorganisms in water were examined, as well as the diverse techniques used in their
preparation and characterization.'®” Noamani et al. discussed about the application of

carbon-based polymer nano membranes for the treatment of oily wastewater.1%

Metal oxide doping
(Example: Copper, Cobalt)

Surfactant treatment
(Example: SDS, CTAB)

Polymer coating
(Example: Chitosan,

\= Alginate)

Bio-waste
(Example: Forest waste,
Agriculture waste)

Surface modification of
spinel ferrite

Figure 2.2: Different materials used for surface modification of spinel ferrite

17



Table 2.3: Information of different metal ferrite composites employed to remove

pollutants
Adsorbent Doping/Coating Target pollutant Adsc.)rption Reference
Agent Capacity (mg/g)
Mn1-xCoxFe204 Cobalt Cr (V1) * 109
Nio.sZno.sFe204 Nickel-Zinc Congo Red 204.8 %
Direct Red 31 142.86
NiFe204-CTAB CTAB Direct Red 81 90.909 110
Direct Red 80 50
SDS-MNPs SDS Crystal Violet 166.6 11
ZnFe204-SDS SDS Crystal Violet 188.3 112
NiFe20s-CTAB CTAB Brilliant Green 250 87
CS/CoFe204 Chitosan Cadmium (I1) 26.347 113
CS/NiFe204 Chitosan Cadmium (I1) 25.553 113

2.3. Adsorption Behavior

The rapid decline in potable water availability convinced the researchers of the world to
find and investigate new and innovative methods for the treatment of wastewater. For
this, invasive plants and bio-waste which are unwanted otherwise can be used as sorbents
as such or after some treatment for the ecofriendly remediation of wastewater.!* Bio-
wastes having low costs are preferred because of ecofriendly nature, easy availability,
economical value etc.!'® Bio-wastes alone were used for removing various target
pollutants from the wastewater according to literature survey as represented in table 2.4.
However, researchers are focusing more on bio-waste (agricultural wastes, forest waste
etc.) in composition with ferrite nano particles using green synthesis to make synthesized
material easily separable, more efficient, stable etc. and makes the compound more cost-
effective as well as reliable. The use of bio-waste based spinel ferrites in the treatment of
waste water is a less exposed area which needs to be strengthened as it leads to less
generation of waste and cleaning of the environment.”*'® Table 2.5 showed various bio-
wastes in combination with spinel ferrite nanoparticles composite used for removing dyes

and metal ions from wastewater.
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Table 2.4: Adsorption behaviour of bio-wastes used for the removal of different

pollutants
Langmuir
S. No. Bio-waste Modified agent ~ Adsorbate Adsorption Year Reference
Capacity (mg/g)
1. Walnut shell Citric acid Zn(11) 28.58 2018 47
CO2 (Obtained
Sugarcane ) Methylene
2. activated carbon 331 2017 &
bagasse soot blue
at 900°C)
Methylene
3. Sugar palm dregs * 23.866 2021 17
blue
Malachite 86.23
Plantago ovata
4, * green 2013 118
seeds
Rose Bengal 81.23
) Methylene
5. Pine tree leaves * 126.58 2012 119
Blue
Pine cone Methylene
6. ) * 109.89 2011 120
biomass Blue
7. Pine bark * Congo red 2019 121
Neem sawdust Carbonization
8. Congo red 29.107 2010 122
Carbon (at 500°C)
Araucaria Gentian
9. . * _ 305.3 2018 123
angustifolia bark violet dye
10. Pine cone Phosphoricacid  Congo red 500 2014 124
Carbonized(at
Methylene
11. Cashew Nut shell ~ 700°C), KOH, " 68.72 2011 125
ue
Nitrogen flow
Muffle 413.22
Methylene
12. Lemon grass ash furnace(at " 2014 126
ue
500°C)
) ) Sulphuric Acid, Methylene
13. Citrus limetta 500 2017 121
NaOH Blue
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Langmuir

S. No. Bio-waste Modified agent ~ Adsorbate Adsorption Year Reference
Capacity (mg/g)
Coir pith o
) Carbonization(at
14. (Activated Congo red 6.72 2002 128
700°C)
carbon)
Citrullus Lanatus )
15. _ * Crystal violet 11.99 2012 129
Rind
Mahogany
sawdust
_ 183.8
(Activated
carbon) Carbonisation,  Acid Yellow
16. . o 2003 120
Rice Husk steam activation 36
(Activated
86.9
carbon)

* indicates that data is not given
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Table 2.5: Adsorption behaviour of bio-waste based metal ferrite composites used for the removal of different pollutants

Langmuir
_ ) ) Removal
_ . Magnetic =~ Composite Parameter Adsorption o
S. No. Bio-waste Modified agent ) Adsorbate ) ) Efficiency Year Reference
material prepared studied Capacity (%)
(o]
(mg/g)
o pH,
Citrus limetta )
Pulverized, Adsorbent dose,
leaves _ Methyl
1. _ activated (at CuFe;0s  AC/CuFe;04 _ Temperature, Dye  80.65 97.85 2021 ¥
(Activated violet 2B _
700°C) concentration,
Carbon) _
Contact time
Agitating time,
Papaya ) ) adsorbent dosage, 92.34
Sulphuric Acid, Phosphate,
2. Seeds(Porous o CoFe,0s CoFe;04@PC s * 2020 1%
Carbonization Nitrate )
Carbon) solution pH, 78.98
co-existing ions
) ) Solution pH,
Wild plant Pyrolysis,
) ) adsorbent dosage,
3. based bio char  nitrogen flow, MnFe,0s MnFe@WPC  Cu(ll) _ 30.96 * 2021 1%
o concentration,
(WPC) carbonization

time, temperature
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Langmuir

Removal
_ . Magnetic ~ Composite Parameter Adsorption o
S. No. Bio-waste Modified agent _ Adsorbate _ _ Efficiency Year Reference
material prepared studied Capacity
(%)
(mg/g)
Banana Peel )
) Burned(30°C), BPAC/ Methylene  pH, Contact time,
4, (Activated MgFe>O4 _ 51.4 99.26 2020 1%
NaCl MgFe204 blue concentration
Carbon)
Coconut Shell ) _ Contact time,
) Pyrolysis(700°C), CAC/ Rhodamine
5. (Activated _ CoFe20q4 adsorbent dosage, 107.48 92.34 2020 1%
Nitrogen flow CoFe204 B )
Carbon) dye concentration
Reactive _
o Contact time,
Carbonisation Blue 4,
) ) ) adsorbent dosage,
Moringa (400°C), nitrogen MnFe204 Indigo ) 32.45, 86.35,
6. _ _ MnFe204 _ solution pH, 2021 1%
oleifera seeds flow, Sulphuric @MOAC Carmine, il 33.53, 35.27 90.45, 92.65
initia
acid treatment Acid Blue _
concentration
158
Capra Aegagrus Direct -
) H2SOs, Initial dye
Hircus Dung ] (GDAC- Brown 2, )
7. _ Carbonized (at CoFez04 _ concentration, 66.66,32.26 98.6,99.3 2017 ¥
(Activated CFMC) Reactive )
500°C) contact time,
Carbon) Red 152
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Langmuir

Removal
_ . Magnetic ~ Composite Parameter Adsorption o
S. No. Bio-waste Modified agent _ Adsorbate _ _ Efficiency Year Reference
material prepared studied Capacity
(%)
(mg/g)
adsorbent dosage,
pH, temperature
Phoenix o pH, adsorbent
) Carbonization,
dactylifera ) dose, contact
8. _ sodium CoFe;0s  AC/CoFe04  Cr(VI) - 70.42 98.38 2018 1%
stones(Activated ) time, initial
hydroxide _
Carbon) concentration
Shaking time,
Muskmelon o Phosphate ]
) Sulphuric acid, ) solution pH,
9. peel(Activated o ZnFe;0s  AC/ZnFe20s4  and nitrate 91.80, 75.58 * 2020 1%
carbonization ) temperature,
Carbon) ions ) o
interfering ions
Apocynaceae o pH, adsorbent
Phosphoric acid, )
leaf ] Reactive dosage,
10. _ pyrolysis CoFe;0s  ALWI/CoFe;04 _ 83.33 94.12 2019 10
waste(Activated _ red 141 concentration,
(absence of air)
Carbon) temperature
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2.4. Regeneration

The adsorbent's regeneration and reusability significantly reduces the operational
expenses of water treatments. This enables the elimination of pollutants from the
adsorbent's surface. Stability, recyclability as well as reusability are crucial factors in the
practical application of material on commercial scale.!*! For the regeneration of
adsorbents, various approaches have been employed. In literature studies,
different desorption agents have already been reported that remove loaded contaminants
from adsorbent's surface. Selection of the desorption agent is influenced by a number of
parameters like concentration, temperature and pH. Specifically, the value of pH is an
important parameter which determines the effectiveness of inorganic and organic
chemical pollutants desorption from the surface of an adsorbent. Table 2.6 shows
different desorbing agents that have been utilised for removing various dyes and metal

ions from the different adsorbent surfaces.>%66

Table 2.6: Different desorbing agents used for the regeneration of adsorbents

Desorbing Concentration of
Adsorbent Adsorbate ) Reference
Agent desorbing agent
BG
CoFN-Alg HCI 0.1IN 142
MB
CoFN-Alg CR NaOH 0.5M 142
Thiazole yellow G (TYG)
CoFe204 o NaOH 0.1M 76
Alizarin yellow R (AYR)
CaFe204 CR Ethanol/NasPOa (1:1) 83
Eriochrome Black T
EBT Methanol 1:1
CoFe204 (E8T) (1:1) 85
Bromophenol Blue NaOH 0.1M
(BRB)
Pb(lI)
ZFN-Alg HCI 0.1IN 42
Cu(ll)
Mn2+
C02+
MgFe204 NiZ MgCl, 10°M 143
i
Cu?*
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Desorbing Concentration of

Adsorbent Adsorbate ) Reference
Agent desorbing agent
As(I11)
GAC/MnFe204 NaOH 0.05M 144
As(V)
DMSA@Fe304
Pb(11) HCI 0.01M 145
MNRs
CR o
PTFAC Distilled water * 33
RhB
MZF-BCso Pb?* HCI 0.2M 146
Phosphate
CoFe204@PC ) NaOH 0.1M 132
Nitrate
CpMA Cu(ll) HCI 0.30M 147

Regeneration is a cyclic process in which the used adsorbent is taken after the adsorption
procedure and reused again. By following the appropriate procedure, the regenerability
of the used adsorbent can be calculated. Figure 2.3 shows the schematic representation of

various cycles of regeneration process.

Adsorption
Fresh Adsorbent +

wastewater

Used adsorbent
Cycle 1

Regeneration 1 Adsorption

First Cycle of
Used adsorbent | N i ) | Used adsorbent

Desorption Cycle 2

(HCL HzSOq, etC.) .
Desorption L
(HCL, H,S0; etc.) Regeneration 2

: Regeneration 3 Adsorption
L Gy o g | Used adsorbent | (S | Second Cycle of
Regeneration Cycle 3

Desorption Regeneration
AdSOlPﬁOlllecle 4
Regeneration 4

(HCL, H,80, etc.)
Used adsorbent | [N S On

Desorption
([‘ICL H2SO4 ctc.)

Figure 2.3: Schematic representation showing various cycles of regeneration process
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2.5. Need for the Study

The global demand for clean water keeps increasing on a regular basis. According to
research studies, the adsorption technique provides a strong potential for waste water
treatment with remarkable outcomes. This approach is extensively adopted in treating
wastewater owing to its cost effectiveness, simplicity and minimal space requirements
than alternative methods. Adsorbents of different varieties have already been used to treat
waste water. Among the different adsorbents, nano materials in form of metal ferrites are

being used for treating the waste water and became a rapidly growing area.

On the basis of literature survey, the combustion method among others is regarded to be
the simplest, cost efficient and least time consuming method for the nano metal ferrites
synthesis. The usage of ferrites both individually and with surface treatments using other
metals, polymers and surfactants has proven that these materials with magnetic properties
are effective alternative adsorbents that possess good adsorption abilities. As a result,
there is a need for further study using spinel nano metal ferrite bio-waste
based composites for pollutant removal from waste water. As per literature study, less
number of studies on the adsorption behaviour of bio-waste based nano ferrites
composites have yet been reported. It suggests that modifying the surface of magnetic
nano ferrites using bio-wastes is still a less explored field which needs to be strengthened.
A survey of the literature also shows that pine cone, walnut shell and pistachio shell bio-
wastes have significant adsorption capacity for removing various kinds of contaminants
from waste water. There has been less work reported for spinel metal ferrites in
combination with bio-wastes such as pine cone, walnut shell and pistachio shell to
develop effective adsorbents. Therefore, further research in this area needs to be done.
Adsorbent's regeneration following the process of adsorption is a cost-effective approach
for which limited research articles have been published. As a result, the current research
study aims at the synthesis of spinel metal ferrites and modification of their surface with
different bio-wastes in order to develop magnetic bio-waste composites which have
greater adsorption capacity and selectivity towards certain dyes and heavy metals. Bio-
waste based ferrite nano particles in adsorption is an innovative area of research which is

environmentally sustainable as well as economical in nature.
2.6. Objectives of the Research Work

From the above review of literature, it has been identified that bio-wastes act as good
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adsorbents as they show strong adsorption capacity for removing both dyes and metal
ions but still some work in this field is unexplored that could yield even better adsorption
outcomes. As green synthesis is highlighted more from last one decade due to the
increased level of pollution, so there is a need to treat waste water by using bio-wastes
along with spinel ferrite nano particles and will try to explore further in this field. The
regeneration study was performed to know about the efficiency and cost effectiveness of
the material. The prepared composite has been regenerated after the adsorption procedure
and then reused again for adsorption.

The proposed objectives for the current research study is as follows:

1. To synthesize different transition metal ferrites by low temperature combustion
method.

2. To develop and characterize bio-waste based spinel ferrite composites.

3. Totestadsorption potential of developed composites for the removal of dyes/heavy
metals.

4. To analyse the adsorption behaviour in single and multiple adsorbate system.

5. To study regeneration potential of synthesized composites and to reuse the
adsorbent.
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CHAPTER-3

MATERIALS AND METHODS




3.1. Materials Used

All the chemical reagents utilized were of an analytical grade and utilized in their original
state without any additional purification. Zinc Chloride, Cobalt Chloride, Nickel
Sulphate, Cupric Chloride, Ferric Chloride, Diethyl Oxalate, Hydrazine Hydride, Sodium
Hydroxide, Glutaraldehyde, Crystal Violet, Methylene Blue, Brilliant Green, Malachite
Green, Congo Red, Hydrochloric Acid, Cupric Sulphate, Hydroxylamine Hydrochloride,
Sodium Citrate etc. were taken from Loba Chemie Reagent Co. Ltd. Disodium
Bathocuproine Disulfonate was purchased from Central Drug House (P) Ltd. All other
apparatus and the glassware used for the experimental study underwent cleaning with
distilled water to eliminate all the dirt and impurities.

3.2. Experimental Method
3.2.1. Synthesis of Metal Ferrite Nanoparticles using Combustion Method

Different spinel metal ferrites such as CuFe;Os, NiFe2O4, CoFe;Os and ZnFe>O4
were synthesized using the low temperature combustion approach. For spinel metal
ferrites, the standard formula is MFe2O4, where ‘M’ may represent Cu, Co, Ni or Zn etc.
According to the stoichiometric equation of spinel metal ferrite, the intended product
should have a ratio of 1:2:4. To accomplish this, stoichiometric aqueous solutions of the
required metal salt and iron salt have been mixed in separate beakers in a ratio of 1:2
using distilled water in a saturated condition. Oxalyldihydrazide (ODH) works as reaction
fuel and is used to initiate the reaction in solution mixture. Oxalyldihydrazide was
prepared by slowly combining diethyl oxalate and hydrazine hydrate in a w/w ratio of 1:2
with continuous stirring at an ambient room temperature. Following the completion of
the mixing process, the white powder obtained was permitted to air dry at ambient
temperature.>®142 The saturated solution of particular metal salt and iron salt had been
mixed together in a glass beaker and then the prepared ODH was gradually added into
the above prepared mixture with vigorous stirring. The resultant solution was
concentrated by heating it on water bath at temperature 70°C for the duration of two
hours. Subsequently, the concentrated solution was subjected to annealing at temperature
600°C using a muffle furnace for three hours to complete the process. The ultimate

product acquired was designated as ferrite of the desired metal.
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3.3. Surface Modification of Spinel Metal Ferrites with Bio-Waste

Surface modification of several spinel ferrites have been achieved using various bio-
wastes such as pine cone (PC), walnut shell (WS) and pistachio shell (PS). The
subsequent sections provide a discussion of the surface modification.

3.3.1. Surface Modification with Pine Cone/Walnut Shell/Pistachio Shell

The pine cones were gathered from the Shivalik hills region of district Kathua (Jammu
and Kashmir) while the walnut and pistachio shells were sourced from local markets of
Jalandhar (Punjab). The bio-wastes were cleaned with tap water for removing dirt, then
rinsed using distilled water. Subsequently, dried in hot air oven at 50°C to remove

moisture, then crushed and sifted to achieve uniform size of the particle.

The pine cone/walnut shell/pistachio shell powder was mixed with distilled water to
produce a 2% homogenous solution of pine cone/walnut shell/pistachio shell powder
which was then stirred at 300 rpm (revolutions per minute) for approximately one hour
using mechanical stirrer. To each aforementioned 2% solution, 2 g of metal ferrite in 10
mL of DW was added and the mixture was agitated for about an hour. To create
homogenous bio-composite, the above mentioned mixture solution was combined with
0.5M NaOH solution along with 10% Glutaraldehyde as the crosslinking agent and stirred
for 30 minutes. The composite is then reduced to a consistent size by stirring it with a
glass rod. The final solution of the bio-composite was stored overnight. Subsequently,
the bio-composite was separated using filtration and the resulting filtrate was then
subjected to several washes with distilled water before being dried at temperature 50°C
to get the desired product. The schematic representation of the composite synthesis using

various ferrite and bio-wastes is presented as figure 3.1.

The obtained magnetic composite had been designated as metal ferrite pine
cone composite, metal ferrite walnut shell composite and metal ferrite pistachio shell
composite. The composites prepared in this study using above mentioned method are

presented in table 3.1.
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above prepared solution Composite

Figure 3.1: Synthesis of bio-waste based composites

Table 3.1: List of different composite prepared

Pistachio shell

Bio-waste Composites Prepared
oi Zinc ferrite pine Cobalt ferrite pine  Nickel ferrite pine  Copper ferrite pine
ine cone

cone (ZFPC) cone (CoFPC) cone (NFPC) cone (CuFPC)

Walnut shell zinc ~ Walnut shell cobalt Walnut shell nickel ~ Walnut shell copper
Walnut shell ) . . .
ferrite (WSZF) ferrite (WSCoF) ferrite (WSNF) ferrite (WSCuF)
Zinc ferrite Cobalt ferrite Nickel ferrite Copper ferrite

pistachio shell
(ZFPS)

pistachio shell
(CoFPS)

pistachio shell
(NFPS)

pistachio shell
(CuFPS)

3.4. Preliminary Adsorption Studies

Based on preliminary studies, it is feasible to assess the selective properties of various
metal ferrite composites. Different materials such as bio-waste based and chemically
treated bio-waste based metal ferrite composites were examined. However, the outcomes
from chemically treated bio-waste based composites didn't notably differ in terms of
removal efficiencies compared to those from raw bio-waste based composites. Therefore,
for subsequent experimentation, raw bio-waste based metal ferrite composites were

chosen because they result in low resource and energy consumption, aligning with the
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principles of green synthesis. The selectivity of different metal ferrite bio-waste based
composites was evaluated using different dyes and metal ions. A comprehensive
description of the preliminary adsorption studies is provided in the section 3.4.1 and
3.4.2.

3.4.1. With Dyes

A variety of dyes (anionic and cationic) in aqueous solutions were used for studying the
adsorption characteristics of metal ferrite pine cone and metal ferrite walnut
shell composites. Research on the adsorption performance of the aforementioned metal
ferrites along with their bio-waste based composites was conducted using a variety of
dyes including crystal violet (CV), brilliant green (BG), malachite green (MG), methylene
blue (MB) and congo red (CR). Research on adsorption behavior of the different dyes had
been conducted using the batch adsorption method. In preliminary experiments, 0.1g of
metal ferrite composite was mixed with 50 mL of adsorbate with a known concentration
and shaken at 200 rpm for a set time period. The samples were then taken out and the
adsorbent was separated by using a magnet. UV-VIS spectrophotometer (SHIMADZU-
19001) was used to assess the decreased dye concentration. For dyes CV, MB, CR, BG
and MG, the maximum wavelengths (Amax) utilized were 590 nm, 664 nm, 497 nm,
625 nm and 617 nm respectively. Table 3.2 shows the findings of preliminary research

study using metal ferrites and their bio-waste based composites for dye removal.

Table 3.2: Preliminary results showing percentage removal of various dyes

Percentage removal

S.No.  Adsorbent Crystal Methylene  Brilliant Malachite
Violet Blue Green Green Cango Red
Bio-Waste
1. Pine cone 62.1 49.6 52.4 60.6 42.8
2. Walnut Shell 59.6 49.8 50.4 54.8 46.7
Zinc ferrite and their composites
1. Zinc ferrite 47.2 41.6 45.9 54.8 30.1
Zinc ferrite
2. pine cone 84.5 80.1 64.9 89.4 20.1

(Composite)
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Percentage removal

S.No.  Adsorbent Crystal Methylene  Brilliant Malachite
Violet Blue Green Green Cango Red
Walnut shell
3. zinc ferrite 72.6 81.8 75.4 90.2 19.8
(Composite)
Nickel ferrite and their composites
1. Nickel ferrite 34.2 28.6 31.9 38.4 36.5
Nickel ferrite
2. pine cone 69.8 78.6 82.7 77.4 23.1
(Composite)
Walnut shell
3. nickel ferrite 60.5 52.6 56.7 60.1 17
(Composite)
Cobalt ferrite and their composites
1. Cobalt ferrite 50.1 32.4 35.2 42.4 30.4
Cobalt ferrite
2. pine cone 64.1 53.2 55.6 61.9 24.4
(Composite)
Walnut shell
3. cobalt ferrite 89.4 85.8 90.4 82.8 20.8
(Composite)
Copper ferrite and their composites
Copper
ferrite 40.4 32.6 35.8 41 33.7
Copper
ferrite pine
30.2 22.6 33.8 31.4 14.6
cone
(Composite)
Walnut shell
3. copper ferrite 22.4 19.8 26.7 30.9 20.4
(Composite)
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In comparison to uncoated metal ferrite, it was noted that zinc ferrite pine cone (ZFPC),
nickel ferrite pine cone (NFPC), walnut shell zinc ferrite (WSZF) and walnut shell cobalt
ferrite (WSCoF) composites exhibited a higher percentage of removal for cationic dye
crystal violet (CV), methylene blue (MB), brilliant green (BG) and malachite green (MG)
during the process of adsorption. The percentage removal was noticed to
be decreased while using various composites for the removal of congo red (CR) which is

an anionic dye.

Both pine cone and walnut shell bio-waste have reactive functional groups present in
their structures. These include hydroxyl, carboxylic acids as well as other favorable
groups which facilitate the efficient removal of cationic dyes. The existence of anionic
functional groups on bio-waste based metal ferrite composites surface results in a
negative charge. Thus functional groups provide specificity towards particular type of
pollutants. Consequently, a surface with a negative charge easily attracts cationic dyes
and results in higher percentage removal. However, a reduction in the percent removal of
anionic CR dye was observed because both the adsorbent and the molecules of anionic
dye had similar charges on their surface. This suggests that the composites prepared

for this research work showed more selectivity towards the cationic species.

These findings led to the selection of ZFPC, NFPC, WSZF and WSCoF composite for
further adsorption investigations of cationic dyes CV, MB, BG and MG from dye
containing wastewater. The adsorption experiments indicated that the percent removal of
various dyes using pure metal ferrite was much lower as compared to the bio-waste based
ferrite composites. The adsorption behavior of dye CV, BG, MB and MG was

investigated using different composites.
3.4.2. With Metal lons

Ni(Il) and Cu(ll) was investigated using bio-waste, pure metal ferrites and with metal
ferrite bio-waste composite. The preliminary examination of heavy metals was conducted
by employing the same method used for dyes. The concentration of metal ions in the
samples was assessed using a UV-VIS Spectrophotometer (SHIMADZU-19001).
Different metal ferrite composites such as zinc ferrite pistachio shell (ZFPS), nickel ferrite
pistachio shell (NFPS), copper ferrite pistachio shell (CuFPS) and cobalt ferrite pistachio
shell (CoFPS) were prepared and used for the removal of Ni(1l) and Cu(Il) metal ion from

the aqueous solutions. The composites CuFPS and CoFPS showed very less removal

33



effectiveness followed by ZFPS for both the heavy metal ions whereas NFPS showed
good removal for Cu(ll) ion. Therefore, NFPS composite was shortlisted as efficient
adsorbent for removing Cu(ll) from metal ion containing wastewater and used further for

adsorption studies. Table 3.3 presents the percentage removal of different heavy metal

ions.
Table 3.3: Preliminary results showing percentage removal of heavy metals
5 NO. Adsorbent Percentage Removal
Ni(11) cu(In
Bio-waste
1. Pistachio shell 354 48.9
Nickel Ferrite and their composites
1. Nickel Ferrite 7.9 24.2
Nickel Ferrite
2. Pistachio Shell 38.1 68.4
(Composite)

3.5. Characterization of Metal Ferrites and their Composites

The morphological behaviour and surface characterization of
various magnetic ferrites and their corresponding bio-waste composites has been studied

using number of techniques.

