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Introduction

Water means life, the earth doesn’t exist without it. Water covers 71% of the planet's surface
[1]. The protection of the environment and the remediation of environmental problems are major
challenges for an effective improvement of the quality of life and sustainable development. Water is
used in multiple human activities such as domestic use agriculture and industry. At the global level,
70% of water consumption is for the agricultural sector, 11% is for urban needs and 19% is for
industrial needs. The almost exponential growth of the human population and the intensification of
agricultural and industrial activities lead to a continuous increase in the demand for freshwater. The
protection of natural water resources and the development of new technologies for water and
wastewater treatment have become the main environmental challenges of the 21% century

Water pollution is caused by different categories of chemical and biological toxic substances.
Heavy metals and organic dyes are known to be common pollutants that threaten human health and
the environment. Around 2.3 billion people worldwide suffer from diseases linked to water pollution,
with over 95% of them living in a poor countries (e.g. India, and Pakistan) [2]. The discharge of dyes
in effluents causes toxicity to aquatic organisms and can be carcinogenic, mutagenic, and can cause
serious damage to humans (brain, central nervous system, reproductive system) [3]. Several
techniques have been used for the removal of dyes from water such as adsorption, coagulation-
flocculation, precipitation, exchange, and membrane separation [4]. However, these processes have
certain limitations such as the inability to eliminate certain elements and the generation of secondary
waste that require additional treatment. This can be overcome by the application of advanced oxidation

processes (AOPs) which are considered to be weak creators of toxic waste during treatment [5].

Heterogeneous photocatalysis is one of the advanced oxidation promising processes which can
be applied to water and air disinfection and surface development, self-cleaning and self-
decontaminating materials. Also can be used for the removal and degradation of pollutants (pesticides,
dyes, volatile organic compounds (VOCs), etc.) [6]. their applications are very broad, due to their
benefits in particular simple conditions (at room temperature and atmospheric pressure), clean, safe
(low or non-polluting energy source, absence of oxidizing chemicals and discharges pollutants),

inexpensive and easy [7].



Numerous strategies have been studied in order to develop heterogeneous photocatalysis to increase
the efficiency of the process and to make it more convenient and economical. Among these strategies,
the immobilization of the photocatalyst is a very important point [8]. It is known that the separation
of fine photocatalyst particles after the treatment consumes more energy and time, which results in a
significant reduction in the benefits of this technology in the water treatment industries. To avoid this
problem, photocatalyst particles are immobilized on a surface such as glass, carbonous materials, or
clay [9]. Moreover, the combination of these materials with magnetite nanoparticles provides a

desirable route for direct separation [10].

The application of porous materials is considered a source with an advantageous economic
potential for wastewater treatment. They show an aptitude particular to the elimination of hazardous
substances, either by adsorption or by exclusion size. The presence of pores facilitates their important
uses in various fields such as ions exchange, catalysis, detection, isolation, and biological purification
molecular. The major advantages of using these materials are low cost and affordability. Several
studies have focused on the use of porous materials to remove different contaminants (organic and

inorganic chemicals, heavy metals, microorganisms).

Among the porous materials available, natural clay minerals have recently made considerable
attention as alternative materials that are less expensive, non-toxic, abundant, and possess
multifunctional properties depending on the type of clay. The application of clay minerals in the field

of heterogeneous photocatalysis for the processing of wastewater was exploited with special attention.

In recent decades, particular attention has been paid to the use of magnetic adsorbents, and
more specifically magnetic iron nanoparticle adsorbents, in the field of environmental science. These
compounds have unique magnetic properties, as they are often superparamagnetic [11] and can thus
be easily manipulated and separated by an external magnetic field without the need for the time-
consuming and energy-consuming steps of filtration, decantation, or centrifugation following the
decontamination process. Magnetic nanoparticles also present remarkable properties compared to
their analogs in mass such as a high specific surface [12] which has the effect of limiting the resistance
to internal diffusion leading to a high adsorption capacity [13], biocompatibility, low toxicity, and
high stability [14]. TiO2/clay has advantages over commercial photocatalysts such as high specific

surface area, and low economic cost [15-17]. The titanium oxide immobilization process often



involves several chemical and thermal interactions, hence the porous clay materials that have a very

stable structure are often the most demanded as supports for the catalysts [18-20].

