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I.Introduction

Iron is the fourth most abundant element in the crust of earth [1]. It exhibits as Fe (1)
and Fe (I11) in a variety of minerals including different types of iron oxides. The iron oxides
are in fact oxides, hydroxides or oxihydroxides. All iron oxides and hydroxides are consisting
of iron atom (Fe), oxygen atom (O) and hydrogen atom H or hydroxide OH group. They differ
in coordination, in the valence of iron atom and, moreover, in the structure of crystal [2-3].
The more important ones are: Goethite (a-FeOOH), Ferrihydrite (FesHOg.4H20), Akaganeite
(B-FeOOH), Hematite (o-Fe203) Lepidocrocite (y-FeOOH), Maghemite (y-Fe2O0s),
Feroxyhyte (6'-FeOOH), Magnetite (FezO4); most of these compounds are thermodynamically
stable in natural systems (e.g. goethite, hematite, and magnetite) while others can be
designated as intermediates only such as (ferrihydrite, maghemite) [1, 4-6].

The iron oxides have been developed in the form of nanopowders and thin films in order
to employ them in wide variety areas of science and technology applications including
medical use[7-9], environmental chemistry study[10-12], and soil treatment[13-15]. Also ,
industrial uses as pigment[16] and coating[17, 18]are taking part in those applications. Iron
oxides nanomaterials synthesizing can be made through several methods, which can be
generally classified as physical, chemical and biological manner[12]. To avoid the problems
linked to the physical methods which suffered from the inability to control the size of particles
in the nanometer range, spray pyrolysis is one of the efficient chemical methods utilized for
such purpose, yet classical spray needs more than 1hour to elaborate one sample having as
dimensions (7.5x2.5x0.13cm?); In attempt to avoid this, spray with moving nozzle (SPMN) is
used to avoid not only the spent time but also the heat drop of substrate during all the time of
the samples elaboration. In order to improve themagnetic properties of hematite, various
dopants have been used such as Ti[19], Al [20], Co [21], Cr [22]... etc. Among these dopants,
cobalt with electronic configuration of [Ar] 3d’4s? having one electron more than iron, has
gained much attention. Cobalt atom gives one d and two s electrons to oxygen and keeps six
electrons on its own atom. When Co is substituted for Fe with spin down electron, the spin
down d band gets totally filled with one remaining spin up d-electron, This results in

increasing in net magnetization in cobalt doped iron oxide [23].

There are some reliable reports in the literature that show encouraging results about the
activity of different drugs and antimicrobialformulation in the form of NPs [24-26]. The

biological activity of specific materials differs when the size of the constituting particles
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reduces to nanoscale dimension. An effective way to estimate the efficiency of NPs is to
monitor the response bacteria exposed to these particles. Some antimicrobial gadgets arereally
toxic; thus why there is a big interest in finding ways to create new types of safe biocidal
materials. Recently it has been confirmed that extremely reactive metal oxide nanoparticles
show excellent evidence biocidal action against Gram-positive and Gram-negative bacteria
[27].

Wastewater discharged by some industries under uncontrolled and unsuitable conditions
is leading to significant environmental concern. Dyes are one of the major constituents in
wastewater. Industrial dyes are stable, toxic and also consideredpotentially carcinogenic.
Their release into the environment can lead to serious environmental and health problems.
Hence, it is important to treat dye wastewater before it gets discharged in outer environment
[28], That is why the main goal of this thesis will be to use iron oxide nanoparticles to treat

the wast water via photocatalytic test.

Il . Organization of the Thesis

The layout of the four chapters is as follows:

Chapter 1: This chapter providesa bibliographic study on iron oxide nanoparticles. It
is divided into tow parts.

e The first concerns the properties of iron oxides. We will present bibliographical
elements concerning structural, magnetic, electrical and optical properties of these
oxides which make them interesting for different fields of application.

e The second part of the chapter presents the specific properties of nanoparticles and
the application fields of iron oxide nanoparticles.

Chapter 2:This chapter contains the experimental details of the deposition of hematite
thin films, includes a description of the deposition procedures, the techniques used to
characterize hematite thin films.

Chapter 3: This chapter introduces a broad discussion of the experimental results
obtained by deposition of 0-1.5wt % Cobalt doped hematite iron oxide (a-Fe203) thin films via
spray pyrolysis method with moving nozzle.As an application in the areas of water treatment,

The photocatalytic activitiesof the samples will be studied.

Chapter 4: In this chapter a study of growth of 0-20 wt % Cobalt doped hematite iron oxide
(0-Fe203) thin films by spray pyrolysis is presented. The crystallographic and Optical
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properties will be examined. An antibacterial assay will be discussed by disk diffusion assay
using: both Gram-negative andpositive bacteria.

Finally, the thesis will be ended with a general conclusion and abstruct.
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BIBLIOGRAPHIC STUDY




Chapter 1: Bibliographic study

This chapter presents a bibliographic study on iron oxide nanoparticles. It is divided into
two parts.

The first one concerns the properties of iron oxides. In which bibliographical elements
concerning structural, magnetic, electrical and optical properties of these oxides will be
presented, which make such oxides interesting for different fields of application. The second
part of the chapter presents the specific properties of nanoparticles and the application fields of

iron oxide nanoparticles.
I. 1. Iron oxides

. 1. 1. General Information on iron oxides

Iron oxides are widespread in the environment and widely used by human race in a
variety of applications (Fig. I. 1). Both this everywhere presence in nature and utilization as
tools has been known for centuries and are still legal today. Iron oxides are present in all sort
of liquid, solid, and gaseous environments. Depending on the type of use, several sources of

iron oxides exist. Applications range from steel production to medicine and fine art [1].

Iron Oxides

Application
Industry Medicine Art

Steel (rust)/ Diagnostics Pigments
catalists / therapies

Fig. 1. 1 Scheme of the iron oxide occurrences, sources, and applications [1].

There are sixteen iron oxides and hydroxides known to date. The more important ones
are listed in Table I. 1. All those specimens consist of Fe, O and/or OH. They differ in

composition, in Fe valence and in crystal structure.
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Table I. 1 Different known iron oxides [1].

Type oflron Ironoxides Ironoxyhydroxides Ironhydroxides
compouns
Fe(11) compounds Wistite: FeO Whiterust: Fe(OH)>

Fe(11)-Fe(I11)
compounds

Magnetite: FesO4

Green rusts— Fougeérite:
[Fe?*sFe®5(0OH)12]
[CO3]-3H20

Fe(l11) compounds

Hematite: a-Fe,O3
Maghemite: y-Fe;Os
B-Fe20s
8-Fe20s
e-Fex03

Goethite: a-FeOOH
Akaganéite: B-FeOOH
Lepidocrocite y-FeOOH
Feroxyhyte: 6-FeOOH

Ferrihydrite:

Bernalite: Fe(OH)3

5Fe,03-9H,0
Schwertmannite;
Fegog(o H)e(SO4) -nH,O

The first iron oxide discovered in the soil is hematite, which is very stable
thermodynamically under atmospheric conditions and considered as final form of many
transformations of other iron oxides types. Many different processes can also synthesize

hematite; the most used ones are:

- The thermal decomposition of an iron hydroxide (FeOOH) or an iron salt at a
temperature between 500 and 600°C,
- Forced hydrolysis of a solution of an iron salt 111 such as Fe (NO3)3, Fe (ClOa)3, or FeCls

in an acidic medium (pH 1-2) or at a temperature above 100 ° C.

Magnetite is also present in the soil. It is not thermodynamically stable under atmosphere

conditions; it has the most important magnetism among iron oxides. It can be synthesized by:

- Partial oxidation of a solution of iron Il with a solution of potassium nitrate (KNQO3) in
an alkaline medium at 90°C.

- Precipitation of two solutions of iron salt 11 and 111 with an iron/iron Il ratio of 0.5 or
10 [2].

Maghémite is also in attendance in the top soil. Yet, it is metastable. It can be elaborated by:

- An annealing treatment of lepidocrocite (y-FeOOH) or magnetite in a heater at 250°C

for two hours,
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- Oxidation of 2 iron chloride solutions (FeClz and FeCl) under a flow of air at a

temperature of 20°C.

The phase transformation between the three iron oxides (hematite, magnetite and maghemite)

is possible under certain conditions:

- Magnetite can be oxidized to maghemite, in air at 200 to 500°C depending on the

reaction;

2Fe304 + %2 02 — 3y-Fex03 (1-1)

- Maghemiteis transformed into hematite by heating in air at 370-600°C. This
transformation temperature depends on the method of synthesis of maghemite and the
impurities presence, the hematite can be converted into magnetite at 350-600°C under
a reducing atmosphere (Hz, CO, organic compound) depending on the reaction [3]:

3a-Fe;03 +Ha — 2Fe304 + H20 (1-2)

I. 1. 2 Physicochemical properties

The physico-chemical properties of the three iron oxides (hematite, magnetite and

maghemite) in the massive state are summarized in Table I. 2.

Table 1. 2: Physico-chemical properties of the most frequent iron oxides [4].

Iron oxide Color molaire Masse ~ Temperature = volumic Masse
(g.mol-1) Of fusion (°C) (kg.m-3)
Hematite red to Brown 160 1350 5260
Magnetite black 232 1583-1597 5180
Maghemite brown 160 - 4870

I. 1. 3 Structural properties

The crystalline structure of hematite, for its part, is of the rhombohedral type. This
structure consists of oxygen ions occupying a hexagonal arrangement (ABAB) with Fe* ions
occupying octahedral sites (Fig. I. 2 a). The lattice parameters a and ¢ of the hematite are (a =
5.034 A and ¢ = 13.75 A). Magnetite and maghemite have a spinel structure. The structure of
magnetite is composed of a cubic compact assembly with centered faces (ABC) of O% ions
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delimiting octahedral and tetrahedral crystallographic sites in which the various cations
necessary for the neutrality of the mesh take place (Fig. I. 2b). Fe* * ions are distributed
haphazardly between the tetrahedral and octahedral sites and Fe? * ions reside in only the
octahedral sites. Maghemite has a spinel structure similar to that of magnetite but differs in the
presence of scattered vacancies in the cationic sub-lattice of octahedral sites (Fig. I. 2c). Lattice

parameters a of the magnetite and maghemite are (a = 8.396A) and a = 8.347A, repctively [4].
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Fig. I. 2: Crystalline structures of magnetite (a), maghemite (b) and hematite (c) [5].

I. 1. 4 Magnetic properties

I. 1. 4. 1 General Magnetism

Magnetism is a physical phenomenon in which attractive or repulsive forces occur between
two materials. On the scale of the atom, magnetism results from the movement of electrons.
Indeed, electric charge movement is a source of magnetic field and it can be related with a

magnetic moment [6].

Two sources are the origin of the magnetic moment:

10
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The movement of electrons around the nucleus called the orbital moment,

The intrinsic motion of the electron around itself called the moment of spin.

An external magnetic field application has the effect of orienting the magnetic moments in a

given direction. in respect to the arrangement of these moments, in both absence and presence

of a magnetic field, magnetic materials are differed in five categories according to their

magnetism type:

Diamagnetism, which characterizes materials that contain only non-magnetic atoms.
The origin of this phenomenon comes from a deformation of the orbital motion of the
electrons. As applying an outer magnetic field, the material acquires a permanent
moment of direction opposite to the field one. Copper, mercury, lead, silver and gold
are diamagnetic materials.

Paramagnetism, which characterizes materials with permanent magnetic moments. A
paramagnetic material exhibits magnetization only in the presence of an outer magnetic
field. The magnetic moments are aligned with the direction of the field. On the other
hand, in the absence of the field, the orientation of these moments is distributed
randomly in the material. The latter compensate each other in such a way that the global
magnetization vanishes. Aluminum, platinum and manganese are paramagnetic
materials.

Ferromagnetism, which characterizes materials whose magnetic moments of
neighboring atoms are arranged in parallel. The materials then exhibit spontaneous
magnetization due to this alignment. Ferromagnetic materials have the ability to
magnetize very strongly under the effect of an outer magnetic field and can keep the
magnetization even in its absence. At a temperature of 0 K, the ferromagnetic material
has a spontaneous magnetization called saturation magnetization. This magnetic
behavior disappears above a critical temperature (Curie temperature). Thus, the
magnetic moments are disordered and the paramagnetic behavior predominates. Iron,
cobalt and nickel are ferromagnetic materials.

Antiferromagnetism, which characterizes materials whose magnetic moments are
arranged antiparallel. These magnetic moments are divided into two equal and opposite
sub-lattice, so that in non-presence of a magnetic field the total magnetization is zero.
The anti Ferro magnetism disappears above a critical temperature (Néel temperature).

Above this temperature the paramagnetic behavior predominates. The oxides of

11
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manganese and nickel, lepidocrocite (y-FeOOH) and akaganeite (B-FeOOH), goethite
(a-FeOOH)are antiferromagnetic materials.

e Ferrimagnetism, which characterizes materials whose magnetic moments of two sub-
lattice have different amplitudes on the one hand and are opposite on the other. A
ferrimagnetic material then has a spontaneous magnetization, as in ferromagnetic
materials, due to incomplete compensation of magnetic moments. The ferrimagnetic

behavior disappears above the Curie temperature. Ferrites have a ferrimagnetic behavior
[7].

I. 1. 4. 2 Magnetism of iron oxides

The exclusive physical properties of magnetic nanoparticles (NPs) have originated lots
of studies for the attentive understanding of issues. Magnetic NPs are practical in many
applications in data storage field, catalysis, or biomedicine. In biomedicine field, iron oxide
nanoparticles are favoured because of their higher biocompatibility in comparison with other
magnetic materials. A key matter for iron oxide nanoparticles employing in biomedical
utilisation is to be mono crystalline and monodisperse. Definitely, magnetic properties at the
nanoscale depend on the particle size, so that size polydispersity steadily limits the nonmaterial
act. Though, iron oxide NPs grain boundaries are known to induce magnetic aggravation, which
interpreted into degradation of their saturation in magnetic behaviour. Magnetite is the magnetic
mineral responsible for the strongest magnetizations. It is ferrimagnetic at 300K and has a Curie
temperature of 850K. The maghemite has the same ferrimagnetic crystalline lattice as
magnetite. Its Curie temperature is between 820 K and 986K. Hematite has low ferromagnetism

at room temperature. It is paramagnetic at temperatures over its Curie temperature (956 K) [8].

I. 1. 5 Electrical and optical properties of iron oxides

The materials have two energy bands:

The valence band VB, which corresponds to a band of energy completely filled with valence
electrons that do not participate in the conduction of electricity,

e The conduction band CB, which is an empty band and defined as the first energy level

above the valence band where the excited electrons access.

The energy average separating VB and CB is called bandgap energy.

12
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Electrical conductivity is the ability of a material to trnsfer an electron from VB to CB,

thus allowing the passage of electrical current.

There are two classes of materials depending on their load transfer capacity at 0 K:
conductors and insulators. The conductors allow the passage of electric current. In their case,
the two bands of energies overlap. Insulators do not allow the passage of electric current. The

energy of their band gap is of the order 3.5to 6 eV [9].

Another classification distinguishes insulators that allow the passage of electric current
as soon as the temperature increases and therefore behave like conductors; they are the
semiconductors. The difference between a semiconductor and an insulator is due to the width

of the band gap; it is lower for the semiconductors than that of the insulators [10].

The optical properties of a semiconductor, in the visible, ultraviolet or infrared range,
are strongly related to the energy of the band gap. To optically excite a semiconductor, it is
subjected to light radiation with a photon energy bigger than the energy of its band gap, which
induces a phenomenon of absorption of the incident photon. Note that the wavelength is
inversely proportional to the energy; Thus, the corresponding wavelength absorption limit is

the inverse of the energy limit.

Hematite, maghemite and magnetite are semiconductors. They have a bandgap energy
of 2.2, 2.03 and 0.1 eV respectively. Hematite and maghemite absorb in the visible range.
Magnetite absorbs in the infrared range [3].

I. 2 Iron oxide nanoparticles

I. 2. 1 General information on nanoparticles

A nanoparticle is a particle of size in the range (1-100 nm). At the nanoscale, the
materials have characteristics differ from those of the same materials in the massive state such
as melting temperature, optical properties, and magnetic properties. Thus, the color of a

nanoparticle metal may be different from that of the same solid metal.

