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Abstract

This work investigates a facile and low cost technique to synthesize the iron oxide NPs
via chemical and green route. Green synthesized iron oxide NPs was achieved by utilizing rich
polyphenols in ginger, mint and spinach leaves as a reducing and stabilizing agent. As

synthesized nanoparticles were calcined at 300 °C and 500 °C and then studied their properties.

Then these samples were characterized via different techniques like XRD (X-Ray
diffraction) for the identification of phase and crystal structure, SEM (scanning electron
microscopy) for particle size and surface morphology analysis, FTIR (Fourier transform
infrared spectroscopy) for chemical investigation and EDX (energy dispersive X-Ray)

spectroscopy for determination of elemental composition.

XRD pattern determined the inverse spinel structure of chemically synthesized
nanoparticles which shows that particles are pure magnetite with crystallite size of 17 nm. At
300 °C, only few peaks of hematite showed and the phase transformation more proceeds to
hematite at higher temperature about 500 °C. The presence of these two phases also confirmed
by FTIR analysis. Octahedral and tetrahedral vibrational bands of inverse spinel structure at
700 cm™ and 490 cm! corresponds to magnetite (FesOs) phase. In green synthesized
nanoparticles, octahedral and tetrahedral vibrational bands occurred at 485 cm’! and 657 cm™!
corresponds to magnetite phase. There are some signatures of the presence of hematite which
is manifested by a band at 520 cm™'. SEM analysis showed the spherical and roughly spherical
morphology of chemically and green synthesized nanoparticles, with size of less than 100 nm
respectively. EDX analysis indicates that prepared sample comprises of iron and oxygen, which

confirms the formation of iron oxide.

XVI



Chapter No.1 Introduction

Chapter No.1

Introduction

1.1 Nanotechnology:
Nanotechnology is the manipulation of material or objects on a molecular, atomic and
supra-molecular scale. The particles are well-defined as a small thing that perform as the whole

unit because of its transportation and properties.

Nanotechnology is the branch of science that deals with the synthesis of nanomaterials,
analyse and their innovative properties that is altered from bulk to Nano level. It has so many
biomedical applications due to its unique properties, i.e. [1]- (2], catalysis [3], wastewater

treatment [4], sensors [5], electronics [6]

The particles between about 1 to 100 nanometers in size are nanoparticles. The
nanoparticles are of incredible consideration due to their exceptional properties, for example,

mechanical, basic, softening point, Electrical conductivity, Optical, and Magnetic.

A few cases said are the versatile module diminishes significantly with the decline in
size to nanoscale and the hardness increments with abatement in size. Likewise, the liquefying
point lessens with a diminishing in molecule estimate since dissolving begins from the surface
and with size decrease the surface to mass particle proportion increments. Electrical
conductivity lessens as the resistivity increments. Nanoparticle can be synthesized in two

different ways.

1.1.1 Bottom-Up Technique:
In this technique, atoms and molecules are arranged to form the nanomaterials of the

desired size and shape by controlling reaction constraints.

1.1.2 Top-Down Technique:

In this technique, molecules and the atoms are removed from the bulk level to acquire

desired shape nanoparticles.

Nanoparticles can be synthesized by these two techniques, such as metal oxide nanoparticles,
Non-metallic nanoparticles, bimetallic nanoparticles etc. Metallic nanoparticles have

extraordinary intrigue since it demonstrates Surface Plasmon Resonance Phenomenon [7].
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Figure 1.1: Top-down and bottom-up approaches for the synthesis of nanoparticles

The metallic nanoparticles can be isolated into Noble metals (gold, platinum, palladium
and silver) which are more steady and the other sort are Magnetic nanoparticles (Iron, Nickel,
and Cobalt) these are for the most part ferromagnetic materials. In magnetic nanomaterials, iron
has an excessive interest because it is modest, effortlessly accessible and shows more attractive
properties than other metallic components. The iron nanoparticles mainly exist in the form of
iron oxide because iron nanoparticles are not stable in the atmosphere that is why it gets

changed to iron oxide very quickly.

1.2 Introduction to iron oxide:

Iron is a Block D, Period 4 element, while oxygen is a Block P, Period 2 element. Iron is
4th most common element in the earth’s crust and atomic number is 26. It is a metal in first
transition series. Forming much of earth’s outer and inner core. Most common form of iron is

iron oxide.

There are sixteen known forms of iron oxides which are found as oxides and oxyhydroxides

[8];



Iron Oxides:
There are three main forms of iron oxides:

e Iron (II) oxide, (FeO)
e [Iron (II, II) oxide, (Fe3Oa)
e Iron (III) oxide, (Fe203)

Iron (I1I) oxide has four different phases:

» a-Fex0s
» B-Fe203
» v-Fe 03
» &-Fex0s

Iron Oxide-hydroxide:

a -FeOOH

e f-FeOOH

e y-FeOOH

e 5-FeOOH

e FesHOs-4H20

e FeOOH

o FegOg(OH)s(SO)-nH20

Iron hydroxide

e Fe(OH)
e Fe(OH)s

All these forms of iron oxides are changed because of lattice structure

1.2.1 Iron (Il) oxide or wustite (FeO):

Iron(IT) oxide (FeO) is an inorganic compound having formula FeO, which is rare. The
mineral form of FeO is recognised as wiistite. It exists as a black coloured powder, that is in
some cases mistook for rust, which comprises of hydrated iron(III) oxide (ferric oxide). Iron(II)
oxide also discusses to a class of associated non-stoichiometric compounds having composition

range from Feo 840 to Feo.9s0, which are iron deficient [9].
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1.2.1.1 Structure of wustite:
The wiistite has the cubic unit cell in which each iron ion is bounded by the six

oxygen atoms. The bond length between iron and oxygen atoms is 2.16 Armstrong.

Figure 1.2: Structure of unit cell FeO

1.2.2 Iron (llI) oxide, (Fe203):

Iron (111) oxide is an inorganic compound having formula Fe;Os. It is one of the three
fundamental types of iron oxide and has the important magnetic properties too. According to
basic research point of view, iron (III) oxide is an appropriate compound for the general
investigation of polymorphism, magnetic behaviour and structural phase transformation of
nanoparticles. The presence of amorphous Fe2Os and its four phases (alpha, beta, gamma and

epsilon) is well-known [10].

1.2.2.1 Alpha phase:

Hematite (a-Fe20s3) consists of hexagonal (Rhombohedral) crystal system, constructed
of iron atoms surrounded by 6 oxygen atoms. It is the main ore of iron, which exist as mineral
hematite. At temperature below ~260 K, it behaves like antiferromagnetic and show weak
ferromagnetic behaviour between 260 K and 950 K [11]. The rhombohedral system can also
be considered as a cubic system extended along one body diagonal such that two interior points
equally spaced along a diagonal, the Rhombohedral consists of three basis vectors of equal
length and the angles a, B and y are equal to each other, but are different from 90 degrees.