3.5.1. Fourier Transform Infrared (FTIR) Analysis

Fourier Transform Infrared (FTIR) Spectroscopy is a significant analytical technique
utilized to recognize and characterize functional groups of a wide range of materials by
examining their interaction with IR (Infrared) radiation. The surface of metal ferrites and
prepared composites were characterized using a Perkin-Elmer Spectrum 2 FT-IR
spectrophotometer and Bruker (Model: Tensor 27) within the range of 4000-400 cm™.148-
10 FTIR functions based on the concept that molecules selectively absorb distinct
frequencies of infrared light, inducing vibrational transitions between different energy
states. These vibrational transitions are characteristic of the chemical bonding in a

molecule.
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3.5.2. X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) is a method of analysis utilized for determining the crystal
structure of material. It relies on the principle of X-ray scattering by crystal lattice planes.
X-ray diffractometer (Bruker D8 Advance) was used to investigate the crystallite
structure of the material 25! The basic principle of XRD is based on Bragg's law, which
outlines the relation between the angle of X-ray incidence, the X-ray wavelength and the
separation between atomic planes within a crystal lattice. When X-rays interact with a
crystal, they undergo diffraction due to the orderly arrangement of atomic planes inside
the crystal lattice. The resulting diffraction pattern provides information about the crystal
structure. X-ray diffraction is widely applied in various scientific fields including
materials science, chemistry, geology and biology. It provides detailed information about
the atomic arrangement within crystalline materials making it an essential tool for

structural characterization.

The formula for calculating average crystallite size was calculated by using Scherrer

formula which is as follows-"143

0891
- LCos6

(3.1)

where, ‘D’ is crystallite size, ‘A’ is the X-Ray wavelength, ‘0’ is diffraction angle and ‘B’
Is broadening peak.

3.5.3. Scanning Electron Microscope (SEM) Analysis

A Scanning Electron Microscope (SEM) is a tool utilized for high-resolution imaging and
examination of surfaces at both the micro and nanoscale levels. The scanning electron
microscope (JEOL JSM-7610F Plus) and Carl Zeiss, Germany (Model: Merlin Compact)
was utilized to analyze the composite's size and morphological structure. The basic
principle of SEM includes the interaction of electrons with a sample to create detailed
images and gather information about its topography, composition, and other
characteristics.**521%3 |n summary, SEM analysis involves focusing an electron beam
on a conductive or coated sample, capturing the signals generated by the interaction and
using detectors to produce high-resolution images and gather information about the

sample's surface characteristics.
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3.5.4. Energy Dispersive Spectra (EDS) Analysis

Energy Dispersive Spectroscopy (EDS) is used to determine elemental composition of
materials using model EDS: OXFORD EDS LN2 free. It is often coupled with electron
microscopes, such as scanning electron microscopes (SEM) or transmission electron
microscopes (TEM) to provide details regarding the chemical composition of the
sample.*2#4149 EDS relies on the principle that when electrons with high-energy interact
with a material, they can knock inner shell electrons from atoms. Subsequently, outer
shell electrons fall into the vacancies left by the ejected inner shell electrons, and X-rays
are emitted during this process. The energy of these characteristic X-rays correlates
directly with the energy differences between the involved electron shells and is specific
to elements present in the sample. EDS is a valuable tool in various other fields where

detailed information about the elemental composition of samples is essential.
3.5.5. Brunauer-Emmett-Teller (BET) Analysis

The Brunauer-Emmett-Teller (BET) is an analytical technique utilized to determine the
surface area of the porous materials. The method relies on the physical adsorption of
molecules of gas onto the surface of a solid material. BET was studied using BET analyser
Quantachrome® ASiQwin™ [Version 5.21] and Nova series [M/s. Anton Paar]. The BET
theory is grounded in the multilayer adsorption of gas molecules onto a solid surface. It
assumes that gas molecules form layers on the surface of material and the surface area
can be determined by analyzing the adsorption isotherm, which relates the amount of
adsorbed gas to the relative pressure. The BET analysis provides valuable information
about the specific surface area distribution of the porous materials, aiding in the
characterization of catalysts, adsorbents, and other substances where surface properties

are crucial 2" 1%3
3.5.6. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a method employed to examine alterations in the
mass of a sample in response to temperature (or time) variations, under controlled
atmospheric conditions. Thermogravimetric analyzer Perkin Elmer TGA 4000 was
utilized to determine the material's thermal stability.}331541%5 TGA is based on the
principle that changes in the mass of a sample can occur due to various processes, such
as decomposition, oxidation, reduction, dehydration or volatilization. By monitoring the

fluctuations in the mass of a sample as it undergoes heating or cooling within a controlled
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environment, valuable information about its thermal stability, composition, and reaction
kinetics can be obtained. TGA is widely used in different fields to investigate the thermal

behavior of material and determine decomposition temperature.
3.5.7. pH of Point Zero Charge (pHpzc) Analysis

The pH of point zero charge (pHpzc) is a property of a solid surface and it refers to the pH
level where the surface charge becomes neutral meaning that the surface is neither
positively nor negatively charged'*3!*® The pHp. is key aspect in considering the
performance of materials in aqueous solutions particularly in fields such as colloid
chemistry, surface science and environmental science. It relies on principle that the charge
on a solid surface is effected by the dissociation of functional groups present on the
surface. In the context of point zero charge of the material, the pH of surrounding solution
determines the charge on the surface of adsorbent. At the zero-point charge, the
concentration of protons (H* ions) in solution is such that it exactly compensates the
charge on the surface, resulting in a neutral surface charge. The pH of point zero charge
was determined using solid addition method. The solid samples (0.1 g) were suspended
in solution containing 50 mL 0.1M KNO3s which were taken in 250 mL conical flasks
with varying pH values ranging from 3-11. The solution’s pH was adjusted by adding
either HCI or NaOH. The solution was placed in orbital shaker for 24 hours at 30°C. The

difference between the pH values was calculated using following equation.
ApH = pHi-pHs (3:2)
A graph was plotted between initial pH and ApH.

Then pHzpc can be determined graphically by finding the intersection of the surface charge

curve at the pH axis.*"1%8

3.6. Batch Adsorption Studies

Dyes such as CV, MB, BG and MG in the single, binary, ternary dye system and Cu(ll)
metal ion were studied using batch adsorption method to determine the adsorption
potential of selected composites as discussed in section 3.4.1 and 3.4.2. The reduced
concentration of the adsorbate had been determined using UV-VIS spectrophotometer
(SHIMADZU-19001).
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The effect of contact time, adsorbent dose, pH, concentration and the temperature was
studied using metal ferrite bio-waste composites. The process described in the
preliminary studies was utilized for the adsorption studies and the parameters such as
equilibrium time of 3 hours, adsorbent dosage 0.1-0.5 g, pH range 3-11, dye concentration
50-250 mg/L (for single system) and 20-100 mg/L (for binary and ternary system),
temperature 25°C, 30°C and 35°C were kept constant during the entire study.

3.7. Single, Binary and Ternary Dye System

The stock solutions for dyes CV, BG, MG and MB were made by adding 1 g of dye in
1L of DW which gave 1000 mg/L solution for each dye. This solution was further diluted
with DW to get working solutions of desired concentration. For conducting adsorption
studies in single as well as multiple dye system, a defined quantity of metal ferrite
composite was added to 250 mL conical flasks that held a given volume (50 mL) of
adsorbate at a known concentration and were shaken in a thermostatic shaker at speed
200 rpm for a predetermined period of time. The samples were removed and the adsorbent
was separated using a bar magnet after the completion of experimentation. By
determining the absorbance of solution using UV-VIS Spectrophotometer, the remaining
amount of dye was determined. Amax Values 590 nm, 624 nm, 617 and 664 nm were used

to determine the dye concentration of CV, BG, MG and MB respectively.
3.7.1. Single Dye System

The equations used for calculating 'Qe' adsorption capacity (mg/g) and percentage

removal are given as:!21:153.159

Q. =D xy (3.3)

m

Removal percent = (C"C;Ce)xmo (3.4)

o

where, C, and Ce are the concentration of dye at initial state and equilibrium state,
respectively (mg/L), ‘V’ is the volume of dye solution (L) and ‘m’ is the mass of

adsorbent (g).
3.7.2. Binary Dye System
For calculating the concentrations of components A and B in the binary system of dyes,

the following equations had been used:!°%160.161
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Cy = (Kppd;-Kp1d;,)/(K41Kpy-Kp2Kp1) (3.5)
Cp= (Ka1d2-Ka2d1 )/ (Ka1Kp2-Ka2Kp1) (3.6)

Where, the calibration constants of A and B in a binary dye solution at wave lengths 1
and 2 are Kaz1, Kg1, Kaz, and Kgz. The OD (optical densities) of a dye mixture at positions
1 and 2 are d; and d, respectively. Pure components A and B have absorption calibration
constants Ka; and Kg; at the maximal wavelengths of component A. Similar to this, Kaz
and Kagy are calibration constants of absorption for pure components A and B in the

optimum wavelength of component B.
3.7.3. Ternary Dye System

Equations for determining the concentrations of components A, B and C in a ternary

system of dyes are as follows:83142.162

Ca=(d1X+ d;Y + d3Z)/(Kaix + Ka2Y + KazZ) (3.7)
[X = Kg3Kco-Kp2Kes; Y = Kp1Kez-KasKer; Z = KeaKei-KpiKez]

Cg=(d X'+ d,Y' + d3Z")/(Kg1X' + KgY' + Kp3Z') (3.8)
[X' = KazKes-KasKer; Y = KasKei-KaiKes; Z' = KatKeo-Ka2Ke1]

Cc=(d X"+ dY' + d3Z") /(K1 X" + KoY + Ke3Z'™) (3.9
[X" = KazKgs-KasKg2; Y’ = KasKe1-Ka1Kes; Z'" = Ka1Ke2-Ka2Kg1]

where, Kai, Kaz2, Kas, Kg1, Kgz, Kgs, Kci, Kcz, Kcs denotes calibration constants of
components A, B, C at different wavelengths i.e.; A1, A2 and As respectively. At different
wavelength, the optical density of dye mixture is written as d1, d2 and dz. The adsorption
coefficients for pure substances A, B and C at their respective maximum wavelength A1
for Component A are Ka1, K1 and Kci1. Kaz, Kg2, Kc2 and Kas, Kgs, Kcs are coefficient
of adsorption for pure dyes A, B and C at a wavelength A2 and A3 for components B and

C, respectively.
3.8. Metal lon System

For conducting adsorption experiments of heavy metal ion, the same procedure like dye
adsorption was followed first. After the removal of samples from orbital shaker, the
adsorbent was separated using a magnet followed by the standard procedure (given
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below) used for the estimation of heavy metal ion by UV-VIS method. By determining
the absorbance of solution using UV-VIS Spectrophotometer, the reduced concentration

of metal ion samples was determined.1®3
3.8.1. Solution Preparation for Heavy Metal lon

A 1000 mg L solution of Cu(ll) was prepared and DW was used to dilute the stock
solution in order to prepare all working solutions. Comprehensive details regarding the

procedure are provided in the subsequent section.
Estimation of Cu(ll) lons

A solution with a concentration 1000 mg/L of Cu(ll) ions was obtained by dissolving
3.93 g of CuS04.5H0 in 1L of DW. This resulted in the preparation of a stock
solution of Cu(ll). For the determination of Cu(ll) concentration, the subsequent

methodology has been implemented.

» Reagents Used

= 1:1 hydrochloric acid.

= Hydroxylamine hydrochloride solution: 50g NH.OH.HCI were dissolved in 450
mL distilled water.

= Sodium citrate solution: 300g NasCsHs0,.2H20 were dissolved in distilled water
and further distilled water was added to bring the total volume up to 1000 mL.

= Disodium bathocuproine disulfonate solution: 19 of
CeH4N2(CH3)2(CeH4)2(SO3Na). was dissolved in DW and the final volume was
made up to 1000 mL.

> Procedure

1 mL aliquot of the sample was diluted to 10 mL with distilled water. From this solution,
1 mL had been taken in 50 mL measuring flask. To this solution, ImL of 1:1 HCI solution
was added which was further followed by 4 mL NH>OH.HCI solution, addition of 4 mL
NazCeHs02.2H,O solution and 4 mL CsHaN2(CHs)2(CsHa)2(SOsNa).  solution
respectively. The absorbance of solution was noted at 484 nm.

3.9. Regeneration Study of the Adsorbent

The adsorbent was separated from the dye solution and was collected after completion of
adsorption process with Cu(ll) and various dyes in single, binary and ternary dye system.

The 250 mL Erlenmeyer flask containing dye saturated adsorbent having 50 mL
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desorbing solution was placed in an orbital shaker and had been shaken at 110 rpm for a
specific period of time. For dyes and metal ions, 0.1N HCI solution had been used as a
desorbing agent. An adsorbent that had been regenerated was separated by filtration, dried
and then utilised for the subsequent adsorption cycle. The adsorbent's regeneration

efficiency was determined using the following equation:83:85164-166

Amount of dye adsorbed in (n+1)th cycle

Regeneration efficiency (%) = X100 (3.10)

Amount of dye adsorbed in nth cycle

3.10. Adsorption Kinetics

The behaviour of adsorption exhibits time dependent nature. Therefor kinetic behaviour
is quite important in understanding the nature of adsorption. The adsorption Kinetic
behaviour of synthesised magnetic bio-waste composites with Cu(ll) metal ion and
different cationic dyes in the single, binary and ternary systems had been studied using
several kinetic models. These include the Lagergren pseudo first order model, pseudo
second order model, the Elovich model and Weber Morris model.1>>!% The kinetic
models were fitted with the data acquired from adsorption experiments in order to
determine the impact of contact time and to identify the optimal kinetic model.

3.10.1. Lagergren Pseudo First Order Model

The Lagergren pseudo first order model is an extension of traditional pseudo-first-order
kinetic model, specifically applied to describe the kinetics of adsorption processes. This
model is named after Swedish chemist Sven Erik Lagergren, who developed it in the early
20th century. The Lagergren model introduces an exponential term to account for the
probability of adsorption, presuming that the rate of adsorption is proportionate to the
number of unoccupied sites on the adsorbent’s surface. The Lagergren pseudo first order
model is commonly applied in the study of adsorption kinetics, especially for the
adsorption of solutes or gases onto the solid surfaces. It serves to analyse data obtained
from adsorption isotherms and provides insights into the rate at which adsorption occurs.
The linearized equation of Lagergren pseudo-first-order kinetic model is as

fOI IOWS' 117,167-169

10g(Qe — Q) = 10gQe1 — 55t (3.11)

where, Qe1 and Q: represent the total amount of pollutant that has been adsorbed on

adsorbent at equilibrium state and at time ‘t’ (mg/g), ka1 is the Lagergren pseudo first order
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rate constant (per min.). The values of various constant were determined using intercept
of the plot log (Qe-Qt) Vs t.

3.10.2. Pseudo Second Order Model

The pseudo-second-order model is another extensively used approach to characterize the
kinetics of different chemical and physical processes, particularly in the context of
adsorption onto solid surfaces. The pseudo-second-order model is commonly applied in
studying the adsorption Kkinetics, especially for the adsorption of gases or solutes onto
solid surfaces. This model aids in analysing experimental data derived from adsorption
isotherms, offering insights into the rate of adsorption. It suggests that the rate-
determining step involves chemisorption, where the adsorbate establishes a chemical

bond with adsorbent surface. The linear equation of pseudo second order model
is:84,149,170—172

t 1 t

0 K2Q¢% ' Qe

(3.12)

where, Qe2 and Q: represent the amount of adsorbate that is adsorbed per gram of
adsorbent at the equilibrium state and at time ‘t’ (mg/g), h is equal to k2Q%2, and k2 is
pseudo second order Kinetics rate constant (mg/min). The linear relationship between t

and Q is represented by the graph, which is utilised to determine Qe and Ka.
3.10.3. Elovich Model

Elovich kinetic model is commonly used to define the kinetics of chemisorption. It was
introduced by 1. Elovich in 1962. The Elovich equation is often applied to study the
adsorption of gases or solutes onto solid surfaces. This model posits that the sites available
for adsorption on the surface are energetically heterogeneous and that the adsorption
process involves a distribution of activation energies. According to this model, the rate of
adsorption reduces exponentially with time, indicating gradual occupation of adsorption

sites. 16716817 The linear formula of Elovich model is represented as:
Q; = %ln(aﬁ) + %ln(t) (3.13)

In the given context, o represents the rate of adsorption at initial stage (mg/min) while 8
signifies the activation energy for chemisorption (g/mg) and is associated with the extent

of surface coverage.
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A linear relationship is observed from the graph of Q: versus In t, where the intercept is
1/B In (af) and the slope is 1/B. The main limitation of the aforementioned model is the
inability to ascertain the diffusion characteristics of both the adsorbate as well
as adsorbent.

3.10.4. Weber-Morris Model

The Weber-Morris intra-particle diffusion model is often employed to study the
adsorption kinetics of solutes onto solid surfaces, particularly when the rate-limiting step

IS intra-particle diffusion. The linear form of Weber-Morris model is expressed
as:117'118'125'130'153'”3

Qt:KinttO'S (3.14)

where, Qt is amount of adsorbate adsorbed at time ‘t’, Kint is the intra-particle diffusion

rate constant and t is the time.

The model suggests that if intra-particle diffusion is rate-limiting step, then the graph of
Q: versus t° should form a linear pattern starting from the origin. However, in many
cases, the experimental data does not perfectly fit this model and additional steps or

mechanisms may contribute to the overall adsorption process.
3.11. Adsorption Isotherms

Adsorption isotherms describe the relation between the quantity of adsorbate adsorbed
per unit weight of the adsorbent and the concentration of the adsorbate in the solution at
equilibrium at constant temperature. These isotherms are vital in understanding the
behavior of adsorption process.!’41" For the present study, experimental data is typically
fitted to different isotherm models including Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich (D-R) model to determine adsorption behavior.

3.11.1. Langmuir Isotherm

The Langmuir model of isotherm stands as a fundamental model in describing the
adsorption of a gas or solute onto a solid surface. It was proposed by Irving Langmuir in
1916. The Langmuir isotherm assumes monolayer adsorption on a homogeneous surface.
The Langmuir isotherm assumes no interaction between adsorbate molecules once they

are adsorbed onto the surface. Each molecule acts independently.

The linear representation of the Langmuir isotherm equation is as follows; 3123170
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1 1 1
—=—+
Qe Q bQC

(3.15)

where, Qe represents the quantity of adsorbate adsorbed per unit mass of adsorbent at
equilibrium, b denotes the Langmuir constant associated with adsorption energy (L/mg),
Q signifies the maximum adsorption capacity (theoretical monolayer coverage) in mg/g
and Ce indicates the equilibrium concentration of the adsorbate in the fluid phase. The
relationship between 1/Qe and 1/C. is represented by a straight line with a slope of 1/bQ
and an intercept of 1/Q.

3.11.2. Freundlich Isotherm

The Freundlich isotherm model is an empirical equation which describes the adsorption
of a solute onto solid surface. Herbert Freundlich proposed this model in the year 1906

and is generally used to describe heterogeneous surfaces and multilayer adsorption.

The Freundlich equation in linear form is represented as:6149176
log Q. = logK; + %logCe (3.16)

where, K represents the Freundlich equilibrium constant, measured in mg/g, ‘n’ indicates
the Freundlich exponent, which has no units. The Freundlich constant K and exponent
1/nis calculated based on the intercept and slope of graph, respectively. A straight line is

obtained by plotting log Q. against the log Ce.
3.11.3. Temkin Isotherm

The Temkin model of isotherm is another empirical equation employed to elucidate the
adsorption of solutes onto a solid surface. It was proposed by M.I. Temkin and V. Pyzhev
in 1940. The Temkin isotherm takes into account the interactions between the adsorbate
molecules and assumes a linear reduction in the heat of adsorption as the coverage

increases.
The linear equation of Temkin isotherm is given as:118125170.171
Q. = BIn(A) + B In(C,) (3.17)

where, B is equal to RT/br, bt is Temkin constant and indicates heat of adsorption, R
represents the gas constant which is 8.314 JK™mol?, A denotes equilibrium binding

constant which corresponds to the maximal binding energy (L/g) and T represents the
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temperature in Kelvin. A positive value of bt indicates that adsorption process is

of exothermic nature whereas, a negative value indicates an endothermic nature.
3.11.4. Dubinin-Radushkevich (D-R) Isotherm

The Dubinin-Radushkevich (D-R) model is employed to explain the adsorption of gases
on heterogeneous surfaces. It is particularly applicable to physical adsorption processes
on microporous materials. Primarily designed for physical adsorption, where gas
molecules are adsorbed onto a solid surface through weak van der Waal forces. It assumes

a homogeneous distribution of pore sizes within the microporous material.

The linear representation of D-R isotherm is follows:122173.177.178
InQ, = InQ,, + p&* (3.18)
e = RTIn(1 + 1/C,) (3.19)

where, Qm represents the D-R monolayer capacity in mg/g and P is constant associated
with adsorption energy. R represents the universal gas constant, which is measured in

joules per kelvin per mole (JK*mol) while T refers to the absolute temperature (Kelvin).

The D-R isotherm is often used to estimate the mean adsorption energy (E) of the
adsorbate on the heterogeneous surface. This mean energy is indicative of the average
energy required for an adsorbate molecule to move from bulk solution to the adsorption

site on the solid surface.
3.11.5. Adsorption Energy (E)

Adsorption energy (E) refers to the energy released or absorbed as molecules of a
substance (adsorbate) attach to the surface of another substance (adsorbent). In simple
words, the energy associated with the adsorption process indicating the strength of the

interaction between adsorbate molecules and the adsorbent surface.158:162

The Adsorption Energy (E) is calculated using the equation:

1

E=7x

(3.20)

where, K is the D-R isotherm constant associated to adsorption free energy (mol?J?). The
calculated adsorption energy value showed the adsorption type. Adsorption is classified
physical if the calculated value is below 40 KJ/mol, otherwise if it equals or exceeds 40

KJ/mol, it is classified as chemical.
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3.11.6. Separation Factor

Separation factor ‘R’ is also one parameter which is applied to know about nature of the
adsorption process in Langmuir isotherm which is calculated using following

equation:83119

1
1+bC,

(3.21)

R, =

where, C, is adsorbate’s highest initial concentration

RL>1 Unfavourable

RL=1 Linear
O<RL<1 Favourable

RL=0 Irreversible

3.12. Adsorption Thermodynamics

Adsorption thermodynamics involves the study of the energy changes, entropy
changes, and other thermodynamic parameters associated with the adsorption process.
Thermodynamics provides insights into the spontaneity, stability and feasibility of
adsorption reactions. Enthalpy, Entropy change and Gibbs free energy are the key
parameter in understanding adsorption thermodynamics.’®1>17%-181 Here are some

general aspects of adsorption thermodynamics:
a. Gibbs free energy (AG®):

e Gibbs free energy is the key thermodynamic parameter that governs the
spontaneity of process. For adsorption, the Gibbs free energy change (AG®) is
crucial.

e Negative value of AG® indicate spontaneous adsorption process.

b. Enthalpy (AH®):

e Enthalpy change (AH°) represents the heat released or absorbed during
adsorption.
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c. Entropy (AS°):
e Entropy change (AS°) is associated with the disorder or randomness of the

system. It reflects changes in the molecular arrangement upon adsorption.
The Van't Hoff equation is used to compute AG® which is expressed as:
AG° = —RTInK, (3.22)

General equation for calculating adsorption equilibrium constant is:

K ;=Cosce (3.23)

Ce
According to the equation of Gibb’s Helmholtz,
AG®° = AH®° —TAS® (3.24)

From equations (3.23) and (3.24), we get

Ink, =% — (3.25)

where, Kq signifies the dimensionless distribution equilibrium constant, R is the universal
gas constant with value 8.314 Joule per kelvin per mole (JK*mol?) and T denotes the
absolute temperature measured in Kelvin. The variables C, and Ce denote the initial and
equilibrium concentrations of the adsorbate (mg/L).

The value of AH® and AS° can be derived by analyzing the slope and intercepts of the
linear graph of In Kq versus 1/T.
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CHAPTER-4

RESULTS AND DISCUSSION




The findings of preliminary studies lead to the selection of several metal ferrite bio-
waste composites for conducting extensive adsorption experiments with a variety of dyes
in different dye systems which are single, binary and ternary for dyes as well as with
Cu(I1) metal ion. The results are divided into two sections, one for the study of dyes and
other for the study of metal ion adsorption using metal ferrite bio-waste composites
selected as described in the preliminary studies. In addition, each portion has been
subdivided in order to provide detailed information of the adsorbents in terms of their
characterization, parameters’ effect on the percent removal of respective adsorbate and
application of various Kinetic, isotherm and thermodynamic models. The adsorption

studies, adsorbent characterization and major findings are thoroughly addressed.
PART-I
(Dyes Adsorption using bio-waste metal ferrite composite)

Composites such as zinc ferrite pine cone (ZFPC), nickel ferrite pine cone (NFPC),
walnut shell zinc ferrite (WSZF) and walnut shell cobalt ferrite (WSCoF) had been
selected as efficient absorbents for removing different cationic dyes (CV, MG MB and
BG) from single, binary and ternary dye system. The subsequent sections describe the
comprehensive findings of surface characterization, morphological analysis and

adsorption experiments conducted on selected metal ferrite bio-waste composites.
4.1. Zinc Ferrite Pine Cone (ZFPC) Composite

4.1.1. Characterization and Morphology

4.1.1.1. Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared spectrum of pine cone (PC), zinc ferrite (ZF) and zinc
ferrite pine cone (ZFPC) is shown in figure 4.1.1. Two different adsorption peaks can be
found below 600 cm™ in the spectrum of ZF and ZFPC composite which correspond to
the metal oxygen (M-O) band at two distinct sites.%® The M-O band at the tetrahedral site
is represented by the peak observed between 500 and 600 cm™* while the M-O band at the
octahedral site is represented by the peak noted between 450 and 400 cm™.2>" These peaks
indicate spinel character of the ferrite and ferrite based composite used for the

experimental study.