At the macroscopic scale, the surface atoms are negligible in number when compared to
all the atoms that make up the particles. Consequently, they play a negligible role on the
material properties. At the nanoscale, the proportion of the atoms of a particle which is on its

surface increases (for example for an iron cube of 1 cm of side, the atoms percentage on the
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surface is about 5-10% and for a cube of 10 nm in side, the atoms percentage on the surface is
10%). This causes a modification in the properties involving the interface interactions between
the material and its environment such as the surface tension and the chemical reactivity of the
particles. The increase in the proportion of atoms also influences the equilibrium shape of a
crystal. Indeed, under thermodynamic equilibrium conditions, the shape of a crystal is unique
[11].

In point of view, particles magnetic properties are also influenced by the nanocrystalline
state, like Curie and Néeltemperatures whichdecrease significantly at the nanoscale. In addition,
the magnetization process changes at the nanoscale below a critical size (Rc) of the particle.
Indeed, a ferromagnetic material consisting of several magnetic domains in the massive state
has only one domain at the nanoscale. A domain is a area in which the magnetic moments are
aligned in one direction. As a result, nanoparticles smaller than Rc become superparamagnetic.
This phenomenon occurs from a given temperature called blocking temperature, TB, above

which the particle behaves as if it were not ferromagnetic [12].

Nanomaterials have specific optical and electrical properties. For example, the decrease
in the number of atoms in a nanometric semiconductor induces a shift in the absorption
threshold towards the upper energies, thus reflecting an increase in the band gap. Electrical
conductivity can decrease or increase with the size of nanoparticles depending on the type of
material[11]. Because of their miniscule size, nanomaterials show diverse biological, chemical,
and physical characteristics when compared to the microscale, and macroscale counterparts
(>100 nm) [13-17].The nanomaterials have a bigger surface area to volume ratio and thus a great
density of surface reaction sites per unit mass. in addition, surface free energy is observed to be
larger than for those of micro- or macroscale material. Nanomaterials, consequently, exhibit a
higher reactivity for surface-mediated processes. on the other hand, as the size of particle
approaches the electron mean-free path and wavelength scales(<30nm), quantum size effects
become evident and fundamental physical characteristics are notably changed again. These
effects can offset the increased reactivity as established by Sharma et al. [18], with many

additional complete studies of properties specific to nanomaterials readily found in literature.

Also, the magnetic, electrical and optical nanoparticles properties are influenced by their
size, morphology, degree of crystallinity and chemical composition. However a judicious
manage of these parameters is very difficult. Therefore, the properties of nanoparticles of the

same material may differ according to the methods of synthesis [19].
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Nanoparticles present a great debate about their toxicological risks. Indeed, they can
have adverse effects on the health and environment. This concern stems from the increasing use
of nanoparticles in a variety of applications such as electronics, textiles, food, cosmetics and

sun protection [20].
I. 2. 2 Applications of iron oxide nanoparticles IONPs

The various properties of iron oxide nanoparticles (magnetic, electrical, optical and
reactivity) give rise to a wide range of application areas such as biomedical, water treatment,

catalysis, gas sensors, lithium-ion accumulators ion, decoration and cosmetics.
I. 2. 2. 1 Medical applications

IONPs opened up a large range of attractive promise in biomedicine. This was a direct
consequence of their nanometric features, which related to their physical properties at the
nanometer range (particularly their magnetic properties). It is significant to emphasize that
nanosystems are adequately small to allow interactions with receptor molecules while
displaying a size large sufficient to carry an imaging or therapeutic payload, at the same time
by passing renal clearance [21, 22]. By exceeding renal clearance step, nanosystems circulate
longer, which may support their uptake in leaky vasculature regions such as tumors [23].
Because of the nanometer size range, also magnetic nanosystems present a high ratio of surface
area to volume. This implies a great crossing point accessible for ligand decoration or for
combining drugs/probes [21, 24]. Regularly, the physical properties of magnetic nanosystems
are impacted by the nanometric size. Indeed, their magnetic properties are quite discrete in
comparison to the ones from their atoms and macroscopic substance counterparts, which is a
straight consequence of the actions of electrons in nanoscale confinement. In particular, once
IONP size is beneath a critical value, particles exhibit superparamagnetic (SPM) properties [25].
In this situation, their magnetic moment absolutely fluctuates in reply to thermal energy. as a
result, in the presence of a magnetic field, nanoparticles reveal a large magnetic moment, at the
same time as the rapid moment reversals result in a zero time-averaged net moment in the
nonattendance of external field [26]. This property renders SPM nanoparticles well-matched for
biomedical applications reduce the risk of collective formation in the absence of permanent

forces between neighboring NPs, [27].
SPM IONPs show attractive assets as they are able to

M Institute a locally perturbing dipolar field in the attendance of a magnetic field;
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(i) Be manipulated by an outer magnetic field gradient when IONPs experience a
magnetic force leading to magnetophoretic mobility;

(iii)  Engender thermal energy when is under effect of an alternating magnetic field
(AMF).

From all these exceptional properties, important biomedical applications of IONPs such
as contrast enhancement magnetic resonance imaging (MRI), and drug as well as cell
targeting and magnetic hyperthermia, may be obtained [1].

I. 2. 2 Antibacterial activity of iron oxide nanoparticles IONPs

Bacterial infections are most important challenges for the medical domain and have
become a grave menace to human health and lives. NPs use is a shows potential therapeutic
approach for overcoming the rising appearance of multidrug-resistant bacteria. IONPs is one of
numerous MO that have been reported to demonstrate obvious antibacterial activity allowing
competent annihilation of various bacterial strains. This fact has involved major attention of ,
agricultural, health care, and environmental industries which are searching for novel and
improved agents to control or avoid bacterial infections. Many studies have been carried out to
explain the mechanisms and efficacy of antibacterial action of these nanoparticles, yet the
existent literature is still unfinished and argumentative. It was established, though, that when
applied at well-defined concentrations, crystal structure, and sizes, these nanoparticles are
extremely successful inhibitors against a diferent kinde of bacteria. even though the precise
antibacterial mechanism is still under discuss, such characteristic mechanisms have been
planned, which comprise reactive oxygen species (ROS) formation, metal-ion discharge,
particle internalization into bacteria causing direct mechanical damage of bacterial cell
membrane (Fig. 1.3). overall, MONs may exhibit bacteriostatic or bactericidal activit. In state
of bactericidal activity, no bacterial colonies can be showed upon re-plating studied bacteria
onto nanoparticle-free agar [28]. In case of bacteriostatic activity, bacteria stop to reproduce or
grow but it do not die. If examined bacterial cells are extracted from the solution which hold
nanoparticles, they re-start to grow. This can be simply tested by plating these cells onto new
NP-free agar. A particular type of metal oxides NP may exhibit both bacteriostatic or
bactericidal effect depending on the experimental conditions, nanoparticle concentration and
bacterial strain, as shown for ZnO[29] or TiO2 [30].
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Binding to cell ROS formation Metal ion release
membrane wall = Cytoplasm leakage
= Cell content leakage = Oxidative stress = Protein denaturation
= Mechanical damage = Enzyme function
= Lipid peroxidation g alternation

Fig. I. 3: Interaction of MONPs with bacteria. Molecular mechanisms of antibacterial effects [28].

IONPs bactericidal effect may referred to their slighter size. Lee et al. [31] elicidated
that zero-valent iron nanoparticles causes an inactivation of E. coli, which could be from the
diffusion of the small size of iron nano particles (10 -80 nm) into E. coli membranes, this lead

to an oxidative stress and induce trouble in the cell membrane (Fig. |. 4).

Suggested method: the antibiotics and antibacterial drugs evolve oxidative stress by producing
(ROS), this latter can induce damage to DNA of bacteria [32]. This bactericidal property has
been clarified by Park et al. [33] from silver metals.

E. coli cell damaged

0.2 pm

Fig.l.4. Treated E. coli cells with nano-Fe® [31]
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When assessing dose reply and antibacterial process of IONPs, numerous factors should
be investigated. Some of these containing NP synthesis, mechanism of action, zeta-potential,
growth media stability, surface textures, particle shape, and the band gap energy levels, for
instance oxygen vacancies on the IONPs surface could induce cellular oxidative stress. It is
worth noting that IONPs are effective antibacterial agents, this data can be defined by
divergence across studies in the amount of cell death/inhibition, bacterial types used, primary
number of cells in contact with NP, and methods of NPs preparation and their suspensions.
Frequent testing is necessary to evaluate the efficacy of IONP antibacterial toxicity dealing with
a standard toxicity assessment. Supplementary studies should be achieved for well
understanding IONPs mechanism against bacterial to carry better alternatives for antibiotics
and disinfectants in biomedical applications [33].

2. 2. 3 IONPs for Water Treatment:

Water contamination (WC) is considered as a major international dilemma caused by
domestic, industrial, and environmental influences. The United Nations guesses that300-500
million tons of heavy solvents, metals, and other waste are dispersed into the world’s water
supplies every year as a damaging by-product of industrial activity. WC can also be naturally
derived. For instance, arsenic contamination is a grave issue in countries due to the weathering
of rocks that naturally contain arsenic. In addition, while global populations continue to rise,
the human effect on our water goods is expected to intensify with potentially greater possibility
of pollution. During the past decade, nanotechnology has been progressively more investigated
like a potential substitution for traditional treatment methods and reactive agents in order to
bring clean water with a few costs even as at the same time meeting progressively more rigorous

water quality standards [34].

Frequently, organic pollutants are present in groundwater, drinking water, and domestic
and industrial wastewaters. In an attempt to fight the problem of water pollution, rapid and
important progresses in wastewater treatment have been made, including for instance
adsorption/separation processing, bioremediation, and photocatalytic oxidation [35-36]. But,
their applications have been limited by many causes, such as energy requirements processing
efficiency, operational method, and economic benefit.

Assortment of the best material and method for wastewater treatment is a very complex

mission, which should take in account a number of factors: efficiency as well as the cost for the
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quality standards to be met is needed [36-37]. Consequently, wastewater treatment technologies

needs the following four conditions:

(1) Treatment litheness and final efficiency.
(2) Recycle of treatment agents.

(3) Environmental safety and kindliness.
(4) Low cost.

Magnetism is a exclusive physical property which helps in water cleansing by
manipulating the physical properties of contaminants in water. Adsorption procedure gathered
to magnetic separation has therefore been employed widely in water treatment and
environmental cleaning [38-39]. Iron oxide NMs show potential for industrial scale wastewater
treatment, because of their low cost, high capacity of adsorption, easy separation and performed
stability. The ability of IONMs to remove contaminants has been demonstrated at laboratory
and field tests. Recent applications of IONMs in contaminated water treatment can be separated

into two groups:

e 1 -Technologies which use IONMs as a type of nanosorbent or immobilization
carrier for removal effectiveness enhancement.
e 2- Those which use IONMs as photocatalysts to break down or to convert

contaminants into a less toxic form.
However, it is worth noting that many technologies may utilize both processes [40].
I. 2. 2. 4 Iron oxide NPs as nanosorbents for organic contaminants

As known, for separation process, adsorption has been largely applied to take away
chemical contaminants from water. It has many advantages in point view of cost, simplicity of
process operation, and non sensitivity to toxic pollutants [41-42]. Therefore, low cost and an
effective adsorbent with elevated adsorption capability for organic pollutants removal is
enviable. IONMs are currently being investigated for organic contaminant adsorption.

Organic contaminants adsorption happened via surface exchange reactions until the
surface functional sites are completely engaged, and after that contaminants are able to diffuse
into adsorbent for advanced interactions with functional [43]. Taking in account this

mechanism, the enlargement of NPs or NMs for organic contaminant removal requires a surface
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modification expansion. NPs or NMs modification and chemical treatment are necessary to
enhance the target adsorption potential. Many experiments have been done to examine the
removal efficiency of organic pollutants by using iron oxide nonmaterial for organic pollutants
[44]. One illustration in this area is the use of biosynthesized nano structured hematite for
catalytic degradation of organic pollutants: methyl orange, methyl red, eosin yellowish and
methylene blue (MB). MB pollutant recommends the possible relevance in the treatment of

industrial wastewater [45].

Conclusion

In this chapter, general information about iron oxides and their properties in different
sides have been illustrated, iron oxides consist of Fe, O and/or OH, they differ in composition,
in Fe valence and in crystal structure. This study interests in the most stable phase which is
Hematite, it considered as final form of many transformations of other iron oxides types, The
crystalline structure of hematite, for its part, is of the rhombohedral type. Hematite has low
ferromagnetism at room temperature. It is paramagnetic at temperatures over its Curie
temperature. Hematite nanoparticles have a variety of applications such as electronics, textiles,
food, cosmetics, sun protection, and also in the area of wastewater treatment and antibacterial

test.
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Chapter 2: Methods of synthesis and characterization techniques

I1. 1 Introduction

As it has been discussed in the chapter one, the study of iron oxide is motivated because
of its intrinsic physicochemical properties but also due to its low-cost and non-toxicity when
compared with other materials.

This chapter includes deposition details of the of hematite thin films, a description of

deposition procedures, the techniques used to characterize hematite thin films.

I1. 2. Chapter Objectives:

The purpose s of this chapter is:

1. determination of thin film deposition techniques.

2. identifying the experimental details correspond to Spray pyrolysis deposition process.
3. Selection of the diverse characterization methods of hematite thin films.

I1. 3. Thin film Deposition Technique

Iron oxides nanomaterials synthesizing can be made through several methods, which
can be normally categorized as biological, physical, and chemical manner. Fig.ll.1and table.

I1.1 give a full representation of those methods

1. Physical methods: these are processes which use gas or solid phase and high energy
treatment, they embrace molecular beam epitaxy, laser ablation, physical vapor deposition
(PVD), , and sputtering [1].In physical methods, size of particles could not be controlled in the

range of nanometer [2].

2. Chemical methods: these process involving solutions and temperature, they are well-
organized, easy, and tractable, in which the composition, shape, and even the size of the NPs
can be supervised [3]. The chemical methods include both solution and gas-phase deposition
techniques (Fig. 11.2). The gas-phase process contains chemical vapor deposition (CVD) [4, 5]
and atomic layer epitaxy (ALE) [6], whilst spray pyrolysis [7], sol-gel [8], spin- [9] and dip-
coating [10] mechanisms utilize precursor solutions. 10s can be produced through the co
precipitation of Fe?* and Fe3* by the adding a base [11]. The shape, size, and composition of
INPs prepared via chemical methods affected by Fe?* and Fe**ratio, the type of salt used, ionic
strength, and pH [12].
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3. Biological methods. ever since a lot of MNPs are generally useful to daily life areas, friendly
mechanisms of NPs ssynthesis have a great development without using toxic chemicals.
solvents are more considerable during the preparation of NPs in both physical and chemical
processes, when toxic elements are used in primary solutions this limits their potential employ
in biomedical and other bio-based utilizations. So, a non-toxic and safe way of synthesizing
MNPs is wanted in order to let them to be applied in a large area of industries. This could

possibly be attained by using biological methods [13].

Chemical methods (90%) Physical methods (8%) Biological methods (2%)
Thermal ¢, tation S
Sonochemical decomposmon OPNC!D' mﬁ“e Elecron  Plant mediated Fungi medited
14% 37% 0% . beam
Electrochemical | lihography
decomposition | 3%
pos I
i Power ball Laser-induced Pulsed laser ' Protein
milling pyrolysis ablation  mediated
12% 14% 15% 66%

Fig. 11.1 synthesis of SPIONSs by three diverse way [14].

CHEMICAL DEPOSITION PROCESSES

Solution

S0kGe Dip Coafing | | Spin Coatng

Fig. 1.2 Chemical thin film deposition methods [1].