Rhombohedral crystal picture below shows the stretch along one body diagonal.
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Figure 1.3: Structure of hematite, ferric ions F* in octahedral coordination (C.N. = 6) with oxygen

jons O

1.2.2.2 Beta Phase:
The B-phase of Fe20;3 has cubic bixbyite structure (body centred). There is a phase

transition occurs from B-Fe;O3 to a-Fe;Os about at temperatures above 500 °C. Different
synthesis approaches i.e. pyrolysis of FeCls solution, reduction of hematite by using carbon, or
thermal decomposition of Fex(SOs)3, may lead to the formation of B-Fe;O3 It exhibits a

paramagnetic behaviour.

1.2.2.3 Gamma phase:
Gamma Fe;O3 (maghemite) has a cubic structure and it has a dissimilarity from the
inverse spinel structure of magnetite because of the presence of vacancies in Fe site with

symmetry reduction. At room temperature, maghemite phase converts into hematite phase. [12]

Maghemite shows ferromagnetic behaviour and has many application in different fields i.e.
recording tapes, [13] while ultrafine particles with less than 10 nm in size are

superparamagnetic.

1.2.3 Iron (11, lll) Oxide or Magnetite (Fe30O4):

Iron (1, III) oxide (magnetite) is the chemical compound having formula Fe3Oa. It
exists in nature as a mineral magnetite. It comprises of both Fe** and Fe** ions and sometimes
it is expressed as FeO - Fe203. It shows ferrimagnetic behaviour i.e. permanent magnetism, but

sometimes incorrectly described as ferromagnetic. [14].
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1.2.3.1 Ferrimagnetism in magnetite:

A ferrimagnetic material has permanent magnetism that occurs in solids in which
number of atoms having magnetic moments that aligned in opposite directions, as in
antiferromagnetism, though, these opposing magnetic moments are unequal, hence
spontaneous magnetization remains [15]. It occurs when populations comprise of different
materials (i.e. Fe?" and Fe"). Ferrimagnetism mainly exists in magnetic oxides (ferrites). The
magnetite (Fe304), is a ferrimagnetic material, before Néel's discovery of ferrimagnetism and

antiferromagnetism, magnetite was considered as a ferromagnetic material. [16]

bor by oy

**&*%*&Q%

§w§w§%§$
©)

(Oclahedral} (Octahedral) (Tetrahedra)

Figure 1.4: (a) Ferrimagnetism (b) Ferrimagnetism in magnetite



In above figure, all Fe*? ions have spin magnetic moment in one direction. Half of Fe*?
ions have magnetic moment in one direction, the other have in another direction (decreasing

the overall moment to just that contributed by the Fe*? ions).

1.2.3.2 Structure of magnetite:

The electronic configuration of the Fe** fon is 1s>2s? 2p® 3s* 3p°3d® and Fe?* ion is 1§’
2s? 2p® 3s? 3p® 3d° for Fe3O4 and y-Fe0;. The electronic, magnetic and spectroscopic
properties are determined by the 3d electrons of Fe. Fe®* has 5 unpaired electrons and Fe?* has

2 paired and 4 unpaired electrons in the ground state.

Magnetite (Fe30s) is a ferrimagnetic material and has an inverse spinel structure with

32 oxygen ions regularly cubic close packed in the [111] direction.

Fe*? ions and half of the Fe*? ions occupied by octahedral sites (where every Fe ion is
bounded with six oxygen atoms) and the other half of the Fe** ions occupied by tetrahedral
sites, it means one Fe*? and Fe*3 ion occupied the octahedral sites, but tetrahedral sites are

occupied by only Fe** ion as small ions tend to have low coordination.

4

Figure 1.5: Crystal structure of magnetite (Fe3O4), green atoms represents Fe?*, brown atoms are

Fe**and white atoms are oxyge



Chapter No.1 Introduction

1.3 Iron oxide nanoparticles:
Iron oxide nanoparticles have diameters between about 1 to 100 nm. Researchers has
great interest in magnetic nanoparticles because of its amazing properties and biomedical

applications [17].

1.3.1 Synthesis techniques of iron oxide nanoparticles:
Different synthesis techniques have been reported to obtain shape controlled,
biocompatible, monodispersed and stable iron oxide nanoparticles. There are some common

synthesis methods are listed below [18]:

»  Co-precipitation method

= Thermal decomposition

»  Hydrothermal method

= Sonochemical technique

» Electrochemical technique

» Laser pyrolysis technique

1.3.1.1 Co-precipitation method:

The co-precipitation method is the most common technique to synthesize maghemite
(y-Fe203) and magnetite (Fe3Oa) nanoparticles. In this technique, ferric and ferrous ions
dissolved in a highly basic medium with 1:2 molar ratios at the room temperature. Iron oxide
NPs can be synthesized by using different precursors including iron chlorides, sulphates,
perchlorates, nitrates etc. The size and shape of the particles depend on different factors e.g.
PH value of the solution, temperature of the reaction, type of the precursor used, ratio of the

precursors (ratio of ferric and ferrous ions), stirring rate, dropping rate of alkaline solution.

Kang et al have been reported the synthesis of narrow size distributional, uniform and
monodispersed magnetite FesOs NPs by co-precipitation without any surfactants having
diameter 8.5 £ 1.3 nm. The molar ratio of Fe*?/ Fe*3 is 0.5 in an aqueous solution and PH is 11

to 12 [19].
Advantage:

e Simple and low cost method
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Disadvantages:

e In reaction mixture, a high PH value is to be required during the synthesis and
purification process.

e This method leads to the formation of particles with the large particle size distribution.

1.3.1.2 Thermal decomposition:
The thermal decomposition of Fe(CO)s by oxidation leads to the formation of high
quality iron oxide NPs have been reported. This procedure requires a difficult operation and

comparatively higher temperature. The nanostructures of a-Fe2O3 were successfully prepared

by thermal decomposition of Fe(NO3)3.9H,0.

Sun and Zeng have been synthesized the size controlled magnetite NPs by thermal
decomposition of Fe(acac)s (acac = acetylacetonate) in phenyl ether at temperature 265 °C. A
large size monodispersed iron oxide (Fe3Os) nanoparticles of 20 nm in diameter can be
synthesized by using small iron oxide (Fe3O4) nanoparticles and these particles are dispersed
in nonpolar solvent by seed mediated growth method. This procedure does not require a size-
selection process. The prepared Fe3Os4 nanoparticle can be transformed into y-Fe;Os
nanoparticles by annealing at temperature 250 °C in the presence of oxygen for 2 hours [20,21].
The synthesis of iron NPs by the thermal decomposition of Fe(CO)s has been reported. The
monodispersed y-Fe203 NPs can also synthesize by following oxidation via chemical reagent

[22].
Advantage:

* Size controlled monodispersed particles obtained with the narrow size distribution.
Disadvantage:

e The nanoparticles obtained via this method, are commonly dissolved only in the
nonpolar solvents.

e Itrequires a comparatively very high temperature and complicated procedure.
1.3.1.3 Microemulsion:

The microemulsion is thermodynamically stable isotropic incapable mixture of two
phase system (water and oil) under the certain condition i.e. surfactant, temperature and salt

content. The surfactant particles form a single layer at interface between water and oil, with
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hydrophobic head sites of surfactant particles dissolved in aqueous (water) phase and tails in
oil phase. The Self-assembled assemblies of various types can be designed in different binary

systems [23].