The objective of this study is the valorization of natural clay of Algerian origin, the Kaolin
Djebel Debbagh, by exploring the possibilities of their functionalization by magnetite nanoparticles
and photocatalyst materials, with the aim of the development of supported photocatalyst materials that

can degrade effectively organic pollutants in aqueous media, particularly under visible irradiation.

After the general introduction, the first chapter reports a bibliographical synthesis. It consists
of three parts. The first part is devoted to highlighting the importance of properties of clay minerals
focused on halloysite clay. The second part focused on heterogeneous photocatalysis by presenting
the principle, the effects of operating parameters on the efficiency of the process, a generality of the
supported photocatalysts, and a brief overview of photocatalytic treatment. In the third part, we are
interested in the combination of iron oxide particles (magnetite) onto clay and their application for the
removal of pollutants organics. The second chapter presents the materials and products used, the
preparation protocol HKDD3 with magnetite and titanium dioxide, and the principle of characteristic
analysis which are performed in work. The third chapter focused on the characterization of purified
clay HKDD3 and its application for the removal of methylene blue. The fourth one focused on the
comparative study between adsorption and sono-adsorption of MB dye using magnetite-HKDD3 clay.
The fifth chapter is related to the results of characterization and photocatalytic tests for MB removal
from the aqueous medium of two types of photocatalysts: TiO, doped with silver and iron supported
on magnetic HKDD3 clay. The sixth chapter is devoted to the synthesis and characterization of iron
sulfide loaded on HKDD3 clay and its removal for MB dye. Finally, the general conclusion of this
manuscript provides a global summary of all the results obtained in this study at the end of which the

main perspectives opened by this work are identified.
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CHAPTER I Bibliographic study

This chapter is composed of three parts: The first one presents the main concepts of clay minerals and
their classification, and application for the elimination of organic contaminants. A bibliographical
synthesis gathering the main techniques best adapted for the elimination of dyes, in particular the
methods based on adsorption and photocatalytic activity, will be presented thereafter. The second part
of the chapter describes iron oxide nanomaterials in water treatment. The third part focused on
heterogeneous catalysis especially titanium dioxide nanoparticles their doping, and application. The
effects of the operating parameters on the efficiency of the process, a generalization of the supported

photocatalysts, and a brief overview of photocatalytic treatment.
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1.1 Clays
Clays are fine-grained minerals that are plastic in nature, may solidify when dried or burned, and
contain the appropriate quantity of water. Although most clays contain phyllosilicates, the additional
components may contribute to plasticity or hardness when fried or dried [1]. Clays are distinguished
from other fine-grained soils by differences in mineralogy and size. Several definitions have been
proposed [2], varying according to the criteria chosen, but often difficult to elaborate. A concise
definition referring to clay behavior. We will retain here only the mineralogical and granulometric

definitions.

a- Mineralogical definition

The clay minerals are included in the family of phyllosilicates and they are constituted by a
bidimensional tetrahedral layer of composition T,Os, T can be Si**, AI**. These tetrahedrons are linked
in the same plane by three of their vertices, the fourth being oriented in another direction [3]. The
tetrahedral layers are linked in the structure to octahedral layers or groups of ordered or independent

cations.
b- Granulometric definition

A clay, in the agronomic sense of the term, is the mineral fraction of a soil whose particles have
dimensions lower than 2um. The raw clay is generally constituted of a basic mineral component
(kaolinite, montmorillonite, etc...) and some secondary impurities as quartz, calcite, and organic
matter [4]. Kaolin is commonly used to produce materials including rubber, plastic, paper, ceramics,
catalysts, cosmetics, and adsorbent materials because of its strong chemical and mechanical stability,
layered structure, and high cation exchange potential [5]. Also, it can be used as a scavenger in the

atmosphere by eliminating contaminants either by ion exchange or through adsorption [6].

1.1.1 Composition of clays
Clays are the result of the physical or mechanical disintegration of the rocks, followed by a
chemical transformation that usually contains phyllosilicates (silicates in sheets). It can also contain
some impurities (quartz for example) and organic matter. Phyllosilicates are one of the main

components of the earth's crust. Clays are always accompanied by impurities such as [7]:

e Silicon oxides and hydroxides: (quartz and cristobalite).
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e Iron-bearing minerals: hematite Fe,O3, magnetite FezOa.
e Carbonates: calcite CaCO3z, dolomite CaMg (COz3)2
e Aluminum oxides and hydroxides: gibbsite Al (OH) 3.

e Organic matter

In recent years, the interest granted to the study of clays by numerous researchers in the world
justifies by (Pedro, 1994) [8]:

e Their abundance in nature

e The importance of the surfaces (the presence of electrical charges on these surfaces)

e The exchangeability of the inter-foliar cations is responsible for hydration and swelling
which gives these clays hydrophilic properties.