(Gas Phasg

Spray Pyrolysis
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Table 11. 1 Comparison of NP synthesis techniques with three parameters: product morphology,

advantages, and disadvantages [14]:

Techniques

Product morphology

Advantages

Disadvantages

Phiysical

Chemical

Biological

Deposition of gas phase
Electron beam lithography

Sol-gel method

Oxidation

Chemical coprecipitation

Hydrothermal

Flow injection

Electrochemical

Agrosolivapor phase

Sonochemical
decomposition
Supercritical fluid method

Using nanoreactors

Microbial incubation

Spheres and irregular
spheres
Spheres and rods

Spheres. irregular spheres,
porous and Nonporous
spheres, or spindles
Irregular elongated and
small spheres

Spheres

Elongated, compact
irregular spheres, and
numerous shapes

Small rods, irregular
spheres, sheets, or rhombic
shapes

Spherical NPs, nanorods,
hexagonal nanocrystals, and
facets

Mesoporous single crystals
and small particles,
octahedral cages
Bipyramids, spheres, or
truncated rods
Mesoporous single crystals,
elongated irregular
nanotubes

Spheres, hollow and
spherical NPs

Small platelets, spherical or
rod-like spheres, irregular
spheres

Easy to execute

Well-controlled
interparticle spacing
Aspect ratio. precisely
controlled in size. and
internal structure
Marrow size distribution
and uniform size

Simple and effective

Particle size and shapes are
easily controllable

Homaogeneity with high
mixing with a accurate
control of the procedure
and good reproducibility

Controllable particle size

Large-scale products

Size distribution in narrow
particle

Mo organic solvents
involved and efficient
control of the particle size
Likelihood to specifically
control the size of NPs
Good reproducibility and
scalability, high yield, and
low cost

Problematic in controlling
the size of particle

Requires expensive and
highly complex machines
High permeability. weak
bonding. low wear
resistance

Ferrite colloids of small size

Inappropriate for the
synthesis of high untainted,
precise stoichiometric
phase

High pressure and reaction
temperature

Under a laminar flow
regime in a capillary
reactor, it requires
continuous or segmented
mixing of reagents
Inability to reproduce

Requires very high
temperatures

Still. mechanism is not well
understood

Requires high temperatures
and critical pressure

Complicated conditions

Slow and laborious

I1. 3. 1 Synthesis Pathways

Preparation of 10s in aqueous systems require two process: nucleation and crystal

growth, they will be presented briefly below as a background to the synthesis methods described

in this chapter.

11.3.1. 1 Nucleation

Homogeneous nucleation happens

involuntarily

in bulk solution when the

supersaturation goes beyond a specific critical value. The necessary condition for precipitation
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to take place is the creation of embryonic and stable clusters of molecules or ions, the so-called
nuclei, in solution. These developing nuclei form as the consequence of collisions of ions or
molecules in the bulk solution prior to nucleation. The embryos are frequently failing and
restructuring The stability of an embryo vary upon an equilibrium being realized between the
free energy needed for the creation of a novel interface, the interfacial or surface energy,
AGsurfaceand the energy released by the bulk bonds construction, AGpuik. The free energy of
nucleation, AG, is the sum of these two energies. just when the embryo goes beyond a specific
significant size, does AGouk predominate. This leads to a growing of the nucleus by a reduce of
free energy. The smallest embryo that can in fact maintain to grow to a crystal becomes smaller
named the critical nucleus, the lower the interfacial free energy.

AGn is governed by essential parameters such as the supersaturation of the solution, the
interfacial energy of the nucleus, and AGsuface. because the rate of nucleation, Jn, is connected
to AG, these parameters also affect Jn. The rate of nucleation is slow until a specific
supersaturation is attained, after which it increased quickly.

When a solid be able to exhibit more than one phass with diverse solubilities (e.g. as
goethite and ferrihydrite), the more soluble phase is often the primary precipitate, even though
it may be probable that the inverse must happen (the less soluble phase form firstly) because,
the supersaturation in this phase, is higher. However, if the interfacial energy of the specific
nucleus of the more soluble phase is lower than that of the less soluble phase, the more one may
precipitate first, this is due to that the rate of nucleation related to interfacial energy also to the
degree of supersaturation. In other hand, the primary precipitate may, however, consequently
alter into the less soluble phase due to its higher solubility. This behavior, which leads to
instability in the primary formed polymorph, is related to as the Ostwald Law of Stages: it
happens quite frequently in the 10 system.

Heterogeneous nucleation happens when the attendance of a solid phase decreases AG,
and thus procure to an augmentation in Jn. The substrate might be minute particles of an alien
crystals of the phase which is crystallized.

Heterogeneous nucleation may happen at less supersaturation than is necessary for
homogeneous nucleation. The aptitude of a strange solid as a substrate is generally a issue of
the correspondence degree between atomic distances and structure type, rather than the
chemical likeness of the two solids. With a good connection between the substrate and
structures of the crystal (<20 % difference) the difference in the interfacial free energy between
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the substrate and a given crystal face is inferior than that between the solution and same crystal

face, hence nucleation is simplify [15].

Il. 3. 1. 2. Crystal Growth

Even though a definite degree of supersaturation is required for crystal growth, it is more
less than that needed for nucleation. Crystal growth includes many steps such as diffusion and
adsorption procedures at the crystal surface, and diffusion of the growth units to the surface
itself. The total rate of growth is defined by the tardiest of those steps. The habit of the crystal
is controlled by the growth rates of the diverse faces. Those later which grow bit by bit tend to
persist, while fast growing faces are removed. the growth rates of different faces may be altered
by the strange species which are adsorbed on the surface of the growing crystal and thus cause

a vary in crystal habit. This is an ordinary phenomenon in the 10 system [16].

I1. 3. 1. 3. Production of Monodispersed Particles

The extensive range of particle sizes of 10 samples indicates that nucleation and crystal
growth occurred at the same time over the bulk of the reaction. Preparation of oxides with slight
range of particle sizes and also with diverse shapes (so-called monodispersed products) have a
great interest in recent years, this attention has been catalyzed by the fact that optical, electronic,
magnetic, and catalytic properties can differ clearly with particles hape and also size.
Monodispersed iron oxides constitute perfect systems for original investigations into these
properties. They are also frequently utilized for examining dissolution and adsorption
processes.

The methods by which monodisperse particles shape are not completely understood
while the availability of large number of papers, particularly on monodispersed hematite with
a variety of crystal shapes, has been presented by, for instance, Sugimoto and coworkers and
by Matijevic and coworkers. in the beginning, it was presumed that the essential requisites for
preparation of monodisperse particles are taking apart of nucleation and crystal growth and a
continuous providing of growth units, i. e. interactive, low-molecular weight ionic species. The
providing of nucleation and growth can be attained by organizing the reaction conditions so
that there is slow generation of growth units pending the specific supersaturation for nucleation

is surpassed at which point the supersaturation is minified by a rupture of nucleation. later, the
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nuclei take up the growth units. Their rate of creation must be adequately slow, so that the
nuclei remove them totally i. e. growth units concentration never attain a elevated level for
additional nuclei creation. Slow creation of growth units can be realized with pleasure by the
supervised providing of a solid precursor dissolution or soluble iron complex, for instance 2-
line ferrihydrite [16].

The used Methods for monodispersed production of 10s consist of compelled hydrolysis
(i. e. hydrolysis at high temperatures) of acidic Fe'"' solutions under clear situations, the sol-gel
method, seeding throughout compelled hydrolysis and using solution transformation from both
a soluble or a solid precursor. The seeding method was used by Penners (1985) to compelled
hydrolysis of Fe'"' solutionsto create monodispersed hematite crystals with sizes in the range
(0.15-0.56 pm). further interest has been intended for hematite synthesis, even though, identical
spheres of magnetite were created by partial oxidation of Fe(OH). at high pH, also acicular

goethite has been synthesized by hydrolysis of Fe''' solutions [17].

I1. 3. 1. 4. Production of Nanoparticles

Synthetic 10s size is frequently in the micron or submicron range. particular techniques
are often needed for NPs synthesis, which are not required for the larger crystals. The two
essential necessities for a monodisperse system must be get together and in addition,
coagulation and/or contact re-crystallization of the main particles must be precluded.

If precipitation is happened a pH depart from the point of zero charge (PZC),
coagulation can be forbidden by revulsion of the electrical double layers of the particles.
Precipitation of maghemite nanoparticles, for instance, is carried out at pH 2 [18]. on the other
hand, a repulsive force, (relating electrostatic or steric obstacle) can be established by defensive
agents adsorption on the particles surface; such as, monodispersed 10 was formed by iron
pentacarbonyl oxidation with H20- in ethanol. The alcohol assisted the stabilization of particles
next to coagulation [19]. Other workers have utilized gel systems or supports or vesicles to
make sure the separation of the particles. The supports can offer a template or even a framework
for growth in addition to avoiding coagulation/ agglomeration. Well strewed maghemite or
hematite nanoparticles have been synthesized in silica xerogels [20-21-22]; such particles have
been utilized to examine magnetic phenomena.

The 10 is typically subsumed in the support and inseparable from it. Such elements are
presented inorganic/organic compounds They are favorable for studies of elastic and magnetic
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properties. A connected synthesis includes magnetic paper preparation by in situ precipitation
of magnetite and/or maghemite ensued by entrance of the inorganic particles into the cellulose
fibers lumen; excess of 10 is washed [16].

I1. 3. 2. Main ways of Synthesis

Approximately all the 10s and hydroxides can be synthesized by many preparations
process. The way followed often affects the product properties, especially sample surface,
degree of crystallinity, crystal morphology, area and water content. The most important

preparation methods are explained below.

I1. 3. 2. 1. Hydrolysis of Acidic Solutions of Fe''salts

When pH <1, Fe*" subsists as the violet, hexa-aquo ion, [Fe(H20)s]**. Hydrolysis
requires gradually protons elimination from the sixwater molecules that envelop the central iron
cation to form both mono- and binuclear species. These latter then react further to create species
of elevated nuclearity [23-25]. The latter precipitate finally as a less or more crystalline product,
the nature of which relies the conditions and rate of reaction. exemplars of polymerization and

hydrolysis reactions are:

Fe3* + H,0 - FeOH?* + H*
2 Fe3* + 2H,0 — Fe,(OH)5* + 2H*
FeOH?* + H,0 — FeOOH + 2H™
2FeOH?* + H,0 - Fe,05 + 4H*

Times of precipitation can vary from seconds to years. The two major mechanisms
utilized to stimulate hydrolysis in the laboratory are, 1) solution heating and 2) addition of base.
because hydrolysis eliminates protons, the system PH decreases during the early steps of
hydrolysis. When hydrolysisis stimulated by elevating the temperature, the pH might decrease
to a little value to restrain further hydrolysis. This pH slump is significant since unfinished
hydrolysis minimise the product yield.
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Ferrihydrite, goethite, akaganeite and Hematite, may be procured by hydrolysis of Fe'"!

solutions (Fig. 11-3). Which product forms is affected by various factors as well as solution pH,
rate of hydrolysis, [Fe'""], temperature, and the characteristic anions existing in the system [16].
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Fig 1. 3 Schematic presentation of frequent formation and transformation pathways

of common iron oxides together with the approximate formation conditions [16]
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I1. 3. 2. 2. Oxidative Hydrolysis of Fe'' Salts

This is a very multitalented method able of generate magnetite, lepidocrocite, goethite,
feroxyhyte and ferrihydrite. Those product forms are affected by the reaction parameters.
Delicate manage of pH, temperature, suspension concentration, rate of oxidation, and
concentration of foreign pecies is required to guarantee that a clear product is procured [26].

The reaction can be approved when the pH is in the domain (pH: 6-14). In the range
(pH: 6-7) lepidocrocite and goethite produced: a clear product of both can be procured by
regulating the concentration of carbonate, and the rate of oxidation in the system [27]. In the
case when pH >8 magnetite is produced and when (pH=14), clear goethite is obtained. The
oxidation/hydrolysis reaction eliminates protons, in order that, if no extra base is added and as
the transformation continues, the pH goes down to about 3 and the transformation rate decrease

to nearly zero, thus leads to incomplete oxidation:

4Fe?* + 6H,0+ 0, » 4FeOOH + 8H*

Consequently, to get an elevated yield of logically product with well crystallite, the pH
have to be steady by frequent adding of alkali to the system. This is mainly befittingly attained
by utilizing an automatic burette and the technique of pH-stat titration. The reaction is finished
when no more addition of alkali is nessacery.. The oxidation/hydrolysis of Fe' systems have a
specific aspect is that the crystalline product can be procured in a few hours at room temperature
[16].

I1. 3. 3. Spray pyrolysis technique

Spray pyrolysis is a procedure wherein a thin film is synthesized by the spray of a
solution on a heated substrate, where the ingredients interact to produce a chemical compound.
[28].usual spray pyrolysis apparatus combines of a precursor solution, atomizer, substrate
heater, and temperature manager. The usually used atomizers in spray pyrolysis technique are
listed below:

e Air blast (the liquid precursor is subjected to air flow) [29];
e Ultrasonic (short wavelengths necessary for fine atomization are produce by ultrasonic

frequencies) [30];
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e Electrostatic (the liquid solution is subjected to an elevate electric field) [31].

The process of chemical spray can be splitted into three steps corresponding to the nature
of reaction: In the first step, the solution droplets deposited on the heated substrate when the
solvent components evaporate and a dry state reactions occur. The second step signify an event
in which the evaporation of the solvent happens earlier than the drops be on the heated substrate
and the dry solid impacts on the surface by decomposition. In the last step, there are procedures
where the solvent vaporizes when the droplets come up to the substrate with the resulting
heterogeneous reaction of the composition of the main solution. The most significant factors to
be managed in all of these operations are the solution content and concentration, rate of carrier
gas stream, nozzle-to-substrate distance, and substrate temperature. Through those variables,
the temperature of the substrate has been presumed as the mainly essential factor in synthesizing
thin film via spray pyrolysis mechanism; this is referred to crystallization, decomposition,

droplets drying, and grain growth which are affected directly by this parameter [32].
11.3.4. Process sequence during deposition by Spray Pyrolysis

The spray pyrolysis deposition process can be generally simplified by scheme shown

in Fig. 1. 4; where three processing steps are presented.

Atomizer
l Atomizer

. I . cantrol
pray nozzls” © Droplet transport [Mechanism

‘Spray solution

Substrate
i Temperature

controller

Fig.l1-4. Schematic diagram representing the Spray pyrolysis technique [33]

1. 3. 4. 1. Precursor Atomization

The first step in the spray pyrolysis deposition technique is the atomization procedure.

The main idea is to produce droplets by spraying a solution, those droplets which have some
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initial velocity, will be sent towards the substrate surface. One atomizer differs from others in
resulting rate of atomization, droplet size, and the primary velocity of the droplets. It has been
revealed that the produced droplet size is not connected to any fluid characteristics of the
precursor solution and affects exclusively on the charge in fluid density level o , as shown in
literature [33].

r2= (o), (1.1)

B’/ qpe

where r is the droplet radius,e, is the permittivity, q is the elementary charge, and _B—“ Isa

constant (~1.0 x 10°17J). By assuming the droplet has a spherical shape, its mass depends on

its density:

m= 4?”qu3 , (1.2)
wherep_ is the density of droplet. The initial abandoning speed of the droplet is a significant
q

factor as it defines the rate of reaching the substrate surface by droplets, the rate of droplet
heating, and the transportation period of the droplet. Due to its ease of production, an air draft
or pressure atomizer utilizes elevated speed air to facilitate the generation of aerosol from a
precursor solution. Rising the pressure of air brings a direct reduce in the produced mean droplet
diameter. while, rising the pressure of the liquid brings a direct augment in the mean droplet
diameter [34]. Perednis confirmed that all of the sprayed droplets from an air draft atomizer are
restricted inside a 70° spray cone angle, even as half are inside a cramped angle (12°) [35]. In
addition, it was indicated that the flow rate has a very small effect on the spray characteristics,

which can be typically neglected for presenting [34].

I1. 3. 4. 2. Aerosol Transport of Droplets

After the droplet departs the atomizer, it moves throughout the ambient by a primary
velocity defined by the atomizer. In the aerosol state, the droplets are moved with the mean of
as lots of droplets as possible accessing the surface. As the droplets travel throughout the

ambient, they practice chemical and physical variations illustrated in Fig. II. 5.
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Fig. I1. 5. Droplets in Spray pyrolysis mechanism modifying as they are moved from the atomizing nozzle to the
substrate. Alike the temperature or the initial droplet size are changed, there are four potential pathways which

the droplet can take as it moves in the direction of the substrate (A-D) [34].

Since the droplet pass through the ambient, four forces which are: thermophoretic,
gravitational, Stokes and electrical force acting on it at the same time, explaining its path. As
shown in Fig. I1. 5, the droplets practice evaporation through their air travel, which influences
the effect of the forces on their flight. a number of experimental consequences from literature
[36] show the ability of solid particles formation, as the temperature of reactor is low, as the
flow rate of the carrier gas (N2) is low, and as the concentration of precursor solution is high.

1) Gravitational force: It is the force that drafting the droplet down. Its value relies on
the mass of the moving droplet, as given by equation (I1.2). The gravitational force is too small
For small droplets to let it to reach the surface before it is completely evaporated. For the larger
droplets, the gravitational force follows the droplet transportation.