The microemulsion technique can be used in different application e.g. solvent free

degreasing, in pharmaceutical industry, enhanced oil recovery etc.
Advantage:

e The resulting particles were small in size with higher saturation magnetization via

microemulsion technique [24].
Disadvantage:

* Even with the use of surfactant, the aggregation of resulting nanoparticles need more
washing procedures and several stabilization treatments.
o This method usually leads to the complicated procedure or may require high

temperatures.
1.3.1.4 Hydrothermal method:

The controlled size and shape of magnetic nanoparticles are innovatively essential
parameters because these parameters have a strong relationship with the magnetic properties.
A hydrothermal technique comprises of numerous wet chemical technologies in which the
crystallization of the material occurs in a closed container or vessel at high temperature

(normally 130 to 250°C) and vapour pressure (normally 0.3 to 4 MPa).

Well crystalline grains and the dislocation free single crystal nanoparticles can be

formed via hydrothermal technique [25].

Wang et al. [26] have been reported the single step method to make the highly

crystalline nanoparticles without utilizing any surfactant via hydrothermal.

1.3.2 Green synthesis:

* Ingreen synthesis, non-toxic entities like plants, leaves and roots, extract is used instead
of chemicals.
* The phytochemicals in various plants contain carbohydrates, polyphenols, alkaloids,

proteins, vitamins, sugars and phenolic acids, use as a metal reducing agent.

10
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e Green synthesis is very useful in many fields, especially in agriculture, cosmetics,

engineering and medical fields.

1.3.2.1 Metal nanoparticles synthesis using plant extract:

The three main phases occur during the synthesis of metal NPs by using the plant extract:

e The first phase is the activation phase, during which the metal ions reduced and then
nucleation of reduced metal atoms happens.

o The next phase is growth phase, in which the small adjoining nanoparticles suddenly
come together and form particles of a larger size.

e The third phase is termination phase, in which final shape of particles are determined

[27].

Metalions

OH

Organic “coat”
stabiizing
the particle

Figure 1.6: Mechanism of metal NP synthesis using plant extract

1.3.2.2 Advantages of green synthesis:

o The green synthesis of nanoparticles has been considered as a low cost, clean, rapid,

environmental friendly and nontoxic method comparatively other methods.

11
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e There is no need of the high energy, temperature, pressure or toxic chemicals.

1.3.3 Properties of iron oxide nanoparticles:

1.3.3.1 Thermal properties:
In a literature survey, magnetite’s boiling and Melting point were detected at
temperature about 2623 and 1590 °C, respectively. It showed Heats of decomposition,

vaporization and fusion are 605, 298 and 138 KJ/mol, respectively [28].

1.3.3.2 Electrical properties:

As mentioned in previous studies, the ferric and ferrous ions occupied the octahedral
sites, in the magnetite structure. The thermally delocalization of the electrons with these iron
species are move inside the magnetite structure that starting high conductivity exchange
constants with the ranging from -28 J-K to 3 J-K between tetrahedral/octahedral locations and

octahedral/octahedral locations, respectively [29].

Verwey transition temperature (VTT) of magnetite (118 K) displays a well-ordered
distribution of ferrous and ferric ions on the octahedral locations, impeding the delocalization
of electron when the temperatures fall below VTT [30]. On octahedral locations, magnetite can
be metal deficient to some extent because of electron delocalization effects. So, such type
deficiency permits the magnetite for N and P type semiconductors. The resultant conductivities

are in the range from 102-103 Q'em™' [31].

The electrical conductivity of magnetite confirms the semiconductor behaviour and this
conductivity value are very close to the metallic or conductor behaviour. As the energy bandgap

values of insulators, conductors and semiconductors are >3, 0 and 0.2-0.3 eV respectively [32].

Magnetite has comparatively low energy bandgap i.e. 0.1 eV [33]. The energy bandgap
of maghemite is 2 eV, which shows the insulator behaviour. The maghemite has curie
temperature (Tc) about 900 K and magnetite has 860 K. At the Verwey transition temperature
(Tv) about 120 K, magnetite displays the order-disorder transition, in which electrical

conductivity diminishes. [34]

1.3.3.3 Optical properties:
Iron oxide has many interesting optical properties and important for designing
electrochromic devices, photo electrochemical generation of hydrogen, solar radiation filters,

etc. [35]. Magnetite and wustite shows the absorption in visible and near infrared region [36].
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The maghemite and hematite do not show any absorption in near-IR region because
they are insulators. The oxidation procedure of magnetite to the maghemite nanoparticles has
been monitored by loss of the optical absorption in near infrared region [37]. The direct band
gap of the hematite films is ranging from 2 to 2.27 eV, that is determined by the Tauc plots and
indirect band gap is about 1.9 eV [38].

The direct band gap value of B-Fe2Os films is 1.97 eV [39]. The bulk maghemite’s band
gap is 2 eV [40], whereas maghemite nanoparticles show an energy gap of 2.47 eV due to the
quantum confinement effects. Magnetite’s optical properties and band gap are related to
quantum confinement phenomena. The physical and chemical properties varied with the size
variation of nanoparticles. Through UV-Visible diffuse reflectance spectroscopy study it was
observed magnetite nanoparticles of size range (2025 nm) and (30-35) have band gap 2.12 ev

and 2.05 ev respectively. The band gap variation is due to quantum size confinement [41].

The magnetite (Fe3O4) nanoparticles have photoluminescence spectra were recorded at
room temperature which exhibited weak excitonic-emission in the UV region due to the
recombination of free excitons, but in the visible range strong emission bands were observed
that is caused by electronic transitions including defect-related energy levels in band gap of
Fe304 nanoparticles. During synthesis of magnetite nanoparticles structural defects like oxygen
vacancies can be produced because of the existence of few processes such as incomplete
oxidation, rapid evaporation and fast crystallization. These defects may induce the creation of

new energy levels in the band gap of Fesos nanoparticles [42].

1.3.3.4 Magnetic properties:

It is reported that iron oxide nanoparticles often show superparamagnetic behaviour at
room temperature when their size is less than 20 nm. Magnetite’s Curie temperature (T¢) is
850 K, below this temperature (T.) the magnetic moments are ferromagnetically aligned on the
tetrahedral locations, as these locations are occupied by only ferric ions (Fe**). The magnetic
moments are antiferromagnetically aligned on octahedral locations, as these locations are
occupied by both ferrous(Fe*?) and ferric(Fe*®) ions. Such combined behaviour is called

ferrimagnetic [43].

Therefore, the magnetite is ferrimagnetic at room temperature. Figure 1.8 (a) explains
the ferromagnetic and antiferromagnetic behaviour on tetrahedral and octahedral sites
respectively. As temperature increases, the aligned magnetic moments on tetrahedral locations

will start to fluctuate and hence the ferrimagnetic strength will be reduced. When the
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temperature achieved to curie temperature, then the magnetization becomes zero and
superparamagnetic behaviour is detected. The coercivity of magnetite can be controlled during
the precipitation process and the values of coercivity are ranging from 2.4-20 kAm™'. The
Coercivity is the magnitude of the applied magnetic field which is required for zero

magnetization after the saturation magnetization point, as shown in figure 1.7 (hysteresis loop)

[44].