48



Peak found at 3281.60 cm™ in PC corresponds to the O-H stretching. The spectral band
seen at 2929.44 cm indicates CH, vibration due to the C-CH and C-CH, bonds.'?® A
peak at 2361.46 cm™ was observed due to the interference of CO; in the sample. The C=0
and C=C vibrations corresponds to the peak seen at 1607.02 cm™*. Another peak found at
1440.46 cm™ is associated with a small alkane C-H absorption band.'% Peak at 1261.79
cm* in the PC could be caused by the vibration of carboxylic acid C-O. Peak at 1024.08
cm? and 775.25 cm™ observed might be caused by -C-C- and the stretching of —CN
respectively.'?® The prepared ZFPC showed characteristic peaks of both the materials i.e.;
PC and ZF with slight shifts as shown in figure 4.1.1 which confirmed the successful

formation of ZFPC composite.
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Figure 4.1.1: FTIR spectra of pine cone, zinc ferrite and zinc ferrite pine cone

composite
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4.1.1.2. X-Ray Diffraction

The X-ray diffraction pattern of ZF and ZFPC are presented in figure 4.1.2. The XRD
pattern of ZF exhibited distinct peaks at 26 ~ 29.9°, 35.2°, 36.9°, 42.8°, 53.1°, 56.6°,
62.2°, 70.5° and 73.6°. These peaks correspond to the Miller indices patterns (220),
(311), (222), (400), (422), (511), (440), (620) and (533) respectively. The lattice exhibited
cubic spinel structure. The crystallinity and higher phase purity of ZF are shown by the
peaks. To the contrary, the composite's X-ray diffraction pattern shows slightly different
diffraction peaks. It was verified that the composite exhibits the identical pattern
of Bragg's reflection.'® The findings demonstrated that the composite has a crystalline
arrangement and maintains its spinel properties despite surface modifications.®> The
average size of the crystallites calculated as per Scherrer formula (equation 3.1) for pure
ZF was 38.6 nm whereas the average size calculated for ZFPC composite was 54.9 nm.
The hkl plane values are indexed from JCPDS file 01-071-5150.
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Figure 4.1.2: XRD spectra of zinc ferrite and zinc ferrite pine cone composite
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4.1.1.3. Field Emission Scanning Electron Microscope

The surface morphology of the materials is illustrated in figure 4.1.3, which consists of
FE-SEM images of ZF and ZFPC. ZF exhibit a non-uniform shape with a granular
structure and have varied particle size. The largest particle size determined for zinc ferrite
was 2.92 um while the smallest size was 0.16 um. Based on the calculations, the average
size calculated for zinc ferrite was found to be 1.37 pm. ZFPC showed similar
morphology and uneven surface with ferrites attached on the surface. The prepared
composite yielded an average particle size of 1.52 um having largest particle size 3.39
pum and the smallest 0.25 um. Based on the calculations shown above, it has been found
that the size of prepared ZFPC composite has larger particle size than that of pure ZF.1%8

This finding provides evidence that the spinel zinc ferrite have successfully been modified

with pine cone.

S -
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SEM WD 7.3mm 11:40:34

Figure 4.1.3: SEM image (a) Zinc ferrite (b) Zinc ferrite pine cone composite

4.1.1.4. Energy Dispersive Spectra

Energy Dispersive Spectra of ZF and ZFPC composite are shown in figure 4.1.4 along
with the peaks that indicate the elemental composition present in each of these materials.
The atomic and weight percentages of the various elemental components present in the
ZF and ZFPC that were synthesized using magnetic nano particles are presented in table
4.1.1. It is evident that ZFPC composite contains a higher percentage of carbon in
comparison to pure ZF which demonstrates successful modification of ZF with PC to

form a magnetic composite. 84183
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Figure 4.1.4: EDS image (a) Zinc ferrite (b) Zinc ferrite pine cone composite

Table 4.1.1: Elemental composition of zinc ferrite and zinc ferrite pine cone

composite
) _ Zinc Ferrite Pine Cone
Element Zine Ferrite composite

Weight %  Atomic %  Weight %  Atomic %

C 4.13 11.81 15.14 34.59

@) 20.54 44.06 19.99 34.28

Fe 51.31 31.53 54.63 26.84

Zn 24.02 12.61 10.23 4.29
Total 100.00 100.00 100.00 100.00
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4.1.1.5. Thermogravimetric Analysis

The TGA graph of ZFPC composite is presented in figure 4.1.5. The thermogravimetric
analysis was conducted to investigate the thermal stability of composite. The TGA
analysis was conducted in an air environment with temperature ranging from 28-600°C
and a heat rate of 10°C/min. It is apparent from the graph that a loss in weight of 8.3%
was observed from approximately 30.5°C to 92.05°C. This decrease in weight may be
attributed to the evaporation of entrapped moisture in the sample. At around 150°C to
355.8°C, an abrupt weight loss of about 25.9% was observed which might be due to the
breakdown of organic matter. Asthe temperature rose, another steady weight loss of
12.6% was noticed from 355.8°C to 595.9°C. After that, there observed no further loss
which demonstrated the complete decomposition of organic matter with in the composite.
Based on the above observations, it has been calculated that 0.420 grams of PC has been

attached in 1 gram of ZFPC (Composite).>81%°

ZFPC (Composite)‘
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Figure 4.1.5: TGA curve of zinc ferrite pine cone composite

4.1.1.6. Brunauer-Emmett-Teller Analysis

A method known as BET was utilized to investigate the specific surface area distribution.

The outcomes of BET analysis conducted on the prepared composite as well as pure
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ferrite provides unambiguous evidence that the surface area of pure ferrite is less as
compared to composite. The specific surface area of pure ZF obtained was 0.749 m?/g
while the surface area obtained for ZFPC was 1.463 m?/g. This happened because the
particle size increased when the surface of ZF was modified with PC as compared to pure
ZF. On surface modification, porosity increased at the surface of composite which caused

an increase in the specific surface area.'%1:184

4.1.1.7. pH of Point Zero Charge Analysis

For determining the pH_pc of ZFPC composite, the solid addition method was utilized. To
carry out the experiment, nine 250 mL Erlenmeyer flasks were taken and 50 mL ofa 0.1M
KNOs3 solution was added to each flask. Using Hydrochloric acid (0.1N) and Sodium
hydroxide (0.1M), the pH of the prepared solution was adjusted within a range between
3-11 (the initial pH). 0.1 g of the ZFPC was added to each glass flask. These flasks were
kept in thermostatic shaker at 30°C for a period of twenty-four hours. The flasks were
taken out from the shaker after 24 hours and the contents of flasks were filtered in
different beakers. The final pH of the solution present in each beaker was noted and

calculations were performed using equation 3.2.1211%

Using the above calculated values, a plot was obtained between initial pH (on x-axis) and
A pH i.e.; the difference between the initial pH and final pH (on y-axis) as illustrated in
figure 4.1.6. From the graph, the pHz,c value of ZFPC calculated was 7.50. Thus, it states
that the surface of the composite will be positively charged below pH 7.50 and a
negatively charged above pH 7.50.18186

pH

Figure 4.1.6: pHpzc of zinc ferrite pine cone composite
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4.1.2. Adsorption Study in Single and Ternary Dye System

Adsorption behavior of ZFPC composite was determined using batch process for various
dyes.?18" The ZFPC composite exhibits specific selectivity towards various dyes in
aqueous solution as evidenced by pilot-scale studies described in chapter 3. The
composite's adsorption characteristics were examined with several dyes including CV,
MG, BG and MB. Among these, the dye BG exhibited lower adsorption efficiency. As a
result, ZFPC composite was further explored for CV, MG, and MB dyes only in single as
well as ternary dye system. Different adsorption factors including contact time, initial
solution pH, adsorbent dosage, initial dye concentration and temperature were examined.
4.1.2.1. Effect of Contact Time

For analysing the effect of contact time on ZFPC composite in both single as well as
ternary dye systems, a known concentration of single and ternary dye (50 mg/L and 20
mg/L, respectively) was poured in an Erlenmeyer flask (100 mL) with the addition of
adsorbent dose (0.1 g) and a specified dye solution volume (50 mL). The flasks were then
kept in a thermostatic orbital shaker for 3 hours. The flasks had been removed at
predetermined intervals and the residual dye concentration was determined using UV-
VIS Spectrophotometer. Effect of contact time on CV, MG and MB in single as well as
ternary dye systems are shown in figure 4.1.7 and 4.1.8 respectively. From the graph, it
is evident that the removal percentage of dye was extremely rapid during the initial phase
of the process but with increasing time, it became more stable and eventually reached
equilibrium. This may be due to the fact that during the initial phase, greater number of
unoccupied adsorption sites available on the surface of ZFPC and molecules of dye
got attached to those vacant sites. However, over time, these empty sites became
occupied, the adsorption rate slowed down and after some time residual concentration
became constant with respect to time. This stage was referred to as the equilibrium stage
where rate adsorption becomes equal to rate of desorption.3:7617518 Eor single dye
system, the rate of adsorption was initially rapid, facilitated by the abundance of active
sites but after sometime, the removal dyes deaccelerated and ultimately reached
equilibrium at 120 minutes. The maximum removal percentages achieved for CV, MG
and MB were 81.5%, 90.0% and 67.9%, respectively. Similarly, for ternary dye system,
the adsorption proceeded quickly in the initial phase and the equilibrium was attained at
around 110 minutes. The maximum removal percentages for CV, MG and MB in the

ternary system were calculated as 58.7%, 64.4% and 41.7% respectively.
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Figure 4.1.7: Effect of contact time for single dye system
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Figure 4.1.8: Effect of contact time for ternary dye system
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4.1.2.2. Adsorption Kinetics

Several models including the Lagergren pseudo first order model, Pseudo second order
model, Elovich model and Intra particle diffusion model were applied in order to
study the kinetic behavior of the prepared composite (ZFPC) for both single as well
as ternary dye system.93167.168.173.189 The time study data was graphically represented by
utilizing the kinetic models. The plot with respect to Lagergren pseudo first order and
pseudo second order model is shown in figure 4.1.9 for both the single and ternary dye
system while figure 4.1.10 represents plot of Elovich model. Table 4.1.2 displays
calculated values of different constants linked to kinetic models using the plots. The
degree of model suitability can be assessed by examining the regression coefficient (R?)
value. A higher R? value approaching 1 indicates a better fit of the model. Therefore, the
pseudo second order kinetic model exhibited the best fit followed by Elovich model and
pseudo first order model indicating that the process of adsorption in the experimental

study was chemical in nature.
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Figure 4.1.9: Lagergren pseudo first order and pseudo second order kinetics for single

and ternary dye system
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Figure 4.1.10: Elovich model for single and ternary dye system

Table 4.1.2: Calculated values of different kinetic constants for single and ternary dye

system
SYSTEM
KINETIC MODEL Single Single Single Ternary Ternary Ternary
Parameter
MG MB CVv MG MB
Qe1 26.466 33.955 30.248 2.428 3.407 0.748
Lagergren Pseudo
) Ki 0.344 0498 0.492 0.337 0.383 0.325
first order
R? 0.868 0.907 0.872  0.969 0.989 0.915
Qe2 2584 2623 2076 0.332 0.413 0.092
h 0.756 1.404 0.817  0.087 0.076 0.034
Pseudo second order
K2 5046 9.662 3.524  0.009 0.013 0.001
R? 0.988 0.998 0.998  0.988 0.993 0.994
o 1686 3592 1797 0.182 0.164 0.073
Elovich model ] 0.178 0.189 0.222 1.295 1.068 4.924
R? 0981 0.989 0.995  0.965 0.975 0.986
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Weber-Morris intraparticle diffusion model was employed to study mechanism of
adsorption for different dyes using ZFPC. The plot between Q; and t°° is represented in
figure 4.1.11 and Kint i.e.; the intra-particle diffusion rate constant and the rate limiting
step!!21™! are calculated from the slope of line if it passes through origin. This rate-
limiting step states that a straight line must intersect the origin point. However, graph
indicates that the plot is non-linear and the line does not pass through origin. This
suggested that in addition to intra-particle diffusion, there might be other factors that
influence the adsorption rate in single and ternary system. As can be seen from figure
4.1.11, the slope was steep at the beginning of the process which suggested that the dye
was absorbed quickly in the case of a single dye system. After a certain period of time,
the slope flattened out and eventually reached equilibrium. However, this trend was
absent in the ternary dye system. The decrease of adsorption in ternary dye systems was
attributed to the antagonistic effect of dyes. Different forces like electrostatic interaction
and -1 interactions existed among the molecules of CV, MG and MB and form stronger
bond. Therefore, compared to a single dye system, the amount of different dyes removed
was significantly lower in the ternary dye system.4?
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Figure 4.1.11: Intra particle diffusion model for single and ternary dye system
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4.1.2.3. Effect of pH

The pH governs the surface charge of the adsorbent, which in turn affects the performance
of the adsorbent under different pH conditions. The influence of pH was studied to
determine the adsorption behavior of prepared ZFPC composite with different dyes CV,
MG and MB in single dye system at pH values ranging from 3 to 11. Erlenmeyer flasks
containing the prepared solution with an initial concentration of the dye 50 mg/L and an
adsorbent dose 0.1 g were placed in an orbital shaker for a period of 3 hours at 25°C. The
effect of pH on the removal of various dyes (CV, MG and MB) in a single dye system is
illustrated in figure 4.1.12. From the figure, it was observed that the dye removal
effectiveness increased with increasing pH of solution and reached maximum at 6 then
further decreased. So, the pH 6 has been determined as optimal for the removal of dyes.
According to the results, the maximum percentage of CV, MG and MB removed is
78.2%, 82.5% and 67.9% respectively.'?:1%
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Figure 4.1.12: Effect of pH for single dye system
4.1.2.4. Effect of Adsorbent Dosage

To examine the effect of adsorbent dosage, the dosage of prepared ZFPC composite was
varied from 0.1 g - 0.5 g for single and ternary dye systems. The data in figure 4.1.13 and
4.1.14 illustrates that as the dosage of the ZFPC composite increased, the
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percentage removal of dye also increased in single as well as ternary system 1919 This
trend of increasing dye removal in both the dye systems was seen as a result of increased
availability of unoccupied sites on the surface of ZFPC with increased amount of
adsorbent. However, the quantity of adsorbate adsorbed per gram of adsorbent (Qe)
declined as the amount of adsorbent increased. This decline was due to the presence of
more active sites on the adsorbent’s surface, which remained unoccupied with the

increase in adsorbent amount.142192
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Figure 4.1.13: Effect of adsorbent dosage for single dye system
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Figure 4.1.14: Effect of adsorbent dosage for ternary dye system
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4.1.2.5. Effect of Concentration and Temperature

The effect of concentration for both dye systems was examined with initial dye
concentration ranged from 50-250 mg/L for the single dye system and 20-100 mg/L for
ternary dye system. In addition to the concentration, the effect of temperature was also
investigated at temperature: 25°C, 30°C and 35°C. The concentration and temperature
effect on the dyes are depicted in figure 4.1.15 and 4.1.16 for single dye as well as ternary
dye system respectively. An increase in the initial dye concentration (Co) resulted in the
increase in the amount of dye adsorbed per unit weight of the adsorbent (Qe) for the dyes
used in this study in single as well as ternary dye systems. This rise in adsorption capacity
occurred because the bond strength between dye molecules and the adsorbent
strengthened as the quantity of dye molecules increased for a set amount of adsorbent,
leading to more frequent collisions. The percent removal of dye however, dropped as the
concentration of dye was increased in both the dye systems. This could be due to constant
number of available active sites present on the adsorbent's surface in comparison to the
increasing concentration of dye molecules. Additionally, it was observed that as the
temperature increases, the adsorption capacity of different dyes also increased, which

indicated that adsorption process was endothermic in nature for this study,!°7168.190
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Figure 4.1.15: Effect of concentration for single dye system
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Figure 4.1.16: Effect of concentration for ternary dye system

The increase in the adsorption may be attributed to the increase in the number of collisions
due to increased kinetic energy between dye molecules and ZFPC as well as enlargement
of pores present on the surface of the adsorbent which lead to increase in the surface area

thus helping in more adsorption.*2%7

When different dyes are present in the solution, they exhibit antagonistic effect which
causes decreased adsorption. Moreover, multiple dye systems offer opportunity of mutual
interaction among the dye molecules which is another reason for decrease in the

adsorption of dyes in multiple dye systems.
4.1.2.6. Adsorption Isotherms

For dyes CV, MG and MB, various models of adsorption isotherms such as the Langmuir
93188 Freundlich’217319  Temkin!?2179177 and the Dubinin-Raduskevich (D-R)
model2173177 were utilized to investigate the equilibrium state in different dye systems
at varied temperatures (25°C, 30°C and 35°C) with ZFPC composite. Various adsorption
isotherms were employed for both the systems at three distinct temperatures and varying
concentrations, as depicted in figures 4.1.17 (a-d). From the plots of different isotherms,
the values of isotherm constants were calculated for both the dye system which are
presented in table 4.1.3. Among the different adsorption isotherms, the Langmuir model
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demonstrated the highest R? (correlation coefficient) value, indicating the best fit with the
experimental data. The results suggested that the surface of ZFPC composite possesses
uniform active sites and different dyes form monolayer on the surface of composite. The
Langmuir adsorption capacities for CV, MG and MB were determined to be 76.33, 200
and 94.33 mg/g, respectively for single dye system and 9.46, 20.45 and 27.93 mg/qg,

respectively for ternary dye system.

Furthermore, one of the parameter associated with Langmuir isotherm employed to
describe the nature of adsorption is the separation factor (R.). Table 4.1.3 shows that the
calculated Ry factor values for the dyes used in this study for single and ternary system
ranged from 0 to 1 which indicated that the adsorption process is favourable for dyes

adsorption in both the dye systems using ZFPC composite.1%1%8

An additional factor, the adsorbent's Adsorption Energy (E) related to D-R isotherm was
calculated to determine the type of adsorption process. The adsorption is considered
physical when E < 8 KJ/mol and chemical if it exceeds this value. It is evident from table
4.1.3 that in this case E> 100 KJ/mol. The obtained values of adsorption energy for both
single as well asternary dye system exceeded 100 KJ/mol which suggested that the
adsorption process in this experimental study followed chemisorption.>®
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Figure 4.1.17 (a): Langmuir adsorption isotherms for single and ternary dye system
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Figure 4.1.17 (b): Freundlich adsorption isotherms for single and ternary dye system
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Figure 4.1.17 (c): Temkin adsorption isotherms for single and ternary dye system
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Figure 4.1.17 (d): D-R adsorption isotherms for single and ternary dye system

The obtained values of adsorption energy for both the dye system exceeded 100
KJ/mol which suggested that the adsorption process in this experimental study followed
chemisorption.>®
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Table 4.1.3: Adsorption isotherm constants for single and ternary dye system

System Single CV Single MG Single MB Ternary CV Ternary MG Ternary MB
Isotherm Constant 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C
Model
Langmuir Q 84.034 76.924 76.335 89.285 89.285 200 86.956 94.339 94.339 6.397 8.130 9.461 6.410 7.917 20.450 23.753 25.445 27.933
b 0.018 0.025 0.027 0.015 0.016 0.008 0.018 0.019 0.024 0.254 0.235 0.232 0.163 0.153 0.054 0.036 0.040 0.037
R? 0.988 0.993 0.995 0.944 0.986 0.999 0.972 0.985 0.996 0.972 0.950 0.978 0.985 0.968 0.954 0.996 0.989 0.992
Re 0.182 0.137 0.129 0.211 0.200 0.334 0.182 0.174 0.143 0.037 0.041 0.042 0.057 0.062 0.156 0.217 0.200 0.213
Freundlich Kt 5.260 6.120 6.086 4.040 3.365 2.186 4.040 5.90 5.030 1.368 1.397 1.725 1.134 1.230 1.130 1.190 1.348 1.359
1/n 0.5003 0.4708 0.485 0.565 0.618 0.807 0.565 0.506 0.577 0.535 0.694 0.652 0.547 0.610 0.831 0.708 0.708 0.725
R? 0.913 0.912 0.955 0.848 0.990 0.999 0.849 0.894 0.994 0.988 0.938 0.975 0.980 0.964 0.944 0.988 0.978 0.983
Temkin br 149.833 156.235 145.263 133.920 115.293 76.117  158.109 137.224  109.766  1461.050 939.347  953.824  1586.862 1254.553  798.966  539.755  487.988  465.250
A 0.220 0.263 0.247 0.176 0.135 0.110 0.266 0.245 0.192 1.692 1.306 1.672 1.265 1.180 0.895 0.440 0.460 0.460
R? 0.962 0.960 0.975 0.810 0.973 0.962 0.920 0.936 0.986 0.938 0.786 0.885 0.978 0.963 0.949 0.975 0.946 0.955
D-R Qm 50.390 50.170 51.270 52.625 51.187 63.637 51.574 54.785 57.513 4.645 5.608 6.168 4.036 4.665 5.983 10.383 11.345 11.737
K 4x10° 3x10°® 3x10% 5x10° 4x10° 4x10° 4x10° 3% 10% 2% 10% 5x107 5x107 4x107 1x10 9x107 1x10 4x10° 4x10° 3x10®
R? 0.944 0.925 0.887 0.892 0.830 0.856 0.971 0.927 0.853 0.798 0.687 0.785 0.875 0.819 0.825 0.905 0.880 0.885
E 111.80 129.10 129.10 100.00 111.80 111.80 111.80 129.10 158.11 1000 1000 1118.03 707.11 745.36 707.11 353.55 353.55 408.25
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4.1.2.7. Adsorption Thermodynamics

The adsorption characteristics of CV, MG and MB were examined in both single as well
as ternary dye system at varying temperatures (25°C, 30°C and 35°C). The adsorption of
dye increased with increasing temperature suggesting that the process of adsorption was
endothermic in nature. Thermodynamic equations given in section 3.12 (chapter 3) were
utilized to determine number of thermodynamic parameters related to adsorption including the
change in entropy (AS®), the change in enthalpy (AH®) and the change in free energy (AG°®).
The slope and intercepts of linear plot of In Kq versus 1/T were used to calculate the values of
AH®°, AS° and AG° (Figure 4.1.18forsingle dyesystem and figure 4.1.19 for
ternary dye systems, respectively). Table 4.1.4 presents the computed values for various
thermodynamics parameters. The calculated AH® values were positive, which showed the
endothermic nature of adsorption process. In a similar manner, the values of AS® were also
positive suggested an increased level of randomization on the surface of the adsorbent,

spontaneity of the process was indicated by the negative value of AG©.76:%9:1%6
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Figure 4.1.18: Adsorption thermodynamic plots for CV, MG and MB in single dye system
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Figure 4.1.19: Adsorption thermodynamic plots for CV, MG and MB in ternary dye system

Table 4.1.4: Thermodynamic parameters in single and ternary dye system

systom Concentration AH® AS® AG°® [25°C] AG°[30°C] AG"[35°C]
(mg/L) (KJ/mol) (KJ/mol/K)  (KJ/mol) (KJ/mol) (KJ/mol)
50 19.918 0.075 -2.175 -2.585 -2.915
100 4.600 0.022 -1.739 -1.854 -1.950
Single CV 150 6.025 0.025 -1.310 -1.455 -1.555
200 3.583 0.013 -0.082 -0.145 -0.205
250 13.702 0.044 0.583 0.555 0.140
50 12.378 0.048 -1.973 -2.195 -2.454
100 54.374 0.185 -0.286 -1.188 -2.110
Single MG 150 52.692 0.177 -0.140 -1.066 -1.912
200 47.792 0.160 -0.059 -0.600 -1.667
250 44.770 0.150 -0.026 -0.005 -1.538
50 27.498 0.100 -2.232 -2.684 -3.230
single MB 100 7.063 0.031 -2.044 -2.152 -2.350
150 8.690 0.034 -1.505 -2.037 -1.843
200 29.385 0.100 -0.186 -0.650 -1.179
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Sust Concentration AH’ AS° AG® [25°C] AG°[30°C] AG®[35°C]
ystem
(mg/L) (KJd/mol) (KJ/mol/K)  (KJ/mol) (KJ/mol) (KJ/mol)
250 44.354 0.147 0.697 0.215 -0.760
20 28.555 0.104 -2.347 -2.885 -3.385
40 34.347 0.118 -1.232 -1.442 -2.430
Ternary
oV 60 41.263 0.140 -0.325 -1.305 -1.717
80 49.510 0.165 0.536 -0.995 -1.176
100 49.509 0.165 0.576 -0.573 -1.062
20 21.146 0.075 -1.144 -1.702 -1.890
40 35.396 0.120 -0.543 -0.984 -1.750
Ternary
MG 60 27.275 0.093 -0.250 -0.812 -1.173
80 65.453 0.215 0.995 0.280 -0.854
100 94.680 0.305 3.383 2.670 0.311
20 14.288 0.052 -1.027 -1.425 -1.540
40 17.802 0.063 -0.695 -1.180 -1.315
Ternary
VB 60 11.507 0.040 -0.120 -0.315 -0.510
80 19.713 0.065 0.255 -0.135 0.383
100 0.467 0.001 0.386 0.483 -0.397