2) Electrical force: It is valid to spray pyrolysis systems, which comprise an extra
electrical source prevailing the droplet’s flight. as an air blast atomizer is utilized, the elevated
velocity of air is the reason of aerosol and atomization generation. Ultrasonic atomizers are
driven by electricity, whereby an electric generator is vibrated at ultrasonic frequencies through
a titanium nozzle. Elevating the frequency leads to smaller droplet sizes. At the liquid-gas
interface, electric spray deposition (ESD) atomizers require a strong electric field to produce
charged droplets. so, air blast atomizers do not have further input from an electrical force, also
the droplet flight is driven by the initial speed and the gravitational force, even as for spray
pyrolysis deposition utilizing ultrasonic and ESD atomizers,the electrical force is the most
important factor which takes the droplets downwards. The electrical force acting on a droplet
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is frequently a number of orders of magnitude higher than the gravitational force [37]and is

given by:

Fe = {qq E (l |3)
where E is the strength of the produced electric field, and qq is the droplet charge. gqrelies on

the sequential change of the droplet, it is given by:

t 4
da=rvert— to=(=). (11.4)

Tttty
where vy is the surface tension of the liquid-gas, €, is the electrical permittivity, and b represents
the ionic mobility [38].

3) Stokes force: It is the dragging faced by the droplet as a result of the air resistance in
the ambient. The force is originated by the friction between the air molecules and droplet. The
Stokes force is a parameter of the particle’s size and speed. Consequently, large droplets moving
with an elevated speed will practice the major retarding force.

4) Thermophoretic force: It is a retarding force, triggering a decrease in droplets
velocity as they come near the heated substrate. It is obvious that the air temperature augments
sharply as a result of the effect of forced convection cooling of the air flow when come near the
heated substrate. Since the thermophoretic force relies on the thermal gradient in the transport
environment, it can be deduced that it will not be able to act on the movement of the droplet, as
it is higher than several (~5-7 mm) apart from the substrate. Though, in the range of this
elevated thermal gradient, the thermophoretic force predominated, it is the case for (PSD)
systems, where the chief driving force is gravity; but, for ESD systems, the electrical force is

frequently stronger than the thermophoretic force [35].

11.3.4.3. Precursor Decomposition

As the precursor, moves through the heated ambient, it passes through a variety of
changes, which are showed in Fig. 11. 5. Evaporation, precipitate formation, and vaporization all
happened relying on ambient temperature and droplet size. The droplet might react with the
substrate surface. Though all processes happen during deposition, process C, the CVD-like
deposition is preferred to yield film with high dense quality [32].

Since the processing environment purposes a previous evaporation of droplets to

reaching the surrounding area of substrate, a precipitate will happen early. When the precipitate
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achieved in the immediate surrounding area of the substrate, it is changed into a vapor state,
and it experiences a heterogeneous reaction during the subsequent steps:

1) Reactant molecules spread to the surface;

2) Adsorption of few of molecules at the surface;

3) Chemical reaction and surface diffusion, combining the reactant into the lattice;

4) Diffusion and desorption of the produced molecules from the surface;

This is a standard CVD reaction, which induces a high sticking probability, and high
quality film deposition.

In step D in Fig. 11. 5, when small primary droplets are created, or the temperature is
sufficiently high, the droplet rapidly forms a precipitate. As the precipitate comes near to the
substrate, it is vaporized and a chemical reaction then happens in the vapor phase. This
homogeneous reaction leads to molecules condensation into crystallites forming a powder

precipitate. This latter falls to the substrate surface but without a deposition reaction [33].

I1. 3. 5 Important Parameters

The properties of the spray deposited films are defined basically by the growth
conditions throughout their deposition. A lot of factors can influence the growth mechanism
and adapt the films structure. In general some steps are necessary i the thin film deposition
procedures: decomposition, nucleation and coalescence supervened by diverse growth
procedures, as particular cases of crystal growth (columnar, polycrystalline, epitaxial).

Accordingly following are the factors affecting the above processes:

I1. 3. 5. 1. Core Temperature

The core temperature i. e. the reaction temperature should be optimum so that the
sprayed solution aerosols could undergo decomposition process. If the core temperature is less
than an optimum value (for optimum air pressure - or optimum nozzle-substrate distance) the
sprayed aerosols will directly arrives at substrate, without proper decomposition. In such as
case, no reaction will be observed and rather than solid-vapor phase merely semi-solid deposits
will arrive at the substrates and due to lack of thermal energy at the substrate surface, non-
adherent film will form. On the other hand, if the core temperature is higher than its optimum

value (for optimum air pressure-or optimum nozzle-substrate distance), the oxidation reaction
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occurs totally in the gas phase and inhomogeneous oxide particles or clusters are deposited on
substrates without adherence. Thus the core temperature is recommended to set at the
decomposition temperature of the relevant precursor salt.

Il. 3. 5. 2. Atomizing Air Pressure

If air pressure atomizing the spraying solution is higher than optimum value (at the
optimum core temperature); the atomized aerosols will be of very minute sized. In this case,
thermal energy experienced by aerosols will be much larger in order that much earlier
decomposition will result into (very thin) powered film on the substrates. Whereas if the air
pressure is smaller than its optimum value, aerosol size will be much larger so that the solvent
can vaporized, but the precursor is not completely decomposed in their way. This will result

into the powder deposits.

I1. 3. 5. 3. Nozzle to Substrate Distance

This parameter has the similar effects resembling the atomizing air pressure. In fact both
these parameters are mutually dependent. The decreasing nozzle-substrate distance will
introduce the nozzle tip to the increasingly hot ambient which can result into the blockage of
the nozzle. Conversely increasing nozzle-substrate distance will increase the aerosol traverse
path. This will cause the aerosols to experience thermal energy further and either powdered
films or no deposition will result. Therefore, it is suggested that the nozzle-substrate distance
and atomizing air pressure should be optimized mutually.

Il. 3. 5. 4. Substrate Temperature

Similar to the conventional route, the substrate temperature in the spray pyrolysis is the
foremost parameters which have the profound influence on the film properties. As the intent
behind the development of advanced spray technique is to prepare the films atlower temperature
than that required in conventional spray pyrolysis method, there are deliberately enforced
limitations over the substrate temperature. Therefore, the role of substrate temperature in the
present case is not to undertake decomposition reaction but merely limited to the nucleation and

coalescence, followed by different growth processes. As a result, this important parameter will
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certainly affect structural, morphological, optoelectronic properties. Furthermore, insufficient
substrate temperature results into the amorphous films; while the increasing substrate
temperature will increase the film crystallinity. In case of the insufficient substrate
temperatures, low average kinetic energy will adversely affect the distribution of the deposits

and consequently the agglomeration of the grains may tend to form large clusters [39].
I1. 3. 6. Spray pyrolysis method with moving nozzle (SPMN)

As indicated previously, physical methods cannot be able to manage precisely the size
of synthesized particles in the nanometer range; such as, classical spray squanders a long time
prepare a sample (i.e miscarry more than lhour to elaborate one sample). To avoid this loss
time, a moving nozzle have been induced to maintain the heat of substrate through the
elaborating duration as described in Fig. Il. 6.
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Fig. 11-6. Spray pyrolysis technique with moving nozzle (SPMN)

I1. 3. 7. Growth process details
Il. 3. 7. 1. Substrate Preparation

The substrate is the first main support for the substrate growth, In this work glass
substrates (Ref 217102: having 7.5x2.5x0.13cm? as dimensions) have been used. The substrates

were thoroughly cleaned, to avoid thin film contamination, then rinsed with distilled water for
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several times and subsequently dried at room temperature. Before each deposition, the
substrates were putted at 500°C- the value required for the deposition- and left to settle for 30
min in order to keep consistency between depositions. After deposition, the substrate was

cooled in the gas environment at which it was deposited in.
Il. 3. 7. 2. Preparation of precursor solution

To get the primer solution with concentration of 0.5M of Fe*3, 1.622g of iron chloride
(FeCls) was dissolved in 20mL of distilled water and ethanol mixture in volume ratio 1:1 and
stirred vigorously until complete dissolution (red brownish solution). Doping with cobalt were
obtained by adding different quantities of cobalt chloride CoCl> to primer solutions to get a
wide range of doping concentration, all process were carried out in good conditions of hygiene

to avoid any impurities entering the solutions.
1. 3. 7. 3. Films deposition:

After preparing the substrates and the solutions, it is time for precipitation. The obtained
blends were sprayed onto 500°C heated glass substrates, the deposition time was 3min with
5ml/min as the rate of spray, nozzle to substrate distance is fixed to be 5cm. The prepared

slides were annealed for two hours at 550°C.

I1. 4. Thin film Characterization Techniques

The growth process, characterizations, and specifications of thin films can be well
comprehensible by a selection of investigative methods. earlier than utilizing the prepared films
in such application, one has to analyze film characteristics to attain select performance of the
prepared films. The whole description of every material combines of structural elucidation,
micro-structural analysis, synthetic and surface characterization, which have strong relation
with materials properties. In the present work, the structural, morphological, optical analysis
was bring out using X-ray diffraction, scanning electron microscope (SEM), and optical

spectroscopy.
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I1. 4. 1. X-Ray Scattering Techniques

The essential notions behind the interactions and scattering of radiation by material
relate into the diffraction theory, are given by two equations which are used in this context of
work:

Geometrical diffraction shows that the scattering angles referred to diffracted intensity

maxima (i.e addition of two maximum) can be illustrated by the Bragg equation [40]:

2dsinf = ni (11.5)
where d, 8 and A are the inter planer spacing, the diffraction angle, and the wavelength of X-ray,
respectively. Whereas n is the order of diffraction. Fig. II. 7 shows the geometrical conditions of
Bragg diffraction from a set of spaced dna {hkl} planes, with X-rays incident at a Bragg angle
0 being diffracted through an angle 26 . The path difference between the X-rays reflected from
successive planes must be equivalent to an integer number of wavelengths n for constructive

interference to occur [39], n is taken equal to 1 in this work.

Incident plane wawve Scattered plane wawve

[

"j-ll 5

Fig. 11-7 Hlustration of Bragg diffraction. For constructive interference, nA=AB+BC =2d sin6 [39]

According to Bragg’s law, for the specific d value, the constructive interference of X-
rays appears only at determined 26 value (i. e Bragg’s angle). For all other angles, they are
considered as destructive interference and intensity of diffracted beam will not be detected in
experimental conditions.

In the case of thin films, each particle of the product is a semispherical tiny crystal, or
assemblage of smaller crystals, randomly oriented with respect to incident X-ray beam. It means
that thin films can be considered as single crystal or powder. It is worth noting that a typical
epitaxial or oriented film does not exhibit all corresponding reflections, for example , a c-axis

oriented film in ZnO for instance will exhibit only (hkl) for which h and k indices are nil and |
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differs from zero. However, these hidden peaks can be detected by small angle X-ray diffraction

technique [39].
I1.4. 1. 1. Identification of Phases

Phase identification of thin films is one of the important uses of XRD, it is done by
comparison of the measured d spacing in the X-ray diffraction pattern and, with known
standards ones in the JCPDS Powder Diffraction Files (Joint Committee on Powder Diffraction

Standards) and the reflections can be indexed with Miller indices.

I1. 4. 1. 2. Grain size determination:

Scherrer’s formula [41], leads to estimate the grain size D as follow:

0.94
"~ Bcoso (1.6)

where /, 0, and g are the X-ray wavelength (1.54056 A°), the Bragg diffraction angle of the
XRD peak (in degree), and the full width at half maximum in radian (FWHM) of the most

intensive diffraction peak, respectively. It is advised to take in consideration all peaks and gives
the average of D.
Deducing the lattice constants a and ¢ of the iron oxide crystal lattice is made via The

XRD spectra as the relation illustrates [42]:

1

_ 4 p2 g2 e
iy (h* +k +hk)+c2 (11.7)

where ‘dna’ and (hkl) are the inter-planer spacing and Miller indices, respectively.
I1. 4. 2. Scanning electron microscope (SEM)

Interaction of electrons with elements is well comprehend and has been widely used for
investigating of the materials. By focusing electrons on sub-micron sized areas or features can
give us the ability to analyze the surface and contents of the matter: as an electron strikies the
atom, diversity of interaction products are developed [43]. Fig. Il. 8 shows the sections from
which different signals are detected.

Instead of light waves which are used in conventional microscopes, scanning electron

microscope utilizes electrons to observe the morphology of a sample at higher intensification,
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with greater resolution and focus depth, also gives information on the microstructure of the
sample via backscattered, secondary, and transmitted electrons, hence the element from which
they are coming gives information about the chemical, identification and composition of the

sample as shown in Fig. 1. 8.

primary
electron

. " beam Auger
Speoadasy Elecirons
Characteristic
Backscattered X-rays
Electrons

Cathodo-

Continuum luminescence

X-rays

Fluorescent
X-rays

Scattered
Electrons

Diffracted
Electrons

Transmitted
Electrons

Fig.11-8: lllustration of several signals generated by the electron beam-specimen interaction

in the SEM and the regions from which the signals can be detected .

Getting SEM images is to registered current induced by the upcoming of the three sorts
of electrons. The three signals which provide the greatest amount of information in SEM are
the secondary, backscattered, and X-rays electrons. In this study, only morphological.images
of the surface and composition of the product will be taken in consideration via:

Atoms occupying the top surface are responsible for emitting secondary electrons then
areadily interpretable image of the surface can be produced. The contrast in the image is defined
by the sample morphology. A high resolution image can be obtained due to the small diameter
of the primary electron beam.

Energy Dispersive X-ray Spectroscopy or EDS provide rapid qualitative and
quantitative analysis of elemental composition with 1-2 microns a sampling depth via

interaction of the primary beam with atoms in the sample [39].
I1. 4. 3 Optical Absorption Studies
Incident photon on any material might be transmitted, absorbed, or reflected. The

absorbed radiation in a material is due to inner shell electrons, valence band electrons, free

carriers as holes and electrons, and electrons bounded to contained impurity centers or defects.

44



Chapter 2: Methods of synthesis and characterization techniques

Essentially there are two forms of optical transitions that can happen at the basic edge of the
crystalline semiconductor, direct and indirect. The two types involve the interaction of a photon
with an electron in the VB, which is climbed across the essential gap in the CB. However,
indirect transition also requires simultaneous interaction with lattice vibration. The direct inter
band transition involves a vertical transition of electrons from VB to CB such that there is no
change in the momentum of the electrons, and energy is conserved as shown in Fig.1l. 9 (a), hence
a wave vector k for electron remains unchanged in E-k space. For direct transition, the optical
transition is denoted by a vertical upward arrow. the absorption coefficient o for simple parabolic
bands is given by the relation [39].:

__ ag(hv—Ep"
a ="t (I1.8)

where, Eg, and hv are the separation between bottom of the CB and top of the VB (band gap) , the
photon energy; whereas oo is a constant depending upon the transition probability for direct
transition and n is constant and equals to 1/2 or 3/2 depending on whether transition is permitted or
non.

For permitted direct transitions n =1/2 and for permitted indirect transition n = 2. Thus if the plot of
(ahv)? against hv is linear then the transition is direct permitted. The band gap energy Eg is defined

by extrapolating the linear portion of the curve to the energy axis as a=0.

bandgap

handgap
emission energy emission energy

(a) (b)

Fig. 11-9: (a) Direct and (b) Indirect interband band transition.
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When indirect transition takes place between different k-states, the momentum must be
conserved; the only way is through the emission or absorption of a phonon. So absorption

coefficient o becomes,

_ ag(hv—Ey)?
- hv

where, Eg’, Ep are the indirect band gap energy and the phonon energy. For permitted transition

; Eg= Eg * Ep (11.9)

n = 2 and for forbidden transition n = 3. The band gap energy is deduced by extrapolating the

linear portion of the plot (a/v)" versus Av to the energy axis at a=0 [44].

Il. 4. 3. 1. UV-Vis spectroscopy:
Transmittance is the fraction of light that passes through the sample. This can be

calculated using the equation [45]:

T=2L (I1.10)

I

where 1o and | are the light intensities before and after the beam of light passes through the

cuvette. Transmittance is related to absorption (A) by the expression:
A=—1log(T) = —log(;) (I.12)
0

Absorbance usually depends on the absorbed. amount of photons. Fig. I1. 10 illustrates

transmittance of light through a sample.

Jo 7

|

Fig. I1. 10: Transmittance of light through a sample.

Intensity of light passing through a sample (l) is measured using UV/Vis
spectrophotometer and compared to the intensity of light before it passes through the sample
(lo). Those values expressed in absorbance (A) or transmittance (T) [45]. The

spectrophotometer is consists of monochromator type with a tungsten source for producing

visible and near inrared radiation (Fig.1l.11). Divided primary beam into two ones via
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wavelength selector; one is directed to the sample while the other passes through a blank control
(substrate). The split beams travel equal path lengths to reach detectors then a digital meter
compares the intensity of the two beams and calculates a transmittance for the film with respect
to the substrate. as the comparison between the sample and reference beams is made, the value
of transmittance is determined by the apparatus [46].