B Flux Density

-B wo

Figure 1.7: Hysteresis loop

The structure of hematite is rhombohedral and it shows the antiferromagnetic behaviour
below its Morin transition temperature (Tm) about 260 K. It shows the weak ferromagnetic

behaviour between Tm and Tn (Neel temperature about 948 K).

The weak ferromagnetic behaviour occurs due to a slight disorder of the antiparallel
spin axis. In the basal plane the antiferromagnetic spins are indicated somewhat tilted, resulting
in the small ferromagnetic moments. As the figure 1.8 (b) shows the rhombohedral and

hexagonal unit cell with four ferric (Fe**) ions and oxygens connecting them.

It has been investigated that the particle size strongly depends on the Morin transition
(Tm). The smaller particles have low Morin transition value. So, Tm depends on different
factors including preparation method of the sample, O-H groups, addition of water and lattice

defects in the hematite structure [45].
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Figure 1.8: (a) Ferrimagnetic spin structure of magnetite, tetrahedral location occupied by Fe* ions
with magnetic moments aligned along same direction (red down arrows), octahedral locations are
occupied by Fe**and Fe2* ions with unequal mixture of magnetic moments aligned in opposite

direction (blue up arrows) (b) Weak ferromagnetism in hematite

The magnetic properties of hematite have linked to the size and shape of the
nanoparticles. The coercivity (Hc) and the remanent magnetizations (Mr) and coercivity values

of hematite are ranging from 0.6-16 memu/g and 31-530 Oe respectively [46].

The large sized particles of hematite have higher remanent magnetization and coercivity
values and small particles of different morphologies have a single domain above blocking

temperature (Tv), shows the superparamagnetic behaviour [47].

1.3.4 Applications of iron oxide nanoparticles:
In recent years, superparamagnetic iron oxides nanoparticles have been studied due to
extensive applications in the field of nanoscience such as biotechnology, magnetocaloric

refrigeration, in vivo biomedical field and ferrofluids [48].

The biomedical applications including tissue repair, magnetic resonance imaging
(MRI) uses as a contrast agent, magnetically controlled drug delivery. It has been also

investigated in other fields such as magnetic storage media and environment protection [49].
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Figure 1.9: Drug loaded nanoparticles in drug delivery

1.3.4.1 Applications of magnetite, maghemite and hematite:

Magnetite has great attention for researchers in biomedical applications because of their
low toxicity and biocompatibility in human body.

Superparamagentic magnetite nanoparticles used in the ferrofluids, initially it was
planned for the high-performance seals in the space applications. The ferrofluid
contains superparamagnetic nanoparticles that is spread in the organic media [50].
Hematite and magnetite is used in industrial important applications including high
temperature water gas shift reaction, desulfurization of natural gas, synthesis of
ammonia (NH3) and catalysis [51].

The hematite nanoparticles are enormously beneficial in the photo catalysis, solar
energy conversion, and water splitting treatment.

Maghemite has also great consideration in biomedical field due to their low toxicity
and biocompatibility, thus it is widely used biomedical applications like cancer therapy,
magnetic resonance imaging, cell separation and magnetic induced hyperthermia etc
[52].

Maghemite is very useful in data storage and recording applications. To enhance its
storage capacity and coercivity, the maghemite nanoparticles are coated with the cobalt
(1-5%). The coated nanoparticles have higher thermal stability than the doped
nanoparticles, with uniaxial magnetic anisotropy. So, these particles are used in

magnetic discs, high bias audio tapes and video tapes etc [53]
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2 Literature review

Turmeric leaves were used to synthesize Iron oxide nanoparticles by calcination and
microwave assisted method and characterized these nanoparticles by different techniques. As
prepared nanoparticles were used to treat domestic wastewater in terms of orthophosphate
(PO4), Chemical oxygen Demand and Escherichia coli removal. Iron oxide nanoparticles by

calcination Fe NPCal showed superior antimicrobial activity than Fe NPMw [54].

Metallic nanoparticles obtained via green synthesis method, in which eucalyptus extract
was used for the reduction of metal ions. By using this extract well-formed magnetic
nanoparticles are prepared and these nanoparticles are encapsulated in chitosan beads, which
act as a magnetic hybrid material. The XRD pattern of these nanoparticles matched well with
the structure of maghemite. The complete study of arsenic removal, these new magnetic hybrid

materials are verified as good sorbent capacity [55].

Sada Venkateswarlu et al, synthsized the magnetite nanoparticles by using the extract of
syzygium cumini seed. It is a nontoxic fruit and its extract is used as a reducing agent. Sodium
acetate is used as stabilizing agent. Then prepared anaoparticles were characterized via
different techniques including X-ray diffraction (XRD), transmission electron microscopy
(TEM), Raman spectroscopy, Vibrating sample magnetometer (VSM), Energy-dispersive
spectroscopy (EDS), FTIR spectroscopy. The XRD results showed the particles are magnetite
with inverse spinel structure. TEM images showed the spherical morphology of particles. VSM
results indicated the ferromagnetic behaviour of the magnetite nanoparticles with saturation

magnetization 13.6 emu/g [56].

Magnetite (Fe30s) NPs were synthesized by a novel method, in which non-toxic extract of
watermelon rind is used as a capping and reducing agent. As prepared Fe3O4 nanopatticles
were characterized via different techniques containing, Fourier transform infrared spectroscopy
(FTIR), transmission electron microscopy (TEM), vibrating sample magnetometer (VSM), X-
ray diffraction (XRD). The X-RD investigation showed the highly crystalline and face centered
cubic structure of iron oxide. The FTIR results revealed that these particles are stabilized by

capping agent. It is a simple, pollutant free and cheap method to synthesize the magnetic
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nanoparticles. As prepared nanoparticles are small in size with the narrow size distribution
from 2-20 nm and shows wonderful magnetic behaviour with saturation magnetization of about

14.2 emu/g. Then these nanoparticles were used as a catalyst [57].

The Iron oxide nanoparticles (IONs) were synthesized by the co-precipitation method in
air atmosphere from the ferrous aqueous. The effect on properties of the nanoparticles by
changing ratio of [Fe*?/Fe**] were investigated. Fourier transform infrared spectroscopy and
X-Ray diffraction confirmed the formation of iron oxide. VSM analysis shows that the
saturation magnetization increased from 37.6-59.4 emu/g by increasing the ratio of
[Fe*?]/[Fe*?] from 1/2-6/6, and particles are superparamagnetic having zero coercivity. Then
the particles start to show coercivities (80¢,220e and 330e) with the increase of the ratio above
6/6 and increases upto74.3 emu/g. Hence, it is concluded that the magnetic properties and the
particle size of nanoparticles mainly depends on the [Fe*?]/[Fe*’] ratios. It is observed that
particles are less than 11 nm in size with zero coercivity and showed superparamagnetic

behaviour [58].

An advanced quantitative synthetic method for preparing magnetite nanoparticles was
attained via co-precipitation method, in which only one iron precursor is used. For the first
time, the molar ratios (2:1) of Fe(IIl): Fe(II) was achieved in the solution by using potassium
iodide (KI) for the reduction of Fe(IIl). By following the filtering process the iodine is formed
and then this filtrate was hydrolyzed with 25% of NH4OH (ammonium hydroxide) solution at
PH 9 to 11. As the synthesized magnetic nanoparticles were characterized via different
techniques, including field emission scanning electron microscopy (FESEM), Fourier
transform infrared spectroscopy, X-ray diffraction, field emission transmission electron
microscopy (FETEM) and selected area electron diffraction (SAED). The average diameter of

magnetite nanocrystals was 7.84 + 0.05 nm and for magnetite nanorods 6.3 £ 0.2 nm [59].