4.1.3. Regeneration of Adsorbent

Adsorbent regeneration is crucial for assessing its performance after the adsorption studies.
The effectiveness of the adsorbent after recycling process is the primary factor in determining
its cost efficiency. Following the analysis of adsorption capacities for various dyes (CV, MG
and MB) onto the ZFPC composite, the regeneration process was carried out by using HCI
(0.1N) as desorbing agent for both the dye systems (single and ternary dye). The composite's
regeneration efficiency was calculated for a maximum of five cycles. The results of study
indicate that the ZFPC composite exhibit effective reusability and may serve as an
economically feasible adsorbent for removing cationic dyes. The regeneration efficiency of the
prepared composite is presented in table 4.1.5 for single and ternary dye system. The data
clearly shows that even after five adsorption-desorption cycles, the ZFPC composite still
maintained a good regeneration efficiency in both the dye systems. For single dye system, the
regeneration efficiency calculated for CV, MG and MB was 90.1%, 87.2% and 89.9%
respectively whereas, for ternary dye system, the efficiency found was 86.9%, 87.1% and
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84.4% for CV, MG and MB respectively. These findings suggest that the ZFPC composite

exhibits excellent reusability and can serve as a cost-effective adsorbent.>°16°

Table 4.1.5: Regeneration efficiency of zinc ferrite pine cone composite for single and

ternary dye system

) Single dye Ternary dye
Regeneration
eycle (50 mg/L) (20 mg/L)
CV (%) MG (%) MB((%) CV (%) MG (%) MB (%)
1 100 100 100 100 100 100
2 98.6 98.2 99.1 96.6 96.9 95.8
3 96.0 95.3 96.4 92.2 93.0 92.7
4 93.4 91.4 92.8 89.1 90.4 89.0
5 90.1 87.2 89.9 86.9 87.1 84.4

71



4.2.  Nickel Ferrite Pine Cone (NFPC) Composite
4.2.1. Characterization and Morphology
4.2.1.1. Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared spectrum of pine cone (PC), nickel ferrite (NF) and nickel
ferrite pine cone (NFPC) is shown in figure 4.2.1. The spectrum of NF and NFPC
composite exhibit two different adsorption peaks located below 600 cm™. These
characteristic peaks indicate spinel character of ferrite and ferrite based composite. The
characteristic peaks are attributed to the metal oxygen (M-O) band at two different locations
[21]. The tetrahedral site's M-O band is denoted by the peak which is observed at a
wavenumber ranging from 500 to 600 cm™. On the other hand, the octahedral site's M-O

band is identified at a wavenumber ranging from 450 to 400 cm™.%%7
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Figure 4.2.1: FTIR of spectra pine cone, nickel ferrite and nickel ferrite pine cone composite
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In the spectra of pine cone, peak observed at approximately 3412.04 cm™ corresponds to O-H
group. The spectral band CHn vibration which is caused by C-CH and C-CH> bonds is indicated
by a peak at approximately 2925.41 cm™. A peak found at 2366.55 cm™ may occur due to the
presence of carbon dioxide. The peak at 1605.02 cm™ observed in the pine cone sample
corresponds to the C=0 and C=C vibrations. Another peak, found at 1440.46 cm™ corresponds
to a minor alkane C-H adsorption band. The peak observed at 1261.79 cm™ in the pine cone
might have been formed by the vibration of a carboxylic acid C-O bond. Peak at 1024.08 cm™
in the pine cone sample may be attributed to the stretching of -C-C bond.!** The NFPC that
was prepared exhibited characteristic peaks of both materials which are PC and NF with slight
shifts, as illustrated in figure 4.2.1. These shifts confirmed the successful formation of the

NFPC composite.
4.2.1.2. X-Ray Diffraction

The X-ray diffraction pattern of NF and NFPC composite are shown in figure 4.2.2. The
XRD pattern of NF showed distinct peaks at 20 ~30.2°, 36.4°, 37.5°,43.1°, 53.4°,57.9°, 62.1°,
71.32°, 73.8° and 79°. The peaks identified in the above order are indicative of the following
Miller indices: (220), (311), (222), (400), (422), (511), (440), (620), (533) and (444)
respectively. The peaks illustrate the greater phase purity and crystallinity of nickel ferrite. The
X-ray diffraction pattern of NFPC composite, on the contrary, reveals almost similar peaks
with a slight difference and the composite follows the same Bragg's reflection pattern [119].
The findings indicated that the composite possesses crystalline structure and retains its spinel
character despite undergoing surface modifications.'® The average size of crystallite calculated
using the Scherrer formula (equation 3.1) was 35.4 nm for pure NF and 49.6 nm for the NFPC

composite.
4.2.1.3. Field Emission Scanning Electron Microscope

FESEM images of the NF and NFPC is given in figure 4.2.3 which provide and insight to the
surface morphology of these materials. NF ferrite showed varied particle size as well as an
uneven shape whereas, the NFPC composite showed similar morphology with uneven surface
where the particles of ferrites were attached. The largest particle size determined for NF was
1.51 pum while the smallest size observed was 0.10 pum. Based on the calculations, average size
calculated for nickel ferrite was obtained to be 0.91 um. The prepared composite yielded an
average particle size of 2.89 um with the largest particle size 2.08 um and the smallest 0.28

pm. Based on the above calculations, it was found that the size of NFPC composite was greater
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as compared to pure NF. This finding provides evidence that spinel nickel ferrite has

successfully been modified with pine cone. 819
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Figure 4.2.2: XRD spectra of nickel ferrite and nickel ferrite pine cone composite
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Figure 4.2.3: SEM image (a) Nickel ferrite (b) Nickel ferrite pine cone composite
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4.2.1.4. Energy Dispersive Spectra

The Energy Dispersive spectra of NF and NFPC composite are shown in figure 4.2.4 along
with the peaks representing the elemental composition of each compound. The atomic and
weight percentages of the different elemental components present in the compounds are shown
in table 4.2.1. The elemental composition clearly indicates that the proportion of carbon in the
NFPC composite increased consistently in comparison to pure NF which serves as an evidence
that the modification of nickel ferrite with pine cone can effectively result in the formation of

a magnetic composite.®’
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Figure 4.2.4: EDS image (a) Nickel ferrite (b) Nickel ferrite pine cone composite
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Table 4.2.1: Elemental composition of nickel ferrite and nickel ferrite pine cone composite

) _ Nickel Ferrite Pine Cone
Nickel Ferrite

Element composite
Weight % Atomic % Weight % Atomic %
C 44.95 57.08
O 4.70 14.72 42.22 32.03
Fe 90.61 81.28 10.75 9.09
Ni 4.69 4.00 2.08 1.80
Total 100.00 100.00 100.00 100.00

4.2.1.5. Thermogravimetric Analysis

The thermogravimetric analysis graph of NFPC composite is presented in figure 4.2.5. The
TGA was conducted to examine the thermal stability of composite material. The analysis was
performed in an air atmosphere with conditions; temperature range:28-600°C and heat rate:
10°C/min.
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Figure 4.2.5: TGA curve of nickel ferrite pine cone composite
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As shown in graph, an approximate weight reduction of 7.1% was detected at 32.9 °C to 101.6
°C. The reduced weight observed in the sample can be attributed to the evaporation of
entrapped moisture in the sample. An additional weight loss of 19.4% and 5% was observed
with an increase in temperature at approximately 101.6°C to 343.7°C and 343.7°C to 407.7°C
respectively which could be due to the decomposition of organic matter. Further, at
approximately 407.7°C to 501.75°C, an abrupt weight loss of 20.1% was again observed which
indicated that the organic matter present in the composite had undergone complete
decomposition, as no further weight loss was detected thereafter. On the basis of above
observations, it has been calculated that 0.479 grams of PC has been attached with 1 gram of
NFPC composite.1%

4.2.1.6. Brunauer-Emmett-Teller Analysis

The specific surface area of material was studied through BET analysis. The results of the BET
analysis performed on NF and NFPC composite showed that the surface area calculated for NF
is less than NFPC. The specific surface area of NF and NFPC composite was 0.443 m?/g and
1.823 m?/g respectively. The data clearly demonstrates that NF confronted a decrease in its
specific surface area. This happened because the size of particles increased when the surface
of the nickel ferrite had been modified with pine cone as compared to pure nickel ferrite. On
surface modification, the porosity on the surface of composite increased which caused an

increase in specific surface area.**31%
4.2.1.7. pH of Point Zero Charge Analysis

The solid addition method was employed for studying the pHzpc of NFPC. For conducting the
experiment, 50 mL of distilled water based 0.1M KNO3 solution had been added to each of
nine 250 mL Erlenmeyer flasks. By adding NaOH (0.1M) and HCI (0.1N), the pH of prepared
solution was adjusted to a range between 3 to 11, which corresponds to the initial pH of the
solution. To each glass flask, 0.1 g composite was added. The flasks were placed a shaker for
a period of 24 hours. After this, the glass flasks were removed and the content of each flask
were filtered in separate beakers. The final pH value of solution present in beakers was noted

and the calculations were performed using the equation 3.2 (Chapter-3).1%

Using the above calculations, a graph was plotted between initial pH (on x-axis) and A pH i.e.;
the difference between the initial pH and final pH (on y-axis) as depicted in figure 4.2.6. From

the graph, the pHzpc value of NFPC composite was determined to be 7. It therefore states that
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the surface of composite will have positive charge below pH 7 and a negative charge above pH
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Figure 4.2.6: pHzpc of nickel ferrite pine cone composite
4.2.2. Adsorption Study in Single and Binary Dye System

The batch adsorption method was employed to study the adsorption characteristics of the NFPC
composite. The NFPC composite exhibits dye selectivity towards different dyes in an aqueous
solution as demonstrated by pilot-scale studies described in chapter 3. Different dye
systems which includes single and binary were studied to assess the selectivity of NFPC
composite towards cationic dyes. The prepared composite’s adsorption performance was
examined with several dyes but the dyes BG and MB exhibit good removal efficiency among
all. Therefore, BG and MB were utilized to examine the adsorption characteristics of NFPC in
both single as well as binary dye systems. Different adsorption parameters like contact time,
dosage of adsorbent, pH, temperature and adsorbate concentration were thoroughly studied.
4.2.2.1. Effect of Contact Time

To study the effect of contact time on NFPC composite in single and binary dye system, a
known concentration of single and binary dye (50 mg/L and 20 mg/L, respectively) was added
to an Erlenmeyer flask (100 mL) along with 0.1g adsorbent dose and a specified volume of dye

solution (50 mL). These flasks were then placed in a thermostatic shaker for 3 hours. After
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regular intervals, the glass flasks were taken out and the remaining concentration was assessed
using a UV- VIS Spectrophotometer. The contact time effect on BG and MB dyes in single as
well as binary dye system is shown in figure 4.2.7. The graph demonstrates that percentage of
BG and MB removal was rapid during the initial phase but as the time increases, it stabilized
and ultimately attained equilibrium. This may be due to the fact that initially, there were
numerous available adsorption sites on the surface of NFPC, which facilitates the rapid
adsorption of dye molecules. However, as time passed, these sites gradually became occupied,
resulting in deceleration of the adsorption rate until it balanced with the rate of desorption,
indicating the attainment of equilibrium.8”*>" In single dye system, the rate of adsorption was
initially high due to availability of abundant active sites but eventually slowed down and
reached equilibrium at 110 and 120 minutes for MB and BG respectively. The maximum
removal percentages obtained for BG and MB were 94% and 81.3%, respectively. Similarly,
in binary dye system, the adsorption proceeded rapidly in initial phase and the equilibrium was
attained at around 100 minutes. The maximum removal percentages for BG and MB dye in the

ternary system were calculated as 79.7% and 62% respectively.
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Figure 4.2.7: Effect of contact time for single and binary dye system
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4.2.2.2. Adsorption Kinetics

Adsorption Kinetics were studied to determine the characteristics of the adsorption process.
Adsorption kinetics study of NFPC composite for single as well as binary dye systems were
examined by employing various models including the Lagergren pseudo-first order model,
pseudo-second order model and the Elovich model.*"1% The time study data was represented
graphically using these models of kinetics. The plot of Lagergren pseudo-first order and
pseudo-second order model for the single and binary dye system is shown in figure 4.2.8, while
the plot of Elovich model is represented in figure 4.2.9. Table 4.2.2 represents the calculated
values of different constants associated with kinetic models. The degree of suitability of the
model can be assessed by analysing the regression coefficient (R?) value. A higher R? value
approaching 1 suggests best fit to the data. So, the pseudo-second order model exhibited the
most favourable among the three, followed by Elovich model and pseudo first order model

suggesting the chemical nature of adsorption process.*’
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Figure 4.2.8: Lagergren pseudo first order and pseudo second order Kinetics for single and

binary dye system
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Figure 4.2.9: Elovich model for single and binary dye system

Table 4.2.2: Calculated values of different kinetic constsnts for single and binary dye system

KINETIC SYSTEM
MODEL Parameter Single BG Single MB Binary BG Binary MB
Qe1 17.318 8.215 3.973 2.610
Lagergren Pseudo
K1 0.523 0.406 0.421 0.409
first order

R? 0.912 0.965 0.503 0.436
Qe2 2.467 2.115 0.609 0.359
Pseudo second h 4.115 4.428 0.281 0.067
order K2 0.675 0.990 0.758 0.521
R? 0.998 0.999 0.993 0.935
a 384.206 439.670 0.629 0.146
Elovich model ] 0.415 0.489 0.760 1.259
R? 0.967 0.969 0.981 0.940

The Weber-Morris model of intraparticle diffusion was employed to study the adsorption
mechanism of different dyes using NFPC. The correlation between Q: and t°° signifies the

diffusion characteristics of the adsorbent which is represented in figure 4.2.10, while Kint
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denotes the rate constant for intra-particle diffusion and the rate limiting step. The rate-limiting
step states that the line passing through the origin must be straight. However, the graph reveals
the non-linearity and the line do not pass from origin which suggests that in addition to intra-
particle diffusion there might be other aspects that influence the rate of adsorption in both the
dye system. As shown in figure 4.2.10, the slope was steep in the beginning indicated the rapid
dye adsorption for single dye system. After a specified duration of time, the slope flattened out
and ultimately reached equilibrium. However, this trend was absent in binary dye system. The
decline in adsorption capacity may be attributed to the dye’s antagonistic effect. Various forces
which includes n-n interactions and electrostatic interaction and existed among BG and MB
dye molecules. Different dye molecules in binary dye system form strong bonds with one
another as a consequence of these interactions, which in turn slows down the absorption rate.
Therefore, percentage of dyes removed in binary dye system was significantly lower when

compared to single dye system.14219
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Figure 4.2.10: Intra particle diffusion model for single and binary dye system
4.2.2.3. Effect of pH

In adsorption process, the solution’s pH plays a significant role by altering the surface charge
of adsorbent, thereby influencing the removal efficacy. The effect of pH was studied to
determine the behaviour of adsorption for NFPC composite with different dyes MB and BG in
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single system at pH values ranging between 3 to 11. Erlenmeyer flasks containing the prepared
dye solution with an initial dye concentration 50 mg/L and an adsorbent dose 0.1 g were placed
in a thermostatic shaker for the time duration of three hours at 25°C. Figure 4.2.11 shows the
pH effect on the removal of BG and MB dyes in single system. The graph indicates that with
increasing pH, the dye removal efficiency increased and reached at pH 7 then further declined.
According to findings, pH 7 comes out to be the most effective for the elimination of dyes for
this experimental study. The calculated maximum removal percentages were 91.83% for BG
and 78.54% for MB.
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Figure 4.2.11: Effect of pH for single dye system
4.2.2.4. Effect of Adsorbent Dosage

For studying the adsorbent dosage effect, the dosage of prepared NFPC composite was adjusted
from 0.1 g - 0.5 g for both single dye as well as binary dye system. The data in figure 4.2.12
illustrates that the efficiency of dye removal increased with increasing dosage of NFPC
composite in single and ternary dye system. The enhanced dye removal pattern observed in
both the dye systems could be due to the increased availability of unoccupied sites on the
composite’s surface with an increased adsorbent amount. However, with increased adsorbent

amount, the quantity of adsorbate adsorbed per gram of the adsorbent (Qe) decreased. This
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decrease was observed due to more active sites on adsorbent’s surface that remained

unoccupied with an increase in amount of adsorbent, 7%
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Figure 4.2.12: Effect of adsorbent dosage for single and binary dye system
4.2.2.5. Effect of Concentration and Temperature

The effect of concentration for single and binary dye system was studied with initial dye
concentrations ranging from 50 to 250 mg/L for the single dye system and 20 to 100 mg/L for
the binary dye system. Additionally, the effect of temperature was studied at temperature 25°C,
30°C and 35°C. Figure 4.2.13 and 4.2.14, illustrates the effect of concentration for dyes at
various temperatures in single and binary dye system respectively. It was observed that
adsorption capacity of BG and MB in both the dye systems increased as the concentration of
dye increased. The rise in adsorption capacity (Qe) occurred because the contact between dye
molecules and adsorbent became stronger when the quantity of dyes increased for a given
amount of adsorbent. This eventually led to a greater number of collisions between the
adsorbent and the dye molecules. However, it was found that removal percent of dye decreased
with increasing concentration in single and binary dye systems.®® This may be because of
constant number of accessible active sites present on the adsorbent’s surface in comparison to
the increasing dye concentration. Additionally, it was noted that dye’s adsorption capacity

increased with increase in temperature, suggesting an endothermic nature of the process.
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Figure 4.2.13: Effect of concentration for single dye system
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Figure 4.2.14: Effect of concentration for binary dye system

With increasing the adsorption capacity increase could be attributed to the enhanced interaction

between the adsorbate and adsorbent molecules which lead to enlargement of certain pores
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present in the sample, resulting in greater surface areafor adsorption of different
dye molecules. As a result, the increase in temperature, leads to an increase in Kinetic energy,

which results in more effective collisions, 8158196

The percentage removal of each dye was lower in the binary dye system than in the single dye
system because they exhibit antagonistic effect. Moreover, multiple dye systems offer
opportunity of mutual interaction among the dye molecules which is another reason for
decrease in the adsorption of dyes in multiple dye systems

4.2.2.6. Adsorption Isotherms

Different models of isotherms including the Langmuir model, the Freundlich model, the
Temkin model and the Dubinin-Raduskevich (D-R) model were appliedto study
the equilibrium state of adsorption for dyes BG and MB in single as well as binary dye systems
at different temperatures i.e.; 25°C, 30°C and 35°C with NFPC composite.>®1*® The figure
4.2.15 (a-d) illustrates the plots of different adsorption isotherms for both the dye
systems which were studied at different temperatures and varying concentrations. From the
plots of isotherms, the values of various constants for both the dye systems (single and binary

dye system) were calculated which are shown in table 4.2.3.

0.7

1/Q,

1.4

BG [25 °C] BG [30 °C]
® BG[35°C] ® MB|[25°C]
® MB[30°C] ® MB[35°C]
® BG Binary [25 °C] ® MB Binary [25 °C]
BG Binary [30 °C] ® MB Binary [30 °C]
® BGBinary [35 °C] ® MB Binary [35 °C]

Figure 4.2.15 (a): Langmuir adsorption isotherm for single and binary dye system
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Figure 4.2.15 (b): Freundlich adsorption isotherm for single and binary dye system
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Figure 4.2.15 (c): Temkin adsorption isotherm for single and binary dye system
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Figure 4.2.15 (d): D-R adsorption isotherm for single and binary dye system

Among the other models of adsorption isotherm, the Langmuir model demonstrated the highest
R? (correlation coefficient) value. Therefore, according to calculations, the Langmuir model
exhibited best fit. These findings suggested that the surface of NFPC composite contains
uniform active sites. The maximum capacities of adsorption calculated in single system, for
BG and MB were 112.36 and 163.93 mg/g, respectively. However, for binary dye, the
maximum adsorption capacity for dyes BG and MB obtained were 26.66 and 38.76 mg/g,

respectively.

Further, the separation factor (RL) is the parameter associated to Langmuir isotherm which was
utilized to characterize the nature of adsorption process. As shown in table 4.2.3, the R factor
values calculated for various dyes in both the dye systems ranged between 0 and 1 which
indicated that the process of adsorption is favourable for adsorption of dyes in both the dye

system using NFPC composite.'>"1%8

In addition, the Adsorption Energy (E) of the adsorbent related to D-R isotherm was calculated
to study the type of adsorption process. The process is considered physical, if the obtained

value of ‘E’ is below 8 KJ/mol, otherwise, the process appeared to be chemical in nature.Table
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4.2.3 illustrates the calculated values of ‘E’ for both single and binary dye systems. The

resultant values exceeded 100 KJ/mol which indicates chemisorption.t%

Table 4.2.3: Calculated values of adsorption isotherm constants for single and binary dye

system

System Single BG Single MB Binary BG Binary MB

Isotherm Constant
25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C

model

22223 129.87 112.360 200 192307 163.935 35335 26.882  26.666  41.153  40.323  38.760
Langmuir b 0.033 0.090 0.178 0.010 0.011 0.015 0.105 0.197 0.390 0.032 0.035 0.064
model R? 0.998  0.982 0.987 0.994 0.998 0.997 0.989 0.930 0.982 0.999 0.999 0.995
RL 0.377  0.182 0.101 0.666 0.645 0.572 0.323 0.203 0.114 0.609 0.588 0.438
] K¢ 8.968 13.128 19.930  3.977 4.020 4.380 3.772 4.520 7.543 1.428 1.565 2.616
Fr::dd;;(:h 1/n 0.760  0.640 0.520 0.722 0.728 0.718 0.705 0.682 0.528 0.814 0.807 0.716
R? 0.997  0.99 0.990 0.981 0.985 0.993 0.995 0.976 0.976 0.985 0.980 0.936

. br 60.315 71.967 86.733 77.034  75.465 75.600 318573 321434 387.536 522.753 511.792 514.646
T:}Z::r A 0.420 0.655 1.264 0.166 0.170 0.184 1.005 1.270 3.120 0.905 0.977 1.680
R? 0.957  0.920 0.934 0.985 0.980 0.974 0.980 0.923 0.983 0.972 0.968 0.964

Qm 85.935 80.947 81736 71.015 71.115 70.302 16.608 15.950 17.802 11.298 11.625 13.113

B-R model K 4X10% 2X10® 8X107 3X10° 2X10° 2X10° 1X10® 6X107 3X107 1X10® 9X107 5X107
R? 0.862  0.796 0.818 0.905 0.886 0.850 0.875 0.760 0.893 0.902 0.897 0.916
E 353.55 500 790.57 129.10 158.11 158.11 707.11 912.87  1290.99 707.11 745.36 1000

4.2.2.7. Adsorption Thermodynamics

The adsorption behaviour of dyes BG and MB in both single and binary dye systems was
examined at different temperatures: 25°C, 30°C and 35°C. The adsorption of dye increased
with the increasing temperature, indicating an endothermic nature of the adsorption process. A
number of thermodynamic parameters such as the entropy change (AS®), enthalpy change
(AH®) and the free energy change (AG®) associated with adsorption were calculated using the
thermodynamic equations given in section 3.12 of chapter 3. The values for AH®, AS° and AG°
were determined by analysing the intercept and slope of linear plot of In Kq vs 1/T (Figure
4.2.16 for single dye systems and figure 4.2.17 for binary dye systems, respectively). Table
4.2 .4 represents the calculated values of different thermodynamic parameters. The endothermic
character of adsorption process was determined by the positive AH® values. Similarly, positive
values of AS° suggest more randomization on the surface of adsorbent, whereas the negative

values of AG® suggested the spontaneous nature of adsorption process.*142
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Figure 4.2.16: Adsorption thermodynamic plot for BG and MB in single dye system
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Figure 4.2.17: Adsorption thermodynamic plot for BG and MB in binary dye system

The adsorption thermodynamic studies for both the dye systems was plotted against In Kq and
1/T whereas the calculated values of different thermodynamic parameters are shown in table
4.2.4.
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Table 4.2.4: Calculated values of thermodynamic parameters in single and binary dye system

System Concentration AS° AH’ AG® [25°C] AG°[30°C] AG°[35°C]
(mg/L) (KJ/mol/K) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol)
50 0.254 69.183 -6.327 -7.500 -8.863
100 0.170 44,986 -6.030 -6.327 -1.747
Single BG 150 0.064 13.585 -5.466 -5.655 -6.107
200 0.040 6.305 -5.400 -5.635 -5.794
250 0.046 8.608 -5.127 -5.322 -5.590
50 0.060 14.468 -3.315 -3.524 -3.913
100 0.003 -2.255 -3.305 -3.324 -3.342
Single MB 150 0.045 10.508 -2.814 -3.064 -3.260
200 0.045 11.065 -2.212 -2.353 -2.657
250 0.033 7.490 -2.077 -2.254 -2.398
20 0.255 71.717 -4.576 -5.492 -7.140
40 0.235 65.914 -4.180 -4.563 -6.540
Binary BG 60 0.250 70.592 -3.914 -4.288 -6.424
80 0.138 37.502 -3.745 -4.187 -5.133
100 0.125 34.293 -3.210 -3.940 -4.467
20 0.165 46.777 -2.268 -2.565 -3.920
40 0.158 45.484 -2.084 -2.278 -3.686
Binary MB 60 0.180 51.724 -1.866 -2.275 -3.670
80 0.092 26.133 -1.294 -1.462 -2.217
100 0.080 22.763 -0.905 -1.118 -1.702

4.2.3. Regeneration of Adsorbent

The adsorbent’s regeneration is significant for assessing the efficacy of an adsorbent

subsequent to adsorption studies and to ensure its cost-effectiveness. For analysing the

adsorption capacity of different dyes using NFPC composite, the regeneration procedure was

conducted using HCI (0.1N) as the desorbing agent for both the dye systems (single and binary

dye).1%81% The regeneration efficiency of NFPC was calculated for up to five cycles. The

findings of the study suggest that the prepared NFPC composite exhibits effective reusability

and may work as economically feasible adsorbent for removing cationic dyes. Table 4.2.5
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represents the regeneration efficiency of NFPC for both single as well as binary dye system.
The results demonstrated that the NFPC composite retained high regeneration efficiency in
both the dye systems even after five adsorption-desorption cycles. The regeneration efficiency
for dyes BG and MB in single dye system was calculated to be 86.6% and 83.2%, respectively
while in ternary dye system, the values calculated were 80.1% and 79.4% for BG and MB
respectively. According to above findings, the NFPC composite has good reusability and may

serve as an economical adsorbent.