In this study, used UV-Vis spectrophotometer is UV-VIS spectrophotometer Shimadzu,
Model 1800, which allowed getting an optical transmittance spectrum of hematite thin film in
the wavelength range from 300 to 900 nm. Use of this data can lead to calculate: absorption

coefficient, band gap and Urbach energies.

Collimator Wavelength Photocell

tor

Monochromator

|
© — t
Light ' Test sample

source Diaphragm

Photocell
detector

Reference
sample

DOUBLE BEAM SPECTROPHOTOMETER

Fig. I1. 11: Simplified schematic diagram of double beam spectrometer

11. 4. 3. 2.The absorption coefficient (Abs.Coe):

The Abs.Coe o of hematite thin films was deduced with the help of transmittance
measurements. The films’ Abs.Coe was estimatedd using the following expression [47]:
T=e* (1. 12)
a=—=In(T) (I1. 13)

where T is the normalized transmittance and d is the film thickness.

11. 4. 3. 3. Band gap energy:
The band gap optical energy Eg4 of a-Fe,Oz3 thin films was estimated using the Tauc’s
relationship as follows [48]:
ahv =A(hv—E, )" (11. 14)
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where a, hv, and Eg are the absorption Coe, the photon, and gap energies, respectively.

A is a constant and n is taken 2 based on the consideration that a-Fe>Os3 has an indirect band
gap [49].

I1. 4. 3. 4. Urbach energy:

The optical absorption spectra of semiconducting materials have an significant role
since they offer the fundamental information about its composition and their Eq. In general
optical absorption spectra of the semiconductor can be split into 3 most important regions:

e Weak absorption region, that occurs from impurities and defects;

e Absorption edge region, that occurs because of disorder of the system and
structural perturbation;

e Strong absorption region, that estimates the Eg.. Along the Abs. Coe a curve and
near the optical band edge there is an exponential part called Urbach tail, Which
express the disorder in the structure and localized states which extended Eg. [50-
52]. In the low energy range of photon, Urbach empirical rule depending on the
absorption coefficient o and photon energy 4v is known as, the following
equation [53]:

a=age /Eu (Il .15)
where ap and E, are constant and the energy tail which sometimes is called Urbach energy. E,
is weakly dependent upon temperature, the localized states and disordered or low crystalline
materials [54]. Taking the logarithm of the two terms of equation (lI. 15) which leads to a
straight line equation as follows:

Ina=Inay+ (hv/E,) (I11.16)

Eu can be obtained from the slope of the straight line of plotting In (o) as function of

incident (hv).

I1. 4. 4 Fourier transforms infra-red (FTIR) spectroscopy

The IR can be split into three spectral subregions; the near, the mid, and the far extending
in the ranges: (800 to 2500 nm (NIR)), (2500 to 15000 nm (MIR)), and (15,000 to 100,000 nm
(FIR)) respectively. The most ordinary kind of IR instrument is the Fourier transform infrared
(FTIR) spectrometer owing to its high signal-to-noise ratio, easy to use, and relatively low cost.

FTIR spectroscopy is an analytical attitude used in laboratories to investigate the

structure of elaborated products.. IR photons energy is not sufficient to cause transition of the
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valence electrons; however, the rotational and vibration motions are excited in molecules by IR
radiation. Vibration energy bonds absorb the infrared light at precise frequencies linked to
functional groups present in the main product. A characteristic absorption bands is formed, the
intensity and position of these absorption bands give a fingerprint of molecular structure of the
product making FTIR a highly useful and adjustable spectroscopic technique.

Fig. 1. 12 illustrates the standard process of an FTIR. As shown, the FTIR is like a
Michelson interferometer with the only one variation that one of the mirrors is mobile and is
well managed by a motor, this make the time delay between the reflected beams off the two
mirrors variable. The specimen is situated in front of the detector where the interferogram is
recorded. The interferogram data are not useful as it is; though its Fourier Transform tells
information about the spectral response of the specimen [55].

Mirror
E—
' .
) 50-50 beam MOtOrlz-ed
splitter scanning
mirror
IR source D - I 7]
N
y
Specimen
chamber

|

f— Detector

b 555 |}

‘Time domain Frequency domain
interferogram spectrum

Fourier
transform

Fig. I1. 12 The basic configuration of the FTIR spectrometer [55].

Conclusion

Iron oxides nanomaterials synthesizing can be made through several methods, which
can be normally categorized as biological, physical, and chemical manner, in physical methods,
size of particles could not be controlled in the range of nanometer; for this reason, Spray
pyrolysis with moving nozzle which is a chemical process is the main used method for
synthesizing our thin films to maintain the heat of substrate through the elaborating duration.
The properties of the spray deposited films are defined basically by the growth conditions
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throughout their deposition. A lot of factors can influence the growth mechanism and adapt the

films structure such as Core Temperature, Atomizing Air Pressure, Nozzle to Substrate

Distance, and Substrate Temperature. characterization tools such as XRD, UV-Vis, SEM, and

FTIR have been discussed for investigating the structural, optical analysis, morphological with
the help of them.
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Chapter 3: Co doped Iron oxide thin films for Photocatalytic degradation of
methylene blue dye.

[11.1. Preview on Photocatalysis

Early in 1901, Giacomo Ciamician was one of the first chemist who conducted
experiments to study if light alone would allow chemical reactions [1], He did experiments with
blue and red lights and establish that a chemical effect happened only in blue light. He was
vigilant to exclude the likelihood that these reactions were not powered by thermal heating
powered by light. Ten years after, the keyword photo-catalysis emerged in scientific literatures
[2] Scientists took account that ZnO causes Prussian blue bleaching beneath illumination
photocatalysis. Subsequent experiments of using ZnO as a photocatalyst have inspired for other
reactions such as the reduction of silver ion under illumination in 1924 [3]. Although
photosensitive reactions had been long discovered prior to these efforts, those procedures did
not engage a light-sensitive catalyst [4]. Afterward, it was reported that TiO2 and Nb.Os drive
photocatalytic reduction of Ag* in nitrate of silver (AgNO3) to Ag and Au®" in AuCls to Au in
1932 [5]. After that, TiO2was investigated as a photo sensitizer to remove the color dyes in the
attendance of O [6]. Yet, interests in photo catalysis remained a fad because of the absence of
matter-of-fact applications. Early on 1970s, such situations changed for two reasons. First, the
“oil crisis” encouraged scientists to seek alternative energy provisions to fossil fuels second,
the concerns over environmental impacts by important industrial operations goaded researchers
to look for renewable energy sources. Quite a lot of papers were published during this average
time. In 1968, scientists from the Bell Lab primary reported O evolution on TiOz [7]. In 1972,
photo-assisted H.O oxidation with H> production using TiO> electrodes within UV light
illumination was reported [8]. Photocatalytic water splitting only under light yielding H> and
O2 under argon in 2:1 stoichiometric ratio was reported in 1977 [9]. Through the same time of
studies, Decomposition of CN~ and SO3*>” by TiO2, ZnO, and CdS under light were by Frank
and Bard [10]. Later in 1979, Fujishima et al. [11] reported studies on photocatalytic CO>
reduction using various non organic semiconductors as photocatalysts. Photocatalysis
applications made significant research attention in the 1980’s to similar reactions using TiO2
nanoparticles as the main agent in photocatalysts [12]. Since then, augmenting the
photocatalytic efficiencies, looking for new photocatalysts, and expanding the extent of the
reactions, examinations have been focused on understanding the basic principles. For instance,
photo make super-hydrophilicity cause was revealed on TiO2 in 1997 [13]. Result to this, TiO>

with self-cleaning and anti-fogging functionalities has been used to constructed materials [14].
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Higher photocatalytic activities than of TiO> have been studied to increase new photocatalysts,
under UV lights [15] For higher efficiencies, under visible light photo catalysts have been
practiced in parallel [16]. In the meantime, further learning about the governing principles of
photocatalysis was gradually taken by researchers.

I11. 2. Broad definition of Photocatalysis

Photocatalysis word is composed of Photo and catalysis. The prefix photo means light
and Catalysis is the process in which a matter participates in altering the rate of a chemical
transformation of the reactants without being altered itself. The photocatalyst is a strange
method which can be used for a purposes variety like degradation of different organic pollutants
in wastewater, hydrogen production, air purification, and antibacterial activity. Lately, the
photocatalytic process is attaining more concentration from wastewater to obtain complete
mineralization of the pollutant accomplished under offhand conditions of temperature and
pressure. The notable features of these processes comprise undisposed of waste and cost-
effectiveness while sunlight or near-UV light can be employed as a supply of illumination.
Photocatalyst means photon assisted production of catalytically active species. In general,
Photocatalysis is “a change in the rate of chemical reactions or their generation under the act of
light within substances presence called photocatalyst that absorbs quanta of light and takes part

in the chemical transformations of the reactants” [17].

I11. 3. Photocatalytic mechanism

Photocatalysis, in terms of reactions and mechanisms, may be explained by four
important steps:
*When energy of falling photons (%v) on the surface of a semiconductor is equivalent or more
than the band gap energy of the latter; as a result of light irradiation, Electrons excitation from
the valence band (\VB) to the conduction band (CB) of the semiconductor happens letting holes
in VB (i.e hv generates electron-hole (" and h™) at the surface of semiconductor).
*Holes left in VB of the semiconductor can oxidize donor molecules and react with water
molecules to engender hydroxyl radicals OH- which have strong oxidizing power to degrade
pollutants.

56



Chapter 3: Co doped Iron oxide thin films for Photocatalytic degradation of
methylene blue dye.

*The CB electrons react with O as dissolved oxygen species to form superoxide ions O>".
These electrons induce Red Ox reactions as: e +Oz— O;".

These (e” and h*) could undergo successive oxidation and reduction reactions with any
species, which might be adsorbed on the surface of the semiconductor to provide the required
products [18-19].

Fig. 1ll. 1 shows photocatalytic reaction process, where O: chemicals in oxidative
reactions, R: chemicals in reductive reactions, (1) Generation of " and h* after light absorption,
(1) Excited charges separation, (111) e and h™transfer to the surface of photocatalysts, (I11") e
and h*recombination, and (I\VV) Charges utilization on the surface for Red Ox reactions: (" + R
—+R and .h™ + O—»0").

v, O*

Fig.111.1: Steps in photocatalytic reaction process [20].

I11. 3. 1. Description of Oxidation mechanism

Water contained in photocatalyst surface is mentioned as “absorbed water.” Holes
created in VB oxidize this absorbed water and make way for the formation of hydroxyl (OH«")
radicals as strong oxidative agent. Afterward, these hydroxyl radicals act in response with
organic dyes matter. With oxygen presence when this process happens, radical chain reactions
consume oxygen in some cases and create intermediate radicals in the organic compounds along
with the oxygen molecules. As result to this, the organic matter finally decomposes eventually
becoming carbon dioxide and water [18, 21] which leads to an oxidative decomposition [17].

Fig. I11. 2 shows the complete oxidation processes.
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Oxidation
process

= (Qoo.+ BHo

Fig. I11. 2: Schematic representation of oxidation mechanism [17].

I11. 3. 2. Description of Reduction mechanism

Fig. I11. 3 represents the reduction process, the reduction of oxygen enclosed in the air
takes place as a coupling reaction. Reduction of oxygen occurs as an alternative to hydrogen
generation hence oxygen is a simply reducible substance. Electrons in CB react with melt
oxygen types to form superoxide anions (O2). The latter connect to the intermediate products
in the oxidative reaction, producing peroxide or changing to hydrogen peroxide (H20.) and
subsequently to water. The reduction has tendency to happen more easily in organic matter than
in water. So, organic matter with higher concentration tends to increase the number of positive
holes which reduces the recombination of carriers and improves the photocatalytic activity [21,
22].

oo * 027

O,
( Hydrogen
& peroxide)

H,O

process

Fig.111.3: Schematic representation of reduction mechanism [17].
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I11. 4. Photocatalytic Oxidation of Organic dyes

Recently, about 12-20% of artificial dyes have been often used in textile industries to
color products as cotton, woolen and polyamide fibers. The unprocessed dyes are frequently
discharged into the environment due to incomplete use. A dramatic source of water pollution
and troubling of aquatic life can be caused by discharge of those dyes in the environment. Most
of these dyes are probably carcinogenic in human, whilst some others could slow down light
penetration into streams affecting the photosynthetic process. So, dyes removal from water has
received increasing thought. Organics decomposition of harmful dyes to human and the
environment is inspired as purpose of photocatalysis. In consideration to make visible light
photocatalysis, organic dyes can be a judicial selected for photocatalysts. As advantages,
organic dyes have little toxicity; low price and can competently work in aqueous media. Several
organic compounds that have effectively been decomposed into CO; and risk-free minerals by
photocatalysis are phenols, halo phenols, alkanes, haloalkanes, cresols, aromatics, alcohols,
polymers, dyes, herbicides, pesticides, bacteria, viruses, fungi, molds, cancer cells, highly
resistant spores and surfactants. Approximately, decomposition of organic compounds has the
same basic mechanisms with few variations exist in the photocatalyst characteristics that are
grave to the reaction such as the number and force of surface acid sites and the Red Ox
potentials of the photocatalyst relative to reaction of the organic and inorganic species to be
removed.

Most photocatalysts can be made in powder or thin film formations. Although the
preparation methods and lots of properties differ among the two formations, each of them is
useful to decomposing organic degradants. Films have the advantage of avoiding catalyst
filtering processes necessary after complete photocatalytic reaction, and are therefore beneficial
in applications such as bacteria destruction and water purification [23]. Also, films have the
possibility to be re-used after rinsing.

I11.5 Band Edge Positions

In a semiconductor, the difference in energy between VB and CB is called the band gap.
Band data positions are useful when creating and analyzing semiconductor photo catalysts
because they indicate the photoreactions thermodynamic limitations that can be achieved by
the free carriers. For instance, if the oxidation of an organic compound is desired, then VB edge
of the semiconductor must be well positioned relative to the organic compound oxidation
potential. On the other hand, if the reduction of O molecule is required, then the CB edge of
the semiconductor must be situated favorably relative to the O, molecule reduction potential.
Fig. Ill. 4 shows the VB-CB band-edge positions of numerous dominant photo catalysts in

relation to the H>O oxidation and reduction potentials [17].
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Fig. I11. 4: Band-gaps and Red Ox potentials, compared with redox potentials of hydroxyl, peroxide and
superoxide radicals, (the redox potentials described here are compiled from the work of Liu, Fujishima et al., and
Sherman)

111.6. Influence of operational parameters

The presence of a appropriate photocatalyst can work in visible/solar light is the original
step, the next one is to examine optimum prepared factors so as to take the research to an
realization level. in fact, as a photocatalyst is utilized to treat an industrial effluent, specific
factors must be optimally altered so as to attain high efficiency. a number of connected studies

have been carried out and diverse review and research articles are offered in literature [24-28].

The apprized results propose that apart from the photocatalyst type utilized, photodegradation
also corresponds on the type of substrate, light intensity , concentration, preparation method of
the catalyst, its calcination temperature, amount and type of dopant(s), etc. An outstanding
study on the different factors affecting the Photocatalysis behavior was indicated by Zhou et
al[29].

I11. 6 .1 Crystal Structure, Shape, Size, and Surface Area of Catalyst

Catalyst structure plays a key role in implementing higher activity of photocatalytic
process. NMs with smaller size and large surface area can successfully show higher

competence in the Photocatalytic process. Morphology also affects the final degradation
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competence or efficiency, Saravanan et al. stated that ZnO samples with spherical shap which
have large surface area show higher competence compared with rod-and spindle-shaped
ones.[30]. When the size of the catalyst is reduced, an accumulation of atoms occurred on the
surface of the catalyst, this increase the ratio of surface /volume, demonstrating the significance
behavior of nano metric dimension instead of bulk products. This possession improves the
transfer rates of active sites and interfacial charge carrier which leads to higher catalytic
efficiency [31]. Also, it is well known that the redox reaction of photocatalytic process happen
on the photocatalysts surface and then the surface properties mainly affect the efficiency of
catalyst [18, 30].