B. Kumar, L.Cumbal. et al. have synthesized iron oxide nanoparticles by a low-cost
method, in which extract of passiflora tripartia var. mollissima is used. Then prepared
nanoparticles were characterized via different techniques containing VSM, UV visible,
Transmission electron microscopy and Dynanamic light scattering. The analysis revealed that
the particles are 22.3+ 3 nm in size with spherical shape. The synthesized nanoparticles were
used as a catalyst. The reaction was carried out under mild condition with good yields. without

significant loss of activity, the catalyst is easily separated by magnet and recyclable [60].
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It was reported that synthesis of magnetic iron nanoparticles has great consideration due
to its tremendous properties especially magnetic properties became the attention for
researchers. These properties are valuable in different biomedical applications like drug
loading, medical diagnoses and beneficial in the technological areas. Depending on the crystal
structure Fe,Oj3 has different phases, namely, o, B, v and € phase. The Hematite (0-Fe203) has
hexagonal (Rhombohedral) crystal system. The gamma phase Fe;O3 is known as maghemite.
It remains in this phase at low temperature. It has cubic structure when the size of particles is
less than 8 nm and it will be transformed into alpha phase at higher temperature. The B-Fe20s
phase exists in metastable with primitive hexagonal structure and it converts into a-Fe20s3 at
high temperature about 500° C. The &-Fe2O3 has intermediate state between y and a with
orthorhombic structure. This phase converts into to o phase at temperature between 500 to 750
°C. The ferromagnetic behaviour is observed in y-Fe203 and e-Fe203. The antiferromagnetic

and paramagnetic behaviour observed in a-Fe>O3 and B-Fe203 respectively [61].

Synthesis of nanoparticles by chemical procedures involve toxic solvents, which could
produce unsafe and hazardous by-products causing high energy consumption also. Due to low
toxicity of magnetic iron oxide nanoparticles have become the primary materials for the
biomedical applications. Iron oxides NPs like magnetite (Fe304) and maghemite (y-Fe203) used

as potential components in biomaterials due to their low toxicity [62].

There are number of medical applications have been found for iron oxide nanoparticles,
including drug targeting, bio separation processes and cancer chemotherapy. The biologically
differing marine environment is the great promise for nanotechnology and the nanoscience. In
palliative treatment of prostatic carcinoma, an effective non-steroidal anti androgen, Flutamide

has been used [63].

Treatment with flutamide may cause different side-effects such as diarrhea, tiredness,
weakness, breast fullness and liver malfunction. The important and cost-effective development
procedures for preparation of sustained release formulations in the industrial scale. For this
purpose, we successfully formulated with biosynthesized iron oxide nanoparticles. However,
using seaweeds for the synthesis of nanoparticles, only few reports are available till date.
Sangeetha N*, A. K. Kumaraguru synthesized iron oxide nanoparticles from freshly collected
seaweeds. The synthesis was optimized under various physico-chemical parameters such as,
reaction temperature, reaction pH, and time. Further, these synthesized nanoparticles (NPs)

was characterized by various techniques i.e. Atomic Absorption spectrometry measurements,
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transmission electron microscopy (TEM), Scanning electron Microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR) and Energy Dispersive X-Ray (EDX) analysis. The

biosynthesized iron oxide nanoparticles were also studied in drug delivery [64].

From two different families, stems and leaves of three different herbs has been used to
examined the the bioactivity and phenolic contents of the extracts. were used to phenolic
compounds and the bioactivity of the extract by using their antioxidant activity or DPPH
scavenging ability. Mint leaves belongs to the Lamiaceae family. The antioxidant activity and
the total phenolic compounds in mint leaves extract are 34.21% and 1.24 mgGAE/100 mL
respectively. These values show that mint leaves extract have higher antioxidant activities and
phenolic compound than parsley and coriander extract. As the coriander and parsley belongs
to the family of Apiaceae. It was also investigated that leaves have higher quantity of phenols

and more antioxidant activities than the other parts like stems [65].

Runnie et al investigated the existence of phenolic contents and antioxidant activities in
the mint leaves and examined these effects in the rats. The extract of parsley also showed the
antioxidant activities. The coriander and parsley exists in the Apiaceae family and mint has
Lamiaceae family. The values of antioxidant activities and phenolic contents may differ in
different parts of these herbs, as the stem parts of the same plant have lower phenolic contents
than the leaves. The properties of the plants may also differ in different environmental

condition or geographical areas [66].

Dragana M et al examined the content of total phenols and flavonoids and the antioxidant
activities of different dried herbs. These herbs were dried in different ways and then observed
the antioxidant activities of the extract. The mint leaves were dried at 45°C in the oven and in
open atmosphere. Then compared the phenolic contents, antioxidant activities and flavonoids
in the extracts of these dried herbs. It showed that naturally dried herb has high yield of the
extract and herbs dried in low temperature condensation drying oven had low yield extract. The
total phenolic contents were determined by spectrophotometric methods and flavonoids was
determined by complexation reaction. The naturally dried herbs contain the highest phenolic

contents, flavonoids and antioxidant activities than the extract of herbs dried in laboratory oven

[67].

It has been reported, magnetic iron nanoparticles are synthesized via co-precipitation
method by using the aqueous solution of ferrous in the air atmosphere. The effect of the molar

ratios of [Fe*?)/[Fe™] on different properties of the magnetic iron nanoparticles has been
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investigated. The prepared particles were characterized via different techniques. The iron
oxide’s characteristic peaks were observed via X-Ray diffraction and fourier transform infrared
spectroscopy analysis showed the presence of iron oxide particles. Magnetic behaviour of
magnetic nanoparticles was observed by vibrating sample magnetometer which shows that the
saturation magnetization is increased from 37.5-59 emu/g as the molar ratios of [Fe™?]/[Fe*]
increased from 1/2- 6/6. These particles showed the superparamagnetic behaviour with zero
coercivities. However, the samples started to show the coercivities by increasing the ratios
above 6/6 (80e,220e and 330e). The Particle size are calculated by X-Ray diffraction,
vibrating sample magnetometer and transmission electron microscopy. The all values obtained
via different techniques are almost same. It was also observed that the molar ratios of [Fe*?)/
[Fe*?] has significant effects on the magnetic properties of the nanoparticles. The particles

showed the superparamagnetic behaviour with zero coercivity when size of these particles are

less than 11 nm [68].

For the synthesis of desired magnetic nanoparticles, a low-cost co-precipitation method is
followed. Basically, in co-precipitation method, nanoparticles of iron oxide are prepared by
using the iron precursors and alkaline solution as a reducing agent. Iron salt solution maintained
at continuous stirring with the addition of alkaline solution. The properties of nanoparticles
can be altered by changing the number of factors including the pH values, temperature of

reaction and the ratios of the metal ions [69].
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3 Experimental work

3.1 Synthesis of iron oxide nanoparticles:

Iron oxide nanoparticles are synthesized by Co-precipitation method.