Table 4.2.5: Regeneration efficiency of nickel ferrite pine cone composite for single and

binary dye system

) Single dye (50 mg/L) Binary dye (20 mg/L)
Regeneration cycle

BG (%) MB (%) BG (%) MB (%)

1 100 100 100 100

2 98.4 96.7 94.7 93.1

3 94.0 92.1 90.4 89.9

4 90.8 88.3 86.4 85.2

5 86.6 83.2 80.1 79.4
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4.3.  Walnut Shell Zinc Ferrite (WSZF) Composite
4.3.1. Characterization and Morphology
4.3.1.1. Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared spectra of walnut shell (WS), zinc ferrite (ZF) and walnut shell
zinc ferrite (WSZF) are presented in figure 4.3.1. The synthesis of spinel zinc ferrite was
confirmed by the presence of two distinct peaks found below 600 cm™ in pure ZF and WSZF.
These peaks reflected the bands of M-O (Metal Oxygen) at two distinct positions. In the
tetrahedral site, the M-O band was represented by the peak found at around 500-600 cm™. In

the octahedral site, the M-O band was identified by an additional peak that was observed in
range of 450-400 cm™.1%2
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96.2

93.6

91.0
102.5

Zinc Ferrite

98.4

o
=
W

e
=
(¥

Transmittance (%)

5
1S Walnut Shell

99.0

94.5

90.0

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 4.3.1: FTIR spectra of walnut shell, zinc ferrite and walnut shell zinc ferrite

composite

The peaks observed in spectra of walnut shell at 3312.07 cm™ and 2913.37 cm™ were due to

stretching of O-H and C-H bonds, respectively. An additional peak found at 1725.41 cm™
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corresponds the stretching vibration of C=0 of the carboxyl group. The presence of peak at
1604.76 cm™* might be due to C=C bond of the ester.1%2%1 At 1237.15 cm™ and 1035.08 cm?,
there is an additional peak that corresponds to stretching of carbon-oxygen (C-O) bond in
alcohol, carboxylic acid, ester and ether.t%> It was found that the prepared WSZF composite
showed characteristic peaks of NF and WS with slight shifts as shown in figure 4.3.1 which

confirmed the successful formation of composite.

4.3.1.2. X-Ray Diffraction

The X-ray diffraction (XRD) pattern of ZF and WSZF is presented in figure 4.3.2. The XRD
peaks for ZF are observed at 20 ~ 73.51, 70.4, 62.27, 56.63, 53.15, 49.40, 42.8, 35.24 and 29.98
which corresponds to Miller indices pattern (533), (620), (440), (511), (422), (331), (400),
(311) and (220) respectively.%®%" Higher phase purity and crystallinity of ZF are shown by the
peaks. However, in WSZF composite, the XRD pattern showed slight different peaks having

same Bragg’s reflection pattern.
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Figure 4.3.2: XRD spectra of zinc ferrite and walnut shell zinc ferrite composite
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The results demonstrated that the prepared WSZF composite maintained its spinel
characteristics even after the modification of surface. The Scherrer formula (equation 3.1) was
used for calculating the average crystallite size of ZF and WSZF. The crystallite size calculated
for ZF and WSZF was 29.50 nm and 38.67 nm respectively. The hkl plane values were indexed
from JCPDS card number 00-022-1012.

4.3.1.3. Field Emission Scanning Electron Microscope

The FESEM images presenting the surface morphology of WS, ZF and WSZF are illustrated
in figure 4.3.3. It is evident from figure, that ZF shows granular structure with non-uniform
shape and varied particle size. The surface of WS is rough and flaky whereas the WSZF
composite exhibited an identical morphology with the appearance of adhered ferrite particles
on the surface of the walnut shell. This provides evidence that surface of spinel nickel ferrite

has been modified successfully with walnut shell "3

100nm JEOL 2/3/2023
SEM WD 9.0mm 13:44:41

— 100nm JEOL 2/3/2023
X 75,000 15.0kV SEL SEM WD 9.0mm 14:37:18

Figure 4.3.3: SEM image (a)Walnut shell (b) Zinc ferrite (c) Walnut shell zinc ferrite

composite
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4.3.1.4. Energy Dispersive Spectra

The Energy Dispersive Spectra of ZF and WSZF composite are shown in figure 4.3.4 along
with the peaks indicative of their elemental compositions. The atomic percentages and weight
percentages of the components present in ZF and WSZF are presented in table 4.3.1. It is
evident from the data that the amount of carbon in WSZF composite is more in comparison to
pure ZF. The presence of carbon demonstrated the fact that the walnut shell had been

successfully modified with zinc ferrite to form a magnetic composite. 5818

. Spectrum 1

Weight %

Weight %
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Figure 4.3.4: EDS image (a) Zinc ferrite (b) Walnut shell zinc ferrite composite
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Table 4.3.1: Elemental composition of zinc ferrite and walnut shell zinc ferrite composite

Walnut Shell zinc ferrite

Element Zinc Ferrite composite
Weight%  Atomic %  Weight%  Atomic %
C 4.13 11.81 58.86 73.05
@) 20.54 44.06 24.65 22.96
Fe 51.31 31.53 5.72 1.53
Zn 24.02 12.61 10.77 2.45
Total 100.00 100.00 100.00 100.00

4.3.1.5. Thermogravimetric Analysis

The thermal stability of prepared WSZF composite was determined using Thermogravimetric
Analysis. The TGA plot is presented in figure 4.3.5. The TGA analysis was conducted in an
air atmosphere, with temperature ranging from 28 to 600°C and a consistent heat rate of
10°C/minute.
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Figure 4.3.5: TGA curve of walnut shell zinc ferrite composite
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It was observed that, a loss in weight of 4.4% was observed from 35.1°C to 100.4°C, which
may be due to the vaporisation of sample's retained moisture content. At around 100.4°C to
345.9°C, weight loss of 20.3% was observed. An additional loss in weight of about 5% was
again noticed from 345.9°C to 425.4°C. This loss of weight might be attributed to the
breakdown of functional groups. As the temperature further increased, an abrupt weight loss
of approximately 12.8% was observed from 425.4°C to 521.7°C which demonstrated the
complete decomposition of organic matter present in the composite. According to the
calculations, it was found that about 0.398 g of walnut shell powder has been attached into 1 g

of WSZF composite.
4.3.1.6. Brunauer-Emmett-Teller Analysis

The specific surface area of pure ZF and WSZF composite was determined using Brunauer-
Emmett-Teller analysis. The results of BET analysis clearly demonstrate that the surface area
of pure nickel ferrite is smaller than that of the composite. The BET specific surface area
calculated for pure ZF and WSZF composite was 1.683m?/g and 3.761 m?/g respectively. It
occurred because, in comparison to pure ZF, the particle size of composite increased on surface
modification of ZF with WS. The surface porosity of the composite increased due to surface

modification, leading to an increase in specific surface area.'5*2%
4.3.1.7. pH of Point Zero Charge Analysis

The solid addition method was employed to determine the pHz of WSZF. Nine 250 mL
Erlenmeyer flasks were taken and 50 mL 0.1M KNO3 solution along with 0.1 g WSZF
composite was added. The pH of the solution was initially adjusted to a range of 3 to 11 using
hydrochloric acid (0.1N) and sodium hydroxide (0.1M). The flasks were placed in a
thermostatic shaker and allowed to shake for a period of twenty-four hours. After removing the
flasks, the solution of each flask was filtered into separate beakers. The last step was to record
the pH (final pH) of the filtered solution and the calculations were done using equation 3.2.°8:158

Using the above calculations, a graph was plotted between the initial pH and A pH as seen in
figure 4.3.6. From the graph, the pHz,c value obtained for WSZF composite was 6.1 indicating
that there was no net electric charge on composite’s surface of composite at that specific pH.
Therefore, the surface of composite will have a positive charge below pH 6.1 and a negative

charge above pH 6.1.
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Figure 4.3.6: pHzpc of walnut shell zinc ferrite composite

4.3.2. Adsorption Study in Single and Binary Dye System

The batch adsorption method was utilized for studying the dye adsorption behavior with WSZF
composite. The selectivity of the cationic dyes towards prepared composite is evidenced by
pilot scale studies described in chapter 3. The adsorption characteristics of the prepared
composite were examined with several dyes but the dyes MG and MB showed remarkable
results. So the adsorption behaviour of WSZF composite was further explored using MG and
MB dye in single as well as binary system. The effect of adsorption parameters like contact
time, adsorbent dosage, pH, temperature and dye concentration were examined.

4.3.2.1. Effect of Contact Time

The effect of contact time on WSZF composite was determined for both single as well as binary
dye systems using predetermined dye solution concentrations i.e.; 50 mg/L for the single dye
system and 20 mg/L for the binary dye system. The process of adsorption study is time-
dependent. Erlenmeyer flasks containing specified dye solution volume (50 mL) and 0.1 g
adsorbent dosage were placed in thermostatic shaker at 25°C for the time period of 3

hours.>"1% The flasks were removed at predetermined intervals and reduced dye concentration
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was measured. Figure 4.3.7 shows the contact time effect on the removal of MG and MB in
single as well as binary dye system. The graph showed that the dye removal was fast initially
in both the systems but as the time increased, it slowed down and eventually reached
equilibrium. Initially the adsorption process exhibited a significant number of unoccupied sites
on its surface, to which the dye molecules got attached quickly. However, after a specific
duration, each of these sites became occupied and a state of equilibrium was attained between
the molecules of adsorbate and adsorbent. It was determined that the equilibrium time obtained
for MG (Single), MG (Binary) and MB (Binary) was 100 minutes; whereas, the time obtained
for MB (Single) was 120 minutes. The percentage of dyes MG and MB removed in single
dye system were 90.7% and 93.6%, respectively, whereas in binary dye system the percentage
removed were 85.4% and 75.8% for MG and MB respectively. The results also shown that the
percentage removal was higher for the single dye system compared to binary dye system which

could occur because the dye molecules in binary system are more competitive with one

another.®
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Figure 4.3.7: Effect of contact time for single and binary dye system
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4.3.2.7. Adsorption Kinetics

The kinetics of adsorption is applied in order to study the behavior of adsorption in proportion
to the passage of time. The Lagergren pseudo-first order, pseudo-second order and Elovich
models were applied for studying the adsorption kinetics in both the dye system. The time study
data was graphically represented by applying general linear equations to the kinetic models.
The graphs representing the models of kinetics are illustrated in figure 4.3.8, 4.3.9 and 4.3.10
respectively for single and binary dye system. The physical and chemical nature of adsorption
process was determined by Kinetic studies. The possibility of physisorption is indicated when
the data of adsorption demonstrate an accurate fit to pseudo first order with value of R?
(regression coefficient) close to 1. Similarly, if the reaction has a strong correlation with the
pseudo second order model, then this might be an indication that chemisorption is taking place.
Therefore, for this experimental study, the pseudo second order model emerged as the most

appropriate, exhibiting the highest R? value suggesting the chemical nature of adsorption

process.
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Figure 4.3.8: Lagergren pseudo first order and pseudo second order kinetics for single and

binary dye system
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Figure 4.3.9: Elovich model for single and binary dye system

Table 4.3.2: Calculated values of different kinetic constants for single and binary dye system

KINETIC SYSTEM
MODEL Parameter Single MG Single MB  Binary MG Binary MB
Qe1 4.816 12.105 5.066 1.727
Lagergren Pseudo
_ K1 0.512 0.462 0.548 0.592
first order
R? 0.980 0.920 0.964 0.989
Qe2 2.312 2.432 0.627 0.211
Pseudo second h 12.532 5.047 0.707 0.230
order Kz 2.346 0.854 1.796 5.156
R? 0.999 0.999 0.998 0.999
a 3.386 2.61 5.511 1.063
Elovich model B 0.958 0.496 1.094 3.554
R? 0.978 0.991 0.978 0.937

In order to get an understanding of adsorbent’s intra-particle diffusion characteristics, the
Weber-Morris model was utilized to fit kinetic data enabling the comparison of dye diffusion

mechanisms across various dye systems including single and binary dye systems. A graph
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showing the relationship between Q: and t° illustrates the adsorbent's diffusion behavior as
Kint representing the rate limiting step and intra particle (IP) diffusion rate constant. A straight
line should pass from the point of origin for rate-limiting step to be successful. However, the
line in figure 4.3.10 does not pass through the origin, and the plot is not linear in either the
single or binary dye system. This indicated that along with IP diffusion, additional variables
impact the rate of adsorption in both single as well as binary dye system. The steep
slope appeared in the plot of single dye system suggested that there was fast adsorption at the
beginning of the process, but that it eventually got flattened as time passed on and
ultimately equilibrium was achieved. On the other hand, in binary dye system, this pattern of
adsorption rate was found absent. In a binary dye system, the decline in adsorption revealed
that the dyes MG and MB have an antagonistic effect on one another. Dye molecules form
strong bonds in aqueous solution due to several attractive factors, such as n-m and electrostatic
interactions. As a consequence of this, the efficacy of the dye removal process in binary system

was noticeably lesser compared to the single dye system.®8%8
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Figure 4.3.10: Intra particle diffusion model for single and binary dye system
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4.3.2.8. Effect of pH

The adsorption process is significantly influenced by the pH of solution since it regulates the
surface charge of adsorbent. In order to evaluate this effect, the process of adsorption in a single
dye system with MG and MB was investigated at various pH levels. With a fixed dye
concentration of 50 mg/L and adsorbent amount 0.1 g, the pH of solution was adjusted between
3 and 11. The glass flasks were placed in orbital shaker at 110 revolutions per minute for a
period of three hours to reach equilibrium. The effect of pH on the removal of dyes is shown
in figure 4.3.11. From the graph, it was found that the dye removal efficiency steadily increased
with increasing pH of the solution and reached maximum at 7, after which it began to decrease
further. At pH 7, the highest percentage of MG and MB that could be removed was 91.4% and
93.6%, respectively.®’
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Figure 4.3.11: Effect of pH for single dye system
4.3.2.9. Effect of Adsorbent Dosage

The effect of adsorbent dose was examined by adjusting the quantity of WSZF composite from
0.1 g - 0.5 g for single and binary dye system. Figure 4.3.12 represents that the percentage of
dye removal increased with increase in the composite dosage in both the dye systems. This
increasing dye removal trend was observed because of increase in adsorption sites on the

adsorbent’s surface with increased adsorbent dosage. However, as the quantity of adsorbent
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increased, the adsorbate adsorbed per gram of adsorbent (Qe) decreased. This decrease could
be attributed to the increased active sites availability on adsorbent’s surface, which remained
unoccupied as the adsorbent amount increased. Results showed that the binary dye systems
achieved removal efficiencies of 85.5% for MG and 84.9% for MB, whereas single dye systems
obtained removal efficiency of 94.3% and 95.9% for MG and MB respectively.®
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Figure 4.3.12: Effect of adsorbent dosage for single and binary dye system
4.3.2.10. Effect of Concentration and Temperature

The effect of dye concentration as well as temperature was studied using WSZF composite on
MG and MB in single as well as binary systems. For the single system, initial dye concentration
was adjusted between 50 and 250 mg/L, whereas for binary dye system, it was adjusted
between 20 and 100 mg/L. Additionally, the impact of temperature was examined by adjusting
the temperatures at 25°C, 30°C and 35°C. Figures 4.3.13 and 4.3.14 depict that the adsorption
capacity 'Qe' of dyes increased with rising dye concentration in both systems This may take
place due to the availability of additional dye molecules for a specific amount of active sites
on adsorbent’s surface as well as the stronger interactions which takes place between the
molecules of the adsorbate and the adsorbent which leads to more frequent collisions. To the
contrary, in both the dye system, the removal percentage of MG and MB declined as the dye

concentration increased which occur because the increasing number of dye molecules exceeds
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with the constant number of active sites available on the adsorbent’s surface in comparison to

increasing dye concentration.
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Figure 4.3.13: Effect of concentration for single dye system
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Figure 4.3.14: Effect of concentration for binary dye system
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The dye adsorption capacity also showed an increase with the increasing temperature, indicated
the endothermic nature. The increased adsorption capacity with respect to temperature could
because of the enhanced interaction between the adsorbate and adsorbent molecules. As the
temperature increases, the pores of adsorbent may enlarge and provide greater surface area for

dye molecules adsorption.

The percent removal of each dye in ternary system was lower compared to single system,
probably due to the antagonistic effect of dyes. The ‘Qe¢’ of dyes in a ternary dye system
decrease as a consequence of the formation of stronger bonds caused by the different attraction

forces among molecules of the dyes in the system.>81%8

4.3.2.11. Adsorption Isotherms

The term "adsorption isotherm™ refers to the interaction occur between the molecules of
adsorbate and adsorbent when they are at a state of equilibrium in an aqueous medium. The
equilibrium behaviour of malachite green (MG) and methylene blue (MB) using WSZF
composite in both single as well as binary dye systems at various temperatures, several
adsorption isotherm models were employed. These models include the Langmuir model,
Freundlich model, Temkin model, and Dubinin-Raduskevich (D-R) model. The adsorption data
calculated for both the dye system at varying temperatures were fitted to various isotherm
models. The isotherm plots for Langmuir, Freundlich, Temkin and Dubinin-Raduskevich (D-
R) model are depicted in figure 4.3.15 (a-d) respectively.58142

Different constants associated with adsorption isotherms were calculated from the plots which
are presented in table 4.3.3. Among the different models, the R? value for the Langmuir
isotherm model was the most significant followed by Freundlich, Temkin and D-R model. The
calculated values indicated that Langmuir model offered the most precise fit to the obtained
data. Moreover, the results indicated that the active sites are uniformly distributed across the
surface of the prepared composite. The highest adsorption capacity for MG and MB dyes in
single system was calculated to be 86.20 and 169.5 mg/g, respectively. Conversely, in the
binary dye system, the adsorption capacities were observed to be 23.92 and 18.7 mg/g,
respectively. With increasing temperature, the maximum adsorption capacity (Qmax) of also

increased which may be due to increased interaction between dyes and the adsorbent.
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Figure 4.3.15 (a): Langmuir adsorption isotherm for single and binary dye system
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Figure 4.3.15 (b): Freundlich adsorption isotherm for single and binary dye system
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Figure 4.3.15 (d): D-R adsorption isotherm for single and binary dye system
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Table 4.3.3: Calculated values of adsorption isotherm constants for single and binary dye

system
System Single MG Single MB Binary MG Binary MB
Isotherm
Model Constant  25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C
84.034  84.745  86.206 99.0 70.922 169.5 21.142 21598 23924 18383 22223 18.691
Langmuir b 0.055 0.073 0.125 0.023 0.045 0.030 0.143 0.153 0.190 0.116 0.120 0.225
model R? 0.974 0.997 0.995 0.975 0.938 0.930 0.997 0.991 0.984 0.989 0.980 0.995
RL 0.267 0.215 0.137 0.465 0.307 0.400 0.259 0.246 0.208 0.301 0.294 0.181
. Ks 11.825 12.996 17.807 7577 8.0121 14.194 3.443 3.877 4.348 2.724 3.140 3.706
FrreT:JOn;j;:ch 1/n 0.403 0.407 0.366 0.468 0.455 0.458 0.533 0.496 0.565 0.526 0.564 0.557
R? 0.925 0.957 0.986 0.858 0.887 0.780 0.977 0.933 0.966 0.919 0.872 0.995
. br 145280 138.088 144.165 141.074 140.585 109.135 510.424 537.074 430.395 681992 5825 539.535
Tni:)ndlzr A 0.615 0.720 1.405 0.335 0.333 0.7301 1.242 1.544 1.568 1.363 1.516 1.744
R? 0.965 0.987 0.966 0.920 0.805 0.880 0.986 0.956 0.953 0.964 0.872 0.976
Qnm 62.035 63950 68.184 58470 51.045 76.968 13.637 13996 15364 10.710 11.862 12.350
K 9x10® 5x10° 2x10® 3x10° 1x10° 5x10® 1x10° 1x10°® 6x107 1x10®%  9x107  5x107
D-R model R? 0.924 0.886 0.880 0.965 0.760 0.938 0.884 0.890 0.842 0.930 0.886 0.864
E 235.70 316.23 500 129.10 223.61 316.23 707.11 707.11 912.87 707.11  745.36 1000

Separation factor ‘RL’ is another parameter associated to the Langmuir isotherm was also
calculated to ascertain the nature of adsorption process. Based on the results shown in table
4.3.3, it can be concluded that the WSZF composite is favourable for the adsorption of dyes as

the Ry values for single as well as binary dye system ranged from 0 to 1.162

Furthermore, the Adsorption Energy ‘E’ of the adsorbent related to D-R isotherm was
calculated to study the type of adsorption process. If the obtained value of 'E' is below 8 KJ/mol,
the process is typically considered physical; otherwise, it is supposed to be of chemical
nature.*? The ‘E’ was determined using the Dubinin-Raduskevich constant 'K'. According to
the calculations, the adsorption energy for both the dye systems was greater than 100 KJ/mol,
suggesting that the process of adsorption for the experimental study was of chemical nature.

4.3.2.12. Adsorption Thermodynamics

The adsorption characteristics of dyes MG and MB were examined in single as well as binary
dye systems at three distinct temperatures i.e.; 25°C, 30°C, and 35°C. The endothermic nature
of adsorption process was evident as the dye adsorption increased with increasing temperature.
The thermodynamic parameters related to adsorption were derived by using different
thermodynamic equations which are given in section 3.12. The parameters of thermodynamics

include free energy change (AG°®), entropy change (AS°) and the enthalpy change (AH®).
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Values for AS°® and AH® were determined by analysing the intercept and slope of linear plots
of In Kqagainst 1/T. Additionally, the calculated values for various thermodynamic parameters
are shown in table 4.3.4. The linear graphs for MG and MB in both single as well as binary dye
system are presented in figure 4.3.16 and 4.3.17, respectively.
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Figure 4.3.16: Adsorption thermodynamic plot for MG and MB in single dye system
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Figure 4.3.17: Adsorption thermodynamic plot for MG and MB in binary dye system
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The calculated AH® values were found positive, confirming the endothermic character of the

adsorption process. Similarly, positive AS° values signified increased level of randomness on

the surface of adsorbent, while negative AG® values indicated that the adsorption process

occurred spontaneously.

153,156

Table 4.3.4: Calculated values of thermodynamic parameters in single and binary dye system

system Concentration AS® AH® AG® [25°C] AG°[30°C] AG°[35°C]
(mg/L) (KJ/mol/K)  (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol)
50 0.235 65.36 -4.710 -5.555 -7.065
100 0.147 39.847 -4.427 -4.608 -5.920
Single MG 150 0.165 46.846 -2.226 -2.920 -3.875
200 0.194 56.166 -1.394 -2.305 -3.326
250 0.052 14.502 -0.962 -1.087 -1.484
50 0.292 83.955 -3.070 -3.790 -5.999
100 0.278 80.522 -2.908 -3.197 -5.720
Single MB 150 0.335 97.690 -2.303 -2.878 -5.670
200 0.264 77.444 -1.103 -1.902 -3.744
250 0.208 62.098 0.108 -0.920 -1.972
20 0.126 33.857 -3.850 -4.143 -5.120
40 0.095 25.522 -3.125 -3.360 -4.088
Binary MG 60 0.125 34.516 -2.464 -3.070 -3.705
80 0.154 44.304 -1.776 -1.967 -3.330
100 0.340 102.636 -1.037 -0.658 -2.147
20 0.183 51.277 -3.055 -3.760 -4.880
40 0.140 39.125 -2.533 -2.986 -3.933
Binary MB 60 0.068 17.987 -2.348 -2.680 -3.030
80 0.168 48.887 -1.094 -2.355 -2.766
100 0.169 50.308 -0.282 -0.823 -1.984

4.3.3. Regeneration of Adsorbent

Adsorbent’s regeneration is important for assessing the performance of material after the

adsorption studies. The reusability of adsorbent defines its efficacy in terms of the cost-
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efficiency and its reliability. After analysing the dye adsorption capacities with WSZF
composite, a regeneration process was conducted using HCI (0.1 N) as the desorbing agent for
both the dye system. The regenerability of the WSZF was evaluated for up to five cycles. The
regeneration efficiency of WSZF is presented in table 4.3.5 for both the dye systems. It has
been found that after five adsorption-desorption cycles, the WSZF composite still showed a
good regenerability. In single dye system, the regeneration efficiency calculated for MG and
MB was 80.2% and 83.2% respectively whereas, in ternary dye system, the regeneration
efficiency calculated was 76.9% and 80.6% for MG and MB respectively. So, the findings
suggest that the prepared adsorbent showed good reusability and may be utilized several times

for removing different dyes.