I11. 6. 2. Intensity of light

Light intensity affects the rate of formation of (e-/h+) pairs. An increase in the intensity
leads to higher rate and of pairs then to photocatalysis rate. However, with amplify in light
intensity beyond an optimum, the rate of photogeneration of e” and h* becomes more than the
rate of the subsequent Red Ox reactions. Photogeneration rate is then no longer the controlling
step and hence it gradually becomes less reliant on the intensity of light. It has been found that
at low intensities the rate of reaction is first order and at high intensities it becomes half order
and ultimately becomes independent when extreme high irradiation is applied [32]. Such

behavior may be ameliorated with doping trough several mechanisms as reported bellow.

I11. 6. 3. Pollutant and its concentration
Rate of photodegradation depends on the varied chemical substituent groups attached to
substrate composition. The primary concentration of the pollutant also plays a significant role
in the main process. Efficiency of the photodegradation reduces as the primary concentration
augments due to two main causes
e high concentration pollutant absorbs more light than the photocatalyst
itself which tend to have an inhibitive effect on the degradation
e increasing in pollutant concentration augments the equilibrium,
adsorption and hence competes with adsorption of OH™ on the same site
[33].
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I11. 6. 4. Dopant

Doping with metal ion can adapt the properties of the surface area of the catalyst and
hence can be utilized to improve its activity. selection of an appropriate catalyst with-chosen
dopant augments the overall photoreactivity by enhancing the interfacial charge transfer
process, inhibiting recombination of e” and h*.

Transition metals like Ni, Cr, Nb, Fe, Cu, Mn, Co, Ru, Mo, W, Pt and Au ameliorated
the photoactivity in the visible range by introducing new energy levels between VB and CB.
Noble metals such as Pt, Ag, Pd, and Au raise interfacial moving charge and procure delay in
recombination of e and h* by acting as an e trap [33]. W.Vallejo et al. [34] synthesiz ZnO thin
films with Cobalt and cupper doping, by the sol-gel process, and establish that the kinetic
outcomes of photodegradation of methylene blue MB dye reached 62.6% for Co-ZnQO: thin
films and 42.5% for Cu-ZnO: versus 2.7% for the non doped ZnO. Chen, Wigiang, et al. [35]
showed that doped IONMs with Nickel and Cobalt (Ni-Fe>O3 and Co -Fe,03) could be practical
as adsorbent candidates for heavy metal ions elimination in actual ecological purification. It is
worth noting that high methylene blue photodegradation is still needs investigations with others

products such as Fe-Oz NPs under thin films states which avoids catalyst filtering processes.

111.7. Co doped Iron oxide thin films (Co-a-Fe.O3) for
Photocatalytic degradation of methylene blue dye.

Iron oxide thin filmscan be a good photocatalyst absorbing visible light,a-Fe>Os with
band-gap of 2.2 eV is an interesting n-type semiconducting material and a suitable candidate
for photodegradation under visible light condition[36]. The good performance of photocatalytic
can be due to significant produce of e and h* pairs through illumination of the band-gap
(Eq.111.1) [37].

Fe,0; + hv — Fe,03(es, , h}y) (11.1)

The proposed photocatalytic procedure of MB dye by hematite (a-Fe20z), under visible
light is illustrated in Fig. I11.5.

Under light, electrons in the VB transferred to the CB of the iron oxide, with a

simultaneous creation of the same quantity of holes in the VB, which lead to electron-hole pair
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generation. Redox reactions with organic pollutant (MB) happened as a result of the presences
of produced carrier charges on the surface of catalyst. Direct oxidation of MB to reactive

intermediates is occurred because of the elevated oxidative potential of hole (h*) at VB.

oy H
e 20 o
CHy a” CHy o
e \
(MB) “ ) CO:+H:0
| 0y
/ '
CO,+H,0 F
‘ 0 S e
7 ngc_'!/l\lgl/\”.cu,
‘ A CHy a” CHy
j @ on-
: v (MB)

Fig.111.5: Schematic illustration of the photocatalytic mechanism of (MB) using a-Fe2Osthin films
under visible light[38].

High reactive radicals of hydroxyl can be created by the water decomposition, dissolved

oxygen molecules react with electrons forming superoxide radical anions, O2", this giving rise

to form hydroperoxyl radicals HO> on protonation and finally OH-radicals will be more
efficient [38].

a — Fe,0;+ hv » a — Fe,0;+ e~ + h'
ht + MB - MB'*
0, +e” > 05
05 + Hy,0 » HO, + OH~
HO, + H,0 - OH' + H,0,

111.7.1. Experimental details
II1.7.1.1.Thin films preparation

Cobalt doped iron oxide NPs were prepared using SPMN method (Fig.11.6).To get the
primer solution with concentration of 0.5M of Fe*3, 1.622g of iron chloride (FeCls) was
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dissolved in 20mL of distilled water and ethanol mixture in volume ratio 1:1 and stirred
vigorously until complete dissolution (red brownish solution).

Different dopant concentrations (0.25, 0.5, 1, and 1.5 wt %) were obtained by adding different

quantities of cobalt chloride CoCl; (rose color as seen in Fig. 111.7) to primer solutions with
keep stirring for 30 min.

Fig. 111.6:Cobalt chloride (CoCly).

To determine the required weight ratios of cobalt, the following relationship was
established:

Mo _ oo (111.2)
Mpe

The mass of cobalt chlorine (CoCl,) can be found through the relationship:

Mco,  Mceocl, (111.3)
MCo MCOClz

Table I11.1 summarizes the different percentages of cobalt chlorinewight in respect to the
following ratios (0, 0.25, 0.5, 1, 1.5)%.

Table I11. 1: Summarizes the different percentages of cobalt doping weight at different ratios.

(ColFe)% 0 0.25 05 1 15

m(CoCl) (g) O 0.0055 0.01127 0.02254  0.03304
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The obtained blends were sprayed onto 500°C heated glass substrates (Ref 217102:
having 7.5x2.5x0.13cm? as dimensions). The spray rate and time of deposition are 5ml/min and
3min respectively. The distance between nozzle and substrate is kept at 5cm. The prepared
slides were annealed for two hours at 550°C.

I11.7.1.2.Thin films characterization

The crystallographic structure of 0-1.5 wt. % Co-doped a-Fe2Os3 thin films have been
examined via a Philips X-ray diffractometer model PW-1710 operating with (A = 1.5406 A for
Cu-Ka radiation). Optical properties such as transmittance and band gaps have been undergone
through the optical transmittance spectrum using (UV-VIS spectrophotometer Shimadzu,
Model 1800) working in 300-900nm wavelength range. Whereas FT-IR analysis was
performed, in 400-4000cm™range, by use of Shimadzu IR-Infinity 1 apparatus. All the

measurements were carried out at room temperature (rt).

II1.7.1.3. Photocatalytic experiment

photodegradation by catalyst occurs when catalyst is illuminated with light of energy
exceeds the band gap energy. In this study, Photocatalytic efficiency was defined by the
degradation of MB dye using Ultra Violet and sun light as energy sources for electrons
excitation from filled valence band to empty conduction band of cobalt doped iron oxide thin
films. In presence of light The oxygen dissolves in water containing the photo-catalyst, and then

decomposes the organic species to CO2 and H20 [39].

In order to prove the effect of photocatalysis, solution of (MB) dye were prepared at
concentrations of 1 ppm, the samples of Co doped a-Fe>O3 were covered with a 18mm thick
layer of MB solution (Fig.I11.7).Before lighting, all films were placed in dark about 15 min to

bring the films into equilibrium with the dissolved dye. For UV lighting,0.25-1.5 wt.% Co
doped films were illuminated with a 300W oriel lamp which was placed at a distance of 20
cm from the sample. Whereas for sun lighting film, 1.5wt.% Co doped thin film was directly
placed under sunlight. Change in dye concentration was determined by measuring the

absorption spectrum of 1mL aliquots using a UV/vis spectrometer (Shimadzu, Model 1800).
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The degradation percentage of MB solution was estimated using the following Eq:

2 =222 % 100% (111.4)
0

whereQ is the degradation percentage (%),6p,and &, are the initial absorbance and the

absorbance at a chosen time interval of MB expressed in mg/L [40].

Fig.111.7:Thin films covered by MB solution.

II1.7.2. Results and discussions

II1.7.2.1 structural properties

The XRD patterns of 0-1.5wt. %Co-doped hematite thin films are presented in Fig.111.8.
The observed peaks at 20: 24.23°, 33.24°, and 35.70°correspond to lattice plane of (012), (104),
(110) respectively confirm a-Fe»O3 formation of rhombohedral crystal structure which much
well with its (JCPDS No: 01.073-2234, with space group R-3c number 167).No additional
reflections, at limit of detection, due to the related phases of cobalt oxides were observed [41].
This result suggeststhat the dopant (until 1.5 %) is well substituted in thea-Fe>O3 lattice, and
the rhombohedral structure is not tailored by theaddition of Co?* into the o-Fe,O3 matrix.
Therefore, the dopants alter the crystallinity but not the crystal structure of a-Fe2Os. This result
is compatible with literature [42]. It is worth noting that a slight change in peaks intensity which
may be related to both (i) grain size due to network defects and (ii) oxygen vacancies, as
reported by Lima et al. [43].
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Fig.111.8: X-ray diffraction patterns of sprayed Co-doped hematite thin films.

The lattice constants (a andc) for the rhombohedral phase structure, are determined by
the relations[44]:

Zdhkl Sln(H) =nA (|“5)
and
L = L (kPR + S (111.6)
dhklz 3a2 c? )

where (hkl) and “dn« ” are Miller indices and the inter-planer distance, respectively. The lattice
parameters ‘@’ and ‘¢’ are listed in Table I11.2. It is worth noting that lattice parameters of the
standard JCPDS data card, are (ap =bo= 5.0325A and co = 13.7404A). Fig.l11.9shows lattice
parameters up on doping concentration. The two lattices constant initially augment with respect
to the doping, then decreases at higher doping concentration. This is in sharp contrast to the
results reported in[45,46], which indicated that the lattice constant enhances linearly with the
doping. It was informed that the difference might be due to a variety of parameters including
deposition process and conditions, valence of Co ions, and position of Co atoms in the a-Fe>O3
lattice, and presence of secondary phases. The result of XRD mesurments may be understood
as follows: as the ionic radius of Fe3*and Co?* are 0.58A and 0.67A respectively (Co ion is
larger than iron) [47]; and when the Fe atoms are replaced by Co atoms, an interstitial sites may

also be occupied by Cobalt as a result of the deformation of lattice structure [48].
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The crystalline sizes of 0.25-1.5wt.% Co doped thin films, given in

Tablelll.2werecalculated from the three more intense peaks using Scherrer’sformula[49]:

_ 0912
- PcosO

(111.7)

whereD, g, 4, and @are the crystallite size, the full width at half-maximum (FWHM) of the
considered diffraction peak, the X-ray wavelength (1.5406 A) and Bragg angle, respectively.
Fig. I111.10shows the average grain size variation. D decreases with doping from 48.54for non
doped sample to 32.29nm for0.25 wt.% Co doping one, of course with slight fluctuation for the
other values of doping. By increasing the dopant concentration to 0.5 wt.%, the average
grainsize increases to 41.7nm. For dopant concentration of 1 wt. %, the average grain size
becomes 46.28nm, and decrease to 38.81nm for 1.5 wt.%. Those values take place in

photocatalytic activity hence the later is related to the sample’s active surface

Table I11. 2. The structural parameters of Cobalt doped a-Fe203at different doping concentration.

Cobalt Lattice Grain
Doping (hkI) 26° dnii(A) parameters size:
concentration A D (nm)
(012) 24.240 3.67329
non doped (104) 33230 2 69537 a=5.02896 48.54
D (110) 35700 | 251448 | C713.7259
(012) 24.146 3.68470
0.25 (104) 33.1970 | 2.69789 a=5.0361 32.29
(110) 35.644 2.51805 c=13.7344
(012) 23.552 3.77627
05 (104) 32.949 2.71759 a=5.039 41.70
(110) 35.499 2.52800 c=13.838
(012) 24.101 3.69148
1 (104) 33.145 2.70197 a=5.0366 46.28
(110) 35.640 2.51832 c=13.7675
(012) 24,095 3.69238 a=5.0361
15 (104) 33.148 2.70173 38.81
(110) 35.647 2.51805 c= 13.7663
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Fig. I11.9. Latticeparameters (a and c) of Cobalt dopeda-FeOs thin films upon doping concentrations: 0-
1.5.wt%.
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Fig. 111.10: Average Grain sizeof Cobalt dopeda-Fe-Os thin films as a function of dopingconcentrations: 0-
1.5.wt%.

II1.7.2.2 Optical properties
111.7.2.2.1 UV-Vis analysis

Fig.111.11 shows the transmittance spectra of Cobalt doped a-Fe-Oz upondoping
concentration0.25-1.5wt.%. All samples have good transmittance of about 88% in the
wavelengthgreater than 650nm.A high-quality band-band absorption in the UV region, which
is used in estimation of gap energy values.

The band gaphas been deducedusing Tauc’s relation[50] as follow:

ahv = AChv — Eg)n (111.8)
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where a, h v, and Eq are the absorption parameter, energy of photon, and gap energy,
respectively. A is a constant and n is 2 related to the fact that a-Fe>Oz has an indirect gap [51,
52]. The optical absorption data was used to plot (av)? vs hv, as shown in Fig.111.12, the straight
line extrapolation leads to the band gap energy values of 0-1.5 wt .% Co doped samples.The

gap energy of non doped sample was 2.07 eV, this value increases to be in the range 2.09-2.14
eV for the doped samples.

100 1 1 1 1 1 1 1 1 1 1 1

—— non doped
—0,25%
— 0,50%
— 1,00%
—1,50%

transmittance (%)

0 +

T T T T T T T T T T T
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wavelength(nm)

Fig.111.11: Transparency spectra of (0-1.5wt. %) Co-doped a-Fe;O3 thin films.

—— non doped
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Fig.111.12 Estimated band gap (Eg) from Tauc's relation for 0-1.5%wt Co doped a-Fe,Os3 thin films.

70



Chapter 3: Co doped Iron oxide thin films for Photocatalytic degradation of
methylene blue dye.

II1.7.2.2.2 FTIR analysis

Fig. I11. 13 shows the FTIR spectra of the Co-doped a-Fe2Oz thin films upon doping
concentration. The peaks in the range 460-563cm™ were attributed to the Fe-O and Co-O
stretching mode [53]. Bending vibration of C-O-C functional group was showed in the region
(1019-1123 cm-1) [40]. The peak at 1630 cm—1 is assigned to the bending vibrations of the
hydroxyl groups and/or water molecules [54]. The broad band centered around 3400 cm-1 may
be referred to lattice water, OH bending vibration of the adsorbed water molecules and to
stretching vibrations of the hydroxyl groups, it is clear from the FTIR spectra that the existence
of doping Co enhances the hydroxyl combination on the surface of Fe,Ogs, the same result was
found by literature [35]. Which is considered ashole (h*)trapping site on the metal oxide

surface, leading to hydroxyl radical which is most powerful oxidants for organic dyes.

Transparency (%)
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0,25%
0,50%
1,00%
1,50%
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4000 3500 3000 2500 2000 1500 1000 500
wave number (cm™)

Fig. I11. 13. FTIR spectrum of pure and Co-doped a-Fe;O5 thin films.

II1.7.3 Photocatalytic activity of Co-doped a-Fe>O3 thin films

MB has one main band in the visible range with a maximum absorption at 664nm and a
small shoulder at 610nm due to the dye dimer. also MB dye color is associated with its
auxochrome groups (N-containing groups with one pair electrons on benzene ring) and
chromophoric (N-S conjugated system on central aromatic heterocycle). The capability of
cobalt doped hematite thin films (Co-a-Fe2Oz) to degrade MB dye will be estimated throughout
its use in photocatalytic under different conditions in this study. such as dark, UV and sunlight
irradiation
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111.7.3.1 Photodegradation of MB dye under dark condition

Under dark when no excitation of samples will be happened, there is a weak activity of
the samples toward MB dye for instance 1.5 wt.% Co doped sample, just only percentage of
16% of MB degradation as shown in Fig. 111. 15. This feeble activity may refer to only presence
of OH functional group on the sample surface (see Fig. I1l. 13), as reported by the mechanism
suggested by Houas et al. [55]

—— 0 min

7 ——30min
—— 60 min
——150 min
—180 min

absorbance (a,u)

400 500 600 700 800 900
wavelength (nm)

Fig. I11. 15 Time-dependent absorption spectra for MB dye in the presence of 1.5% cobalt doped hematite thin

films in dark.

