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Abstract

This work involves three parts, the first of which utilizes a new
deposition process to synthesize cobalt ferrites (CoFe,O4) nanoparticles
using cetramide (CT) as a positive surfactant. The CoFe,O4 nanoparticles
were synthesized as an inverse spinel. The PANI/CoFe,O4J/Ac
nanocomposite was created by a chemical oxidation polymerization
process with hydrochloric acid and Ammonium Persulfate (APS) as
activators and oxidants.

Through the second part, spinel CoFe,O, nanoparticles and their
composites were identified by several techniques. Infrared spectroscopy
showed characteristic peaks between 400 and 600cm™, indicating the
locations of tetrahedral Fe-O and octahedral Co-O isoforms in the
CoFe,O4 nanoparticles. X-ray diffraction showed that the prepared
samples of CoFe,O,4 and its ternary composite have nanoscale size ranged
from 31.83 nm for CoFe,O4 to 36 nm for the ternary composite. The
SEM image showed an idea of the surface morphology of the prepared
compounds, the shape of the CoFe,O, spinel was found to be texture-like,
but for composite was found to be layered, the particle sizes measured of
the spinel were found to be between 33.03 to 41.35 nm, and for the
composite equal to 29.34 to 49.90 nm, thus, all samples studied are
considered to be nanocrystals. The EDX spectra showed that the Co, Fe,
O, and C elements of the catalyst were present and pure with no
impurities. The BET surface areas and pore size distribution were
measured for both synthesis samples and demonstrated the hysteresis
loops correspond to the adsorption isotherms of type IV, and the
hysteresis loop in the relative pressure range (P/PO) of 0.3~1.0, which
belongs to type H3 with nanopores. The specific surface area of ternary
composite is of more value for cobalt ferrite and equal to 54.118 m* g™
and 8.9064 m* g, respectively.

In the third part, CoFe,O, /AC/ PANI were used as adsorbent for the
removal of direct orange dye from aqueous solutions. Initially, the
adsorption experiment was carried out for all the prepared surfaces
towards the dye and the highest percentage of dye removal was found on
the superimposed surface where the removal rate reached 95%.



The removal efficiency of direct orange dye was found at 45 minutes as
optimum equilibrium time, surface mass at 0.3 g, and pH 6, temperature
25 ¢ and 5 mg\L concentration After that, the factors affecting the
adsorption process (time, concentration, weight, pH, temperature) were
studied for the surface of cobalt ferrite and ternary composite, and the
ternary composite gave a higher removal efficiency compared to cobalt
ferrite. In reusability, it was found that after four cycles, the dye removal
efficiency of the composite decreases from 95.24% to 70.11%, while the
dye removal efficiency of cobalt ferrite decreases from 82.34% to
28.35%. These results indicate that the composite shows higher
reusability compared to cobalt ferrite.

On the other hand, the thermodynamics functions were detected and was
found that removal reaction of dye by CoFe,O, is exothermic with
physical adsorption (less than 40 kJ/mol). this result is in agreement with
the result via applied Freundlich equation, while the same reaction using
composite was demonstrated a chemical adsorption (greater than 80
kJ/mol) with endothermic reaction. The PFO model is obeyed the
adsorption of direct orange 39 dye onto the CoFe,O, /AC/ PANI and
CoFe204 nanocomposite adsorbent, because correlation coefficient R2
for PFO > correlation coefficient R2 for PSO,
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Chapter One Introduction

1.1. General Introduction

The level of water pollution has been increasing over the decades
mainly because of the growth of industrialization. This phenomenon is
dangerous to human health, animal life, natural resources and the
environment at large (1). Comparing different types of water pollutants, it
Is worth mentioning that aromatic organic materials like dyes and
pigments are applied in textile industry, plastics, paper, leather, food
stuffs, cosmetics and hair dye industry. In the world, an estimated 700000
metric tons of dyes are produced every year (2). The toxicity and non-
biodegradability of the unreacted dyes released into water bodies make
them a menace to the environment. Azo dyes contain one or more of —
N=N- bond, preprepared diazo compounds or diazotized amines, which
forms through coupling with amines and phenols. These dyes settle in
water bodies with great affinities for water and water soluble and lower
the dissolved oxygen content, thus posing great impacts on the ecology of
water bodies (3), for example: Direct Orange Dye, which belongs to
benzidine azo compounds is used in dyeing of paper textiles and yarns
and in laboratories for pH indicators. However, it is highly toxic even in
concentrations of less than one part per million, which have carcinogenic,
mutagenic and dermatitis-like effects. When metabolized, benzidine that
Is set free from direct orange dye causes severe health complications such
as respiratory disorders, blood coagulation dilemma and somnolence (4).
Direct orange dye is found to react with water and form various
compounds in aqueous solution based on their pH. Ther fore, a strong
need for methods to the removal from dye. Coagulation- precipitation,
Biochemical treatment, activated sludge, ozonation, reverse osmosis,
filtration, photocatalytic degradation, adsorption(5). Although such
approaches have advantages for high-quality work, its drawbacks include
high costs, low work rates, and energy demands. In adopting the available

1



Chapter One Introduction

separation techniques, adsorption turns out to be among the most
effective and economical solutions especially when applied alongside the
right adsorbents [6]. Indeed, polyaniline (PANI), the adsorbent used here,
possesses two active groups of nitrogen, namely amine group (-N<), and
imine group (-N=), both of which have free ion pairs of electrons in their
structures that can readily interact with direct orange dye. In general, the
aim interactions between polyaniline as based adsorbent and dye as an
adsorbate included n—= interaction, hydrogen bonding, and electrostatic
attraction. Methyl orange anionic pollutant can form a complex with
emeraldine salt of PANI; which is cationic in nature in acidic aqueous
medium due to electrostatic attraction. The Following are Factors that
influence adsorption process: the functional groups present on the
adsorbent and the functional groups present on the adsorbate. Adsorbent
shape and porosity. Diffusion constraints between the adsorbent and the
adsorbate since the absorption mainly takes place on the surface (6)(7).It
was also found that the PANI composites with carbonaceous compounds
or metal oxides present higher dye removal efficiency than cobalt ferrite.
These composites possess high mechanical strength large surface area,
outstanding thermal stability, high electrical conductivity, increased

porosity (8).

1.2. Source of Water Pollutants.
Water is polluted by several important sources, which can be identified as
follows: wastewater sources figure (1) such as, domestic and industrial
waste products, animal waste, dead organic material, chemicals such as
soaps and industrial detergents and some forms of useful bacteria and
microbes that are harmful...etc. Sources of oil and its derivatives: water
contamination by oil involves the release of oil materials into bodies of

water, incidence, mistakes in several types of searches, drilling, and
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transport processe, Industrial sources. These include most wastes
generated from industrial processes: chemical, mining; processing;
manufacturing; food industries and other industries. Agricultural sources:
these are Chemical fertilizers’ pesticide and agricultural fertilizer
(Phosphorus and nitrate compounds). Natural sources: expressed in the
form of rainfall, animal droppings Planted or cultivated produce, waste

products, deposits and earth-like substances(9).

@ \Wastewater sources

M Natural Sources

source of
water ©O0il and Its Derivatives

pollutants
O Agricultural Sources

@ Industrial Sources

Figure (1.1). Source of water pollutants.

1.3. Dyes.

Dyes are common in many industries such as textile, fashion, paper,
plastics and polymers, food industries, printing and visuals arts, cosmetics
and pharmaceuticals. Generally, most dyes are organic compounds
containing different functional groups and complex aromatic systems[12].
Nevertheless, some colors that find their way into receiving streams

through industrial effluents are potential polluters of water. The dyes and
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most products of degradation of dyes are mutagenic, and carcinogenic,
allergenic and toxic most of which when released in the environment
causes the environment fitness both humans and aquatic life resulting to
chronic and acute diseases. However, some dyes that are let into
receiving streams in industrial effluents could pollute the water. Because
of the given conditions in which the colors in water effluents are not safe
Most dyes and their breakdown products are extremely toxic to humans
and aquatic life. They are also carcinogenic, allergic, and mutagenic. This
may cause both short-term and long-term disorders , [13] [14] Because
dyes are generally characterized by their relative molecular weight and
modified stability, the methods of their removal from wastewater include
chemical, biologic, and physical procedures, such as photolysis,
adsorption, precipitation of chemical compounds, nonchemical
destruction, and electrochemical precipitation(10)(11). (12).Direct
Orange 39 is a synthetic azo dye which is used as a cellulose dye to dye
cotton among others through Teachable class of dyes. Mainly employed
in application of dyes or printing of woven and knitted materials made
from Cellulosic fibers including cotton. Can also be utilized in paper
coloring as well as some industrial uses where its bright orange color
characteristic of the chemical is desirable. It forms an orange color which
Is very bright. Good affinity for cellulose fibers since it is a direct dye and
thus does not require a mordant to attach to the fibers. As for Fastness, it
has a moderate light fastness and wash fastness with slight stanching but
this may differ according to the type of utilization and end post treatment
Impact on nature and human health. As with many other azo dyes, Direct
Orange 39 may produce aromatic amines in some situations and,
therefore, poses environmental and health risks. Interceptors emanating

from industries utilizing this dye should be well managed to reduce harm
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to the environment.(13). The common properties and structure of this dye
Is demonstrated in figure (1.3) and table (1.2).