3.2 Apparatus used:
e Magnetic stirrer
e Mechanical stirrer
e Heating plate
e DBeaker
e Ultrasonic bath
e Furnace
¢ Funnel
e Whatman filter paper
e Spatula
e Centrifuge machine
e Centrifuge tube
e Permanent magnet

e Weight balance

3.3 Material used for chemical method:
¢ Iron chloride (FeCl3)

e Iron sulphate (FeSO4)
e Hydrochloric acid (HCI)
e Ammonium hydroxide (NH4OH)

3.4 Procedure:
* For the synthesis of magnetite (Fe3Ous) nanoparticles, firstly 3.05g ferric chloride

(FeCls) and 2.1g ferrous sulphate (FeSO4) dissolved in 25 ml distilled water with
continuous stirring for one hour.

= Then few drops of HCI were added to the above mixture at 85 °C and stirred strongly
at 1500 rpm for one hour.
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* Then 7ml of ammonium hydroxide (NH4OH) was added drop wise into the solution
and stirring kept slow for around one hour. Thus, the colour of solution was changed
from light orange to black, which indicate that the formation of magnetite (Fe3O4)

nanoparticles.

(a)

Figure 3.1: (a) solution of FeCl; and FeSOs in 25 ml distilled water, (b) after adding a few drop of
HC], (¢) After adding 7 ml of NH,OH

* The as-synthesized Fe304-NPs were separated by applying external magnetic field.

Figure 3.2: Before and after applying external magnetic field

These particles were washed for several times with the distilled water and ethanol and
then dried.
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Figure 3.3: Dried magnetite nanoparticles

Chemical reaction:
The chemical equation of Fe3O4 nanoparticles formation may be written as:

2Fe*? + Fe'? + 80H™ — Fe304 + 4H20

3.5 Green synthesis:
Iron oxide nanoparticles are synthesized by using extract of three different plants.

3.5.1 Materials and Method:

The metal precursors used in this experiment were iron chloride (FeCl3) and iron
sulphate (FeSQs). Three plants (mint, spinach, ginger) purchased from market. The extract of
these plants is used as a stabilizing, capping and reducing agent for the synthesis of iron oxide
NPs.

Figure 3.4: (a) mint leaves (P1), (b) ginger (P2), (c) spinach leaves (P3)

3.5.2 Preparation of extract:
10 grams of ginger, mint leaves and spinach leaves were thoroughly washed with the
help of de-ionized water and then dry at the room temperature for few hours. Extract prepared



by adding chopped mint leaves in 200 ml distilled water and mixture was heated at 80 °C for

2 hours. The same process was repeated with ginger and spinach for extract preparation. Thus,

colour of mixture was changed from watery to pale yellow or light green.

use.

Figure 3.5: (a) Ginger extract, (b) mint leaves extract, (c) spinach leaves extract

Then extract was filtered through a whatman filter paper and stored at -4° C for further

3.5.3 Synthesis of iron oxide nanoparticles:

Iron oxide nanoparticles are synthesized by using plant extract in two ways.

3.5.3.1 Method 1:

Firstly 2.1g FeSO4 and 3.05g FeCls was dissolved in 25 ml of distilled water with the
help of continuous stirring for one hour at room temperature.

After one hour, 7 ml of alkaline solution (extract) was added drop wise into the above
mixture.

During the addition of alkaline solution, mixture was maintained at 80 °C with constant
stirring for the formation of precipitates.

On the addition of alkaline solution, immediately changed in colour of solution was
observed from pale yellow to black, which indicates the formation of magnetite NPs.
Then cool down the solution for few hours at room temperature.

The same procedure was followed with ginger and spinach leaves extract.
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Figure 3.6: (a) solution of FeCly and FeSO4 in 25 ml distilled water, (b) After adding few drops of
extract, colour of solution turned into dark brown, (¢) after adding 7 ml of extract, colour of solution
turned into black

s After that, iron oxide nanoparticles by using a permanent magnet.

Figure 3.7: After applying external magnetic field
These particles were washed with distilled water and ethanol and then dried.

26



Chagter No.3 Experimental Work

Figure 3.8: Black powder of iron oxide nanoparticles

3.5.3.2 Method 2:

2.1g FeSO4 and 3.05g FeCls was dissolved in 25 ml of mint extract with the help of
continuous stirring for 3 hours at 80 °C.

The colour of solution was immediately changed from yellow to black, which indicates
the formation of magnetite (Fe3Os) NPs.

The cool down the above solution for few hours at the room temperature and separate
the magnetite nanoparticles with external magnetic field.

Then washed and dried these nanoparticles.

Figure 3.9: (a) 25 ml of mint extract, (b) FeSO,4 and FeCl; in extract, (¢) Black powder of iron oxide

nanoparticles
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3.6 Characterization tools:

e For studying the crystallographic properties, X-ray diffraction (XRD) measurements
have done with the Rigaku apparatus (Cu Kal radiation, A = 1.54056 A) operated at
room temperature with 40KV and 100mA. For wide angle XRD, 15°-60° angular range
was used for recording of diffraction patterns.

e Fourier transform infrared spectrometer was used for recording of FTIR spectra of the
samples.

e Scanning electron microscope (SEM) results were obtained from JEOL 6400
instrument.
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Chapter No.4

4 Results and discussion

4.1 Metal reduction mechanism:
Spinach, mint and ginger are the well-known functional foods because of their richness

in minerals, lipids, certain vitamins, and several bioactive constituents such as polysaccharides,
proteins and polyphones. So, their phytochemicals comprise of carboxyl, hydroxyl and amino

functional groups, which can act as effective metal-reducing agents.

Extracts of spinach and mint leaves have higher quantity of phenolic contents and more

antioxidant activities than the extract of other parts like stems [70].

The antioxidant components analysed in ginger, were polyphenols, vitamin C, B
carotene, flavonoids and tannins [71]. Phytochemical components in yellow ginger is higher

than white ginger [72].

The polysaccharides, as a major component consists in above three plants, which has

glucose, hydroxyl, fructose and aldehyde group may cause reduction of the metal precursors.

Figure 4.1: structure of polysaccharides

The reduction process may complete in two steps:

e In the first step, the metal precursor is added in the extract and forms a complex. Then
it makes a partial bond with the metal ion by breaking of -OH bond.
e In second step, partial bonds will break and then metal ions reduces by transferring of

electrons thus nanoparticles will have formed.
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The iron nanoparticles are very unstable that is why it will get reduced to iron oxide

nanoparticles in the short duration of time. During this process, the aldehyde groups (organic

compounds) are oxidized very quickly to the corresponding acids [73].