Most clay minerals are in sheet form (phyllosilicates); tetrahedral and octahedral

- Tetrahedral sheets: are arranged in hexagonal meshes and consist of oxygen tetrahedrons
surrounding a silicon atom. The tetrahedral silica group is arranged in a hexagonal network that
repeats itself to form a composition sheet Si(OH)s it is the different combination between the

octahedral sheet of silica and the alumina sheet [9], as presented in figure 1.1.

Figure 1. 1 Tetrahedral sheet.
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- Octahedral sheets are composed of octahedrons formed by two planes of oxygen-hydroxyl framing
larger atoms such as Al, Fe, Mg, Li, etc. [10] as shown in figure 1.2

Figure 1. 2 Octahedral sheets.

1.1.2 Classification of clay minerals
Grim and Guven are the first who classify clay minerals [9] based on the structural
composition of clays. Kaolinite, Illite, Smectite, and Vermiculite are classified into four categories.

Type of layer, i.e., 1:1 or 2:1 of tetrahedral silicates sheets and octahedral hydroxides sheets type
1:1 (or T-O): which combine two layers: Octahedral and tetrahedral (examples kaolinite
Al>(Si205)(OH)4); typel:2 (or T-O-T) which contain three layers: T silica / O gibbsite/ T silica. The
O layer is surrounded by two T layers (hence the formula containing (SisO10) (examples pyrophyllite
Al2(Si1010)(OH)4 [11]. The classification of mineral clays is listed in Table 1.1

Table I. 1 classification of clay minerals

Type Group of clay Clay minerals structure
1/1 kaolinite kaolinite T-O
halloysite
Dickite
smectites montmorillonite T-O-T

10
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saponite
2/1 Beidellite
Nontronite
illites illite
Vermiculite vermiculite
micas biotite
muscovite
2/1/1 Chlorites Chlorites T-O-T-O

1.1.3 Properties of clay minerals
1.1.3.1 Hydration and swelling
The hydration phenomenon leads to the phenomenon of swelling by increasing the number of layers
of water solvating compensating cations in space interfoliar. The degree of swelling depends on the
nature of the clay and ions which are fixed on the clay, the water molecule contains three possibilities
to contract the ions fixed on the clay, and the water molecule contains three possibilities to contract
the bindings:
e Itisadipole, so it can establish electrostatic character bonds.
e The two hydrogens ensure the formation of hydrogen bonds.

e The oxygen atom has two pairs of free electrons which are used to form coordination bonds.

1.1.3.2 Specific surface area
The specific surface area is an essential property in the characterization of porous materials. It

describes all the surfaces accessible to ionic particles, it is expressed by m? /g. it can distinguish:

e The surfaces of the external planes forming the bases of the particles, these are the external surfaces.

e The cumulative surfaces of all the planes of the sheets, which limit the interfoliar spaces, are called

internal surfaces.

e The surfaces that laterally mark the boundaries of the sheets are the lateral areas.

1.1.3.3 pHpz
The surface charge is produced by the hydrolysis of silanol (Si-OH) and aluminol (Al-OH) groups in

the clay lattice. Based on the silica composition and pH of the solution, the net surface charge could

11
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be positive or negative. When the pH is less than pHpzc, the clay has an anion exchange capacity,
SiOH + H" — SiOH**

And when the pH is more than pHpzc, the clay has a cation exchange capacity..
SiOH + OH™ — SiO + H.0
The clay used in this study is kaolin extracted from Djebel Debbagh zone 3 Guelma.

The origin term of kaolin is from china which comes from "KAOLING", the name of a hill located
near Yaochao-Fu in Kiangsi province. Kaolin is rocks composed largely of kaolinite, halloysite [12],
dickite [13], and nacrite [14].

1.1.4 Kaolinite and Halloysite

1.1.4.1 Kaolinite
Kaolinite is a di-octahedral TO phyllosilicate, consisting of a regular sheets composed of a tetrahedral
layer (T) siliceous alternating with an octahedral (O) aluminous layer under the formula chemical:
Si>OsAl> (OH)4 forming hexagonal shape. Kaolinite has a wide range of physical and chemical
characteristics that make it valuable in a variety of industries, including cement, paper, ceramic, paint,
plastic, rubber, refractory, automotive, chemical, environmental, and textile. As a result, a thorough
understanding of kaolinite's properties is critical for improving structural features and expanding

application possibilities.