4 Na

Figure (1.2)Chemical structure of Direct Orange 39 dye(14)

Table (1.1) Some of the features which can be associated with the Direct
orange 39 dye(15)

The variables Information
Molecular Formula C1,H10N3NaOsS
Molecular Weight 299.281 g mol™
Common Synonyms Solar Yellow 3R and Orange 2GL
Dye Class Azo, Direct Dyes
Amax 415 nm

1.4. Classification of dyes

The list of dyes was initially prepared by the SDC, and the society
published it jointly with the AATCC (Color Catalog Volume was
published for the first time in 1924, which is considered to be the official
source of dyes(16). Dyes are primarily classified based on their chemical

5
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structure or their method of application [22. From this perspective, each
dye is associated with a specific classification system. The numerical
classification (Colour Index — Constitution Number, CI-CN) reflects the
chemical characteristics of the dye, while the nominal classification
(Colour Index Name, ClI Name) corresponds to its application method
[23].

1.4.1. Chemical classification:

The classification of colors based on their structures as chemicals is
mainly based on the chemical nature of the chromophore group the study
of the classification is relevant to the manufacturer of coloring materials
and dyes. There are many categories, the most important of which are
Azo dyes that contain one or more azo groups (-N=N-) and anthraquinone
dyes Which is a chemical defined by the presence of two aromatic rings
joined by two carbonyl groups(O=C) in each molecule Pigment has a
systematic name within these chemical categories (17). The dyes can also
be classified according to the source of chemicals used in synthesizing
the said dye in xanthene’s, heterocyclics, nitro, stilbene, phthalocyanine,

indigoid, polymethine, and anthraquinone.
1.4.2. Applied classification:

This type of classification is based on the presence of auxochrome
groups in dye molecules. However, for practical purposes in the textile
industry, classification based on the application method is considered
more appropriate, as it directly relates to how dyes are used in different

materials and processes.

There are various techniques for applying dyes, but a common

requirement across all methods is that the dye must be water-soluble at
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some stage of the dyeing process. Some dyes are naturally highly soluble

in water, while others require chemical modification to achieve solubility.

Based on the application methods, dyes are classified into several
categories, each tailored for specific dyeing techniques and fiber types
[25].

1.5. Spinel Semiconductor

Regarding the structure of spinel, it is a mixed oxide which can be
described in a general form AB,O, where A and B may be respective
cations that contain some of the following elements and are used in some
aspects such as catalytic ones. Indeed, it is a substance that is also heat
stable and chemically conservative as well. In the oxide, there are one
divalent and two trivalent Fe cations which mean the average of cation,
charge is 2+ such as magnetite FesO4 which chemically consists of iron
(I11) oxide with a spinel structure which is perfectly stoichiometric.
Chemically conservative as well. In oxides there are one divalent and two
trivalent Fe cations which gives an average of cation charge of 2%, such as
magnetite Fe;O,, which has been found to be chemically composed of
iron 11l oxide with a spinel-like structure which is considered to be
perfectly stoichiometric. That is why most of the catalytic properties of
spinels are reported to be dependent on the presence of cations with
diverse charges which incite internal redox reactions and the reduction-
reoxidation cycles of the catalyst. In the spinel, oxygen anions are nearly
in CCP array, and the cations are accommodated in the available space.
Concerning the A sites which form a very little part of the interstices, out
of the counter’s total tetrahedral interstitial sites only eight can

accommodate Mn (18).
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1.5.1. Classification of spinel semiconductors.

Spinel semiconductors are classified into two types based on their charge

transport mechanisms:

1. N-Type Spinel Semiconductors Charge Transport Mechanism: the
process involves hopping electron conduction (e”) between iron ion sites
in the octahedral structure. Reversible electron conductivity: The Fe** and
Fe?* redox couple, represented by the reaction Fe** + ¢ «» Fe?',
demonstrates that the concentration of Fe?" increases the reversibility.
Mechanism for Conductivity Enhancement: Oxygen chemisorption on n-
type spinel ferrite changes Fe** to Fe?". Oxygen oxidation and reduction
of dyes release e, increase Fe*'/Fe** couples, and improve electrical
conductivity. The oxidation-reduction reaction at n-type spinel ferrite

surfaces is reversible. Examples are MgFe.0Oa, CdFe204, ZnFe20a, and

CoFe,0,.

2. P-Type Spinel Semiconductors are inverse spinel ferrites with
transition metal ions (M?") at the octahedral and Fe** at the tetrahedral
sites. Charge Transportation Mechanism: Hole (h*) hopping conductivity
of Ni** and Ni** at octahedral sites: Ni** + h* <> Ni**. During synthesis,
oxygen ions absorb Ni** and convert it to Ni**, creating cation vacancies.

Example: NiFe204 (19).

1.6. Adsorption

Adsorption is a longstanding and intricate chemical and physical process
with significant potential for producing effluents of acceptable quality.

This phenomenon can be called extraction of liquid- solid because of

8
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depending on the bending forces between liquid and solid surface (20),
Thereby the compounds adhere to the outer layer. with formation of an
excess concentration on the outer layer. As pointed above, adsorption is a
spontaneous process entails of reduction of the system free energy and
entropy (21). This is the case causes the increasing in ordering of
molecules at the surface to be more ordered than the molecules in
solutions. The force that binds the adsorbate and the adsorption surface is
due to many more highly differing forces such as dispersion force and

dipole interaction.

1.7. Types of Adsorptions

Depending on the type of affected forces on adsorption, the adsorption
can take one of two forms: chemical adsorption (chemisorption), or

physical adsorption (physisorption) (19), as listed in Table (1-1).

Table.1.2.The different between Physisorption and Chemisorption
(20)

Physisorption Chemisorption

Dictated by van der Waals forces. Chemical bonds are the basis of

forces.

Heat of adsorption is Less than 40 kJ

Heat of adsorption surpasses 80 kJ

mol ™. mol ™.

There is no transfer or exchange of | The outermost layer of the
electrons between the adsorbed species | adsorbent and the adsorbate
and the adsorbent surface. When the | undergo electron sharing or

condition is not met, the event takes

place to release activation energy.

exchange. Vitality for It could be
necessary to activate.

The process is standard.

The process stands out due to its

unigueness.
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Long-range operation of the forces may

result in multilayer adsorption

After adsorption, a monolayer is

created, and inclusion may follow.

Only at temperatures lower than the
boiling point of the adsorbate can

adsorption be detected.

Adsorption may take place at

elevated temperatures

It is possible to reverse the procedure.
The adsorbing layer can be removed by
heating the region to a low temperature

or by emptying it.

It is possible to reverse the
procedure. The adsorbing layer can
be removed by heating the region to

a low temperature or by emptying it.

1.8. Mechanisms of Adsorption in Solution

The adsorption process from a solution onto a solid adsorbent surface, is
unlike the single-substance adsorption (gases, vapors, or pure liquids),
because of it involves multi-component solutions generating a thicker
layer on the surface that is demonstrated in figure (1.2) The key steps

include: (21).

10
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@ ransfer of adsorbate molecules
across the boundary layer of the
solid particle.

@ iffusion of adsorbate
@surface diffusion of molecules along the solid

adsorbed molecules surface into the pores and
on the pore surfaces. toward the active sites.

€)solute

moleculesAdsorption onto
the inner surfaces of the
active sites within the
pores.

Figure (1.3). The key steps adsorption mechanisms in Solution

1.9. Factors Affecting the Adsorption Process

The adsorption process is influenced by the following variables:

1. Concentration of adsorbate

A constant temperature environment produces an increased amount

of material that adheres to a specific adsorbent mass with

increasing solute concentration (22).

2. Temperature

The type of adsorption and the characteristics of the adsorbent and

adsorbate determine how temperature affects the extent of adsorption.

Lech atelier’s Principle states that a drop in system temperature would

cause a reduction in temperature that increases the extent of adsorption

11
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like chemisorption, and that increases adsorption like physical

adsorption (23)

3. Effect of pH
Because pH affects the chemical states of the adsorbent, adsorbate,
and solvent, adjusting the pH of the solution has a significant
Impact on the amount of adsorption that can occur from the
solution. Because of the disagreement between OH™ and H”, This
effect is observed with ions and their overlap with the solvent,
adsorbate, or adsorbent surface (24).

4. Nature of the adsorbate
The adsorbate's chemical and physical properties determine the
extent to which adsorption occurs. A molecule's ability to adhere to
a surface is determined by its size, stereochemistry, polarity, and
the presence of distinct persistent groups (25).