III. 7. 3. 2 Photodegradation of MB dye under UV condition

The characteristic intensity of peak absorption decreased through time for UV source as
it shown in Fig. I1l. 16 (a, b, and c). It is clear that all samples have evident Photocatalytic
activities under UV light with limitation after certain period of time. It is worth noting that the
non doped has weaker effect on MB degradation, but the one doped with 1.5 wt. % is the best
until 120min, (spectrum of 120 min is superposes with the one of 150 and 180 min ) as shown
in Fig. I11. 16 (d). It means saturation of MB degradation. Such saturation in photocatalytic
process may be due to the UV intensity limitation since UV photon energy excites only the

valence band electrons.
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Fig.111.16 Time-dependent UV absorption spectra for MB dye in the presence of cobalt doped hematite thin

films

Photodegradation percentages of MB dye for 0.25-1.5 wt. % cobalt doped hematite thin
films under UV irradiation are indicated in Fig. I1l. 17. The results show that the doped film
with 1.5 wt.% has the maximum degradation percentage which was 45% after 90 minute,
whereas the other doped films reveal early saturation. This effect may be related to the presence

of other phenomena, hence the active surface area of samples, dopant concentrations, and
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hydroxyl group are not the same. For instance if one focuses on the results of 0.25 and 0.5 wt.%
doped samples the comparison gives that 0.25 wt.% have smaller grain size which own it great
active area. Even thought they have exhibited an equivalent OH radical as detected by FT-IR
characterization (presence of hydroxyl group on their surfaces),the sample with 0.25 wt.% have
a better Photocatalytic activity at the beginning (until 60 min of treatment process) owing to its
active area, then 0.5 wt.% doped sample becomes the better one, which may refer to doping

influence.
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Fig.111.17Degradation percentage of MB solution using cobalt doped hematite thin film under UV radiation.

II1.7.3.3Photodegradation of MB dye under sun light condition

Under the sunlight, the process was different, the degradation of MB using 1.5% Co
doped hematite thin film continue until the solution becomes transparent as shown in

Fig.111.18.The degradation process as a function of time is shown in Fig.111.19.
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Fig. 111. 18: Degradation process of 1.5% cobalt doped hematite thin film under sunlight radiation and

dark after 180 minute.
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Fig. I11. 19 Time-dependent absorption spectra for MB dye in the presence of 1.5% cobalt doped hematite thin
films under sunlight radiation.
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The degradation percentage under sunlight reaches 85.45% while it was 45% under UV
and 16 % in dark. Fig. 111. 20shows MB dye degradation percentage in dark, UV, and under
sun light irradiation together.

10— 7T T 1
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804 |—®— under UV
—a— in dark
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Fig. 111. 20: Degradation percentage of MB solution using 0.5 % cobalt doped hematite thin film in dark and
under sunlight radiation.

III. 7. 3. 4. Photocatalytic process of MB dye under sunlight:

The photocatalytic activity of 1.5 wt. % thin film under sunlight is better than UV
illumination, this refer to a new parameter that ameliorates the photocatalytic activity, which is
the wide range spectrum. Such spectrum is able to excite deep and shallow donors leading to
an excess of electrons at the CB (e_;,) which in turn participate reduction of O, to O2". The later
is involved in the augmentation of superoxide radical anions as described in Fig. I1l. 3. Also
those excited deep donors constitute electron trapping and avoid electron-hole pairs to
recombine leading to an excess of holes in VB (h},) which means an excess in reduction of

water molecules to OH.
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The mainly frequent hole trapping site on the surface of iron oxide is hydroxyl group,
which are presenting in the surface, the hydroxyl radical (OH") is produced when a hole reacts
with a surface hydroxyl group or an adsorbed water molecule. From Fig. Il11. 18, it is clear that
a complete disappearance of the blue color of MB dye was happened, which is due to the
reaction of OH" on the sites near the C—S+=C functional group and the central imino-group of
the MB dye. The hydroxyl radicals is a high influential oxidants where they react non-
selectively with nearly all organic substrates either via the elimination of H atom (*H) from C—
H bonds or via the adding of double bonds and aromatic rings. The resulted carbon centered
radical species (generated from the reaction with OH") subsequently joins with O at a diffusion-
limited rate to creat alkyl peroxy radicals which are finally transformed into CO,. For more
details about postulated mechanisms, | advice the readers to see the appendix in the end of this

thesis.
Conclusion

0-1.5wt. %Cobalt doped hematite iron oxide (a-Fe203) thin films were deposited on
500°C heated glass substrates via spray pyrolysis method with moving nozzle. The dopant
concentration is stepped as 0, 0.25, 0.5, 1, and 1.5 wt. % Co/Fe. For all doped thin films, XRD
analyses exhibit the presence of diffraction peaks corresponding to planes (012), (104), (110),
confirming the formation of a-Fe>O3 phase. FTIR study confirms the existence of thea-Fe20s.
Doping of hematite iron oxide with Cobalt did not show any change in the crystal structure
compared to the non doped one but it influence the grain size and enhances the hydroxyl
combination on the surface of a-Fe;O3. The photocatalytic actions of the main thenthesized
samples were examined derived from the MB degradation as a type composite, where the results
indicated that Co doped hematite (a-Fe203) thin films have a better photocatalytic activity
depend on several parameters including doping concentration, specific surface area, and OH

contents on the surface structure.
The outcomes of this chapter are:

e The gap energy changes in the range (2.07-2.14 eV);
e 0.25 wt.% sample has the lowest grain size so largest Surface area and considerable
amount of OH radical;

e 0.5 wt. % sample has moderate grain size and considerable amount of OH radical.
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e 1 wt. % sample has big grain size so small surface area, and a few hydroxyl group

on surface;
e The higher OH radical as detected byFT-IR characterizationis referred to 1.5 wt.%

with high surface area.

It was concluded from this study that 1.5 wt.% has the best photocatalytic activity under
UV light, this referred to the distinct three parameters: adequate doping concentration, high
surface area, and higher OH radical. Under sunlight, the photocatalytic degradation of1.5 wt.
% sample reaches 85.45% while it was 45% under UV and 16 % in dark., these can be originated
from the ability of the spectrum to excite deep and shallow donors leading to an excess e_,.

Vacant trapping constitute a relay for electrons instead of recombining with holes leading to an

excess of h},
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Chapter 4: Synthesis, characterizations, and antibacterial activity
of cobalt doped hematite thin films

V. 1. Introduction to antibacterial activity

The appearance of infectious disease generally creates a grave danger to human health,
particularly with the presence of antibiotic-resistant bacterial damages. In general both Gram-
positive and negative bacterial damages are considered to present a most important human
health trouble. Over the years, antibiotics have been utilized to have power over infections
ensuing from both the public and hospital environments [1-3]. Recent advances in the
nanobiotechnology field, mainly the ability to arrange metal oxide NMs of specific size and
shape, are expected to lead en route for the development of new antibacterial agents. The
functional activities of nanoparticles are affected largely by the particle size. So, NPs have
gained great attention because of their unique chemical, physical, and useful biological
properties in different fields, counting medicine. The properties of nanoparticles are altered by
decreasing or changing their size, particularly when the manipulations are done at the
nanometer range [4-7]. Similarly, materials tailoring at the atomic plane in order to attain
unique properties has been extensively reported. Taking in account these unique properties,
nano dimensioned organic and inorganic particles are being engendered for eventual use in
medical performs, such as 10. As an example, Seerangaraj Vasantharajet all. [8] demonstrate
that IONPs showed higher antibacterial activity against Escherichia coli, Klebsiella
pneumoniae and lesser antibacterial activity against Staphylococcus aureus. Bactericidal
activity of such nanoparticles in part depends on (i) size, (ii) stability, and (iii) concentration in
the medium of growth. Whilst growing in medium adjusted with NP, the bacterial population
growth can be inhibited by specific NP interactions [7]. In general, bacterial cell size is in the
micrometer range, while its external cellular membranes have pores in the nanometer scale.
Since NPs can be smaller in form than bacterial pores, they will have a unique facility of
entering the cell membrane. There lies a strong challenge in elaborating metal oxide NPs stable

adequate to restrict bacterial growth notably while in nutrient medium.

Understanding the potential antimicrobial applications of metal oxide NPs, we designed
experiments to synthesize a-Fe;Os nanoparticles doped with Cobalt using spray pyrolysis
method and subsequently tested their antibacterial activities against both Gram-positive Listeria
innocua and Gram-negative: Escherichia Coli, ,Pseudo monas aeruginosa and
SaLMonelleentérinant, bacterial strains. Furthermore, the antibacterial behavior of these

nanoparticles was discused.

83


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3519005/#b1-ijn-7-6003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3519005/#b3-ijn-7-6003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3519005/#b4-ijn-7-6003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3519005/#b7-ijn-7-6003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3519005/#b10-ijn-7-6003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3519005/#b7-ijn-7-6003

Chapter 4: Synthesis, characterizations, and antibacterial activity
of cobalt doped hematite thin films

V. 2. Experimental details

IV. 2. 1 Thin films preparation

Cobalt doped iron oxide NPs were prepared using SPMN method, which was explained
in the previous chapter and represented in Fig.I11.6. To obtain mother solution of 0.5M of Fe*3,
1.622g of iron chloride (FeCls) was dissolved in 20mL of distilled water and ethanol mixture
in volume ratio 1:1 and stirred vigorously until complete dissolution (red brownish solution).
Then, different quantities of cobalt chloride CoCl, were added to this solution with keep
stirring for 30 min to get a range of dopant concentration (2, 5, 10, and 20 wt %). The obtained
blends were sprayed onto 500°C heated glass substrates (Ref 217102: having 7.5x2.5x0.13cm?®
as dimensions). The deposition time was 3min with spray rate of 5ml/min and kept distance
nozzle-substrate of 5cm. Moving nozzle and high deposition temperature are used to preserve
the stability of substrate and oxidation reaction temperatures. The prepared slides were

annealed for two hours at 550°C
1V. 2. 2. Thin films characterization

The crystallographic structure of 0-20 wt. % Co-doped a-Fe2O3 thin films have been
examined via a Philips X-ray diffractometer model PW-1710 operating with (A = 1.5406 A
for Cu-Ka radiation). Optical properties such as transmittance and band gaps have been
undergone through the optical transmittance spectrum using (UV-VIS spectrophotometer
Shimadzu, Model 1800) working in 300-900nm wavelength range. Whereas FT-IR analysis
was performed, in 400-4000cmrange, by use of Shimadzu IR-Infinity 1 apparatus. All the

measurements were carried out at room temperature (rt).

V. 2. 3. Antibacterial assay

The antibacterial activity of paper composites was determined by disk diffusion assay
using:
* Gram-negative as: Escherichia Coli, ATCC25922: E.C),Pseudo monas aeruginosa,(ATCC
27853: P.S) and SaL.Monelleentérinant, (CIP 81-3: SLM)
* Gram-positive as Listeria innocua, (CLIP 74915 : Lis)
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Miller Hinton agar (MHA) was poured into a sterilized Petri dish and solidified within 10 min.
E. C, Lis, P.S and SLM bacterial suspensions were uniformly inoculated on solidified agar
gel. Sterile disks with 6mm in diameter were placed in different Co-hematite nanoparticles
solutions which were obtained via grating the slides and dissolving the result powder in
Dimethyl sulfoxide (DMSO) having the formula (CH3)2SO. The discs were then sited over
the MHA plates and incubated for 24h at 37°C. The antibacterial activities were compared by
the diameter of the inhibition zone around each paper disk.

V. 3. Results and discussions

IV. 3. 1 Structural properties

The XRD patterns of 0-20 wt. % Co-doped hematite thin films are presented in Fig.IV.1.
For non doped samples, the observed peaks at 20: 24.23° 33.24°, 35.70°,
40.95°,49.54° 54.18°, 62.50°, and 64.17°correspond to lattice plane of (012), (104), (110),
(113), (024), (116), (214) and (300), respectively confirm the formation of rhombohedral
crystal structure of a-Fe;Oz and much well with its (JCPDS No: 01.073-2234, with space
group R-3c number 167). For doped samples, all the observed peaks in the case of non doped
samples persevere with approximately fixed slight shift to lower 26 values for all Co dopant
concentration. This shift may be due to the bigger radius of cobalt, comparedto iron one (Rco+2
=0.72A, and Rre+3 = 0.64 A) [9].

Fordoping at 2 wt.%, a new peak appears in the XRD spectrum related to (200) plane, intensity
of which fails down at 10 wt.% of doping; this peak corresponds to cobalt monoxide (CoO)
reported to (JCPDS No: 01.043-1004). For doping much than 5 %, additional peak referred to
(311) plane is observed and intensifies with mounting of doping. This indicates the presence
of Cobalt (I1, I11) oxide (Co304) and much well with (JCPDS No: 01.065-3103). This is in
good agreement with what showed in literature [10] and ensure that the used Co doping
concentration (more than 2 wt. % Co/Fe) affect the Fe>Os crystallographic structure thin films.
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(a-Fe,0,) JCPDS N: 01.073-2234 (Co0Q) JCPDS N: 01.043-1004
- (Co304) JCPDS N: 01.065-3103

(104)

(110)
(311)

 (012)
= (113) 00
| (024)
(116)
(214)
—(300)

Doping 20 %

1 ” Doping 10 %

7 Doping 5 %o

Intensity (a.u)

4 Doping 2 %o

Doping 0 %o
I v I v I v I v I v

20 30 40 50 60 70 80
2 theta (degree)

Fig.1V.1 X-ray diffraction patterns of sprayed hematite a-Fe,O3 of pure and Co-doped thin films.

lattice constants (a and c), for the rhombohedral phase structure, are determined by the
relations (11.5) and (11.7). The values of lattice parameters ‘a’ and ‘¢’ are listed in Table.IV.1.
It is worth noting that the values (a = b = 5.02896A, ¢ = 13.7255A) of the pure samples are
close to the ones of the standard JCPDS data card, (ao =bo = 5.0325 A and co = 13.7404A).

The increase in lattice parameters of Co doped hematite thin films compared with the
non doped one is due to the substitution of larger ionic radii of Co?* into the position of smaller
ionic radii of Fe** in a-FeOs lattice (the ionic radius of Co?* is: 0.67 A °, and for Fe®" is:
0.58A °) [11]. Those values are increased by very small amount up to 2wt.%, this confirms
elongation of unit cell along c-direction hence Ac more than Aa, this result is in good agreement

with literature [9].
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Table.lV.1: 0-20wt.% Co doped thin films parameters: dna,, average grain size, lattice parameters,

optical gap, and Urbach energy.

Cola- hkl
Fe,Os3
104
0%
110
104
110
2%
200

104
110

5% 200

311

104

110

10% 311

104

110
20%

311

26(°)

33.239

35.709
32.920
35.348

41.697

33.920
35.348

41.796

38.310
32.920
35.348

38.310

32.920

35.348

38.300

FWHMg(Ra
d)
0.22367

0.21831
0.17457
0.24193

0.26024

0.19125
0.31256

0.28784

0.19135
0.22826
0.40925

0.39597

0.28934

0.35697

0.46553

D(nm)

37.08

38.24
47.46
34.49

32.67

43.32
26.70

29.55

43.97
36.30
20.39

21.24

28.63

23.38

18.07

dria(A)

d 1o4=2 .6945

d110:2.5136
d 1o4=2. 7199
d110:2.5384

dzoo=2.1654

d104=2.7199
d110=2.5384

d200:2.1605

d311=2.3487
d104=2.7199
d110=2.5384

d311=.23487

d104=2.7199

d110:2.5384

d311=2.3493

Latticeparamet

ers (A)

a=5.0272

c=13.717

a=5.0769

c=13.847
a=4.3308
a=5.0769

c=13.847
a=4.3210

a=7.7898

a=5.0769

c=13.847
a=7.7998

a=5.0769

c=13.847
a=7.7918

Unit cell
volume

GY)

300.212

309.079

309.079

309.079

309.079

Eu
(eV)

0.217

0.194

0.160

0.352

0.409

Eg (eV)

.207

2.09

2.12

2.15

2.22

The crystalline sizes of 0-20wt.% Co doped thin filmswere calculated for the more intense peaks

using Scherrer’sformula (11.6). The Crystallite size variation shown in Fig.I\V/.2; it increases from

37.08nm for undoped hematite nanoparticles to 47.46nm for 2% doping. By increasing the

dopant concentration to 5%, the crystallite size decreases to 43.32nm. For dopant

concentration of 10%, crystallite size is reduced to 36.30nm, this value keeps decreasing to

28.63nm till 20% dopant concentration. Decrease in crystallite size at dopant concentration

starting from 5% can be attributed to presence of cobalt ions which coincide with oxygen

forming its own oxide (CoO and Co0304), this can be defined as a crystal defects which well

match with increasing in the Urbach energy. The reduction in crystallite size was observed as

a result of cobalt oxide presence in the films, this result is compatible with literature [12].
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Fig.1V. 2 Variation of Grain size and Urbach energy 0-20wt% Co doped thin films.