4.2 X-Ray Diffraction Spectroscopy:

The crystalline structure, crystalline size and presence or absence of impurity phases of

iron oxide nanoparticles are investigated by XRD.
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Figure 4.2: XRD pattern of FesOs NPs by chemical synthesis

As X-ray diffraction pattern lies in the limit of 15 to 60 degrees. In figure 4.2, five
representative peaks at 20 = 30°, 35.4°, 43.1°, 53.2°corresponds to the plane (220), (311),
(400), (422) respectively. There is no peak occurred due to impurity and other phases of iron
oxide. This specifies the formation of magnetite (Fe3O4) nanoparticles with inverse spinel
structure. The peak positions and relative intensities of all diffraction peaks matched well with
the JCPDS card No. 86-1359 which is the authenticated data for magnetite (Fe304). The peaks
are more intensive and narrow which indicates the good crystalline structure of magnetite
nanoparticles [74]

The crystallite size of prepared nanoparticles is obtained from the broadening of peak

indexed at (311) using Debye - scherrer formula:
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d=k A/ Pcosd

Where “d” is the crystallite size, “p” is the full width at half maximum, “k” is the

scherrer constant (0.9), “A” is wavelength of X-rays (0.154 nm) and “0” is Bragg’s angle [75].

Crystallite size calculated for the iron oxide nanoparticles synthesized by chemical

method is 17 nm.
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Figure 4.3: Comparative XRD Pattern of iron oxide NP's (a) chemical synthesis (b) Green

synthesis using 7 ml of mint extract (M;) (¢) 25 ml of mint extract M2)

Chemically synthesized magnetite nanoparticles have good crystalline structure

without calcination at higher temperature as shown in figure 4.2 (a), and samples prepared by

green synthesis gave an amorphous spectrum without calcination. So, these samples are needed

to calcine at higher temperature in furnace.

Figure 4.3 (b) and (c) shows that the XRD pattern of iron oxide nanoparticles
synthesized by method 1 and method 2 respectively. Five characteristic peaks of Fe3O4 are
observed at 26 = 19.6°, 30°, 35°, 43.3°, 52.9° corresponds to the plane (111), (220), 311),
(400), (422) respectively and two peaks of a-Fe,O3 are observed at 20 =37.6° and 40.3°.

The peaks of a-Fe2Os arises in My and M; due to calcination at 300 °C. At this

temperature magnetite begin to convert in hematite [76]. The crystallite size of M) and Mz is
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18 and 19.5 nm respectively. As careful inspection of the above results, there is no change

occurred in crystal structure, only crystallite size increased by changing method as shown in
the figure 4.3 (b) and (¢).
But the other two samples prepared by ginger and spinach leaves extract, still have an

amorphous spectrum after calcination at 300 °C.

alcined at 500°C
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Figure 4.4: XRD pattern of iron oxide NP’s calcined at 500 °C (a) chemical synthesis (b) using mint

leaves extract Py (c) Ginger extract P2 (d) Spinach leaves extract Ps

It is observed that on increasing the calcination temperature, the nanoparticles endure
the complete decomposition, and then hematite phase develops along with the magnetite
(Fes04) phase. At temperature 300 °C, only few peaks of hematite showed and at higher
temperature the phase transformation more proceeded to the hematite phase. Above 300 °C, o
phase iron oxide nanoparticles dominate diffractogram. Hence, the above discussion revealed
that at higher calcination temperature about 500 °C Fe3Os transformed into a-Fe2O3 [77]. The

formation of the hematite (a-Fe203) phase is favoured at the higher temperatures [78].

It also observed that the samples were calcined at low temperature have broadened

peaks and signifying the small crystallite size [79]. As the temperature increased, the reflections
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coming from the sample became sharper and signifying the large crystallite size with the

decrease of full width half maximum [80].

The increase in size of crystallite may affect the stoichiometry ratios and the structure
of nanoparticles or may cause total phase transformation [81]. The phase conversion with the
increase of crystallite size generally occurs to acquire a stable phase of particles via nanomizing
the surface energy. As hematite is the most stable phase comparatively to the other phases of

iron oxide which has higher enthalpy of formation under the aerobic conditions [82].

4.3 Morphological Investigation of NPs via SEM:
Surface morphology of iron oxide nanoparticles were analysed by scanning electron

microscopy.

4.3.1 SEM analysis of iron oxide NPs via chemical synthesis:

Figure 4.5: SEM images of chemically synthesized iron oxide nanoparticles

Scanning electron microscopy gives the images of samples with high resolution at
nanoscale and determine the morphology of nanomaterials. Figure 4.5 shows the images of
iron oxide nanoparticles at magnifications of 50,000 and 100,000. The average particle size is
about 22 nm with spherical morphology. The particles are agglomerated due to magnetic
dipole-dipole interactions among the nanoparticles. The nanoparticles are well defined with

non-homogenous distribution.
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Preparation of spherical magnetite nanoparticles has also been reported previously by
Mamani, J.B., A.J. Costa-Filho, et al., with multiple dispersion. They synthesized iron oxide

nanoparticles with average diameter of about 9 nm [83].

Feng, L., M. Cao, et al., demonstrated the high surface area magnetite nanoparticles
with superparamagnetic property, because they obtained the particles with very small size

distribution of nearly 10 nm and observed an agglomeration in Fe3O4 nanoparticles [84].

4.3.2 SEM analysis of iron oxide NPs via Green synthesis:

Figure 4.6: SEM images of iron oxide NPs (prepared by using 7 ml of mint extract) at different

magnification
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These images show that the particles are agglomerated because of thickening properties
in the plan extract or might be the presence of O-H group (hydroxyl group) from extracts. The

agglomeration could be prevented by using oleic acid [85].

The tendency of agglomeration is not astonishing as synthesized Iron oxide NPs are
small in size and also possess the magnetic properties [86]. The dispersion of these

nanoparticles are observed in plant matrix [54].

The particles are less than 100 nm in size with roughly spherical morphology.

Figure 4.7: Scanning electron microscopic images of iron oxide nanoparticles (prepared by using 25

ml of mint extract) at different magnifications
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Figure 4.7 shows the scanning electron microscopic (SEM) images of iron oxide NPs
prepared by method 2. These results indicate that by increasing extract quantity, the particle
size and shape becomes more difficult and irregular due to agglomeration. It is reported that an

increase in the alkalinity of the synthetic system will also effect the phase of product [87].

Figure 4.8: Scanning electron microscopic images of iron oxide NPs prepared by using ginger extract

The SEM images of iron oxide nanoparticles that is synthesized by using the extract of
ginger, these nanoparticles are encapsulated inside the plant matrixes. Due to agglomeration

shape of particles are difficult to examine as shown in figure 4.8.
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Figure 4.9: SEM images of iron oxide NPs prepared by using spinach leaves extract

Figure 4.9 shows the SEM images of iron oxide nanoparticles prepared by using spinach

leaves extract. The size of these particles is also less than 100 nm.
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4.4 Compositional investigation via EDX:

The energy dispersive X-ray spectroscopy is used to observe the composition of different

elements present in sample.

4.4.1 EDX analysis of iron oxide NPs via Chemical synthesis:
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Figure 4.10: EDX spectrum of chemically synthesized Fe;O4 nanoparticles

Table 1: Elemental analysis of Fe3O4 nanoparticles

Element Weight % Atomic %

Ok 25.51 54.45
Fe k 74.49 45.55
Total 100 100

Figure 4.10 shows the EDX graph of Fe3;O4 nanopatrticles. It clearly
shows only Fe (iron) and O (oxygen) elements in as-prepared nanoparticles without any
impurities. Hence, the EDX analysis reveals that the as synthesized Fe3O4 nanoparticles are in

perfect stoichiometry [88].
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4.4.2 EDX analysis of iron oxide NPs via Green synthesis:
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Figure 4.11: EDX spectrum of iron oxide nanoparticles (P1)

Table 2: Elemental analysis of iron oxide nanoparticles (P1)

Element Weight % Atomic %

Ok 30.01 57.61
Fek 68.97 41.94
Kk 1.03 0.45
Total 100 100

Figure 4.11 describes the EDX spectrum for iron oxide NPs prepared by

using mint leaves extract.