5. Adsorbent surface area
The particle size and surface area of a given mass of adsorbent are
inversely related. That is, the smaller and more porous or finely
divided the material is, the greater its specific surface area. A
higher surface area increases the number of available active sites
for adsorption, thereby enhancing the adsorptive capacity of the
material. Consequently, as the number of surface-active sites
increases, the material becomes more effective at adsorbing target
molecules [21].

1.10. Classification of Adsorption Isotherms

The adsorption process is generally analyzed using graphs called
adsorption isotherm. Adsorption is the quantity of adsorbate on the
adsorbent for a given pressure/ concentration of the adsorbate at a
constant temperature. The quantity adsorbed is specificed by mass of the

12
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adsorbent so that comparisons between different materials can be made.
Hence, it can predict that after saturation pressure, adsorption does not
occur anymore. that is, there are limited number of vacant places on the
adsorbent. When pressure is high, all the sites are filled and further raised
pressure does not make any variation in the overall adsorption. At high

pressure, adsorption has no effect with pressure(26).

Thus, depending on the Chara constructive physical and chemical
properties of the curve characteristic at low concentrations of the
adsorbate solution, the classification of isotherms is given in figure (1-3).
Giles and colleagues established the following four main types of
adsorption isotherms(27) (28).

O L-Type (Langmuir Type) Characteristics

This isotherm implies that a one-layer deposit is formed on a uniform
surface only. The adsorbent surface is characterized by a finite number of
identical and indistinctive binding sites. Adsorption is carried out without
much hindrance from the solvent phase physisorption competes weakly

with chemisorption.

Mechanism: the main direction of the six adsorbate molecules is parallel

to the surface formed by the six base atoms.

Applications: characterized by reversible binding of gas molecules on

solid surfaces.
® H-Type (High Affinity Type) Characteristics:

The expresses preferential adsorption is based on close interaction
between adsorbent and adsorbate. This can be observed even in solutions

of a very low concentration.

13
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Mechanism:

The adsorption mechanism can involve various processes, including
chemical interactions (such as covalent bonding or redox reactions),
polymer-based adsorption (where functional groups in the polymer
interact with the target molecules), or the formation of ionic micelles
(aggregates formed by surfactants that trap contaminants through

electrostatic or hydrophobic interactions).

Applications: often linked towards the reactions as, for instance, ionic or

chemical bond.
® S-Type (Cooperative Adsorption)

The characteristics demonstrates an early phase, which flattens with
increasing concentration of solute, and suggesting various strong inter

molecular forces within the adsorbed layer.

Mechanism: these solvent molecules are adsorbed very effectively in the
initial stage, and afterwards the adsorbate is favored by cooperative

interactions.

Applications: observed in systems in which adsorbate molecules stack

up in one or several layers.

©® C-Type (Constant Partition Type, Partition Constant Type,
Partition having Fixed Type)

The characteristics are exhibiting linearity characteristics when the
amount adsorbed is plotted against the concentration of the species being
adsorbed. It shows an equilibrium between adsorbate and the solution

phase as well as with the adsorbent material.

14
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Mechanism: the solute particles take a shorter time to penetrate the

adsorbent than the solvent particles.

Applications: the adsorption process depends on the strength of the
interaction, which is similar to the forces between atoms including the

van der Waals forces.

1.11. Thermodynamics of Adsorption

It is feasible to collect valuable information on the
unpredictability, spontaneity, and binding strength of the adsorption
process thanks to the thermodynamic treatment of adsorption. The
thermodynamic functions that define adsorption from solution can be
found by measuring adsorption isotherms at different temperatures in
systems that exhibit reversible behavior. Adsorption studies at different
temperatures (which result in the computation of thermodynamic data and
their interpretation) clearly require the analysis of changes in solution

density, changes in the solubility of substances with temperature (29).

One of the primary objectives of adsorption thermodynamics is
the analysis of the thermal effects associated with adsorption. The heat of
adsorption that forms when a single gas is absorbed by a solid is easier to
comprehend than the heat change that occurs when a solution comes into
contact with a solid. By measuring the concentrations required to produce
a specific amount of adsorption at different temperatures, the heat of
adsorption from solutions can be found. Compared to the same adsorbent
from a gaseous phase, the heat of adsorption from solutions is frequently
several times lower (30). Thus, the following equation could be used to
calculate the heat of adsorption (AH):

nk=-2%x24¢ (1-1)
R T
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R: 8.314 is the universal gas constant in unite J/mol. K, k: The
equilibrium constant for adsorption at various temperatures, T: Kelvin

temperature.

Adsorption from solutions reaches equilibrium more slowly than
adsorption from the gas phase. The equilibrium constant (keq) for the
adsorption process at each temperature was calculated using the

following formula. (31)

_9.m(9) (1-2)

“C,V(L)

where m is the adsorbent's weight (g), Qe is the amount adsorbed (mg/g),
Ce is the adsorbate's equilibrium concentration (mg/L), and V is the
adsorbate solution's volume (L). Equation can be used to compute the

change in free energy (G).(32)

AG° = —RTlnk, (1-3)

The Gibbs energy AG® was calculated using the universal gas constant
(J/mol K) (R) and the absolute temperature (T). (33)(34)

ke, = Sads (1-4)

Ce
AG° = —RTInk, (1-5)
The enthalpy change AH° and entropy change Therefore, the Vant Hoff

equation was used to determine (35)

Ink, = = 4 (55 (1-6)

RT R

However, the activation energy was calculated using equation (1-6). (36)

E, = AH® + RT (1-7)
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straight line with a slope of -AH°/R and an intercept of AS°/R is produced

when plotting In kd vs. 1/T; the Gibbs equation can be used to determine.
1.12. Surfactants

These are called Surface Active Agents which facilitate the reduction of
the interfacial tension or Surface Tension existing between two dissimilar
phases which can be liquid/liquid, liquid/gaseous phase or liquid/solid
phase. However, for photocatalysts with the core-shell structure, uniform
spherical morphology, and multilayer hierarchical structure, the increased
electronic transfer and optimal light absorption can improve the
photocatalytic property(11).Surf- actants are amphiphilic molecules, both
hydrophilic and lipophilic part have been established to form shape
determining agents synthesizing photocatalysts. This is especially so
since they define an average structure of catalysts by adsorption of
surface-active species on different crystal planes in the nucleation center
(37) Depending on the nature of the alkyl group and the charge of the
hydrophilic portion, the surfactants can be divided into four categories

with four subcategories(38) shown in table 1-3.

Table (1-3). The classification of surfactants, with common usages and examples
(39)(40)(41).

Types Info. Examples and used

These species include additional alkyl groups or | Trimethylammonium bromide (CTAB),
Cationic at least one hydrophobic hydrocarbon chain quaternary ammonium compound (QAC), and
surfactants connecting to a positively charged nitrogen cetrimide (CT) are used in fabric softeners, hair

atom. conditioners, and detergents.
In this case, alkyl chains, alkylphenol ethers or | With respect to the former category, some of the
Anionic alkyl benzene bonding to carboxyl, sulfate, | examples are stearic acid (SA), sodium lauryl
surfactants sulfonate or phosphate constitutes the major | sulfate (SLS), and sodium dodecyl sulfate (SDS).
part of hydrophobic segment of the molecule. Used in drug delivery systems, they form
physical and chemical complex with the
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medicament thereby enhancing the effectiveness

of the active ingredients.

The latter is the pH that defines such species.

These species demonstrate properties of having

Amine oxide (AO) finds use as an antibacterial

or deodorant in bars, a foam sterilant in rubber

Amphoteric | both positive and negative charges at the | industry and polymerization catalyst in rubber
surfactants intermediate pH and can easily change the | industry, and an antistatic in the textile industry.

charge from cationic to anionic at low pH to

high pH .

The long-chain linear alcohols, fatty acids and | HMTA and n <3 FAES serve as foam

alkylated phenol derivatives with long | stabilization agents, wetting agents, and
Nonionic hydrocarbon chain are the non-ionic surfactants | emulsifiers while n>3 AE are employed as
surfactants

which are hydrophobic in nature, whereas the
ethylene oxide chain may vary in lengths and is
hydrophilic in nature.

simple emulsifiers.