1.1.4.2 Halloysite
Berthier (1826) is the first one who described halloysite as a dioctahedral mineral clay of type 1:1 of
the kaolin family. The name comes from Omalius d'Halloy, who was found in Belgium. The term
halloysite (10A°) is ascribed to the hydrated mineral and halloysite (7A°) for the dehydrated form as

recommended by the AIPEA Nomenclature comity.

1.1.4.2.1 Geological occurrence of halloysite
It generally comes from the transformation or alteration of primary silicates or volcanic rocks.
Halloysite usually needs lower temperatures (<100°C) than Kaolinite (> 100°C) to crystallize in
hydrothermal conditions. For example, New Zealand's halloysite, for example, is produced by low-
temperature hydrothermal alteration of volcanic rocks., which means it contains quartz, cristobalite,
and feldspar [15].

12
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Table 1. 2 Specific surface area and mineralogy of halloysite from different regions in the world

[16].
Country Name of zone
China Longyan
United States Dragon Mine
Turkey Turkish
Australia Camel lake
New Zeland Matauri Bay
Algeria Djebel Debbagh 3

Morphology

Tube/platy
tube
Tube/platy
tube
Tube/platy
tube

1.1.4.2.2 Structure and morphology of Halloysite

Bibliographic study

BET (m?/g)

57.3
72.2
74.6
22.1

71.71

Halloysite clay has various morphology: tubular, platy, and spheroidal. The dominant shape is tubular.

The length and width of halloysite tubules was varied from 0.4 to 2 um, and 0.05 to 0.2 um,

respectively. whereas inner lumen diameter and outer diameter is ranging 10—70 nm and 20-200 nm,

respectively [17].
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Figure 1. 3 Structure of halloysite [18].

1.1.4.2.3 Properties of Halloysite

The halloysite has a specific surface area of 60—70 m?/g (table 1.2). During drying, the wall
multilayer spacing reduces from 1.0 to 0.7 nm. The outside surface is consists of siloxane groups, and
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the inner lumen is composed of aluminol groups. While, halloysite nanotubes are ionized in aqueous
environments, the inner and outer surfaces of the tubes acquire opposing charges. This charge
separation is retained in water with a pH range of 3.0 to 8.5, and may be explained by comparing
negative and positive electrical-potential values of silica and alumina in water. The pore SSA and pore
diameter of halloysite particles increased with increasing pH, but the overall surface area and surface
area of the mesopores dropped when the pH increased [19]. The halloysite aggregated in acidic
solution, and numerous mesopores between the halloysite nanotubes were closed, resulting in reduced
pore volumes and diameters, also the pore area decreases with increasing pH. While the halloysite
nanotubes were effectively dispersed in the basic solution, the surface area of the interior space
expanded due to the opening of the halloysite nanotubes' mesopores.

1.1.4.2.4 Application of halloysite clay
The fields of application of clays are numerous: In the raw state, the production of ceramics
(porcelain, earthenware, etc.). For modified states, clay is used in paper, cosmetics, the
pharmaceutical industry (manufacture of drugs, such as Smecta and Bedelix), and in the adsorption
of pollutants compounds. Furthermore, in catalysis, medicine, and sensors. In particular, halloysite
clay has been commonly used for antibacterial [20], catalytic [21], optical [22], electrical [23],
magnetic [24] and energy storage [25] applications.
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RETIE the first time as modification of L "
nanocontainer for HNTs = HNTs as support X . -
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be no toxic and nanoparticles as R HNTs covalently
able to penetrate catalyst of organic concentration for linked to other
cell membrane reactions oral use clays
B g | > I
. Covalent Fluorescent
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For Ga two . removal ' Firstin vivo for gene therapy
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Figure 1. 4 A brief timeline for the development of halloysite clay [26].
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1.1.5 Clay and environment

Due to the adsorption properties of clays and their capacity to form organo-mineral complexes,
they intervene in the elimination of pollutants in natural water and the environment. These pollutants
can be quickly trapped, the effectiveness of adsorption depends on the properties and concentration
of the latter and other factors (pH, temperature).