Table 4.3.5: Regeneration efficiency of walnut shell zinc ferrite composite for single and

binary dye system

) Single dye Binary dye
Regeneration
eycle (50 mg/L) (20 mg/L)
MG (%) MB (%) MG (%) MB (%)

1 98.1 98.6 96.5 97.1

2 96.4 97.0 93.2 94.0

3 91.7 93.4 90.1 91.7

4 84.3 88.6 82.4 86.4

5 80.2 83.2 76.9 80.6
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4.4. Walnut Shell Cobalt Ferrite (WSCoF) Composite
4.4.1. Characterization and Morphology

4.4.1.1. Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared spectrum of pure walnut shell (WS), cobalt ferrite (CoF) and
walnut shell cobalt ferrite (WSCoF) is shown in figure 4.4.1. The spectra of CoF and WSCoF
composite exhibit two different absorption peaks below 600 cm™, which serve as confirmation
for the synthesis of spinel ferrite. These peaks are specifically related with the metal oxygen
(M-0) bands at two distinct points. The peak seen at around 500-600 cm™ represents the M-O
band at the tetrahedral site, whereas the peak observed near 450-400 cm™ belongs to the M-O

band at octahedral site.1#?
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Figure 4.4.1: FTIR spectra of walnut shell, cobalt ferrite and walnut shell cobalt ferrite

composite

The walnut shell spectrum has a peak at 3329.76 cm™, which corresponds to O-H bond

stretching. Additionally, a peak at 2916.37 cm™ was seen, indicated the stretching of C-H
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bonds. Another peak at 1737.45 cm™ indicated the occurrence of C=0 stretching vibration in
the carboxyl group. The peak seen at around 1607.02 cm™ in the walnut shell corresponds to
the presence of the carbon-carbon double bond (C=C) in the ester compound. The presence of
an extra peak at 1237.79 cm™ and 1048.16 cm™ indicates the C-O bond stretching in alcohol,
carboxylic acid, ester, and ether.?>°173200 The peak seen at around 3600 cm™ in cobalt ferrite
and the composite material is due to the stretching of O-H bonds. At 2984.61 cm™ and 2972.96
cm?, the stretching of C-H bonds can be seen. 142202 The spectra of the composite showed
almost similar peaks that were identical to walnut shell and cobalt ferrite with the existence of
specific functional groups that may shifted to some extent. This verified that the WSCoF had

been formed successfully.
4.4.1.2. X-Ray Diffraction

The X-ray diffraction pattern of WS and WSCoF are presented in figure 4.4.2. The X-ray
diffraction (XRD) analysis of CoF revealed distinct peaks at specific diffraction angles:
30.117°, 35.474°, 37.108°, 43.113°, 47.205°, 53.487°, 57.018°, 62.613°, 64.534°, 71.034°,
74.075°, 75.078° and 79.047°. These peaks correspond to the Miller indices (220), (311), (222),
(400), (331), (422), (511), (440), (531), (620), (533), (622) and (444) respectively.142293204 The
lattice had an apparent cubic structure. The presence of sharp peaks indicates a greater degree
of crystalline structure and phase purity in the material. The composite exhibits a slight change
in the diffraction peaks at certain angles: 30.087°, 35.439°, 36.671°, 43.070°, 47.157°, 53.431°,
56.958°, 62.545°, 64.763°, 70.955°, 73.991°, 74.993° and 78.956°. It has been confirmed that
the composite WSCoF exhibited the same pattern as the Miller indices of CoF. The findings
indicate that even after surface modification, the composite has maintained its crystalline
structure. The information pertaining to the hkl plane has been indexed by utilizing the JCPDS
file number 01-074-6403 (Cobalt ferrite) and 01-079-0416 (Composite). The average
crystallite size determined by using the Scherrer formula (equation 3.1) for cobalt ferrite was
22.4 nm, whereas for the composite, it was calculated to be 34.7 nm.

4.4.1.3. Field Emission Scanning Electron Microscopy

The FE-SEM images of WS, CoF and WSCoF are presented as figure 4.4.3 which describes
the surface morphology. The WS exhibited a rough and flaky surface, while the prepared CoF
showed an uneven shape and variable particle size. However, the WSCoF composite showed a
distinct morphology with granular structures attached on the surface of walnut shell, which

confirmed the proper binding of cobalt ferrite with the walnut shell, 113132200
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Figure 4.4.2: XRD spectra of cobalt ferrite and walnut shell cobalt ferrite composite
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Figure 4.4.3: SEM image (a) Walnut shell (b) Cobalt ferrite (c) Walnut shell cobalt ferrite
composite
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4.4.1.4. Energy Dispersive Spectra

The Energy Dispersive Spectra of CoF and WSCoF along with the peaks that indicate the
elemental constituents of cobalt ferrite and walnut shell cobalt ferrite composite are shown in
figure 4.4.4. Table 4.4.1 illustrates the chemical composition of the compounds, including their
respective weight and atomic percentages. It is evident that the percentage of carbon content in
WSCoF composite is consistently higher than that of pure CoF, which indicated the effective

modification of cobalt ferrite with walnut shell.1*2
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Figure 4.4.4: EDS image (a) Cobalt ferrite (b) Walnut shell cobalt ferrite composite
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Table 4.4.1: Elemental composition of cobalt ferrite and walnut shell cobalt ferrite composite

) Walnut Shell Cobalt
Cobalt Ferrite

Element Ferrite composite
Weight % Atomic % Weight % Atomic %
C 3.52 11.40 49.63 56.33
O 13.10 31.84 35.30 23.66
Co 35.71 23.57 10.04 10.01
Fe 47.67 33.19 5.03 10.00
Total 100.00 100.00 100.00 100.00

4.4.1.5. Thermogravimetric Analysis

Thermogravimetric analysis was performed to assess the thermal stability of WSCoF
composite. The TGA study was conducted over temperature 30 to 600°C, using a heat rate of

10°C/minute under an air atmosphere. The TGA graph of WSCoF is shown in figure 4.4.5.
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Figure 4.4.5: TGA curve of walnut shell cobalt ferrite composite
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A decrease in weight of approximately 2.1% was seen from temperature 31.9°C to 98.2°C as
illustrated by the graph. This drop in weight may be attributed to the vaporization of the
sample's moisture. The sample lost another 32% of its weight from 98.2°C to 346.9°C which
might have been attributed to the decomposition of organic functional groups present within
the sample. As the temperature further increased, a consistent fall in weight of about 17.1%
was noticed again from approximately 346.9°C to 575.8°C. After that no further weight loss
observed which demonstrated the complete decomposition of organic matter present in the
composite. As per the aforementioned calculations, 0.481 g of WS walnut shell has been
attached in 1 g of WSCoF composite.14%1%8

4.4.1.6. Brunauer-Emmett-Teller Analysis

The BET analysis was used to study the distribution of specific surface area. The results of
BET analysis of WSCoF composite and pure CoF make it clear that the surface area of the pure
cobalt ferrite is smaller than that of the composite. The specific surface area calculated for
WSCoF was 3.592 m?/g, whereas the surface area obtained for pure CoF was 1.864 m?/g. This
occurred as a result of WS modified CoF surface exhibits a greater particle size than pure
CoF surface. As a result of surface modification, the porosity of the composite's surface

increased, leading to a rise in its specific surface area.*>316
4.4.1.7. pH of Point Zero Charge Analysis

The pHzpe of WSCoF composite was determined using a solid addition method. Nine
Erlenmeyer flasks, each having volume 250 mL were filled with 50 mL of a solution having
0.1M KNO3. The pH of these solutions was adjusted to a range between pH 3 and 11 by using
HCI (0.1N) and NaOH (0.1M). Subsequently, 0.1 g of WSCoF composite was added to each
flask. The glass flasks were thereafter placed in shaker for the duration of 24 hours.
Subsequently, the conical flasks were removed and the contents of each flask were filtered into
separate beakers. The pH (final) of the solution in each beaker was noted. Further, the

calculations were performed using the equation 3.2.12173

The pHzpe graph of WSCoF was plotted between initial pH (on x-axis) and A pH (on y-axis)
which is shown in figure 4.4.6. The pHz. value of composite calculated was 5.78. As a result,
the material's surface will possess negative charge above pH 5.78 and positive charge below
pH 5.78.
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Figure 4.4.6: pHzpc of walnut shell cobalt ferrite composite
4.4.2. Adsorption Study in Single and Ternary Dye System

The batch adsorption method was utilized for studying the behavior of CV, BG and MB in
single as well as ternary dye systems using a WSCoF composite. Different parameters studied

were contact time, adsorbent dose, pH, temperature and adsorbate concentration.
4.4.2.1. Effect of Contact Time

The effect of contact time for both single as well as ternary dye system was examined using a
known concentration of single and ternary dye solution (50 mg/L and 20 mg/L
respectively) along with the addition of a 0.1 g adsorbent and a fixed dye solution volume (50
mL). These flasks were then placed in thermostatic shaker for the time duration of 3 hours at
25°C. The flasks were removed from the shaker at specified regular intervals and UV-VIS
Spectrophotometer (SHIMADZU-19001) was used to measure residual dye concentration. The
effect of contact time on removal of CV, BG and MB in single and ternary dye system is
presented in figure 4.4.7. From the graph, it was found that percentage removal of dyes
increased initially with an increase in contact time. But, the rate of adsorption slowed down
after sometime and after approximately 120 minutes for BG and MB and 130 minutes for CV,
the adsorption reached a constant level and equilibrium had been achieved. The graph clearly
shows that the adsorption rate was initially high, leading to rapid dye elimination,
then eventually stabilized and attained equilibrium. This may have occurred because an initial
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stage offered a substantial number of active adsorption sites, to which the dye molecules rapidly
attached. However, after a certain period of time, the unoccupied sites got occupied, the rate of
adsorption slowed down and the residual concentration became constant with respect to time.
The stage was referred to as equilibrium stage where the adsorption rate and the rate of
desorption are equivalent to one another. The maximum percentage removal achieved for CV,
BG and MB was 88%, 70% and 76.2% respectively in single dye system and in ternary dye
system, the maximum removal percentage obtained was 74.4%, 58.2% and 61% for CV,
BG and MB respectively.
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Figure 4.4.7: Effect of contact time for single and ternary dye system
4.4.2.2. Adsorption Kinetics

The kinetic behavior of WSCoF was studied for both single and ternary dye system using
several model including the Lagergren pseudo first order model, pseudo second order model,
Elovich model and Intra particle diffusion model. The time study was graphically represented
using the kinetic models. Plot of Lagergren pseudo first order and pseudo second order model
for single as well as ternary dye systems are shown in figure 4.4.8 while the plot of Elovich
model is illustrated in figure 4.4.9. Table 4.4.2 represents the calculated values of different
constants associated with kinetic models. The degree of model stability can be assessed by
examining the value of R? (correlation coefficient). Therefore, the pseudo-second order model
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exhibited higher R? for both single and ternary dye system which suggested that the pseudo-
second order kinetic model was the most appropriate among other models. So, the process of

adsorption for this experimental study followed chemisorption.®8158
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Figure 4.4.8: Lagergren pseudo first order and pseudo second order kinetics for single and

ternary dye system
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Figure 4.4.9: Elovich model for single and ternary dye system
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Table 4.4.2: Calculated values of different kinetic constants for single and ternary dye

system
SYSTEM
KINETIC Single Single Single T T T
ingle ingle Single Ternar ernar ernar
MODEL Parameter J J J y y y
BG MB CVv BG MB
Qe1 25.686 23.447 31.275 7.316 5.307 4,957
Pseudo first
g K1 0.435 0.456 0.484 0.250 0.128 0.066
order
R? 0.837 0.899 0.903 0.995 0.899 0.978
Qe2 2410 2.040 2.300 0.969 0.779 0.661
Pseudo second h 1.795 1.062 0.975 0.303 0.296 0.371
order K2 0.309 0.255 0.185 0.284 0.180 0.138
R? 0.995 0.998 0.997 0.985 0.985 0.987
a 13.185 2.633 2.190 0.575 0.630 1.977
Elovich model ] 0.280 0.240 0.203 0.459 0.576 1.021
R2 0.976 0.992 0.994 0.964 0.941 0.932

Weber-Morris model was used to describe the mechanism of adsorption for different dyes using
WSCoF composite. The graph between Q; and t%° is shown in figure 4.4.10 and Kin: Which is
the rate constant of intra-particle diffusion and the rate-limiting step can be calculated from the
slope This rate limiting step suggests that the straight line must pass through the origin. But,
the graph shows that the plot formed a non-linear curve and the line do not pass through the
origin suggested that, apart from intra-particle diffusion, the additional factors may present
which influence the adsorption rate in both the dye systems. The graph shows a steep
initial slope, indicating fast dye adsorption in single dye system. After a certain interval, the
slope becomes more gradual and eventually reached equilibrium. But this trend was not
observed in the case of ternary dye system. The reduction in ternary dye systems adsorption
rate may be attributed to the antagonistic effects of various dyes. The reduced adsorption of
dyes could be attributed to the influence of forces like n-n and electrostatic interaction among
the CV, BG and MB molecules. As a consequence of these interactions, strong bonds were
formed between distinct dye molecules. Because of this, the percentage of various dyes
removed from the ternary dye system was much lower when compared to the percentage

removed from a single dye system.!!?
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Figure 4.4.10: Intra particle diffusion model for single and ternary dye system

4.4.2.3. Effect of pH

The solution’s pH plays a crucial role in the process of adsorption by influencing the surface
charge of the adsorbent which in turn, changes the degree of affinity between the molecules
adsorbate and adsorbent.
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Figure 4.4.11: Effect of pH for single dye system
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The effect of pH was studied to know the adsorption behavior of WSCoF composite with
different dyes in single dye system at pH values ranging from 3 to 11. The prepared solution
having dye concentration 50 mg/L was poured into conical flasks along with the adsorbent
dosage 0.1 g. All flasks were then placed in an orbital shaker for 3 hours at 25°C. The effect of
pH on CV and BG removal in single dye system is shown in figure 4.4.11. From the graph, it
is clear that, the removal percent of dye increased with increase in pH till pH 6 and then further
decreased. For dyes CV and BG, the maximum removal percentages obtained at pH 6 were
79.5% and 88.5%, respectively. On the other hand, for dye MB, the highest removal percentage
calculated was 86.6% at pH 7.8

4.4.2 4. Effect of Adsorbent Dosage

The adsorbent dosage effect was studied by altering the dosage of prepared WSCoF from 0.1
g to 0.5 g in single and ternary dye system. The experimental study was conducted using 50
mL dye solution volume having a specific concentration and at constant temperature 25°C. The
effect of adsorbent dose on the quantity of dye adsorbed per gram of adsorbent (Q.) and

removal percentage is shown in figure 4.4.12.
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Figure 4.4.12: Effect of adsorbent dosage for single and ternary dye system

It is evident from the graph that as the dosage of the composite increased, there has been a

corresponding rise in the percentage of dye removal. This trend of increasing dye removal was
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seen in both the dye systems which was noticed due to more unoccupied sites on the
composite’s surface with an increasing adsorbent amount. However, on increasing adsorbent
amount, the quantity of adsorbate adsorbed per gram of adsorbent (Qe) decreased. This may
occur due to the presence of more active sites on the surface of WSCoF which remained
unoccupied on increasing adsorbent amount.!?8142 In single dye system, the removal percent
achieved for dyes CV, BG and MB was 91.4%, 75.5% and 96.9% respectively. However, in
ternary dye system, the removal percentage obtained for CV, BG and MB was 89.2%,
92.1% and 88.9% respectively.

4.4.2.5. Effect of Concentration and Temperature

The effect of concentration on dye removal using WSCoF composite was studied with initial
dye concentration ranged from 50 - 250 mg/L for the single dye system and 20 to 100 mg/L
for ternary dye system. Along with concentration, the effect of temperature at 25°C, 30°C and
35°C was also studied. The effect of concentration and temperature in both single and ternary
dye system is represented in figure 4.4.13 and 4.4.14 respectively. It was seen from the graph
that the adsorption capacity ‘Qe’ of dyes in both single as well as ternary dye system increased
with increased concentration of dye. This increase in the adsorption capacity occur because of
the stronger interaction between the molecules of dye and adsorbents as the quantity of dye
molecules increased for a given amount of adsorbent leading to more frequent collisions. The
percentage removal however, decreased when the dye concentration in both the systems
increased. This observation may be attributed to the consistent number of active sites available
on the surface of the adsorbent, in contrast to the increasing concentration of dye molecules.
Additionally, it was noted that the adsorption capacity of various dyes increased with rising
temperature, indicating an endothermic adsorption process.>®%” The rise in adsorption capacity
with respect to temperature could takes place due to the strong interaction between the
molecules of adsorbent and adsorbate. As the temperature increases, certain pores within the
adsorbent may expand, thereby providing a larger surface area for the adsorption of different
dye molecules. Furthermore, increased temperature boosts kinetic energy, resulting in more

effective collisions.

In case of ternary dye system, the percent removal was lower compared to the single dye system
which may be because of the dye’s antagonistic effect. In ternary dye system, dyes experience
several forces of attraction among their molecules, leading to the formation of stronger bonds
and consequently reducing the adsorption capacities of dyes.
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Figure 4.4.13: Effect of concentration for single dye system
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Figure 4.4.14: Effect of concentration for ternary dye system
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4.4.2.6. Adsorption Isotherms

Adsorption isotherms were studied to know the behavior of adsorption under equilibrium
conditions. These adsorption isotherm describes the equilibrium distribution of the adsorbate
molecules between the solid and liquid phase. Different isotherm models including Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich (D-R) model were applied to study the
behavior of adsorption for CV, BG and MB in the single as well as ternary systems at three
temperatures i.e.; 25°C, 30°C and 35°C.

Different adsorption isotherms employed for both single and ternary dye systems at three
temperatures and varying concentrations are presented in figure 4.4.15 (a-d). The values of
different isotherm constants for both the dye systems were determined using plots of the
adsorption isotherm. Among all adsorption models studied, the Langmuir model emerged as
the most appropriate fit for the experimental data based on the highest R? (correlation
coefficient) value. The findings suggested that the surface of prepared composite was found to
have active adsorption sites that were distributed evenly over its surface. The Langmuir
adsorption capacities obtained for dyes CV, BG and MB in single system were 38.9, 70.4 and
78.1 mg/g, respectively. However, in ternary system, the maximum adsorption capacities
obtained were 23.8, 37.7 and 13.3 mg/g for CV, BG and MB respectively.
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Figure 4.4.15 (a): Langmuir adsorption isotherm for single and ternary dye system
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Figure 4.4.15 (b): Freundlich adsorption isotherm for single and ternary dye system
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Figure 4.4.15 (c): Temkin adsorption isotherm for single and ternary dye system
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Figure 4.4.15 (d): D-R adsorption isotherm for single and ternary dye system

Further, the separation factor ‘R’ associated with Langmuir isotherm model was computed to
describe the nature of adsorption process. The obtained Ry values for single and ternary dye
system were found between 0 to 1 as shown in table 4.4.3 which indicated that the

prepared WSCoF composite is favorable for the dye’s adsorption in single as well as ternary

dye system.

An additional factor, Adsorption Energy 'E' related to D-R isotherm was calculated to
determine the type of adsorption. Adsorption is classified as physical if the calculated 'E' value
is below 8 KJ/mol; otherwise, it is regarded as chemical in nature. The D-R constant variable
'K" was used to calculate adsorption energy ‘E’. Table 4.4.3 shows that the calculated value of

'E' for both the systems exceeded 100 KJ/mol, suggesting the process was chemical in

nature, 128162
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Table 4.4.3: Calculated values of adsorption isotherm constants for single and ternary dye system

Adsorption Single system Ternary system
Isotherm Constant Ccv BG MB Ccv BG MB
model 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C
Q. 33.003 35714 38910 34364 46728 70422  83.333 88495 78125 21598 23529 23866 19.841  21.276  37.735 11.389 15.220 13.315
. b 0.084 0.220 0.221 0.077 0.070 0.060 0.020 0.030 0.056 0.143 0.169 0.252 0.041 0.054 0.060 0.550 0.550 0.819
Langmuir R? 0.992 0.970 0.953 0.975 0.991 0.992 0.979 0.994 0.981 0.852 0.945 0.658 0.991 0.967 0.995 0.670 0.951 0.745
R 0.192 0.083 0.082 0.206 0.222 0.25 05 0.4 0.263 0.259 0.228 0.165 0.549 0.480 0.454 0.083 0.083 0.057
Ks 10.616  16.173  16.095 11.076  10.471  10.034 5.997 6.742 9.126 6.771 7.874 6.722 2.409 3.104 4.967 5.720 7.282 7.040
Freundlich 1/n 0.215 0.161 0.183 0.211 0.295 0.408 0.476 0.514 0.463 0.261 0.253 0.321 0.437 0.415 0.456 0.186 0.202 0.182
R? 0.947 0.969 0.993 0.851 0.958 0.987 0.864 0.964 0.991 0.927 0.986 0.864 0.991 0.975 0.969 0.824 0.947 0.912
br 483.260 550.523 453.058 492.799 279.538 154.491 156.148 121.603 128.096 581.680 566.328 456.002 528.133 481.055 292.138 1355.981 1080.392 1223.121
Temkin A 2.564 17.472 8.706 3.267 0.937 0.490 0.265 0.267 0.392 1.651 2.410 1.623 0.332 0.407 0.537 12.147 16.897 20.857
R? 0.968 0.976 0.989 0.880 0.977 0.992 0.894 0.961 0.965 0.899 0.968 0.754 0.994 0.954 0.988 0.763 0.941 0.857
Qm 29.755 34.021 36.888 20.707 40.133 55.179 51.024 58.119 59.098 19.348 21.128 22.146 14.452 16.264 26.575 10.903 14.206 12.839
D-R model K 2x10 4x10® 3x10° 2x10° 1x10° 9x10° 4x10° 2x10° 8x10° 7x10°® 5x10 2x10 3x10° 2x10° 9x10 9x107 6x107 4x107
R? 0.942 0.902 0.858 0.984 0.902 0.857 0.928 0.863 0.815 0.708 0.835 0.446 0.974 0.917 0.986 0.510 0.856 0.587
E 158.11 353.55 408.25 158.11 223.61 235.70 111.80 158.11 250 267.26 316.23 500 129.10 158.11 235.70 745.36 912.87 1118.03
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4.4.2.7. Adsorption Thermodynamics

The adsorption behavior of dyes CV, BG and MB for single as well as ternary dye system were
studied at distinct temperatures i.e.; 25°C, 30°C and 35°C. A rise in dye adsorption was noticed

with increase in temperature, suggesting an endothermic adsorption process.
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Figure 4.4.16: Adsorption thermodynamic plot for CV, BG and MB in single dye system
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Figure 4.4.17: Adsorption thermodynamic plot for CV, BG and MB in ternary dye system
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For determining various parameters including free energy change (AG®), enthalpy change
(AH®) and entropy change (AS°®), several thermodynamic equations (given in section 3.12)
were applied. The calculation of AS°® and AH® was conducted by plotting In Kq against 1/T as
illustrated in figure 4.4.16 and 4.4.17. Table 4.4.4 presents the calculated values of
thermodynamic parameters. The positive AH® values affirmed the endothermic characteristic
of adsorption process. Similarly, positive values of AS° indicated an increased level of
randomness on the adsorbent's surface. However, the negative AG® value calculated signified

the adsorption process was spontaneous in nature, 42153

Table 4.4.4: Calculated values of thermodynamic parameters in single and ternary dye

system
System Concentration AHP° AS°® AG° (25°C) AG° (30°C) AG° (35°0)
(mg/L) (KJ/mol) (KJ/mol/K) (KJ/mol) (KJ/mol) (KJ/mol)
50 83.497 0.288 -2.317 -4.639 -5.187
100 31.706 0.107 -0.323 -1.229 -1.393
Single CV 150 34.086 0.110 1.261 0.724 0.159
200 25.797 0.079 2.065 1.504 1.271
250 28.211 0.085 2.643 2.185 1.785
50 66.476 0.230 -2.268 -3.387 -4.575
100 72.049 0.243 -0.709 -1.412 -3.156
Single BG 150 86.382 0.286 1.123 -0.359 -1.736
200 95.369 0.312 2.031 0.913 -1.105
250 92.326 0.300 2.645 1.480 -0.368
50 69.422 0.240 -2.374 -3.643 -4.783
100 43.784 0.153 -1.762 -2.775 -3.287
Single MB 150 8.780 0.035 -1.693 -1.777 -2.046
200 46.046 0.156 -0.311 -1.715 -1.859
250 51.591 0.171 0.707 -0.479 -0.996
20 50.986 0.179 -2.536 -3.248 -4.334
40 79.627 0.266 -0.160 -0.332 -2.850
Terary 60 23.999 0.078 0.685 -0.290 -0.090
<V 80 29.229 0.094 1.001 0.413 0.055
100 38.707 0.124 1.720 0.716 0.484
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Concentration  AH° AS® AG® (25°C) AG° (30°C) AGP° (35°C)

System
(mg/L) (KJ/mol) (KJ/mol/K) (KJ/mol) (KJ/mol) (KJ/mol)

20 84.187 0.281 0.016 -0.663 -2.816
40 90.664 0.302 0.248 -0.547 -2.794

Ternary
BG 60 92.493 0.304 1.172 0.984 -1.906
80 78.556 0.257 1.631 1.095 -0.958
100 41.532 0.133 1.902 1.199 0.573
20 50.916 0.183 -3.671 -5.160 -5.496
40 56.852 0.192 -0.132 -1.809 -2.036

Ternary
VB 60 8.529 0.027 0.930 -1.213 0.697
80 17.919 0.055 1.569 0.838 1.025
100 18.993 0.058 1.711 1.031 1.136

4.4.3. Regeneration of Adsorbent

Adsorbent regeneration and reuse are essential for ensuring the performance after adsorption
studies. After analyzing the capacity of adsorption for dyes CV, BG and MB in single dye as
well as ternary dye system using WSCoF composite, the regeneration process was carried using
HCI (0.1 N) as desorbing agent. The composite’s regeneration efficiency was calculated over

six cycles.

Table 4.4.5: Regeneration efficiency of walnut shell cobalt ferrite composite in single and

ternary dye system

Single dye Ternary dye
Regeneration Cycle (50 mg/L) (20 mg/L)
CV (%) BG(%) MB (%) CV (%) BG (%) MB (%)
1 100 100 100 100 100 100
2 97.4 97.0 96.6 98.2 97.6 97.2
3 94.8 93.2 89.6 95.3 94.3 92.4
4 90.6 91.7 85.5 90.6 934 88.7
5 88.7 88.9 82.1 85.4 89.5 83.4
6 85.4 86.4 76.4 80.7 88.6 80.2
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Table 4.4.5 presents the regenerable efficiency for both the dye systems. The data clearly
indicates that, even after six adsorption-desorption cycles, the WSCoF composite showed good
regenerability. In single dye system, the regeneration efficiency calculated for CV, BG and MB
was 85.4%, 86.4% and 76.4% respectively while in ternary dye system, the regeneration
efficiency calculated was 80.7%, 88.6% and 80.2% respectively. The findings suggested that
the WSCoF showed good reusability and can serve as economic adsorbent for removing

cationic dyes.>816°
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PART-II
(Metal ion adsorption using bio-waste metal ferrite composite)

Nickel ferrite pistachio shell (NFPS) composite had been selected as an efficient adsorbent
for removing Cu(ll) ion. The subsequent sections describe the comprehensive findings of
surface characterization, morphology and adsorption studies conducted using nickel ferrite
pistachio shell composite.