1.12.1. Cetrimide (CT) as a Cationic Surfactant

Cetrimide (CT), chemically known as cetyltrimethylammonium bromide

(CTAB), is a cationic surfactant belonging to the quaternary ammonium

compounds (quats). Its chemical formula is CygH4,BrN, Hydrophobic

Tail: Long alkyl chain (C16) derived from acetyl alcohol Hydrophilic

Head: Quaternary ammonium group with a positive charge, Properties of

Cetrimide Appearance,

White or off-white powder or granules,

Solubility: Soluble in water and alcohol, pH: Neutral to slightly alkaline,

Surface Activity: Reduces surface tension by adsorbing at interfaces

(water-air, water-oil), Charge: Positively charged (cationic) in aqueous

solutions ( See Figure 1.4 for the chemical structure of CT)(42).
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(C,7H;33BrN)

Cetrimide (CT)

Hydophobic Tail

HSC/\/\/\/\/\/\//\ I:/ Br

CHj,

H;C CHgj
Hydrophilic Head

Figure (1.4). Chemical structure of Cetrimide (CT)

1.13. Literature Review

Cobalt ferrite (CoFe.0O4) and its composites have attracted significant
attention in recent years due to their unique magnetic, electrical, and
catalytic properties. Various synthesis methods have been developed to
tailor particle size, morphology, and functionality for diverse applications
such as magnetic storage, sensors, wastewater treatment, and biomedical
uses. The choice of synthesis method, precursor materials, and composite
components greatly influences the final properties of the material. The
following table summarizes key studies related to the synthesis of
CoFe204 and its composites, highlighting the materials used, synthesis
approaches, targeted applications, particle sizes, and corresponding
references.

CoFe,0, CoCl,-4H,0 Precipitation magnetic storage 11 and 45 (43)
2010
CoFe,0, Co (NQO3),-6H, O | combustion magnetic storage 69.5 (44)
2011
CoFe,0, Co (OH), combining Sensors, Data Storage 8.7 (45)
coprecipitation 2017
CoFe,0, Co (NO3),-6H,O | hydrothermal semiconducting 3.6t08.5 (46)
2022
CoFe,0, (Fe (NO3)3.9H,0) | sol-gel Biomedical Applications 458 (47)
2023
PANI, CoFe,0,, CoFe,04 hydrothermal process treatment of 400-800 (48)
Tio2 and an in-situ wastewater. 2013
polymerization
CF/PANI/FGO CoFe,04 chemical oxidative Electrocatalysts 29-62 (49)
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2015
CoFe,04/rGO/PA | CoFe,O,4 combustion method, Wearable Electronics 8.59 (50)
NI Hummer’s method 2016
CoFe,04, WO3 CoFe,0, ionic liquid Wastewater Treatment (51)
(PANI) 2021
CoFe,0, CoFe,0, polymerization method. | Industrial Wastewater (52)
gCN, PANI Treatment 2022
CoFe20., (PANI), | CoFe,0O4 the sucrose auto- Industrial Dye Removal (53)
(MWCNT combustion 2024

1.14 The Aim of this Study

This project aims to:

Prepare the poly metalate like cobalt ferrite (CoFe,O4) as an
inverse spinel nanomaterial.

Prepare the ternary composite CoFe,0,/ active carbon/ polyaniline.
Investigate their characterizations such as X-ray diffraction (XRD),
Scan electron Microscopy with energy dispersive X-ray (SEM-
EDX),

adsorption — desorption.

Fourier-transform infrared spectroscopy (FT-IR), N,

Apply in removal of colored organic pollutant such as the textile

dye (direct orange dye), and study the influences such as time of

20
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removal, dose of catalyst, initial pH of solution, temperature, and

reuse.
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2. Chemicals and Instruments

2.1. Chemicals

chemicals used in this investigation are presented in Table (2-1); no

further purification was necessary.

Table (2.1) Chemicals Used

Purities
No. The chemicals The company supplied and
percentage
%
1. Absolute ethanol (C,Hs0H) Carlo erba, France. 99.9%
2. Activated carbon Sigma cheml Co. USA 99%
3. Ammonia (NH,) Country of origin India 99%
4. Aniline (CoH5 NF) Country of origin India 99%
5. Cetrimide (CT) Cy;H3sBrN CDH, India 96-100%
6. Cobalt nitrate Co (NO3),.6H,0 Sigma cheml Co. USA 99%
7. Ferric nitrate Fe (NO3)3.6H,0 Sigma cheml co. USA. 99%
8. Hydrochloric acid (HCI) Sigma Aldrich 37%
9. Sodium hydroxide (NaOH) Country of origin India 99%
10. Direct orange 39 dye Babel Textile Factory, Iraq
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2.2 Instruments

Table (2.2) describes the instruments that employed in this study, along

with their manufacturing companies and locations.

Table (2.2): Employed instruments.

No. Instruments Companies Location
Electric Sensitive, N
3 Balance TP-214 Germany Denver University of Kerbala
5 Brun Auer-Emmett- (kyky EM) 320, Iranian Islamic Republic,
Teller (BET) analysis USA. Isfahan University
6 Centrifugal Hettich- Universal Il University of Kerbala,
Germany Science college
7 | Digital pH meter O_AICTON-ZlOO, Un_lver3|ty of Kerbala,
Singapore Science college
Field Emission-Scanning
Electron Microscopy . Alkhora company for general
13 (FE-SEM) Inspect f 50 ,Fei, Dutch trading -Nano lab
Fourier transform . University of Kerbala,
8 infrared (FT-IR) Shimadzu,8400S Japan Science college
9 Hotplate Magnetic Heido-MrHei-Standard, | University of Kerbala,
Stirrer Germany Science college
Scanning Electron . Alkhora company for general
4 Microscopy (SEM) thermos scientific, Dutch trading -Nano lab
10 The oven Memmert, Germany. Un_lversny of Kerbala,
Science college
Ultrasonic bath o -
11 | high frequency >100 DAIHAN Scientific, Un_|ver3|ty of Kerbala,
KHz Korea. Science college
Ultrasonic bath University of Kerbala,
12 low frequency = 46 kHz EASY HOME, turkey Science college
1 UV-visible spectroscopy. | FAITHFUL-721: China. | University of Kerbala,
' Science college
5 X-Ray Diffraction Lab X- XRD 6000, Alkhora company for general

Spectroscopy

Shimadzu, Japan

trading -Nano lab
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2.3. Preparation of Standard Solutions

2.3.1. Preparation of stock solution for direct orange39 dye

A (100mg/L) of dye stock solution was done by dissolving 0.025 g in 250

mL of distilled water. The saris of dye solutions (1— 25) mg/L were

produced.

Table (2.3). Calibration curve of Direct orange dye at wavelength 416 nm.

Dye Conc./ ppm

1

10
15
20
25
30
50
60

Abs.

0.078
0.317
0.65
0.918
1.212
1.396
1.5
1.616
1.625

416 nm

Abs

T T T
200 400 600
nm

T
800

T
1000

1200

Abs

1.6

1.4

1.2

0.8

0.6

0.4

0.2

b
o
y=0.0561x +0.0517
R?=0.9939 [ 2
¢
*
)
¢

0 10 20 30

conc of dye mg/L
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Figure (2.1): (a) UV-Visible Absorption Spectrum for a direct orange 39 dye solution
(b)calibration curve for the determination of direct orange 39 dye in aqueous solution

at 416 nm wavelength

2.3.2. Preparation of 3 M of Acid Solutions

A 25 mL volumetric flask containing half cold distilled water was filled
with precisely 6.25 mL of strong hydrochloric acid (1.18 g/mL, 35%, and
36.46 g/mol), and the volume was carefully adjusted by cold distilling to
25 mL.

2.3.3. Preparation of oxidant solution

9.31 g of oxidant solution ammonium persulfate (APS) was dissolved in
50 mL of aqueous solution with 1 M HCI to create the oxidant solution
(APS).

2.3.4. Preparation of Sodium hydroxide (1 M) Solutions

This solution was prepared by dissolving 2 g of NaOH in less amount of
distilled water, then transferred to a volumetric flask size 50 mL, and
added D.W to reach the mark.

2.4. Preparation of Cobalt Ferrite Nanoparticles

The bare CoFe,0, nanoparticles were synthesized in precipitation method
in presence of the positive surfactant as a template, stabilizer and capping
agent. Exact 13.9 g of ferric nitrate Fe (NO3) 3.6H,0 was dissolved in 200
mL of distilled water, in other container, 4.14 g of cobalt nitrate
CO(NO:s),.6H,0 was dissolved in 200 mL of distilled water. The cobalt
solution was gradually dropped into iron solution with stirring under
conditions of room temperature. Subsequently, 1 g of the surfactant
citermide (CT) was added to mixture with stirring ten minutes. Conc.
ammonia solution (5 mL) was added. slowly dropwise through the burette
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into this stirring until pH of the solution was reached between 9.5 and 10.
This mixture was heating and stirred at 75-80 °C for 1h, a black semi-
solid material was obtained, this material was filtered and washed with
distilled water and ethanol. The produced precipitate was dried using
oven for setting at 100°C for 2 hours, and then the material was burned at
300°C for2 h., Figure (2-1) provided an explanation of the synthesis

steps.

f\/\ e

with stirring 10 min

addtion 1g od CT

with stirring 10 min

Fe (NO3) 3.6H,0  Co(NO3),.6H,0

. > ‘-n'! Filtration and washing AR
 C— (D.W) and ethanol
$ (: ~

m

&
/0 :
3 heated at 300°C for 2 h B
s -
OA‘) R
6 3

Figure 2.2. Diagrammatic representation of the procedures of cobalt
ferrite nanoparticles