For the elimination of crystal violet and brilliant green dyes, B.K.Nandi et al utilized
commercial kaolin. To get the best conditions for adsorption of a large number of pollutants, certain
factors such as starting dye concentration, mass of adsorbent, pH, and temperature were investigated.
For crystal violet and brilliant green, the efficiency rate was 47.27 mg/g and 65.42 mg/g, respectively
[27]. Peng Luo et al. collected halloysite clay from Hebei Province (China), milled, sieved, and dried
for 24 hours at 373 K. The neutral red dye was removed with it. At 298, 308, and 318 K, the rate of
adsorbed dye was 54.85, 59.24, and 65.45 mg/g, respectively, at pH 7. The adsorption was
spontaneous and  endothermic, according to the thermodynamic analysis [28].
Novel composite (kaolinite incorporated into poly(acrylamide co-acrylic acid) was fabricated by Adel
A.El-Zahhar et al for adsorption of bromophenol blue (BPB) dye. The thermodynamics results
exhibited that the process is a spontaneous and exothermic chemical reaction. Furthermore, the
adsorption rate was 5.89 mg/g [29].

Montmorillonite clay was extracted from the northeast of Brazil. This adsorbent has been
shown highly effective removal of methylene blue, about 292.15 mg/g at pH 11. The equilibrium
adsorption was attained about 30 min. the thermodynamics parameters were showed that the

adsorption exothermic and spontaneous [30].

The bentonite clay was treated by thermal and acid activation which was utilized for Congo
red removal. The results showed that the adsorption reached 95% at pH 5.5. while the thermodynamic

study revealed that the adsorption was spontaneous and exothermic [31].

1.2 Processes of pollutants organics degradation
1.2.1 Generality about dyes
There are many sources of pollution and environmental contamination. The consequences on
human health and the environment (respiratory diseases, gastroenteritis, risks of cancers...) of these
pollutants, whether chemical volatile organic compounds (VOC), heavy metals, dyes...) or biological

(bacteria, viruses) [32]. The use of dyes in human life dates back to antiquity. The ancient Egyptians
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and Prussian used them to dye the rocks and ceramics. At the time, the coloring matters used before

were extracted from plants such as indigo or animals such as carmine which is extracted from the

cochineal. The use of these natural dyes lasted until the first half of the 19th century. Afterward, they

were gradually replaced by synthetic dyes. Today, dyes have a great interest in our life in many

industries (leather, textile, paper, plastics, pharmaceuticals, cosmetics...etc) [33]. The spillage of dyes

into the environment is a huge problem. The presence of these types of contaminants which are

aesthetically unpleasant in water even at low concentrations generates a negative effect on human

health. In the following section, the different families of dyes will be presented in table 1.3 and their

risks to the environment and the organism.

Table I. 3 classification of textile dyes and their health effects[34], [35].

Dyes

Acid dyes

Basic dyes

Direct dyes

Disperse dyes

Reactive dyes

Vat dyes

examples

Acid blue 25, methyl

orange, congo red

Basic red 46,
malachite green,
methylene blue
Direct orange, direct
black, direct blue

DisperseYellow,

Disperse blue,
Disperse red
Remazol, reactive
black 5

indigo, vat blue

Textile  industrial
products

Polyamide,  fibers,
polyurethane,
modified acrylics,
nylon

Silk, moderant

acrylic, polyster

Leather, cotton, paper

Polyamide,acrylic

fibers, cellulos

Nylon, wool,
cellulose, cotton
Wool, rayon fibers,

flax wool cotton

Health effect

Skin  and mucous
membrane irritation
and burns

Carcinogers, allergic
skin reactions,

mutation, cancer

Bladder cancer
carcinogen
DNA damage,

induction of bladder
cancer in humans
Allergic  respiratory
problem

Severe burns, skin
and mucous

membrane irritation
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Basic or cationic dyes have a positively charged auxochrome that will, during electrolysis,
move towards the cathode (-) The character of acid or base applying to auxochrome does not imply
necessarily the acid or basic character of the dye solution [36]. Furthermore, they are salts of organic
amines, which means that they have good solubility in water. The bonds are made between the cationic
sites of the dyes and the anionic sites of the fibers. In the process of disappearing in the dyeing of the
wool and silk, these dyes have benefited from a renewed interest in the appearance of the acrylic
fibers, on which they allow very vivid and resistant shades. In this study, we are interested in a basic

dye, which is Methylene blue.