4.5. Nickel Ferrite Pistachio Shell (NFPS) Composite

4.5.1. Characterization and Morphology

4.5.1.1. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectra of pistachio shell (PS), nickel ferrite (NF) and nickel ferrite
pistachio shell (NFPS) is shown in figure 4.5.1. The spectra of NF and NFPS composite exhibit
two different peaks located below 600 cm™. These peaks serve as evidence for the synthesis of
spinel ferrite and are attributed to the M-O (metal oxygen) bands at two separate locations. The
peak observed between 500 and 600 cm™ is due to the M-O band at tetrahedral site, while the
peak seen near 450 and 400 cm™ is indicative of the octahedral site.!%
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Figure 4.5.1: FTIR spectra of pistachio shell, nickel ferrite and nickel ferrite pistachio shell

composite
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The peak at 3449.06 cm™ represents the presence of an alcoholic (-OH) or phenolic (-OH)
group. The existence of CH. or CH3 groups is confirmed by a peak at 2927.41 cm™, due to the
stretching vibrations of C—H bonds in aliphatic groups and another peak at 2360.44 cm™ occurs
because of the CO> presence. The presence of esters of lignin or ketones is discerned by a peak
at 1646 cm™. The presence of aromatic groups (C=C stretching) are identified by a peak at
1511.92 cm™, Peak at 1458.89 cm corresponds the CH- bending vibration. Additionally, peak
at 1369.21 cm signifies -C—H bending vibration of alkane groups and peak at 1238.08 cm
may appear due to the ester groups (C—O stretch). A peak at 1159.01 cm results from alcoholic
C-O stretch while a distinct peak at 1026.91 cm™ indicates glycosidic C—H deformation along
with OH bending and ring vibration, signifying the linkage of cellulose and glucose.?%2% The
prepared NFPS showed characteristic peaks of both the NF and PS with slight shifts as
illustrated in figure 4.5.1. which confirmed the successful modification of NFPS composite.

4.5.1.2. X-Ray Diffraction

The X-ray diffraction pattern of NF and NFPS is illustrated in figure 4.5.2. The X-ray
diffraction (XRD) spectrum of NF revealed peak diffraction angles at 33.3°, 36.3°, 43.6°, 52.5°,
54.3°, 57.8° and 62.9°. These peaks correspond to the Miller indices (220), (311), (400), (422),
(333), (511) and (440) respectively. The lattice exhibited a cubic spinel structure. The material's
increased crystallinity and phase purity are indicated by the stated peaks. In contrast, the
diffraction peaks of the NFPS composite exhibit a slight displacement in the 2 theta angles
which verified that the composite exhibited a similar trend to that of the Miller indices of NF.
The findings indicated that despite undergoing surface modification; the composite had
maintained its crystalline structure.’®'*®® The average size of crystallite calculated by using
Scherrer formula (equation 3.1) for pure NF was 32.9 nm whereas the average size obtained
for NFPS was 47.4 nm.

4.5.1.3.Field Emission Scanning Electron Microscope

The material’s surface morphology was determined using SEM. The SEM images of NF, PS
and NFPS composite are presented in figure 4.5.3. The PS exhibit a rugged, flaky surface while
the NF showed granular structures with varied particle size and irregular shape. The NFPS
composite showed a unique surface morphology characterized by granular structures of NF
adhering to the PS surface which confirmed the successful modification of spinel NF with

pistachio shell.
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Figure 4.5.2: XRD spectra of nickel ferrite and nickel ferrite pistachio shell composite
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Figure 4.5.3: SEM image (a) Pistachio shell (b) Nickel ferrite (c) Nickel ferrite pistachio
shell composite
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4.5.1.4. Energy Dispersive Spectra

The Energy Dispersive Spectra of NF and NFPS composite showing peaks corresponding to
their constituent elements is illustrated in figure 4.5.4. The weight and atomic percentage of
various elemental components present in NF and NFPS are presented in table 4.5.1. Analysis
of the element composition reveals a consistent increase in the percentage of carbon in the
NFPS composite in comparison to pure NF. This suggests the effective modification of NF

with PS resulting in the formation of a magnetic composite.*21%
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Figure 4.5.4: EDS image (a) Nickel ferrite (b) Nickel ferrite pistachio shell composite
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Table 4.5.1: Elemental composition of nickel ferrite and nickel ferrite pistachio shell

composite

] _ Nickel Ferrite Pistachio Shell
Nickel ferrite

Element composite
Weight % Atomic % Weight % Atomic %
C 10.17 22.23 16.11 37.24
@) 27.56 47.34 17.74 30.79
Fe 53.69 26.42 27.83 13.84
Ni 8.58 4.01 38.32 18.13
Total 100.00 100.00 100.00 100.00

4.5.1.5. Thermogravimetric Analysis
For assessing the thermal stability of the prepared NFPS composite, thermogravimetric
analysis was conducted at temperature ranging between 30-600°C with 10°C/minute heat

transfer rate in the air atmosphere. Figure 4.5.5 illustrates the TGA graph of NFPS.
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Figure 4.5.5: TGA curve of nickel ferrite pistachio shell composite

140



Based on the graph, a decrease in weight of around 1.4 mg was observed from temperature
31.4°C to 149.5°C which could be because of moisture evaporation from the sample. Further
weight loss of 3.4 mg and 1 mg was observed in the sample from approximately 149.5°C to
359.3°C and 359.3°C to 423.9°C which could be due to the breakdown of organic functional
groups present in the sample. As the temperature further increased, a consistent weight loss of
approximately 0.9 mg was observed from 423.9°C to 473.1°C, once more in response to the
rising temperature which demonstrated that the compound had undergone complete
decomposition. As per the aforementioned observation, it was calculated that 0.616 grams of
PS has been attached in 1 gram of NFPS composite.418

4.5.1.6. pH of Point Zero Charge Analysis

For NFPS composite, the pHzpe was determined using solid addition method. For the
experimental procedure, nine Erlenmeyer flasks, each with a volume 250 mL was taken and
filled with 50 mL 0.1M KNOz solution. The solution’s pH was adjusted between pH 3 and 11
using HCI (0.1N) and NaOH (0.1M). Subsequently, 0.1 g of the NFPS composite was added
to each conical flask. These flasks were placed in an orbital shaker at 110 rpm for 24 hours.
Afterward, the flasks were taken out from shaker and the contents were filtered in different
beakers. The final pH of the solution present in each beaker was noted and the calculation was

performed using equation 3.2,121:15°
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Figure 4.5.6: pHzpc of nickel ferrite pistachio shell composite
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By using the above calculated values, the graph for pHzpc was plotted between initial pH (x-
axis) and A pH (y-axis) which is shown in figure 4.5.6. The calculated pHzc of NFPS was 6.98
which indicated that at pH 6.98, the electric charge on composite's surface becomes neutral.
Consequently, below pH 6.98, the surface of NFPS carries a positive charge, whereas above
pH 6.98, it bears a negative charge.

4.5.2. Adsorption Study of Metal lon

The adsorption behaviour of NFPS composite was studied using Batch adsorption method. The
NFPC composite exhibits specific selectivity towards Cu(ll) ion as evidenced in pilot scale
studies (Chapter-3). The study investigated the effect of adsorption parameters including
contact time, pH, adsorbent dosage, concentration of adsorbate and temperature.

4.5.2.1. Effect of Contact Time

For studying the effect of contact time, a known concentration of Cu(ll) ion (50 mg/L) and
adsorbent does 0.1 g with an appropriate metal ion solution volume (50 mL) had been poured
in Erlenmeyer flask and shaken at 110 rpm. At fixed interval, the flasks were taken out followed
by the appropriate procedure given in chapter 3. UV-VIS spectrophotometer (SHIMADZU-
19001) was used to measure residual metal ion concentration. Figure 4.5.7 illustrates the

contact time effect on removal of Cu(ll) ion.
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Figure 4.5.7: Effect of contact time for the removal of Cu(ll) ions
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From the graph, it was found that in initial phase, the removal of metal ion was extremely rapid
but as the time increased, rate of adsorption gradually slowed down and eventually, after
approximately 150 minutes it flattened out and reached equilibrium. This behavior suggests an
abundance of active adsorption sites on NFPS surface in the initial phase, facilitating quick
attachment of metal ion molecules to vacant sites. However, over time, these unoccupied sites
gradually became occupied, the adsorption rate slowed down and the residual concentration
with respect to time became constant which marked the attainment of equilibrium. The
equilibrium signifies when the adsorption rate becomes equal to rate of desorption. The

maximum removal percentage obtained for Cu(ll) ion was 69.4%.

4.5.2.2. Adsorption Kinetics

The kinetic behaviour of NFPS composite with Cu(ll) ion was studied using several models
including the Lagergren pseudo first-order model, pseudo second-order model, Elovich model
and Weber-Morris model. The data of contact time study was graphically represented using
kinetic models. Figure 4.5.8 shows the plot of Lagergren pseudo first order and pseudo second
order kinetic models for Cu(ll) metal ion, while figure 4.5.9 illustrates the plot with respect to

Elovich model.
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Figure 4.5.8: Lagergren pseudo first order and pseudo second order kinetic model for Cu(ll)
ions
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Figure 4.5.9: Elovich model for Cu(ll) ions
The calculated values of different kinetic constants are presented in table 4.5.2. The degree of
suitability of any model can be assessed by examining the value of regression coefficient (R?).
For this study, the pseudo second order model exhibited the highest R? value, followed by the
Elovich and the Lagergren pseudo first order model. Hence, the pseudo second order model
was determined to be the best fit with experimental data, suggesting the chemical nature of
adsorption.*®
Table 4.5.2: Calculated values of different kinetic constants for Cu(ll) ion

KINETIC MODEL Parameter Cu(ln)
) Qe1 43.531
Lagergren Pseudo first
K1 0.538
order

R? 0.893
Qe2 1.619
h 0.368

Pseudo second order
k2 0.140
R? 0.976
o 0.787
Elovich model B 0.183
R? 0.963
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The Weber-Morris model of intraparticle diffusion was applied to study the mechanism of
adsorption for Cu(11) metal ion using NFPS composite. The plot between Q; versus t®° is shown
in figure 4.5.10. ‘Kint’, the intraparticle diffusion rate constant and the rate-limiting step can be
calculated from the slope of line if it passes through the origin. However, as indicated in graph,
the plot does not show linearity and the line does not pass from the origin. This suggests that
apart from intraparticle diffusion, there may be additional factors affecting the rate of
adsorption in metal ion system. Moreover, in figure 4.5.10, the initial slope is steep, indicating
rapid metal ion adsorption but after a certain period of time, the slope flattened out and reached

equilibrium.1°®
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Figure 4.5.10: Weber-Morris model for Cu(ll) ions

4.5.2.3. Effect of pH

The solution’s pH is crucial in the process of adsorption as it influences the surface charge of
material, consequently impacting the affinity between the adsorbate and the adsorbent. The pH
effect on the adsorption of Cu(ll) ion using NFPS was determined by varying the value of pH
from 3-11. Flasks containing the prepared metal ion solution having concentration 50 mg/L
and an adsorbent dosage 0.1 g, were placed in an orbital shaker at 25 °C. The effect of pH on
removal of Cu(ll) ion is illustrated in figure 4.5.11. The graph illustrates that the removal
efficiency of Cu(ll) ion increased with an increase in pH of the solution, reaching maximum at

7, then further decreased. So, the pH 7 has been determined as the optimal pH for the removal
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of Cu(ll) ion. As per the results, the maximum percentage of Cu(ll) ion removed is
69.85%.421%
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Figure 4.5.11: Effect of pH for the removal of Cu(ll) ion
4.5.2.4. Effect of Adsorbent Dosage
The effect of adsorbent dose for Cu(Il) ion was studied by varying the dose of NFPS from 0.1
g - 0.5 g and poured in 50 mL Cu(ll) ion solution having fixed concentration 50mg/L at a

constant temperature. Figure 4.5.12 illustrates the effect of adsorbent dose for the removal of
Cu(ll) ion from aqueous solution.

20 80
75
>

@ 18 7/ O\o
S —
©
\E; 70 é
4 17 &

65

16
15 60
0.1 0.2 0.3 0.4 0.5

Adsorbent dose (g)
—3Cu (Il) —e—Removal %

Figure 4.5.12: Effect of adsorbent dosage for the removal of Cu(ll) ion
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It is evident from the graph that, as the dosage of NFPS composite increased, the percentage
removal of metal ion also increased. This trend of increasing metal ion solution was observed
due to more vacant sites on the surface of NFPS composite with increasing adsorbent dosage.
However, the amount of adsorbate adsorbed per gram of the adsorbent decreased with
increasing adsorbent amount. This decrease may be due to the presence of more active sites on
the NFPS surface which remained unoccupied when the adsorbent amount was increased. #2163
4.5.2.5. Effect of Concentration and Temperature

The effect of concentration on metal ion removal was studied using initial concentration 50 to
250 mg/L. Additionally, the temperature effect was explored at 25°C, 30°C and 35°C. The
effect of initial dye concentration and temperature on the removal of Cu(ll) is illustrated in
figure 4.5.13. It was seen that as the concentration of metal ion increased, the ‘Qe’” adsorption
capacity of the metal ion also increased. This increasing adsorption capacity may occur because
the rate of interaction between metal ion molecules and the adsorbent strengthened as the
quantity of metal ions increased for a fixed amount of adsorbents, leading to frequent collisions.
However, the percentage removal of metal ion decreased as the concentration increased. This
trend could be attributed to the constancy of active sites on the adsorbent's surface compared
to the increasing concentration of Cu(ll) ions. Furthermore, it was noted that with increasing
temperature, the adsorption capacity of Cu(ll) ion also increased, demonstrating the

endothermic adsorption process.

35 80
30 70
’s 60

20 0=

£ 20 2

o 30 é
10 2
S 10
0 0

50 100 150 200 250
Concentration (mg/L)

c==Cu(Il)[25°C] E==Cu(l1)[30°C]  mmmmCu (Il)[35 °C]

—&— Removal % [25 °C] —e— Removal % [30 °C] —e=—Removal % [35 °C]

Figure 4.5.13: Effect of concentration for the removal of Cu(ll) ion

147



The observed relationship between temperature and adsorption capacity could be attributed to
an increased interaction between the molecules of adsorbate and adsorbent. As the temperature
rises, specific pores inside the adsorbent may expand, resulting in a larger surface area for the
adsorption of Cu(ll) ion. As the temperature increased, the kinetic energy also increased

leading to more efficient collisions.

4.5.2.6. Adsorption Isotherms

Adsorption isotherms were employed to study the adsorption behaviour at equilibrium. They
depict the distribution pattern of adsorbate molecules between solid and liquid phase under
such conditions. The adsorption behaviour of Cu(ll) metal ion was examined at three
temperatures which were 25°C, 30°C and 35°C by applying several isotherm models such as
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) model. Figure 4.5.14 (a-d)
illustrate the graphs of different adsorption isotherms utilized for removing Cu(ll) ions at three
distinct temperatures and varying concentrations.

From the plots of different isotherms, the values of different constants were calculated which
are presented in table 4.5.3. From the various isotherms, the Freundlich model of isotherm
provided the best fit with the experimental data, as evidenced by its highest R2 (correlation
coefficient) value. This implies that the surface of prepared NFPS composite contains non-
uniform adsorption sites distributed across its surface and Cu(Il) metal ion form multilayer on
the surface of adsorbent The maximum adsorption capacity for Cu(ll) metal ion was found to
be 32.15 mg/g.

Further, Separation factor ‘R’ associated with the Langmuir isotherm was studied to describe
the nature of adsorption. Table 4.5.3 shows that the calculated R values ranged from O to 1,
indicating that the process of adsorption using NFPS is favourable for adsorption of Cu(ll)
ion.158

The adsorption energy 'E' is an additional parameter associated with the D-R isotherm utilized
to study the type of adsorption. If the measured value of 'E' is found below 8 kJ/mol, the process
is considered physical, otherwise, it is classified as chemical. The calculated 'E' value for Cu(ll)
ions was found to exceed 100 kJ/mol, as demonstrated in Table 4.5.3, suggesting the chemical

nature of adsorption process.'%
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Figure 4.5.14 (d): D-R isotherm for the removal of Cu(ll) ion
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Table 4.5.3: Calculated values of adsorption isotherm constants for the removal of Cu(ll) ion

ISOTHERM Cu(ll)
MODEL Parameter 25°C 30°C 35°C
Qe 29.585 31.25 32.154
_ b 0.079 0.087 0.108
Langmuir R? 0.919 0.930 0.947
RL 0.202 0.170 0.156
K 8.635 9.453 11.058
Freundlich 1/n 0.237 0.232 0.209
R? 0.982 0.987 0.991
br 464.280 450.820 481.330
Temkin A 1.243 1.486 2.704
R? 0.957 0.967 0.981
Qm 26.864 28.477 29.689
5R Model K 2x10° 2x10° 1x107°
R? 0.770 0.790 0.828
E 158.11 158.11 223.61

4.5.2.7. Adsorption Thermodynamics

The adsorption behaviour of Cu(ll) ion was studied at 25°C, 30°C and 35°C. It was observed
that with increasing temperature, the adsorption of Cu(ll) ion increased, indicated the
adsorption process was endothermic in nature. The thermodynamic equations related to
adsorption process given in section 3.12 of chapter 3 were employed to determine different
thermodynamic parameters including change in enthalpy (AH®), change in free energy (AG®)
and change in entropy (AS°). The AH® and AS® values were obtained from the intercept and
slope of linear plot of In Kq versus 1/T. Figure 4.5.15 shows the linear graph of adsorption
thermodynamics for Cu(ll) ion. The various thermodynamic parameters calculated are
presented in table 4.5.4.

The calculated values of AH® were positive, which confirmed the endothermic nature of
adsorption process. Similarly, positive AS° values indicated increased randomization on the
adsorbent's surface, while the positive AG® values indicated the non-spontaneous nature of

adsorption process. 76208
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Figure 4.5.15: Adsorption thermodynamic plot for the removal of Cu(ll) ion

Table 4.5.4: Calculated values of thermodynamic parameters used for the removal of Cu(ll)

ion
system Concentration  AHP® AS® AG® [25°C] AG°[30°C] AG° [35°C]
(mg/L) (KJ/mol) (KJ/mol/K)  (KJ/mol) (KJ/mol) (KJ/mol)
50 27.153 0.097 -1.839 -2.257 -2.813
100 18.230 0.059 0.541 0.257 -0.052
Cu(ln 150 15.170 0.044 1.780 1.556 1.331
200 11.040 0.029 2.232 2.056 1.937
250 6.807 0.013 2.803 2.677 2.669

4.5.3. Regeneration of Adsorbent

The regeneration and reuse of the adsorbent are essential for assessing the stability of the
material after adsorption studies. The efficiency of adsorbent after recycling is the primary
factor in determining the cost-effectiveness. To regenerate the NFPS composite, HCI (0.1N)
was utilized as a desorbing agent. The regenerable efficiency of NFPS was determined up to 5
cycles which is presented in table 4.5.5. The findings suggested that NFPS composite exhibit
good reusability and may serve as economic adsorbent for Cu(ll) ion removal. After five

adsorption-desorption cycles, the regeneration efficiency calculated for Cu(ll) ion was 69.2%.
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The results suggested that the NFPS composite shows good reusability and serve as a cost
effective adsorbent for removing metal ions from aqueous solution. #2158
Table 4.5.5: Regeneration efficiency of nickel ferrite pistachio shell composite for the
removal of Cu(ll) ion

Regeneration Cycle Regeneration efficiency (%)
1 93.2
2 86.9
3 81.0
4 75.4
5 69.2
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CHAPTER-5

SUMMARY AND CONCLUSION




5.1. Summary and Conclusion

The present research study includes the synthesis of various spinel metal ferrites (ZF, NF,

CoF and CuF) and modification of their surface with bio-wastes such as pine-cone, walnut
shell and pistachio shell. This modification results in the formation of ZFPC, NFPC, CuFPC,
CoFPC, WSZF, WSNF, WSCuF, WSCoF, ZFPS, NFPS, CoFPS and CoFPS (Composite).
These materials are being explored for their potential application as adsorbents for removing

dyes and Cu(Il) metal ion from the aqueous solution. Several analytical techniques including

Fourier Transform Infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), Scanning

Electron Microscope (SEM), Energy Dispersive Spectra (EDS), Brunauer-Emmett-Teller

(BET) analysis, Thermogravimetric Analysis (TGA) and the determination of point zero

charge (pHpzc) were used to characterize the different magnetic ferrite composites. The study

draws significant conclusions which are outlined below:

The FTIR spectra of pure metal ferrites exhibit two peaks below 600 cm™, which
confirmed the formation of spinel metal ferrites. Additionally, in the FTIR spectra
of metal ferrite bio-waste composites, supplementary peaks are observed, such as a
peak at 3400-3200 cm™ indicating the presence of hydroxyl groups and peaks at
3000-2850 cm™* correspond to the alkanes etc. These diverse peaks indicated the
presence of specific functional groups in various metal ferrite bio-waste composites.
Thus, the presence of these peaks confirmed the successful modification of different
metal ferrites with bio-wastes like pine cone, walnut shell and pistachio shell.

The XRD analysis demonstrated that the various metal ferrites exhibit phase purity
characterized by a spinel structure. According to calculations using the Scherrer
formula, the average crystallite sizes of different metal ferrites and their
corresponding bio-waste composites are as follows: 28-40 nm for ZF, 22.4 nm for
CoF, 30-36 nm for NF, 54.9 nm for ZFPC, 49.6 nm for NFPC, 38.67 nm for WSZF,
34.7 nm for WSCoF and 47.4 nm for NFPS. The comparison between the XRD
patterns of metal ferrite bio-waste composites and pure metal ferrite reveals that the
composites maintain their phase purity and spinel character even after surface
modification. Moreover, a comparison between the crystallite sizes of pure metal
ferrites and their bio-waste based composites indicated an increase in the sizes of the
composites, thus confirmed the modification of surface.

The SEM analysis revealed the difference between the surface of bio-waste, spinel

ferrite and the surface of metal ferrite bio-waste composite. The surface morphology
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of spinel metal ferrite exhibits a non-uniform shape with granular structure and
varied particle size whereas, the bio-wastes have rough surface. The metal ferrite
bio-waste composites however, showed an uneven surface with ferrites attached on
the surface. These findings provide evidence that the spinel metal ferrite have been
successfully modified with bio-wastes.

The EDS analysis was utilized to describe the elemental composition of pure metal
ferrites and their bio-waste based composites. These findings indicated a rise in the
carbon percentage in metal ferrite bio-waste composites compared to pure metal
ferrites, validating the successful modification of different spinel metal ferrites with
pine cone, walnut shell and pistachio shell respectively.

The thermal stability assessment of various metal ferrite bio-waste composites was
conducted through TGA analysis. Results from the TGA studies indicated that the
prepared ZFPC, NFPC, WSZF, WSCoF and NFPS exhibited thermal stability up to
600°C. By using TGA analysis, the average quantity of bio-waste attached to the
surface of metal ferrites was calculated. The findings revealed that in 1 gram of the
respective metal ferrite-bio-waste composite, ZFPC contained 0.420 grams of pine
cone, NFPC contained 0.479 grams of pine cone, WSZF contained 0.398 grams of
walnut shell, WSCoF contained 0.481 grams of walnut shell and NFPS contained
0.616 grams of pistachio shell.

BET analysis was studied to ascertain the surface area distribution of different spinel
metal ferrites including ZF, NF and CoF yielding values of 0.749, 0.443 and 1.864
m?/g, respectively. The surface areas calculated for ZFPC, NFPC, WSZF and
WSCoF were 1.463, 1.823, 3.761 and 3.592 m?/g, respectively. The increase in
surface area of the prepared magnetic bio-waste composites provided evidence of
bio-waste attachment onto the surface of the different pure metal ferrites. On surface
modification, porosity increased at the surface of composite resulting in increased
specific surface area.

The pH of material is said to be at its point of zero charge when the material’s surface
electric charge density becomes zero. The pHzc was determined using the solid
addition method. The pHz. of various metal ferrite bio-waste composites such as
ZFPC, NFPC, WSZF, WSCoF and NFPS were calculated to be 7.50, 7, 6.1, 5.78
and 6.98 respectively. The pHz value signifies that below this, there will be a net
positive charge, while above it, there will be a net negative charge on the surface of

material.

155



% Adsorption of dyes and Cu(ll) metal ions with metal ferrite bio-waste
composites

= In preliminary studies, it was observed that the ZFPC, NFPC, WSZF and WSCoF
composites exhibited notably higher removal rates for CV, BG, MG and MB cationic
dyes compared to their pure metal ferrite. In case of metal ions, NFPS demonstrated
good efficiency in eliminating Cu(ll) ions. Pine cone, walnut shell and pistachio
shells contain various reactive functional groups like hydroxyl and carboxylic
groups. Upon surface modification, the functional groups adhere to the surfaces of
different metal ferrites, serving as active sites for the effective adsorption of cationic
dyes and metal ions compared to pure metal ferrites. However, the anionic dye CR,
showed almost negligible removal efficiency with metal ferrite bio-waste
composites due to the similar anionic charge on the surface of composite and CR
dye molecules. This decline indicates the selective nature of different metal ferrite
bio-waste composites.

= The adsorption study represents the selective nature of different metal ferrite bio-
waste composites for specific dyes and metal ions. The experimental study
confirmed that ZFPC composite exhibits highest affinity for removing CV, MG and
MB in both single and ternary dye system while the NFPC showed selectivity
towards BG and MB dye in both single and binary dye system. Similarly, the WSZF
composite demonstrates selectivity towards dye MG and MB in single dye and
binary dye system, whereas WSCoF is effective for the removal of CV, BG and MB
dyes in single and ternary dye system. The adsorption characteristics of NFPS were
examined for Cu(ll) ions.