2.4.1. Preparation of Ternary Composited

Chemical oxidation polymerization was used to create the CoFe,O4AC/ PANI
nanocomposite, with HCI and ammonium persulfate (APS) acting as dopants and
oxidants, respectively. The oxidant solution of Ammonium persulfate (APS) was

prepared by dissolving 9.31 grams of APS in 50 milliliters of 1 M HCI solution [11].
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Exact (1 g) of CoFe;O4 and (1 g) active carbon (Ac) as ratio (1:1) were added to
aniline in ice bath at 0 °C, which made beforehand (5 g of aniline, with a density of
1.33 (g/cm3) in 82 mL of 1 M HCI solution) and mixed using ultra-sonication for 10
min. the final mixture was mixed together in ice bath for 1h at 0-2 °C. In order to
fully combined PANI with CoFe,O, and AC, oxidant solution of (APS) must
gradually add (at ten drops per minute) as a molar ratio of 3:1 using separating funnel
to final solution in ice bath at 1-2 °C for 1h. This mention conditions were essentially
to polymerize the monomers of aniline at 1 to 2 °C[11], and change the solution color
from dark brown to black suspension. The polymerization reaction was then carried
out for an entire night, and the color of the solution was modified from black to dark
black- green (oily color) confirming the PANI nanocomposite was produced. The
suspension of CoFe,O4,AC/ PANI nanocomposite was filtered by Buchner funnel,
then washed with fresh distilled water. The product was dried under vacuum. The

steps of ternary composite synthesis were performed as seen in figure (2.3) .

CoFey0y  Actved carbon

AL e Y
N, 5 IMHC continue
5 D.W.82 mL addtion APS
_>Sdmng after Th ‘
5 g of aniline @ -
the beginingof the
polymerssation
" H—N*_H o prosess

00

filtered and dried;

T0°C for 24h polymerisation
CoFe,0,/AC/PANI procses with
o stirring at 1-
composite Cinth

Figure (2-3). A schematic diagram of the stages involved in producing ternary
composite nanoparticles.

2.5. Characterization of Spinal CoFe,O4 and composited.

2.5.1. Fourier transform infrared (FT-IR) Spectroscopy
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This analysis was performed using KBr pellet method at room
temperature, (FT-IR) spectra were recorded on a Perkin Elmer Instrument
Spectra FTIR-2 to determine the functional groups in cobalt ferrite and its

composite.

2.5.2. Spectroscopy using X-Ray Diffraction (XRD)

The mean crystal sizes (D) of each sample were determined using
X-ray data and Scherer's equation (eq. 2-1) [52, 53]. The Shimadzu Lab-
XRD 6000 equipment were used to record the diffractograms. The target
source of Cu wavelength was 1.540 60 A, the voltage was 40.0 kV with
30 mA current, the speed was 12.0000 deg/min, and the scan angle was
20-80.

kA
- B Cos©

o (2-1)

Here, 0 is the Bragg angle, A is the X-ray wave length (1.5406 nm), 1/2
is the Full Width Half-maxima (FWHM), D is the particle's crystallite

size, and k is the Scherer constant, which ranges from 0.84 to 0.94 (54).

2.5.3. Scanning Electron Microscopy (SEM)

The properties of the surface morphology of the prepared nanomaterial
were revealed via the application of the field emission scanning electron
microscopy (SEM) technique. the specimens were examined at 60 kx
magnification and an electron high tension EHT of 10 kV in a Zeiss,
Germany, SEM (55).

2.5.4. Energy Dispersive X-ray Analysis (EDX-Elemental).
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This method provides an information about elemental compositions. Each
element's spectrum is acquired by irradiating the sample's atoms with an
electron beam. There is a certain similarity between this method and

scanning electron microscopy(56).
2.5.5. N, Adsorption - desorption isotherm Analysis.

BET analysis was conducted to determine the specific surface area, total
pore volume, and average pore diameter of cobalt ferrite and composite
nanoparticles. These parameters are critical for understanding the surface

properties and potential catalytic activity of the nanoparticles.
2.6. Some Factors Affecting the Dye Removal Process

2.6.1. Equilibrium Time

The best contact time can be investigated to find the achieved
equilibrium between the adsorbent surface (synthesis catalysts) and the
adsorbant(dye) at ranged from 10 to 60 min. For dye concentration of 5
mg/L in 25 mL with a surface weight of 0.025g at 298 K, the absorbance
of the dye residue in solutions can be measured at the maximum
wavelength 416nm (57).The adsorption constant, adsorption capacity and

percentage of removal were measured by the following equation(2.2),

(2.3), (2.4)(58)(59)(60)
ko —2ds ...(2.2)

Qe = Xle=Co) e (23)

Co—Ce
Removal % = C

* 100% .. (249

o
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2.6.2. Effect of the Weight of Surface Adsorbent

The changing in the weight of adsorbent surface has an influence
on adsorption. Therefore, it was examined with dye concentrations of 5
mg/L in 25 mL and different weights of the adsorbent surfaces ranging
(0.1, 0.2, 0.3,0.4) g, followed by a shaking period of (10 to 60) minutes at
298K. The adsorption constant, adsorption capacity and percentage of

removal were also determined, as mention in paragraph 2.6.1 (61).

2.6.3. Effect of concentration

Different samples were made by combining 25 mL of direct orange
solution at different concentrations (5, 10, 15,) mg. mL™ with 0.3 g of the
prepared cobalt ferrite particles in order to ascertain the concentration
necessary for adsorption. After being agitated for 90 minutes at a speed of
140 t/min, kept the temperature at 25°C. The samples were filtered. The
supernatants' absorbance was then measured with a UV-Vis

spectrophotometer. as mentioned in paragraph 2.6.1.
2.6.4. Effect of pH on the dye

The acidity function is a vital parameter that direct effect on the removal
rate and adsorption process, this parameter was performed range (pH =
4,5,6,7,9, and 11) at dye concentrations 5 mg/L in 25 mL and optimum
dose of catalyst at 298 K. The adsorption constant, adsorption capacity
and percentage of removal were also found, as mentioned in paragraph
2.6.1

2.6.5. Effect of Temperature

The study of temperature on the adsorption process is essential

parameter, hence, the temperature range (278 - 323) K was applied to find
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the adsorption capacity, adsorption constant and percentage of removal

were also calculated, as mentioned in paragraph 2.6.1.

2.7. Reusability of cobalt ferrite and composite Nanoparticles

Cobalt ferrite and composite nanoparticles were reused numerous times,
and their performance efficiency and adsorption capacity were
investigated. The process was carried out using 0.3g cobalt ferrite and
composite and 5 mg. L™ detect orange dye concentration in 25 mL under
optimal conditions of 25°C and pH 6. After that, it was placed in the
shaker for 45 minutes before being transferred to the centrifuge for
separation and measurement of the absorbance of the prepared solutions.
Finally, the solutions were filtered and the precipitate was reused again.
This procedure was carried out five times. The nanoparticles
demonstrated a significant adsorption capacity even after multiple cycles

in the composite.
2.8. Equilibrium Isotherm Modeling

Decolonization isotherms were found by adding 0.3g CoFe,O, to
different dye concentrations (ranging from 5 to 15 mg/L) and
temperatures (ranging from 10 to 25 oC) with the appropriate pH
adjustment. Experimental data at equilibrium concentrations of dye
adsorbed (qge) on the adsorbent (cobalt ferrite and composite) and dye
concentration in solution (Ce) at constant pH and temperature levels
were used to describe the ideal isotherm model. The Langmuir and
Freundlich equations were expressed in linear form to describe the
equilibrium data (Table 2.4). The applicability of these equations was
compared using correlation coefficients (R2). (62).
Table (2.4): Different isotherm models used in this study and their

linear forms
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Isotherm Nonlinear form Linear form Plot
Langmuir _ _Kice Ce __ 1 Ce 1 1
d & 1+KLCe de  kiXqm + am (2.5) qe Vs Ce
(63)
Freundlich ge=Kg Ce'" logq._logky + Log ge VS log
1
~logC, (2.6) (64) Ce

2.9. Adsorption Kinetics

To investigate the adsorption mechanism of direct orange dye on the
surface of CoFe,0,4, and PANI/AC/CoFe,Q,, two kinetic models, pseudo-
first-order and pseudo second-order kinetic model, were tested to find the

best fitted model for the experimental data.

The pseudo-first-order Lagergren equation is given by (65)

k1t

log(qge — qt) = logqe ~ 3303 (2.7)

where k; is the pseudo-first-order rate constant (min—'), g and g;are the
amounts of dye adsorbed (mgg—") at equilibrium and at time t (min).