1.2.1.1 Methylene blue
It is a cationic dye from phenothiazine derivative [37], It is a dark green powder that comes in
many hydrated forms: monohydrate, di-hydrate, tri-hydrate, and penta-hydrate [38], with the tri-
hydrate being the most prevalent. Because of its stable molecular structure, it is frequently used as a
model of organic contamination. It's widely utilized in a variety of disciplines, including chemistry,

medicine, dentistry, and the dye industry.

e it speeds up the elimination of methemoglobins

e it stains cotton, wood, silk, and paper it accelerates the reduction of methemoglobins [39];

e it's an antibacterial and antirheumatic;

e it's an optical limiter coupled with a polymer for eye protection against powerful lasers, an

active photosensitizer used in the treatment of cancer; therapy of toxic methemoglobinemia;

1.2.1.2 Toxicity of synthetic dyes

Discharge of effluents dyestuffs in aquatic environments is a huge problem. These compounds
are known for their toxicity related to their complex structures and their high molecular weights, which
are the main reasons for their resistance to biodegradation, in addition to their accumulation. The diazo
dyes are considered the most toxic [40]. According to numerous studies, azo dyes have carcinogenic
effects on humans. This carcinogenic effect is mainly due to the formation of aromatic amines by
chemical or enzymatic disruption of bonds azoic. These aromatic amines can be absorbed
percutaneous by inhalation of dust and possibly by ingestion. The risk of absorption of these
compounds is increased by the fact that they are virtually all fat-soluble. The toxicity of azo dyes and

their derivatives is aggravated by substitution in the aromatic nucleus in particular by the methylated,
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nitro, and halogen group [41]. On the other hand, the presence of other substitutions such as sulfonate
groups (SOsH) decreases their toxicity. For their part of triphenyl methane derivatives are as risky as
the other triphenylmethane derivatives. It causes eczema and gastric disorders. Their injection can

cause even carcinogenic effects.

1.2.2 Dye removal processes

Dyes effluent combined with wastewater might pose a risk to the environment [42]. For the
treatment of wastes of environmental significance, many physicochemical methods have been
developed [43]. photocatalytic and Photolysis processes are chemical treatments, whereas biological
and aerobic degradation are biological treatments, and physiochemical treatments include electro
chemical coagulation, adsorption, and membrane filtering [44]. Based on design, cost and dye
separation efficiency, each technique has its own set of limitations (table 1.4) [45]. There are a large
number of processes that can be applied to the removal and recovery of dyes present in industrial

effluents.
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Table I. 4 advantages and drawbacks of processes of removal dyes in industrial effluents.

separation technique

photocatalysis

Fenton reagent

Anaerobic degradation

Aerobic degradation

Adsorption

lon exchange

Membrane filtration

Advantages
Operational cost is low
and economically

feasible

Low-cost reagent and quick
process

Byproducts can be utilized as
energy

resources

In the removal of azo dyes, the
operational cost is slow and

effective.

All dyes have a high adsorption

capacity.

No sorbents are lost.
With high-quality effluents, it is
effective for all dyes.

Disadvantages
generation a toxic products for

some photocatalyst

Disposal issues and sludge

production

Under aerobic conditions

require more treatment and

produce of hydrogen sulfide and

methane

Create a favorable environment
for the growth of

microorganisms and proceed at

a slow rate.

Low surface area for some

adsorbents, high cost of

adsorbents

ineffective for disperse dyes

Suitable for low-volume

treatment and sludge production.

1.2.3 Adsorption

Adsorption is one of the most significant industrial waste treatment separation techniques. It
is a mass transfer technique in which a solid material (adsorbent) attracts dissolved components to its
surface, allowing them to be selectively extracted from an aqueous solution. This includes the
accumulation of concentrated components at the process's surface or during the interphase. The
adsorbent might be a liquid, a solid, a gas, or a dissolved solute. Adsorption can be chemical or
physical (table 1.5); in the former, the adsorbate is chemically bonded to the surface, involving the
exchange of electrons. In the latter approach, physical forces including hydrogen bonding, polarity,
and Vander Waals forces are used to bind waste molecules to the adsorbent surface. This separation
thechnique is widely used to remove colors from an agueous medium and is often considered the best

approach. The effectiveness of this technique is determined by the chemical and physical
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characteristics of the adsorbate and adsorbent, as well as their cost, availability, convenience of use,
surface area, and toxicity[46]. The low-cost adsorbents were divided into five classes by Gisi et al.
[47]: (i) domestic wastes and agricultural (ii) industrial by-products, (iii) marine materials, (iv) sludge,

(v) ore materials and soil, and (vi) low-cost innovative adsorbents.