It indicates that prepared sample comprises of iron and oxygen, which
confirm the formation of iron oxide. The little peak assigned to potassium element came from

plant resource. Potassium exists in plants and helps in closing and opening of stomata [89].

It can be clearly seen from Table 2 that the sample mainly comprises of

iron (wt % 68.97), oxygen (wt % 30.01) and some potassium (wt% 1.03).
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Figure 4.12: EDX spectrum of iron oxide NPs (P2)

Table 3: Elemental analysis of iron oxide nanoparticles P2

Element Weight % Atomic %

Ok 38.03 64.59
Fek 57.09 31.87

Sk 1.93 1.53

Kk 2.95 2.01
Total 100 100

Figure 4.12 indicates the EDX spectrum of iron oxide NPs (P2) prepared

by using ginger extract.

The above data clearly demonstrates and confirm the formation of iron
oxide. It can be clearly seen from Table 3 that the sample mainly comprises of oxygen (Wt%
38.03), iron (Wt% 57.09), potassium (Wt% 2.95) and some sulphur (wWt% 1.93). The peaks

assigned to potassium and sulphur came from ginger source.
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Figure 4.13: EDX spectrum of iron oxide nanoparticles (P3)

Table 4: Elemental analysis of iron oxide nanoparticles (P3)

Element Weight %  Atomic %

Ok 34.98 62.35
Fek 62.37 35.71
Kk 2.65 1.94
Total 100 100

Figure 4.13 shows the EDX spectrum of iron oxide nanoparticles synthesized by using
spinach extract. It indicates that prepared sample comprises of iron and oxygen. The little peak

assigned to potassium element came from plant resource.

It can be clearly seen from Table 4 iron content (wt% 62.37) is more than oxygen content

(Wt% 34.98).
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4.5 Fourier Transform Infrared Spectroscopy:
Fourier Transform Infrared Spectroscopy (FTIR) is used to investigate the chemical

bonding variation, impurities, phases and compositions of samples and surface chemistry.
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Figure 4.14: FTIR spectrum of magnetite NPs (chemical method)

The bands from 400 to 700 cm™' signifies the lattice vibrations of iron and oxygen
bonding, as shown in figure 4.14. This confirm the formation of pure phase of magnetite

nanoparticles.

The band at 1623 cm™' corresponds to the absorbed water in material due to O-H
stretching vibrations. These results are similar with magnetite NPs investigated previously

[90].
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Figure 4.15: FTIR spectrum of iron oxide NPs using 7 ml of mint leaves extract

In figure 4.15, the bands at 485 and 657 cm™! are due to lattice vibrations of iron and

oxygen bonding. This confirm the formation of magnetite nanoparticles. The band at 520 cm’!

signifies the presence of a-Fe203 which is also confirmed in XRD analysis. The band at 1628

cm! corresponds to the absorbed water in material due to O-H stretching vibrations [91].
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Figure 4.16: FTIR spectrum of iron oxide NPs, comparison of three different plants (mint Py, ginger

P,, spinach P3)
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The peak at 3359 ,3357, 3354 cm™! in Py, Py, P3 are because of O-H stretching vibrations
arises on nanoparticles due to the presence of hydroxyl groups from the water. The absorption

peaks at 1635, 1629, 1628 cm™ are also due to the stretching vibrations of O-H groups.

The absorption bands appeared at 504, 501, 505 cm™' which corresponds to Fe-O bond
vibration of a-Fe2O3 nanoparticles. All these values well-matched with the reported values of
Kim et al [92]. The band at 645 cm’' signifies the presence of Fe3O4 NPs which is also
confirmed in XRD analysis [93].

4.6 Vibrating sample magnetometer analysis:

Magnetic properties of the prepared samples were analysed by vibrating sample

magnetometer.

4.6.1 VSM analysis of iron oxide NPs via chemical synthesis:
Magnetic properties of the nanoparticles were observed at room temperature and

magnetic field sweeping from -10,000 Oe to 10,000 Oe.

15

05
00

05

-10000 0 5000 10000
Field

Figure 4.17: Ferromagnetic hysteresis loop of Fe3O4 nanoparticles via chemical synthesis
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In figure 4.17, a small hysteresis loop is observed which shows that Fe3O4 nanoparticles
have ferromagnetic behaviour at room temperature and all magnetic spins are fully aligned in

the direction of applied field.

The coercivity (Hc) and saturation magnetization values are 59.635 Oe and 1.1034

emu/g respectively.

4.6.2 VSM analysis of iron oxide NPs via green synthesis:
The magnetic properties of green synthesized nanoparticles were observed at room

temperature via VSM.
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Figure 4.18: Weak ferromagnetic hysteresis loop of IONPs prepared by using (a) 7 ml mint extract
(M)), (b) 25 ml mint extract (M)

Figure 4.18 shows that iron oxide nanoparticles have weak ferromagnetic behaviour at

room temperature with low coercivity and remanent magnetization.

The saturation magnetization (Ms) values of My & M are 0.32 and 0.52 emu/g
respectively. As seen in figure, the sample prepared with 25 m} of mint leaves extract has higher

saturation magnetization (Ms) value.

Figure 4.19 shows the ferromagnetic hysteresis loop of iron oxide nanoparticles

prepared by 7 and 25 ml of ginger extract.
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The saturation magnetization (Ms) values of M1 & M are 0.41 and 0.68 emu/g
respectively. These results also revealed that the sample prepared by M3 has higher saturation

magnetization.

Hence it is concluded that with the increase of particle size the saturation magnetization
also increased [94]. The results obtained from VSM and XRD analysis are in good agreement

with each other.
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Figure 4.19: Ferromagnetic hysteresis loop of IONPs prepared by using (a) 7 ml of ginger extract
(M), (b) 25 ml of ginger extract (M2)

The nanoparticles obtained via green synthesis showed lower magnetic properties than

chemically synthesized nanoparticles.

46



Conclusions

Conclusions

e Iron oxide nanoparticles are successfully synthesized via chemical and green route.

o In green approach, the extract of ginger, mint and spinach leaves are used, without using
any chemical stabilizer and reducing agent.

e X-Ray diffraction study indicated that there are two phases, magnetite is dominating
phase at 300 °C and hematite is dominating phase at 500 °C.

e FTIR spectroscopy also confirmed the presence of these two phases.

o The SEM analysis showed that the prepared nanoparticles are less than 100 nm in size
and shape is nearly spherical.

e EDX results indicated that prepared samples are comprises of iron and oxygen, which
confirms the formation of iron oxide nanoparticle.

e VSM study showed the ferromagnetic behaviour of nanoparticles at room temperature.
The increase of saturation magnetization with the increase of particle size was also

observed.
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