The pseudo-second-order model can be expressed as (66)

t 1 1
qt ~ k2qze + qt (2.8)

where k, (gmg—"min—") is the rate constant of the pseudo-second order
adsorption. The initial adsorption rate in the pseudo-second order kinetic

model is h = tg%
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3. Chapter Three: Results and Discussion

3.2. Characterization.

The FT-IR, (XRD), (SEM), (EDX), and N, adsorption- desorption analysis

was employed to assess the created CoFe,0O4 nano powder and its composite.
3.2.1. FT-IR Spectral Analysis

Based on FTIR analysis in figure 3.1, the black spectrum for CoFe,0, detects the
stretching vibrations of tetrahedral and octahedral metal oxygen bonding are
represented by two stretching frequencies that are detected between 400 and 600
cm . The strong stretching vibration peak at a higher frequency of 582.52 cm™
illustrates the tetrahedral sites of (Fe—O), whereas the stretching vibrations of the
metal complex (Co—O-Fe) in octahedral sites appears at a lower peak frequency of
470.36 cm™ (67). These two peaks' existence validates CoFe,O, inverse spinel
phase (68). The absorption band at 3124 cm™ was identified as the O-H stretching
mode (69) The FT-IR spectrum of the PANI is displayed spectrum. The region of
1528 to 794 cm™ is where the distinctive peaks of PANI are found. The typical
C=C stretching of the quinoid and benzenoid rings is responsible for the
absorbance peaks at 1572 and 1492 cm™', whilst the C-N stretching of the
secondary aromatic amine is responsible for the band seen at 1295 cm™. The in-
plane bending modes of aromatic C-H are often detected in the range of 1108-1203
cm!, with a peak at 1149 cm™ and an out-0of-plane deformation at 794 cm™. These
vibrational modes provide critical information about the structural characteristics
and electronic properties of PANI (70). Understanding these peaks allows
researchers to manipulate the material for various applications, including sensors
and conductive polymers. Furthermore, the analysis of these vibrational modes can
lead to insights into the polymer's conductivity and stability under different

environmental conditions. By correlating the spectroscopic data with the material's
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performance, scientists can optimize PANI for enhanced functionality in electronic
devices (71) It is worthily mentioned that their intensity and location of the
characteristic peaks of PANI change, indicating some chemical interaction between
CoFe,O4 and PANI. In red spectrum, the presence of 1513.08 cm™ peak in
CoFe,O4/AC/ PANI corresponds to form new bonds due to the combination of
three components because this peak does not appear in CoFe,O, (black spectrum)
this peak may be due to the C=N vibrations affected by the interference of AC with
PANI. The peak at 786.98 cm™! in spectrum of the ternary compound is associated
with the interactions between PAN, CoFe,O, and activated carbon. Indeed, the
sharp peaks at 470.65 cm™ and 1513.08 cm'are related with the
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Figure (3.1). The FT-IR spectra of CoFe,O, and composite synthesis.
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3.2.2. X-ray diffraction (XRD) analysis

The X-ray diffraction patterns of CoFe,O, have been studied. The analysis was
carried out under exact parameters, which included an 8-mA current, a 40 kV
voltage, a step size of 0.0110, at a step rate of 1 s per step. It is noteworthy that no
additional peaks were found in the XRD patterns, suggesting the absence of
contaminants. Bragg reflections were measured between 7.0054 and 79.9904 to
ensure sample purity. The X-ray diffraction profile provided vital information
about the synthesized powder sample's qualitative and quantitative phases, as well
as its preferred orientation. figure 3.2 black line) illustrates the X-ray diffraction
structure of CoFe,04, having The XRD analysis of (black line) conformed that the
face centered cubic spinel lattice of CoFe,O, is synthesis according to the
diffraction peaks around 20 =18, 30.45, 35.88, 43.56, 54.17, are attributed to the
(111) (220), (311), (222) and (400), respectively (JCPDS -22-1086)(67)(73). The
absence of any discernible impurity phase was one of the synthesized powders'
noteworthy characteristics. The cobalt ferrite nanoparticles in the sample displayed
peaks that matched the location of a cubic unit cell, suggesting an inverse spinel
structure. The crystallite size in CoFe,O, was determined to be 31.83 nm using
statistical analysis and the Debye Scherer equation (2.1) [80]. The CoFe,O, /AC/
PANI sample contained all of the XRD peaks linked to AC, CoFe,0, and PANI
when comparing the functional groups of the AC, CoFe,O,, and PANI samples
with the sample of the CoFe,O, /AC/ PANI composite. The structure of the
CoFe,0,/AC/ PANI was thus preserved without changes in the crystal planes, with
the exception of minor shifts in positions and variations in the intensities of the
associated XRD peaks in comparison to those found in the individual active
carbon, CoFe,O4, and PANI samples. These thus showed that PANI had
successfully interacted with AC and CoFe,O,4 In conclusion, our findings support
the FTIR data by confirming that PANI was successfully applied to active carbon
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and CoFe,0,. The ternary complex's crystalline size(36nm) was determined by
equation .(54)

1800 — 220 CoFe,0,)
I | PANI/CoFe,O,/Ac )
1600 -
1400 311
1200 220 |l 232
= i
= 1000
= . 111
2 800 400
= |
600 — 533
1 020 222 |
400 —- ‘ LZJ‘)O ’ 422
200 - | 1511 400
W ‘ Tl 1
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Figure (3.2). (XRD) analysis of CoFe,O, and composite synthesis.
3.2.3. Scanning Electron Microscopy (SEM) Analysis

This SEM image (a) exhibits nanoparticles with size measures in
nanometers, revealing the average particle sizes of a CoFe2O4 sample. The picture
labels several nanoparticle sizes, ranged (33.03 and 41.35) nm. These results are
acceptable with polycrystalline nanoparticle architectures. The particles' size and
shape are reasonably uniform, indicating a homogeneous synthesis process.
Materials such as CoFe204(74)(75) in (figure 3.3 (a) are known for their virtually
texture-like particles. The particle sizes in image b are showed from 29.34 nm to
49.90 nm with agglomerated as layers. These particle sizes are increased compared
with their for CoF,0, (76). Because of the differing electron penetrability, the black
region shows the presence of magnetic CoFe,O, particles in the composite,

whereas the light-colored region represents activated carbon(65).
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Figure (3.3): The scanning electron microscope (SEM) spectrum of (a) cobalt

ferrite, (b) composite
3.2.4. EDAX analysis for cobalt ferrite and composite.

The EDX spectrum for cobalt ferrite (CoFe:0s) (Figure 3.4a) confirms the
formation of cobalt ferrite nanoparticles with a distinct elemental composition of
cobalt, iron, and oxygen. The absence of additional elemental peaks suggests that
the sample is free from impurities. Furthermore, the analysis reveals the expected

stoichiometric ratio of cobalt, iron, and oxygen, characteristic of cobalt ferrite.

In contrast, the EDX spectrum for the composite material (Figure 3.4b) reveals a
different elemental composition, including carbon, nitrogen, oxygen, cobalt, and
iron Compared to cobalt ferrite (CoFe.O4), The carbon element comes from
polyaniline which is formed by the molecular formula CgHsNH,,
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Figure (3.4): EDX spectrum of (a) CoFe,O, (b) PAIN/AC/Fe,0,

3.2.5. N, Adsorption-Desorption isotherm analysis for cobalt ferrite and

composite

The BET surface areas and pore size distribution of all the samples were obtained
from the nitrogen adsorption-desorption isotherm. From BET plots, the surface
parameters for each of the samples of pure, CoFe,O, and PAIN/AC/CoFe,O,
nanocomposite have presented. The hysteresis loops in Fig.(3.5), are in agreement
with Adsorption isotherms type IV, and the hysteresis loop was demonstrated in the
relative pressure (P/P,) range of 0.3~1.0, belonging to type H3(77) (78). The
expected pores for CoFe,O4 and PAIN/AC/CoFe,O4 nanocomposite are open with
semi-spherical shape and closed with spherical shape, respectively(79). The table
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(3.1) demonstrates, the specific surface area, and mean pore diameters of the
CoFe,O4 and PANI/AC/CoFe,O4 nanocomposite are 8.9064 ng'l, 22.662 nm and

54.118 m*/g™, and 9.4355nm, respectively. That confirmed increase in surface area

after synthesis of composite and that the pores exhibited are mesoporous
characteristics, this porosity enhances the accessibility of reactants to the active
sites on the nanoparticle surface, making them suitable for various applications
such as catalysis adsorption [80]. Total pore volume (cm®.g™) are approximately
0.1277 and 0.05046 for CoFe,O, and PAIN/AC/CoFe,0,, respectively, which

confirmed that the structures of both samples contained micropores (80)

Table (3.1) N, Adsorption - desorption isotherm (BET) Analysis for CoFe,O, and
PAIN/AC/CoFe,0,.