Table 1. 5 Comparatives between physisorption and chemisorption.
Physisorption [48] Chemisorption [49]
Weak liaison (van der Waals) Strong covalent bonds
Low temperature, constantly lower than the High temperature
adsorbate critical temperature

Reversible (nonselective surface attachment) irreversible (Selective surface attachment)

Low enthalpy H < 20kjmol High enthalpy H=40Kj/ mol
Low activation energy High activation energy
Multilayer adsorption Monomolecular adsorption

1.2.3.1 Main factors influencing adsorption
The adsorption equilibrium between adsorbent /adsorbate depends on many factors, the main ones of

which are described below:

e Specific surface area (SSA): adsorption has a direct relationship with the surface area [50].

e Nature of adsorbate: The less a substance is soluble in the solvent, the better it is adsorbed.

e Hydrogen potential (pH): Adsorption is strongly dependent on the pH of the solution and
therefore will influence the loading of the adsorbent surface, the degree of ionization, and
adsorbate speciation. The acid-base characteristics of Functional groups on the surface change
with pH. They become basic in character for pH < pHpzc by adsorption of H* ions (PZC: zero
charge point) and become acidic for pH > pHpzc by adsorption of OH- ions [51].

e Polarity: A polar solute will have more affinity for the solvent or the adsorbent.

e Temperature: For economic reasons, adsorption takes place at room temperature. The

temperature influences both the adsorption rate and the equilibrium concentration [52].

1.2.3.2 Applications of adsorption
The adsorption separation technology is nowadays one of the most popular methods of separation.

It is widely used for the separation and purification of gases and liquids in a wide variety of fields,
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from industries oil, petrochemical, and chemical industries, environmental applications [53], and
pharmaceutical companies. Air, water, and effluent treatment for the disposal of pollutants, drying,
drug production, etc. In the case of water treatment, the applications are multiple. One finds by

example:

R

% Drinking water treatment to remove residual tastes and odors
¢+ The discoloration of liquors

%+ The elimination of pollutants in wastewater.

1.2.4 Sono assisted adsorption

Ultrasound has recently gained popularity in environmental protection for the destruction of
harmful contaminants. The use of ultrasound in combination with the adsorption process has been
discovered to be a promising approach in the field [54]. Many researchers have examined ultrasound's
effects on the adsorption of organic molecules by various sorbents [55]. It has been observed that
combining two methods is more effective in removing dyes than doing so sequentially [56]. The
collapse of tiny bubbles has been ascribed to the chemical and mechanical effects of ultrasound [57].
Ultrasonic vibration reduces the thickness of liquid films connected to the solid phase, simplifies
sorbate species transport through the interface, improves mass transfer, and destroys sorbate-sorbent
affinity [58]. A high-speed jet of liquid is produced by the asymmetric collapse of the cavity near the
solid surface. Strong forces are striking the surface as a result of these jets. This procedure causes
severe destruction at the point of impact, highly reactive surfaces, and produces newly exposed.
Furthermore, the ultrasonic energy may fluctuate depending on the adsorption/desorption system's
equilibrium characteristics and the equilibrium time of the adsorption decreased [59]. Despite the
various advantages of the sonochemical degradation process, its rate of degradation of many organic
pollutants is very low. This is attributed to the low effectiveness of reactive radical training [60].
Consequently, the degradation of organic pollutants using this method takes several hours and,

therefore, the energy and the cost are high [61].

Among researches which were combined the adsorption and ultrasonication, Hamza et al. used
Sono-assisted adsorption to remove CV from a laden aqueous solution onto Raw Tunisian Smectite
Clay. The impact of several variables such as contact time, starting CV concentration, sorbent dosage,

and pH on the Sono-assisted adsorption of CV pigment was investigated in adsorption studies [62].
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Owing to the synergistic process achieved in this combined system, using a combined
ultrasound/activated charcoal process resulted in a higher CV decolorization than using adsorption or
sonolysis alone. Experiments were carried out using various pigment concentrations and temperatures

as the starting point. 50.1 mg/g was the maximum monolayer adsorption capacity [63].