= From the adsorption experiments, it was noticed that various metal ferrite bio-waste
composites with different dyes in binary as well as ternary dye systems showed
reduced adsorption compared to their respective single dye systems. This decrease
in adsorption capacities could be attributed to the antagonistic effect of dyes. Various
forces of attraction including electrostatic and ©-n interactions, took place among the
different dye molecules leading to the formation of stronger bonds in an aqueous
solution. Consequently, the removal efficiency of single dye was hindered in binary
as well as ternary systems.

= The Kinetics studies demonstrated that among various adsorption models including

Lagergren pseudo first order, pseudo second order and the Elovich model, the data
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obtained from different dyes in single and multi-component systems and Cu(ll) ion
were most accurately represented by the pseudo second order model. This suggested
that the adsorption behavior of different dyes and Cu(ll) metal ion followed
chemisorption. Moreover, studies using the Weber Morris intraparticle diffusion
model revealed that the plots were not linear in single, binary and ternary dye
systems which suggested that, apart from intraparticle diffusion, there might be other
factors which influence the rate of adsorption in single, binary and ternary dye
system.

The adsorption study of different dyes under different pH conditions revealed that
the highest percentage removal occurred at pH 6 and 7, while for Cu(ll) ion, the
optimal removal was found at pH 7. Moreover, the percent removal of dyes and
Cu(ll) ion increased with higher dosage of adsorbent in single, binary and ternary
system, suggesting an increased availability of active adsorption sites with varying
amount of adsorbent. Conversely, the removal percentage of dyes and Cu(ll) ion
decreased with increasing concentration of adsorbate in both single and multi-
component systems, possibly due to the constant number of available active sites
present on the adsorbent’s surface in comparison to the increasing concentration of
dye molecules. Furthermore, the adsorption behavior of dyes (in single, binary,
ternary system) and Cu(ll) metal ion was examined at varying temperatures i.e.;
25°C, 30°C and 35°C, while maintaining other experimental conditions constant.
The removal percentage of dyes and Cu(ll) ion using metal ferrite bio-waste
composites in different dye system increased with increasing temperature. As
temperature increases, certain pores within the adsorbent may enlarge, leading to a
greater surface area availability for the adsorption of different dyes and Cu(Il) metal
ion.

Adsorption isotherm models including the Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich (D-R) model were applied to the data obtained from single,
binary and ternary system of dyes and Cu(ll) metal ion using ZFPC, NFPC, WSZF,
WSCoF and NFPS composites. Among these models, the Langmuir model provided
the best fit for all types of dye systems studied in this research whereas, the
Freundlich isotherm provided the best fit data with Cu(ll) ion. According to the
Langmuir assumptions, the different metal ferrite bio-waste composites possess a
homogeneous surface with evenly distributed active sites. Adsorption occurs

uniformly, forming a monolayer on the surface of composite.
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The adsorption thermodynamic parameters were determined using ZFPC, NFPC,
WSZF, WSCoF and NFPS composites for single, binary, ternary dye system and
Cu(ll) ion. It was found that the calculated values of AH® were positive in single as
well as multi-component systems which confirmed the endothermic nature of
adsorption process for various dyes and Cu(ll) metal ion with different metal ferrite
bio-waste composites. Similarly, the positive AS® values indicated a rise in
randomness on the adsorbent’s surface. However, the negative AG® values
calculated for ZFPC, NFPC, WSZF and WSCoF composites in single, binary and
ternary dye system suggested that the adsorption behavior was spontaneous. The
calculated values of AG° obtained for NFPS composite with Cu(Il) ion were
positive, confirming the non-spontaneity of adsorption process.

The various metal ferrite bio-waste composites were subjected to recycling for up to
five to six cycles in different dye systems and Cu(ll) ion. Results from the
regeneration studies after consequent cycles revealed that composites maintained a
good regeneration efficiency for dyes (single, binary and ternary systems) and Cu(ll)
ion. The results indicated that the prepared magnetic bio-waste composites exhibit

good reusability and can serve as cost-effective adsorbents.
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Abstract: Water that is clean and safe is a basic necessity for society's multifaceted growth and a vibrant economy.

In most countries, wastewater is one of the serious concerns these days. Therefore, treatment of polluted water
becomes necessary to get clean and safe water. Various methods are used to treat wastewater like coagulation, ion
exchange, ozonation, adsorption etc. One such method is the usage of eco-friendly adsorbents to address the concerns
of water contamination. Because the adsorption process is relatively straightforward, has become the most popular
since it is cost-efficient, effective, and versatile. Nano materials are of great interest due to significant adsorption
capacity. This review paper aims to bring together the disparate information of composites prepared with nano-ferrites
and an extensive variety of potentially efficient adsorbents such as natural materials, industrial waste, by-products of
agriculture, and so on for efficient removal of dyes and heavy metals. Furthermore, the use of bio-waste based ferrite
composites is environmentally benign and have widened the horizons to tackle the problem of wastewater treatment.

Keywords: Water pollution, dyes, heavy metals, adsorption, ferrites, Nano particles, bio-waste
INTRODUCTION

We live on Earth in collaboration with our mother nature as our environment. Mother Nature provides us
tremendous resources of which water is one of the precious resources that exist on Earth. Life can never be
possible without water. As we all know that one- third of Earth is covered with water out of which 97% is non
portable and only 3% comes under the category of fresh water!. According to World Health Organization (2012),
approximately 780 million people worldwide have not had access to safe and clean drinking water>. Water
pollution worldwide emerge as the biggest problem of this century, so United Nations (2015) in their 17
Sustainable Development Goals also highlighted the issue in their Sustainable Development Goal number 6 which
states “Clean water and sanitation for all” by 2030. Safe water access is essential for economic growth as well

as productivity’. The continuous growth in world’s population and access to improved living standard increase
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ABSTRACT ARTICLE HISTORY

In the present work, magnetic nickel ferrite (NiFe,04) have been Received 29 May 2022
synthesised using low temperature combustion method and  Revised 29 June 2022
then modified with Cetyltrimethylammonium bromide (CTAB)  Accepted 30 June 2022
to form a magnetic composite. Prepared composite (CTAB- KEYWORDS
NiFe,04) was used as an adsorbent for removing brilliant Ferrites; wastewater:
green dye from aqueous solution. Adsorbent was investigated adsorption;

by using various techniques like Fourier transform infrared spec- Cetyltrimethylammonium
troscopy, X-ray diffraction, field emission scanning electron bromide (CTAB); brilliant
microscopy, energy-dispersive spectra, thermogravimetric analy- ~ green(8G) dye

sis and pH of point zero charge. Different parameters such as

effect of contact time, pH, adsorbent dose and initial dye con-

centration were studied for the adsorption of dye. The optimum

values observed were 170 minutes equilibrium time at pH 6 and

adsorbent dose 0.6 g. Various adsorption kinetic models such as

pseudo first-order kinetic model, pseudo second-order kinetic

model and Elovich model were used to determine the nature of

adsorption. Pseudo second-order kinetic model fitted better

with higher R? value which indicated that the adsorption was

chemical in nature. Langmuir isotherm was best fitted to experi-

mental data for the adsorption of brilliant green dye with max-

imum adsorption capacity ‘Q." 250 mg/g. It revealed that the

adsorption in this study takes place on homogenous surface

and follows monolayer pattern. Therefore, for the removal of

Brilliant green dye from wastewater using composite (CTAB-

NiFe,04) can be considered as an effective adsorbent.

1. Introduction

Rapid economic development, population growth, increasing urbanisation, growing
mega-cities, industrialisation and intensified agriculture have led to enormous environ-
mental problems [1]. Water generally consists of hydrogen molecules having chemical
formula H,0, which is a precious natural resource [2]. One third of the world’s population
resides on 90% of groundwater, which is available as fresh water sources [3]. As a result of
overexploitation of resources, use of hazardous substances, soil degradation and air
pollution in mega-cities are increasing at alarming rates which are causing threat to
ecology and living beings [4].

CONTACT Harminder Singh €) harminder_env@yahoo.com
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ABSTRACT

For the continuous economic growth and development of society, clean and safe water is the basic necessity.
Therefore, it is necessary to treat contaminated water. Magnetic ferrite composites with bio-waste materials are
less explored in the area of research, so these need to be focused. In present study, novel magnetic Zinc Ferrite
Pine Cone composite was prepared and used for the efficient removal of Crystal Violet, Malachite Green and
Methylene Blue (Dye) from aqueous solution in single and ternary dye system. Various characterization tech-
niques such as FTIR (Fourier Transform Infrared Spectroscopy), XRD (X-Ray Diffraction), FE-SEM (Field Emission
Scanning Electron Microscopy), EDS (Energy Dispersive Spectroscopy), TGA (Thermogravimetric Analysis) and
BET (Brunauer-Emmett-Teller Analysis) are used for the structure elucidation of Zinc Ferrite and Zinc Ferrite
Pine cone (Composite). Batch adsorption method was used for the removal of dyes in single and ternary dye
system. Lagergren pseudo second order adsorption model fits best in the kinetic studies whereas, Langmuir
adsorption isotherm showed better results with maximum adsorption capacity 76.33, 200 and 94.33 mg/g for
single dye system and 9.46, 20.45 and 27.93 mg/g respectively in ternary dye system for dyes CV, MG and MB.
Thermodynamic study confirmed about the spontaneous nature of adsorption process. The regeneration ability of
the composite in both the systems was studied up to five cycles. So, it becomes clear that the composite (Zinc

Ferrite Pine Cone) will work as best altemative for dyes removal in single and ternary dye system.

1. Introduction

Water is the basic necessity of environment and plays a key role in
the smooth functioning of all ecological processes. Despite this, some
regions of the population still lack safe and clean drinking water[1].
Water pollution caused by a variety of harmful chemicals emerged to be
as one of the most severe global challenges[2]. Various Anthropogenic
activities, increasing industries, haphazard urbanisation, sloppy natural
resource management, a huge growth in population and lack of water
supplies pollute the environment with a variety of hazardous substances
[3,4]. Furthermore, 75% of all groundwater aquifers are contaminated.
Only 3% of water is pure, with only 1% of it being pure which is
available for drinking and household use[5]. Water pollution can be
mainly categorized as Point and non-point sources. The first category
comprises of contaminants that emits from a single source such as in-
dustrial emissions in water bodies and the second refers to contaminants
having different emission sources[6]. Water contamination in general is
affected by a wide range of sources but the most common among all is

* Corresponding author.
E-mail address: harminder_env@yahoo.com (H. Singh).

https://doi.org/10.1016/j.inoche.2023.110756

Human activities[5,7]. Plasticizers, insecticides, polychlorinated bi-
phenyls, toxic metals, dyes[8] etc. are some of the common pollutants
found in wastewater as reported in various research studies[9]. Among
the various contaminants, dyes are known to be the most toxic due to
their ecological impacts as these pollutants show mutagenic[10] and
carcinogenic effects on human health[5]. Dyes are often used in textiles
[11], paint, pigment [12] and a variety of other purposes for centuries
[13]. The textile dying sector is well known for the world’s large-
st water-polluting as well as chemically intensive sector which affects
both flora and faunal[l14]. Around 100,000 distinct dye kinds are
commercially available[15]. Dyes are synthesized at a rate of 1.6 million
tonnes every year to meet the increasing demands, out of which 10 to
15% amount of this is disposed as wastewater. As a consequence, dyes
are serious water contaminants[16]. Dyes released into aquatic habitats
can have disastrous effects by lowering light penetration into water,
disrupting the photosynthetic efficiency of aquatic flora and ultimately
results in Eutrophication[17].0n the basis of structure, applications and
origin, dyes are divided into different categories such as Reactive Dye,
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Nano Ferrites Modified with Walnut Shell
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Walnut shell has been used in various experimental studies for
different dyes removal, but it is exciting to study the adsorption
behaviour of bio-waste (walnut shell) in combination with
spinel zinc ferrite which resulted in the formation of a novel
material having magnetic properties and help in easy separa-
tion after the wastewater treatment. Novel magnetic walnut
shell zinc ferrite (WSZF) composite has been synthesized and
used to remove Malachite Green and Methylene Blue from
aqueous solution in single and binary dye systems. Different
techniques have been used to characterize the composite such
as Fourier Transform Infrared Spectroscopy, X-Ray Diffraction,
Field Emission Scanning Electron Microscopy, Energy Dispersive
Spectroscopy, Thermogravimetric Analysis and pHzpc. Adsorp-
tion of dyes were studied to see the effect of time, pH,

1. Introduction

Rapid increase in population growth, various industrial activ-
ities, climatic variations etc. leads to the deterioration of
available fresh water resources in the whole world." Industries
such as paint, plastic, leather, food processing, textile, pharma-
ceutical industries etc. are using dyes as colorants in their
production process.”’ Dyes are used by industries in large
quantities and discharged directly into water bodies without
their treatment.” The discharge of harmful pollutants into
water bodies can cause mutagenicity, embryo toxicity and
carcinogenicity.” The dyes are of basically synthetic origin
which possess complex molecular structure, thus shows more
stability and difficulty in biodegradation.” The dyes can be
categorized as cationic, anionic and non-ionic dyes.”! Approx-
imately ten thousand types and about 7x10° tons of different
dyes are produced by these industries annually.”’ Even at very
low concentration, dyes are easily visible to naked eye. Dyes
contain harmful components which are toxic in nature that can
damage aquatic life, human life and may also results in the
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adsorbent dose, dye concentration and temperature. The
Lagergren pseudo second order model fitted well among
various kinetic models employed. Langmuir adsorption iso-
therm best fitted with maximum adsorption capacities of 86.20
and 1695mg/g in single dye and 2392 and 18 mg/g
respectively in binary dye system for Malachite Green and
Methylene Blue. Process was spontaneous and AH® were found
positive, confirmed endothermic process of adsorption. The
composite’s regeneration capacity was studied for five cycles
and at the end of five cycle the efficiency of the material was
found to be around 80% for both single as well as binary dye
systems. It is concluded that the chosen WSZF will be the
optimum solution for cationic dyes removal.

disruption of ecological balance. Therefore, presence of dyes in
the water body beyond maximum permissible limits affects the
quality of water and also results in the inhibition of sunlight
penetration which ultimately affects the photosynthetic activity.

Different treatment methods available for the degradation
of dyes from wastewater depending upon wastewater source
are as- Advanced Oxidation process, Coagulation/flocculation,
Adsorption, Membrane filtration, Photocatalytic degradation
etc_[7]

Adsorption techniques are effective practices that are
extensively used in the industrial sector to remediate organic as
well as inorganic pollutants due to their low cost, ease of
operation, minimum sludge creation, regeneration ability and
other benefits.*""

Nanotechnology has emerged as an excellent alternative to
wastewater treatment. Because the nanoparticles show numer-
ous advantages such as high active surface sites, increased
strength, short density and so on.” The size of nanoparticles
ranges from diameter 1-100 nm. There are different materials
which can be used as nanoparticles. In this experimental study,
ferrites were chosen as efficient nano materials. Ferrites
represent a type of magnetic nanoparticles that are derived
from various metal oxides as well as hematite and magnetite."
Ferrites have exceptional electrical and  magnetic
characteristics." According to literature studies, spinel ferrites
are widely used for wastewater treatment. However, in some
cases magnetic nanoparticles show certain disadvantages such
as limited efficiency, short shelf life!*"'" To overcome these
limitation, different materials are used to coat nano particles for

© 2024 Wiley-VCH GmbH
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Removal of cationic dyes in single as well as binary dye
systems from aqueous solution using Zinc ferrite-rice husk
silica composite

Dimple Sharma, Rimzim Jasrotia, Jandeep Singh and Harminder Singh
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ABSTRACT ARTICLE HISTORY
Magnetic green adsorbents have been gaining importance in waste- Received 25 August 2022
water treatment field due to their versatile properties. In this study, ~ Accepted 18 October 2022
a novel magnetic green adsorbent Zinc Ferrite-Rice Husk Silica (ZFN- KEYWORDS

RHS) composite has b_een pr_epared.by extracting silica fro'm rice husk. Binary dye system; dyes
ZFN-RHS is characterised using variety of techniques which includes adsorption; regeneration;
FESEM, FT-IR, XRD, BET, pHzpc and EDS. Effect of various parameters rice husk silica (RHS); single
like time, concentration, pH, adsorbent amount and temperature was system; Zinc ferrite (ZFN)
assessed using the batch adsorption method to remove cationic dyes

(Methylene Blue and Crystal Violet) from aqueous solution in single as

well binary dye solutions. Results showed that Lagergren pseudo-

second order kinetic model best fitted with the adsorption data

indicating chemisorption. In adsorption isotherm study, Freundlich

as well as Langmuir adsorption isotherms fitted better than other

isotherms. Maximum adsorption capacities for removal of CV and MB

dyes in this study have been found to be 138.8 and 84.8 mg/g

respectively. From the positive values of AH’, it has been observed

that the process of removal of MB and CV from aqueous solution

using ZFN-RHS was endothermic in nature and the negative AG®

values confirmed the spontaneous nature of the process.

Regeneration studies were also conducted with significant outcomes

in five cycles. The research study revealed that ZFN-RHS can be used

as an adsorbent to remove other cationic dyes also.

1. Introduction

In the modern world, the biggest problem is deterioration of drinking water quality, which
is a global problem. Textile industries are using dyes rapidly but are not concerned about
their proper disposal methods. A wide range of health problems occurs as a result of dyes
being disposed of without prior treatment. It also adversely affects water quality. Various
diseases caused by dyes are increased heart rate, vomiting, jaundice, cyanosis, decreased
spermatogenesis, altered genes, etc [1-8].

Dye removal can be accomplished with a variety of techniques like ion exchange,
ozonation, membrane filtration, coagulation and flocculation, desalination, chemical
dehydration, anaerobic-aerobic methods, etc [9-14]. These methods have their own
advantages and disadvantages like — Ozonation method is suitable for azo dye removal

CONTACT Harminder Singh € harminder_env@yahoo.com
© 2022 Informa UK Limited, trading as Taylor & Francis Group
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Novel Zinc ferrite composite with starch and carboxy methyl starch from
biowaste precursor for the removal of Ni (ll) ion from aqueous solutions
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ABSTRACT

In the present work, Zinc ferrite composites with Mango starch (MS) and carboxymethyl mango
starch (CMMS) were synthesized for the removal of Ni (ll) ions from aqueous solutions.
Composites prepared were characterized by Fourier Transform Infrared (FTIR) Spectroscopy, X-Ray
Diffraction (XRD) analysis, pH of point zero charge (pH,,c), Scanning Electron Microscopy (SEM),
and BET. Batch adsorption technique was used to study effect of various parameters such as pH,
adsorbent dose, contact time, concentration, and temperature for removal of Ni (Il) ions from
aqueous solutions. The optimum time, pH, adsorbent dose and temperature required for ZFNQ
MS and ZFN@ CMMS in this study was 110min., 7 & 8, 0.1g and 308 K, respectively. Out of vari-
ous adsorption isotherms, Freundlich isotherm model fitted best with adsorption data. Maximum
adsorption capacity for removal of Ni (ll) were found to be 65.3 and 208.3mg/g, respectively by
using Zinc ferrite@ MS and Zinc ferrite@ CMMS adsorbents. Lagergren Pseudo second order
model best fitted with results which indicated that the process of adsorption was chemical in
nature. The value of adsorption energy for ZFN@ MS was 50 kJ/mol and for ZFN@ CMMS, it was
31.62 kJ/mol. Thermodynamic study revealed that process was endothermic and non-spontaneous
in nature. Regeneration studies were conducted for five cycles where Zinc ferrite@ MS showed
71% regeneration efficiency and Zinc ferrite@ CMMS showed 78% regeneration efficiency for
nickel ion removal from aqueous solution.
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Introduction

With increasing population, the demand of utilization of
natural resources is also increasing day by day. Water is the
basic amenity of every individual surviving on earth and is
used for various purposes. Industries, urbanization, agricul-
ture, etc. are the main sources of water pollution. By 2025,

half of the population of earth will face water crisis.""! The
problem of water pollution caused by agriculture is mainly
because of the use of different insecticides, herbicides, fertil-
izers, etc. whereas textile, electroplating, chemical industries,
etc. also contribute to water pollution."!! Different inorganic
and organic pollutants are present in effluents discharged
from various industries. Heavy metals, which are inorganic

CONTACT Harminder Singh @ harminder_env@yahoo.com e School of Chemical Engineering and Physical Sciences, Lovely Professional University, Phagwara,
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Novel magnetic metal ferrite-mango starch compaosite for the
removal of dyes in single and ternary dye mixtures from aqueous
solutions: kinetic and thermodynamic studies
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ABSTRACT ARTICLE HISTORY
Magnetic metal ferrites attached to biowastes are proven to be promising Received 25 June 2024
adsorbents for the removal of dyes from water. Magnetic composites with ~ Accepted 18 September
biopolymers are gaining interest in the field of treatment of wastewater 2024

because of their selective nature, recyclability, low cost and =

environmental compatibility. In this work, Zinc ferrite composite with ;(:m::;) :;’;. spinel ferrites;
starch, extracted from mango seed kernel (ZFNMS) was synthesised. adsorption; k'jneu(s; '
Characterisation techniques, such as FTIR, XRD, FESEM, BET, TGA and Langmuir

pHzpc, were used for the structural analysis of ZFNMS. ZFNMS was used

to remove Methylene blue, Crystal violet and Brilliant green dyes in

single and multiple (ternary) dye systems. The kinetics of adsorption by ) o= = -9
ZFNMS revealed that pseudo-second-order of kinetics was most e S g =
appropriate for this study. Maximum adsorption capacities using ZFNMS e =

for CV, BG and MB dyes were 142.9, 101.2 and 105.8 mg/g, respectively.
The values of adsorption energies using ZFNMS were 200.5, 494.3 and
183.6 KJ/mol for CV, BG and MB dyes, respectively. Thermodynamic data
revealed the spontaneous nature of the adsorption of dyes by ZFNMS
and it was found that chemical adsorption was taking place in the
present study. Regeneration of the adsorbent was done for successive
five cycles and showed significant results. Thus ZFNMS is an ideal
adsorbent for cationic dyes removal from water.

1. Introduction

With the increase in the population, industrialisation also increased proportionately, thereby
increasing the use of chemicals, which cause pollution and associated effects [1]. The scarcity of
clean water is the main problem which our society is facing today. Dyes have been used in various
industries, such as textile industries, printing presses, drugs, etc. These used dyes have been dis-
carded into water bodies before any treatment [2]. Their direct disposal into water bodies causes
various mutagenic and carcinogenic diseases. So, there is a challenge before us to develop a sustain-
able method for the treatment of dye-containing water before its discharge into water bodies.
Because most dyes cause various diseases in humans, their treatment before discarding them
into water becomes necessary.

CONTACT Harminder Singh @ harminder_env@yahoo.com @ School of Chemical Engineering and Physical Sciences, Lovely
Professional University, Phagwara, 144411, Punjab, India
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Recyclable magnetic nickel ferrite-carboxymethyl cellulose-sodium alginate
bio-composite for efficient removal of nickel ion from water
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ABSTRACT

In waste water treatment, magnetic bio-composites are frequently investigated as an adsorbent
recently due to their great capacity for adsorption and affordability. In this current work, an
attempt has been made to develop spinel nickel ferrite-carboxymethyl cellulose (NIFCMC) com-
posite and modified its surface by alginate polymer to form NiIFCMC-Alg composite. Several tech-
niques were utilized to characterize these adsorbents including Fourier transform infrared
spectroscopy, x-ray diffraction, field emission scanning electron microscopy, energy-dispersive
spectra, thermogravimetric analysis, vibration sample magnetometry and pH of point zero charge.
These adsorbents were explored to check their potentiality to remove Ni (l) ions in aqueous
medium on various parameters such as contact time, initial metal ion concentration, pH, adsorb-
ent dose and temperature. The optimum time for establishment of equilibrium was 180 minutes
at pH 8 with adsorbent dose of 0.1g. Results of kinetic studies revealed that the best fit for the
metal ion adsorption data was the Lagergren pseudo-second-order mode indicating the chemi-
sorption nature. Likewise, the Langmuir isotherm model also showed good agreement with
adsorption equilibrium data with maximum adsorption capacities 47.84 +2.39 and 60.24+ 3.01 mg/
g for NiIFCMC and NiFCMC-Alg respectively. The calculated adsorption thermodynamic parameters
confirmed the spontaneous nature of adsorption process. The regeneration efficiency of both
adsorbents was studied for five cycles and showed significant results. This study has shown that
NiFCMC and NiFCMC-Alg can be a good substitute for removing Ni (Il) ions in aqueous medium.

ARTICLE HISTORY
Received 17 October 2023
Accepted 13 February 2024

KEYWORDS

Spinel ferrite;
carboxymethyl cellulose;
alginate; surface
modification; adsorption;
regeneration

GRAPHICAL ABSTRACT

| Characteriation:
Q FTIR

o m crom fking gt
oMe
— Q XRD

w Q FESEM
CMC-Alg. g EE:
Q vsMm

3" cross eking. agee

Batch adsorption meod (]

or
A

= NiFe;0, - Nickel Ferrite
= CMC - Carboxymethyl Cellulose
* CMC-Alg. - Carboxymethyl Cellulose-Sodium Alginate

1. Introduction industries, painting, mining, petrochemical and fertilizer/
pesticides industries."? Heavy metals are especially harmful
and tend to accumulate in human bodies and pose severe
health issues. Therefore, their removal from the waste water

is necessary. Different traditional approaches and methodol-

Water pollution is one of the major environmental problems
globally with the rapid industrialization, urbanization and
intensified agricultural practices that need much attention of

the researchers worldwide. The primary reason behind water
contamination is direct disposal of effluents without treat-

ment into water bodies by textile, dyes and tanning

ogies such as coagulation, filtration, precipitation, ion
exchange, solvent extraction, reverse osmosis, electrochem-
ical treatment and evaporation. etc. have been explored for
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