BET surface area | Total pore volume | Average pore size
Compounds 2 -1 3 1
(m°.g7) (cm®.g7) (nm)
CoFe;04 8.9064 0.05046 22.662
PAIN/AC/CoFe,04 54.118 0.1277 9.4355
Adsorption/ desorption isotherm BJH-Plot
120 0.036
80 0.024 r\‘/\/‘

Vi /em*(STP) g'

40

dV,/dr,

0.012 +

S

10

100

0 0.5 1 1
Plpo

—+—ADS —#-DES

r/nm

Figure (3.5). N, Adsorption - desorption isotherm (BET) Analysis of CoFe,0y4,
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Figure (3.6). N, Adsorption - desorption isotherm (BET) Analysis of composite

3.3. Study Factors influencing on Removal of direct orange Dyes.

This section comprises several experiments that could highlight all of the
elements influencing the use of COFe,O4 NP for the removal of direct orange dye
pollution from water. The work also contains adsorption isotherms, theoretical

models that characterize them, and the thermodynamics of the adsorption process.

3.3.1. Equilibrium Time of Adsorption System.

A concentration of 5 mg/L in direct orange dye and a surface weight of 0.3 g for
(CoFe,0,) and ternary composite they were added in order to determine the
optimum time required to reach for equilibrium between the adsorbent surface and
the adsorbate(dye). At lab temperature (298K), shaking every 10, 15, 30, 45, and
60 minutes. After that, the absorbance of residue dye in solution was measured at
416 nm. Because it enters an equilibrium state when the dye has individually
occupied all of the active sites in the adsorption medium, the data displayed in
Figure (3.7) and Table(3.2).
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Table (3.2): Removal percentages of direct orange dye from aqueous solutions
using CoFe,0O4 and PANI AC CoFe,0,at different times (298k)

(R %) = COC_OCe x 100
Time/min. | CoFe20a4 (%) Composite (%)
15 27.33447 25.97623
30 37.18166 62.64856
45 69.43973 95.24618
60 64.00679 86.75722

7] CoFe204
100 | PANI/CoFe204/Ac

R %

15 30 45 60
(time /min)

Figure (3.7): Effect of equilibrium time on direct orange dye removal efficiency

percentage (conditions: pH 6; dosage= 0.3 g; concentration of dye 5 mg/L, V=50 mL; time= (15-60)
min and T=298 K)
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3.3.2. Effect of the Weight of Surface Adsorbent

Variations in the adsorbent surface's weight have an impact on the direct orange
dye's removal, as shown in figure 3.8 and Table 3.3. The E removal % of dye using
CoFe,O,4 and its composite are found to be maximum value at weight of 0.3 g, then
has no effect on the surface since it is saturated with the adsorbate. Consequently,
the optimal adsorption rate of the dye was attained. This achievement highlighted
the efficiency of the adsorption process under the specific conditions tested. Further
studies could explore the impact of different variables to enhance the overall

performance and applicability of the method.

The higher percentage of dye removal (%) for using the composite is more than it
values when using CoFe,O, NP, which due to a bigger surface area with more
active sites accessible for adsorption resulting in the adsorbing surface weight

increase (81).

Table (3.3) effect of adsorbent dose on adsorption of direct orange dye on

CoFe,O4NPsand composite.

(R %) = coCOCe x 100
Wt. (9) CoFe,0, composite
0.1 28.353 62.648
0.2 69.439 80.475
0.3 82.342 95.678
0.4 75.125 87.328
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Figure (3.8): Effecting of surface weight of CoFe,O, and composite on clearance rate of direct
orange dye (conditions: pH 6; concentration of dye 5 mg/L, V=50 mL; time=45 min; dosage 0.1-
0.4 gand T=298 K)

3.3.3. Effect of Concentration

The composite outperforms CoFe2Os in all cases, particularly at lower
concentrations, due to its superior surface properties and higher availability of
active adsorption sites of composite, as shown in Figure 3.9 and Table 3.4.
However, as the dye concentration increases, the performance of removal for both
materials decreases because the adsorption sites become fastly saturated for
CoFe:0s, but for using composite with 5 mg. L™ of dye. the value still retainins a
relatively better efficiency (95 %), due to high surface area(82).

(RO/)—CO ¢ x 100
T
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Table Conc. mg.

Effect of

(3.4)
adsorbent

Results and Discussion
. CoFe,0, Composite
L-
5 82.34295 95.2461
10 35.0180 80.4753
15 0.8488 57.3288

concentration on adsorption of direct orange dye on CoFe,O4NPsand composite

100

[ | CoFe204
] CoFe204 ,AC PANI

5 ppm

10 ppm

C/ppm

15 ppm

Figure (3.9). Effect of conc on adsorption of direct orange dyes on CoFe,O4 and composite
(conditions: pH 6; dosage= 0.3 g; V=50 mL; time=45 min; concentration of dye= (5-15)

3.3.4. Effect of pH

mg/Land T=298 K)

The composite shows higher and more stable dye removal efficiency across a wide

pH range, making it more effective than pure CoFe.Os for dye removal

applications.
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Table (3.5). The effect of pH on direct orange dye adsorption on CoFe,O4 and

composite.
R =2 100
“~"co
pH CoFe, O, composite
4 8.658744 47.36842
5 57.55518 71.13752
6 82.34295 95.24618
7 29.71138 72.1562
9 23.9388 68.76061
100
- PAIN/AC/CoFe204
X
o

Figure (3.10) Effect of pH on adsorption of direct orange dyes on CoFe,0, and composite
(conditions: pH 9-4; dosage= 0.3 g; concentration of dye 5 mg/L, V=50 mL; time=45 min and
T=298 K)

3.3.5. Effect of temperature

Both the dye's structure and how well nanoparticles remove it can be affected by
temperature. Thus, the effects of temperature ranging from 283 to 298 K on the dye
used, the incubation time of 45 minutes, the percentage of E elimination, and qe

were assessed. The removal values increase as the temperature in the composite
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increases, as shown by the data in figure 3.11, table (3.6). This behavior
demonstrates how dyes become more mobile and have larger kinetic energies as the
temperature rises, which facilitates their ability to reach active site surfaces.
composite and given maximum E .movar % that equal to 95.24. while in the case of
CoFe,Q, it is the opposite, as the temperature increases, the removal decreases, as
Is stated in the figure and table mentioned in a previous paragraph, The reason is
due to the occurrence of a rearrangement of cobalt ferrite atoms on a surface at high
temperatures, and thus a decrease in the surface area. This means that there are
fewer active sites on the surface to which the dye molecules are attached.(83), The
negative value of activation energy indicates the uptake of dye from solution is a
fast reaction, moreover that may be interpreted to find multi-step binding on
CoFe,Q, surface because it contains two different ions with different oxidation
states and they demonstrate two different hybridization (tetrahedral and octahedral)

in FT-IR analysis.

Table (3.6) The percentages of direct orange dye removal from aqueous solutions at different

temperatures.
R%) =% 100

=—— X

° C0 _
t/°C | CoFe,0, composite

10 97.28353 59.25297
15 87.09677 63.32767
20 86.0781 79.62649
25 82.34295 95.24618
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] CoFezoa
I CoFe204,AC,PANI

Figure (3.11). Effect of temperature on removal dye by cobalt ferrite and composite (NP)
effectiveness. (conditions: pH 6; dosage= 0.3 g; concentration of dye 5 mg/L, V=50 mL; time=45
min and temperature = (283-298 k)

Thermodynamic characteristics are crucial for analyzing the kind of adsorption
process that took place on any solid surface. The sorption distribution coefficient
(kd) was first calculated using equation (1.4). Thermodynamic factors were
determined using equations 1-3 to 1-7. Based on the findings in figures 3.10 and
3.11. The results can be comparison between cobalt ferrite and composite in table
3.2.

Table (3.7): The kinetic and Thermodynamic Parameters for direct orange dye

adsorption on CoFe,O, and composite surface at (278-303) K.

AH°
AS° AG° E.
Adsorbates | (1000/T) Ln Ky ) ) T/K )
L kJ mol kJ mol kJ mol
kJ mol
3.533569 | 3.578297 -8.41924 283 -85.2934
3.472222 | 1.909543 | -87.6462 -0.28343 | -4.57227 288 -85.2518
CoFe,04
3.412969 | 1.821792 -4.43789 293 -85.2102
3.355705 | 1.539758 -3.81486 298 -85.1687
3.533569 | 0.374433 -0.88099 283 123.55
) 3.472222 0.5463 121.2015 | 0.428138 | -1.30808 288 123.60
Composite
3.412969 | 1.363111 -3.32054 293 123.64
3.355705 | 2.997516 -7.42656 298 123.68
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Figure (3.12): Relationship between In kd and 1000/T for direct orange dye adsorption on a)
CoFe,04and a) composite at (conditions: pH 6; dosage= 0.3 g; concentration of dye 5 mg/L,
V=50 mL; time=45 min and temperature = (283-298 k)
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Figure (3.13): Gibb's free energy change (AG°®) against temperature for removal of dye using (a)
CoFe,04 (b) composited (conditions: pH 6; dosage= 0.3 g; concentration of dye 5 mg/L, V=50 mL
time=45 min and temperature = (10-25) °C.
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Table (3.8): Comparing the thermodynamics parameter results for dye adsorption
on CoFe,O,4 and composite.