IV. 3. 2 Surface morphology

The surface morphology of Co doped iron oxide thin films (Co-a-Fe203) are studied via
SEM. Fig.1V.3(a,b,c, and d) shows the results with different doping concentration (2,5,10, and
20wt.%) respectively. The SEM images demonstrate that the grain size is homogeneous with
some agglomerating sites. The average grain sizes are: 166,200,227, and 225 nm for 2,5,10,
and 20wt.% respectively, those value are much higher than which were found in XRD, which

confirm the fact that each grain is formed by aggregation of few numbers of nanocrystals.

SEM HV: 20.0 kv W 7.07 mm |

View fiold: 16,4 pm  SEM MAG: 180 kx |2 pm
e, 38 Date meey ) 01309 LPCMA- SISk

c -
-

S14.3 pm  SEM MAG: 194 kx 2
F 13 Date(m/d/y): 01/30/19 LPCMA-Biskra

SEM HV: 20.0 kV WD: 6.47 mm VEGA3 TESCAl SEM HV: 20.0 kv WD 806 snm VEGAS TRESCA|

View fleld: 30.4 um  SEM MAG: 9.13 kx 5 pm

Viow field: 27.0 pm | SEMMAG: 10.3 kx | & pm
Det: SE Date(m/clly): 01/30/19 LPCMA-Blskra

Dot SE Date(m/ely): 01/30/19 LPCMA -Biskra

Fig.1V.3 SEM analysis of 0-20wt.% Co doped hematite thin films ((a):2wt.%,(b):5wt.%,(c):10wt.%, and (d):
20wt.%)
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IV. 3. 3. Optical properties

Photos of elaborated thin films are presented in Fig.I\V.4 which exhibits the change in
color as a function of doping concentration.Fig.I\V.5 shows the transmittance spectrum of 0-
20wt.% Co doped thin films. For the undoped sample, the transmittance spectrum was foundto
be about 65% beyond 550nm. For the doped ones this value decreases to reach 60% at dopant
concentration 2%, then increases to exceed 80% for the 5 and 10% wt Co doped samples
whereas for 20 % Co doped sample the value of transmittance becomes lower than 80%.
Bellow 550nm, the transmittance spectrum display a drastic decrease due the fundamental

absorption of the materials (i.e the band gap).

The band gap has been calculated using, Tauc’s relation (11.14). The optical absorption
data was used to plot (aiv)2vshy, as shown in Fig.I\V.6, the straight line extrapolation leads to
the band gap energy values of 0-20 wt .% Co doped samples. An obvious increase (blue shift)
in Egfor the Co doped hematite thin films compared to the non doped ones; Eg increases from
2.07 for pure a-Fe,03 t0 2.09, 2.12, 2.15, and 2.22eV in respect to the dopant concentration 2%,
5%, 10%, and 20 wt.%, respectively. It is worth noting that the first ionization energy of Cobalt
(7.88eV) is less than that one of iron (7.90eV) leading to a localization 3d orbital of cobalt
higher than 3d orbital of iron This can causes an active transitions engaging 3d levels in Co*?
ions and strong pd-d exchange interaction between itinerant pd a-Fe2Os orbits and the restricted
d of the dopant. As a result a narrowing in the conduction band Ec and the valence band Ev
happens and causes a shift of Ec upwards and Ev downwards, which leads to proclaim that Co
doping causes the band gap broadening. The same phenomena (blue shift) are carried out in the

literatures [9,13, 14]

Fig.1V.4 Photographs of elaborated samplesof 0-20% wt Co-doped o-Fe;03 thin films
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Fig. IV. 5 Transparency spectrum of (0-20wt. %) Co-doped a-Fe»Os thin films.
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Fig. 1V. 6 Estimated band gap (Eg) from Tauc's relation for 0-20%wt Co doped a-Fe,O3 thin films.

IV.3.4 Fourier transform infra-red (FT-1R) spectroscopy

Fig.IV.7 shows the FTIR spectra of the Co-doped a-Fe2O3 thin films upon different
dopant concentration. The peaks in the range 460-563cm™* were attributed to the Fe-O and Co-
O stretching mode [9]. The peaks intensity and the area absorption increase directly with the

dopant concentration specifically at 20 wt. % (see inset), which gives rise in the compound
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formation of iron and cobalt oxides. The absorption peak centered at 1640 cm™ indicates the
presence of COO- stretch mode [15, 16]. While the absorption one at 2358 cmlis referred to

the presence of CO, molecules, which may refer to the surrounding atmosphere during
preparation.

120
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§ \
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Fig.IV.7 FTIR spectrum of a-Fe,O3 of pure and Co-doped thin films.

IV. 3. 5. Antibacterial Activity

The antimicrobial activity of Co-hematite nanoparticles was given in Fig.I\V.8. The
nanoparticles correspond to 20% Co doping show an activity against E. coli and Lis. For 10%
there are activity against P.a, SLM and Lis. For 5% of doping there are activity against E. coli
and P. a. No activity was shown for 0% and 2%. From this study, it may be revealed that high
doped Co-hematite nanoparticles exhibits good activity against both the gram positive and gram
negative organisms. The bactericidal effect of iron oxide nanoparticles may be due to their
smaller size. The inactivation of E. coli by iron oxide nanoparticles could be because of the
penetration of the small particles (sizes ranging from 10 to 80 nm) into E. coli membranes,
leading to oxidative stress and causes interruption of the cell membrane [17]. The significance
of study showed that the saturation of the media with the iron nanoparticles results in loss of

oxygen which may be due to the Fenton’s reaction.
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Fig.I1V.8Inhibitation Zone for different bacteriaas a function of doping concentrations.

V. 4 Conclusions

Cobalt doped iron oxide (hematite) nanoparticles were prepared using spray pyrolysis
method. The dopant concentration is varied at 2, 5, 10, and 20wt.%. Presence of diffraction
peaks corresponding to plans (012), (104), (110), (113), (024), (116), (214), and (300)
signified the hematite phase formation. As a result of doping, two added peaks were appeared
much well to planes (200) and (311) which correspond to cobalt oxides CoO and C0304
respectively. The peaks positions corresponding to hematite marked a fixed slight shift to
lower 26 values for all Co dopant concentration. Crystallite size increases in the beginning of
dopping than it take a successive reduce values in increase at dopant concentration. The optical
transmittance and the band gap values increase with increasing the dopant concentration.
FTIR study confirms the existence of both Iron and Cobalt oxides. As an application in the
areas of the antibacterial test, the synthesized cobalt doped hematite NPs exhibit a good
antibacterial activity against E. coli, Listeria innocua, Pseudo monasaeruginosa and

Salmonella enteric beyond 5wt. % Co/Fe doping.
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General conclusion

This thesis contains four chapters, the first chapter is an art of state about iron
oxides and their applications, where general information about iron oxides and their
properties in different sides have been illustrated then applications of iron oxide
nanoparticles in environment have been discussed which includes the area of
wastewater treatment and antibacterial test. The second is about elaboration and
characterization methods used for elaborating hematite thin films. Characterization
tools also have been discussed for investigating the structural, morphological, optical
analysis.

As conclusion of the experimental chapters, it draws as follow:

The a-Fe;O3(hematite) thin filmswere successfully fabricated via spray
pyrolysiswith moving nozzle at 500°C.Thestructure, morphology, and optical
properties of the deposited Co-doped a-Fe>Osthin films have been investigated. The

main focus of this investigation was:

e To observe the effect of doping on the properties of a-Fe.Oz thinfilms,
including XRD analysis, surface morphology, transparency of the films, and
gap energy;

e To study the Photocatalytic effect of Co-a-Fe203, low Co doped iron oxide was
proceed (0.25-1.5 wt.%);

e To study the antibacterial test of Co-a-Fe2O3, high Co doped iron oxide have
been proceed. (2-20 wt. %)

The XRD analyses of thelow doped Co-a-Fe20sat:(0.25,0.5,1, and 1.5wt.%)
confirm that the doping processdid not affect the main peaks in diffraction patterns,
however, it show a change in their intensities, suggesting that Cobalt ions doping
enhances the growth of the product. FTIR study confirms the existence of thea-
Fe20s,the hydroxyl radical enhanced by Cobalt doping on the surface of a-Fe>O3 which
is considered as good result for photocatalytic application. Photocatalytic test indicated

that the decolorization rate -under UV irradiation- of MB using 1.5wt.%Co-a-Fe>03
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thin films reached 45%, while it reached 85.45% under sunlight irradiation, so, this type
of catalyst is a potential candidate for organic dye degradation in large-scale

applications.

As a result of high dopeda-Fe2Oswith rate of:(2, 5, 10, and 20wt.%), two added
peaks were appeared in the XRD pattern much well to planes (200) and (311)
corresponding to cobalt oxides CoO and Cosz0s respectively. This indicates a
differencebehavior of Cobalt ions at high doping concentration. Crystallite size
increases in the beginning of doping then it reduces successively(till 28.63 nm at
20wt.%), which is considered as a good result for the application of the Co-a-Fe2Ozin
antibacterial field. The synthesized cobalt doped hematite NPs exhibit a good
antibacterial activity against E. coli, Listeria innocua, Pseudo monasaeruginosa and

Salmonella enteric beyond 5wt. % Co/Fe doping.

There is much recent interest in the use of iron oxide nanoparticles as an
important tool inwastewater and antibacterial treatment. In future study, a focus on
effect of Co dopant concentrations will be taken in consideration under sunlight

illumination, also co doping in enhancing phototcatalytic activity will be undergo.
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Postulated mechanism of MB dye drgradation

In the Co-a-Fe2O3 photocatalytic degradation process, oxidative degradation of MB
occurs generally by the attack of *OH radicals, known as highly reactive electrophilic oxidants.
Generally, the sites near the C-S+=C functional group and the central imino-group are the
attack area in photocatalytic degradation process. The main identified intermediates resulting
from MB degradation are sulfoxide, sulfone, sulfonic acid, and substituted aniline. Based on
these, though intermediates forming in the photocatalytic degradation process of MB were not
identified, the mechanism suggested by Houas et al. [1] was also postulated in our system
(svhema. 1). The initial step of MB degradation can be ascribed to the cleavage of the bonds of the C—
S+=C functional group in MB:

R—S*=R +0H°>R—-S(=0)—R +H*

The electrophilic attack of OH” concerned the free doublet of heteroatom S, making its
oxidation degree pass from —2 to 0. However, the passage from C-S+=C to C-S(=0)-C
requires the conservation of the double bond conjugation, which induces the opening of the
central aromatic ring containing both heteroatoms, S and N. The origin of H atoms necessary
to C-H and N-H bond formation can be proposed from the proton reduction by photogenerated
electrons:

H*+e > H

The sulfoxide group can undergo a second attack by an OH° radical producing the sulfone and
causing the definitive dissociation of the two benzenic rings:
NH, — CcHs(R) — S(= 0) — CsHy — R 4 OHP
- NH, — CgH3(R) — SO, + CcHs — R

and/ or
NHZ - C6H3(R) - S(= 0) - CGH4, - R + OHO
- NHZ—C6H4—R+SOZ—C6H4—R

The oxidation degree of sulfur has now increased from 0 to +5. Subsequently, the sulfone can

be attacked itself by a third OH - radical for giving a sulfonic acid:
502_C6H4_R+ OHO d R_C6H4 _SO3H

Presently, sulfur has reached its final, stable and maximum oxidation degree (+6) and the final

release of SO4%- ions can be attributed to a fourth attack by OH - :
R—CgHy —SO3H + OH° > R — CgH,° + S0,%™ +2H*

Radical R-CsH4  can subsequently react either with OH~ giving a phenolic compound or

with a H’ radical generated by reaction:
H*4+e - H
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schema. 1 The degradation pathways of methylene blue reacting with Photocatalytic oxidation[1].

Concerning the mineralization of the three nitrogen-containing groups in MB molecule,
two cases have to be examined. First, the central imino-group undergoes a N=C double bond

cleavage induced by the cleavage of the double bond of the —S+= group in para position in the

central aromatic ring. The saturation of the two amino bonds is obtained by H’ radicals
mentioned above, yielding a substituted aniline. As previously observed, the amino group can
be substituted by an OH’ radical forming the corresponding phenol and releasing a NH." radical
which generates ammonia and ammonium ions, estimated to be primary products as mentioned
above.
R — C¢H, — NH, + OH®
- R— C6H4 - 0H+NH2°
NH,° + H° - NH,
NH; + H* -» NH,*
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The other two symmetrical dimethyl-phenyl-amino groups undergo a progressive
degrading oxidation of one methyl group by an attack by OH" radical producing an alcohol,
then an aldehyde, which is spontaneously oxidized into acid, which decarboxylates into CO>
by photo-Kolbe reaction.

R — C4H, — N(CH3), + OH°
—- R —C¢H, — N(CH;) — CH,° + H,0

R - CGH4_ - N(CH3) - CH2° + OHO
R — C4H, — N(CH3) — CH,0H

R — C4H, — N(CH3) — CH,OH + OH°
il R - C6H4_ - N(CH3) - CHO - OH + H20

R — C4Hy — N(CHs) — CH® — OH + OH®
— R — C4H, — N(CH;) — CHO+H,0

R - C6H4_ - N(CH3) - CHO + OHO
— R — C4H, — N(CHs) — C° = 0+H,0

R_C6H4_N(CH3)_ CO= 0 +0Ho
— R —C4H, — N(CH3) — COOH

—-R—C4H, —N°—CH; + H*

Subsequently, the phenyl-methyl-amine radical is degraded, probably by successive attacks by
OH- radicals. The aromatic ring will undergo hydroxylations producing phenolic metabolites
whose degradation has already been studied, hydroxyhydroquinone being the last aromatic
compound detected before the ring opening. The amino group can form ammonium ions as
developed above, which are slowly oxidized into nitrate or can be directly oxidized into
hydroxylamine leading also to nitrate [1].
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Abstract

In this work, firstly structural, optical, and morphological properties of Cobalt doped alpha
phase iron oxide (hematite: Co-a-Fe203) thin films has been carried out. Secondly, Co-a-Fe203
and their applications in the area of wastewater treatment and antibacterial were tested. 0.25-1.5
and 2-20wt. % Co-a-Fe20O3 thin films have been deposited on 500°C heated glass via spray
pyrolysis with moving nozzle (SPMN). For all 0.25-1.5wt. % Co-a-Fe20s3 thin films XRD analysis
exhibit the presence of diffraction peaks corresponding to (012), (104), and (110), planes of a-
Fe2>O3 phase. The average grain size changes with doping concentration, it reaches 38.81nm for 1.5
wt. % Co doping. FTIR study confirms the existence of Fe-O bonds of a-Fe>Os, with enhanced
hydroxyl radical OH on the surface of Fe>Os. Such hydroxyl radical OH is a good result for
Photocatalytic application. Photocatalytic activities of 0.25-1.5wt. % Co-a-Fe;O3 samples were
studied based on the degradation of methylene blue (MB). This activity increases with cobalt
doping concentration, and it is better under sunlight irradiation. For antibacterial test, the doping
concentration was varied from 2 to 20wt. %. Analyzing XRD pattern indicated the presence of
diffraction peaks corresponding to plans (012), (104), (110), (113), (024), (116), (214), and (300)
which signified the hematite phase formation. As a result of doping, two added peaks were
appeared and much well with (200) and (311) planes, of Cobalt oxides CoO and Co030s4,
respectively. The peak positions correspond to hematite marked a fixed slight shift to lower 26
values. Crystalline size increases in the beginning of doping then decreases with doping
concentration. SEM images demonstrate that the clusters of grain size are homogeneous with some
agglomerating sites. The average grain sizes clusters are: 166, 200, 227, and 225 nm for 2, 5, 10,
and 20wt. %, respectively. The synthesized cobalt doped hematite nanoparticles exhibit an
antibacterial activity against E. coli, Listeria innocua, Pseudo mona saeruginosa and Salmonella
enteric beyond 5wt. % Co/Fe doping.

Key words: a-Fe>Oz; thin films; doping; Photocatalytic activity; antibacterial test.
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