CoFe, 0O,

composite

It has a negative AH° (-87.6462 kJ mol ™)
exothermic in nature.

It is endothermic and has a positive [94] AH®
121.2015 kJ mol™).

The absolute value of AH® is between 2.1 and
20.9 kJ/mol in the case of physisorption(84)

AH® between 80 and 200 kJ/mol for
chemisorption(84)

negative values of AS° indicate a decrease in
the degree of freedom of the species adsorbed
on the solid surface during dye
adsorption(85)

value AS°=0.428138 kJ mol Positive, this
indicates an increase in randomness or entropy
in the system during the process

AG® values change from —8.41924 kJ mol™.to
—3.81486 kJ mol™. suggests that method
becomes less spontaneous (or less free energy
favorable) as it progresses_s the possible cause
may be related to effects Surface
saturation(85)

From —0.88099 to —7.42656 the AG® values
increase in negative magnitude, meaning that
the process becomes more spontaneous with
progress or change in conditions.

The E, gradually decrease from —85.293388
kJ/mol to —85.168678 kJ/mol This slight
decrease indicates that the process is
becoming more thermodynamically favorable
or that the system is approaching a more
stable state.

E. values gradually increase from 123.55 to
123.68 kJ/mol .This indicates that the apparent
activation energy increases slightly as the
process progresses.

As the temperature increased, the negative
AG® magnitudes reduced, indicating a
favorable spontaneous reaction that does not
require external energy to convert reactants
into products. The magnitudes ranged from -
8.41924 to -3.81486) kJ mol™, so prior studies
of a similar sort are consistent with the
thermodynamics findings. (86)

Values of AG®-0.88099< AG < -7.42656kJ/mol
indicate chemisorption as the predominant
mechanism involved in the dye adsorption
process.

3.4. Isotherm Models for Concentration Differences in mg. L™

in the present study, the linear forms of the Langmuir and Freundlich isotherms

were used not only to evaluate the adsorption capacity of dye on CoFe,O, and

composite obtained under optimum conditions but also to understand the

mechanism of dye adsorption. The parameters of the dye adsorption isotherms on

CoFe,0,4 and composite are shown in figure 3.14 and Table 3.9.
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Table (3.9). Determination coefficients, Langmuir, and Freundlich model constants

for dye adsorption isotherms on COFe,O,4 and its composite

Models Parameters CoFe,0, Composite
Langmuir R? 0.5099 0.629
k. (L/mg) 0.2208 16.25696
Qm (Mg/g) 24.3902 11.44165
Freundlich R 0.4097 0.9457
ke (mg g *(L.mg )" 7.24 10.92.
n 4.5788 1.402721

The coefficient of determination R? of the Freundlich isotherm is higher than that
of the Langmuir model, as shown in table (3.9). Consequently, the Freundlich model
provides a better explanation of the data obtained. This suggests that adsorption
takes place on heterogeneous active sites with different binding energies. The
adsorption capacity of dye is higher in composite than in cobalt ferrite. This
increase in capacity may be due to reactions with organic matter adsorbed on
activated carbon and poly aniline. Freundlich constant (kF) values, relative to
adsorption capacity, are high, confirming the stronger adsorption of dye by
composite. In addition, all n values exceed 1, indicating favorable dye
adsorption(85), which ensure the adsorption types are physical and chemical using
cobalt ferrite and composite, respectively. These results suggest that the Freundlich

model better reflects dye removal on cobalt ferrite and composite.
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Figure (3.14). Model representations of Langmuir and Freundlich isotherms models

for dye adsorption by CoFe,0, (A and B) and composite (C and D), (conditions: pH 6;
dosage= 0.3 g; different concentration of dye, V=50 mL; time=45 min and temperature = (298K)

3.5. Adsorption Kinetics

In order to identify the kinetic models, the pseudo first-order and pseudo second-
order models were investigated for removal dye using CoFe,O, and

CoFe,O,\AC/PANI as shown in figures 3.16 and 3.17.
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Figure (3.15): pseudo-first order kinetic model and second order for adsorption of direct orange
dye on the CoFe,O, surface (conditions: pH 6; dosage= 0.3 g; concentration of dye 5 mg/L, V=50
mL; time=(15-60 )min and temperature = (298 k)
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Figure (3.16) A: pseudo-first order kinetic model and second order for adsorption of direct
orange dye on the composite surface. (conditions: pH 6; dosage= 0.3 g; concentration of dye 5
mg/L, V=50 mL; time=(15-60 )min and temperature = (298 k)

The calculations for both models' kinetic constants and correlation coefficients
followed equations (2.8) and (2.7) providing the findings presented in Table (3.10).
The kinetic constants and correlation coefficients for both models, Based on table
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3.10, The PFO model is obeyed the adsorption of direct orange 39 dye onto the
CoFe,0,4 /AC/ PANI and CoFe,O4 nanocomposite adsorbent, because correlation
coefficient R? for PFO > correlation coefficient R? for PSO, this really case in
adsorption process and agreement with the result reported in study for Kinetic
study of the adsorption of dyes onto activated carbon by Eris and Bashiri(87)(88).

Table (3.10). compared between Pseudo-first order and Pseudo-first order in removal of dye
using CoFe,0,4 and composite

Pseudo-first order Pseudo-second order
Samples
k1 Je R2 kz Ue R2
CoFe;04 0.0475 1.28248551 0.9551 0.007458 1.861851 0.5739

Composite 0.0464 1.696 0.9992 0.000852 31.1364 0.1777

3.6. Reusability of CoFe,O,\AC\PANI and CoFe,0,4nanoparticles.

The data presented in Figure 3.18 and Table 3.11 highlight the reusability
performance of the synthesized composite nanoparticles compared to CoFe2Oa. The
composite exhibited a high initial removal efficiency of 97.48%, whereas CoFe20a
achieved 82.34%. A gradual decrease in adsorption efficiency was observed with
successive reuse cycles, which can be attributed to the saturation or blockage of
active sites by dye molecules and surface fouling of the nanoparticles, thus limiting
adsorption capacity. Nevertheless, the composite nanoparticles maintained
significant adsorption performance during the first three cycles, indicating their
high potential for sustainable and cost-effective applications. Although a
progressive decline was recorded after five cycles, the nanoparticles still
demonstrated considerable adsorption activity with an acceptable loss in
performance. These results confirm the superior reusability of the composite
material compared to CoFe204(89) (90).
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Table (3.11): Different Reusability methods achieved diverse removal percentage measurements

for direct orange dye from aqueous solutions.

C0—Ce
%) =
(R %) = X100
step CoFe,0, composite

1 82.34295 95.24618

2 4499151 90.49236

3 32.7674 87.43633

4 28.35314 70.11885

5 23.9388 57.55518

100 - CoFe;0y)
- CoFe;04 Ac ,PANI)
80
X 50
o

40
20
0 -

1 2 3 4

recovery No

Figure 3.17. Reusability of CoFe,O4NPs and composite surface for direct orange dye adsorption.
(conditions: pH 6; dosage= 0.3 g; 5 mg. L™ of dye, V=50 mL; time=45 min; T=298 K)
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3.7. Conclusions
1. CoFe,O4and AC/PANI Nanoparticle were successfully Synthesized.

2. FT-IR, XRD, BET and SEM techniques were used to analyze and confirm the

synthesized CoFe,0,, and composite nanoparticles.

3. The mean crystal sizes of CoFe,0O,4elevates from 31.83 nm to 36 nm after change

to composite.

4. The maximum removal of 5 mg. L™ direct orange 39dye from an aqueous solution
using CoFe,O,, and its composite was found at 45 minutes and pH 6, 0.3g of

adsorbents.

5. Thermodynamic studies revealed that sorption of dye on to CoFe,O,4 and
composite was done, and the enthalpies (AH) were -87.6462 kJ/mol (exothermic)

and 121.2015kJ/mol (endothermic) respectively.

6. Kinetic studies have indicated that the reaction using composite is obeyed

pseudo- first order.

7. The Freundlich model is more applied than Langmuir model and proved the
types of adsorptions are physical and chemical using CoFe,O, and composite

respectively.

8. The reuse of CoFe,O, and composite surfaces via removal of dye demonstrates

the composite surface is more active than CoFe,O, surface.
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3.8. Future Studies

1. The CoFe,O4 and composite nanoparticles can be resynthesized by green route to
be as environmentally-friendly method with different shapes and sizes.

2. Surface characterization methods such as TGA, XPS and Raman spectroscopy
can be estimated to detect the additive properties that enhanced the synthesis

process.

3. Investigating the impact of other parameters on the adsorption process, including
ionic intensity, surfactant content, and shaking speed.

4. Tests evaluate the biological properties of final products.

5. Test the mechanical properties together with electrical properties of

manufactured materials.
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