1.3 Iron oxide nanomaterial in water treatment

Iron is the fourth common element on the surface of the earth and it is found in the aquatic and
terrestrial environment. At different pH, the element occurs in many various oxidation states and
minerals, including goethite [64], hematite [65], magnetite [66], and maghémite [67]. They are
produced for use in several applications. In particular magnetite nanoparticles are the subject of many
reviews for their potential in the rapidly emerging field of nanotechnology[68] due to their
characteristics, such as superparamagnetism, large specific surface area and so on. Furthermore, iron
oxide nanoparticles might be useful in the creation of high-capacity adsorbents and photocatalysts.
Magnetic iron oxide-based nanocomposites with saturation magnetization offer a cost-effective
solution for adsorption and photocatalysis due to their reusability and simplicity of recovery. The
rising push for environmental and economically more efficient technologies is in part fuelling the
drive towards functional nanomaterials as well as for their potential use as materials for medical,
computational, industrial process, and groundwater remediation [69]. In recent years, there is more

attention on using magnetic iron oxide/clay was in the SCOPUS database (Figure 1.5).
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Figure 1. 5 the using magnetic iron oxide/clay nanocomposite for removal of organic pollutants (
source Scopus, 2012-2019).
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1.3.1 Magnetite
Magnetite Fe3Os is a black ferrous-iron oxide. It is a naturally occurring iron ore, and it is
represented as a spinel class [70]. It is a black solid with a metallic luster. Today, magnetite-based
materials are widely used in industrial applications, as permanent magnets, high-frequency magnetic

components, and recently as components of high magneto-resistance components.

Figure 1. 6 Application of iron oxide.

1.3.1.1 Limitation of nanoparticles of magnetite

Due to their high adsorption efficiency and biocompatibility, magnetite are defined highly
qualified as sorbents for the elimination of different types of pollutants, fast removal, and ease of
aqueous removal processes. However, the oxidation and agglomeration susceptibility of magnetite
particles restricts its usage as an adsorbent material in aqueous media, necessitating surface capping
of these FezO4 nanoparticles for optimal adsorption performance. Furthermore, the discharge of iron
oxide and its influence on aquatic ecosystems. For example, the combination of iron oxide with clays
increases the performance of these composites as adsorbents, and researchers have exhibited an

effective application in adsorption operations [71].

1.3.2 Magnetic adsorbent for water treatment
Four key characteristics can be included to classify that material as sorbent, according to a
study report (1) The potential to eliminate larger concentrations of toxins, (2) high reactivity, (3) high
porosity, and (4) non-toxicity in water remediation. The cost is a very important factor, higher

environmental stability and effectiveness, higher potential for adsorption, and non-toxicity of iron
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oxide nanomaterial make them suitable for water treatment [72]. The field of polluted water adsorption
is another distinctive feature that favors the use of nanomaterials from iron oxide in magnetism. The
separation feature also allows the process, including filtration and centrifuging, to avoid these
conventional separation techniques. Usually, there is a lot of support using in the loading of magnetite
nanoparticles such as carbon adsorbent particles, mineral adsorbent particles, and modified polymers.
In the below section we focus on modified magnetic clay support for removing organic contaminants

via adsorption which are more dominant than advanced oxidation processes (AOPS).

1.3.3 Application of magnetic iron oxides clays as sorbent in adsorption of organic pollutants

Clays have several limitations that have resulted in a variety of changes to improve their
adsorption capacities. Clay modification refers to the addition of a foreign substance to clay matrices
in order to increase their adsorption capacity. Pillaring, mechanochemical modification, ion exchange,
organo-modification, and sonochemical treatment are all examples of clay modification methods. A
variety of studies have reported on the modifications of clay such as modification by magnetite
nanoparticles [73].

Magnetic Fez04/C core-shell nanoparticles were prepared by Zhang and Kong to eliminate
cresol red (CR) and methylene blue (MB) from an aqueous solution, the adsorption capacity of
Fe304/C nanoparticles with an average size of 250 nm was checked. the adsorption capacities for CR
and MB are 11.22 mg/g and 44.38 mg/g respectively [74].

Wau et al. synthesized FesO4 rectorite nanoparticles to fabricate an adsorbent that was studied
to adsorb methyl orange (MO), methylene blue (MB), and neutral red (NR). Results of

characterizations revealed that REC was bound to clusters of FesO4 nanoparticles [75].

Xie et al developed a magnetic sorbent HNT— Fe3O4 with iron oxide nanoparticles loaded on
the halloysite nanotube (HNT) for removal: methyl orange, methylene blue, and neutral red. For MB,

the adsorbed quantity was 18.44 mg/g, whereas, for neutral red dye, it was 13.62 mg/g [76].

Wau et al prepared via solvothermal process, Graphene-FesO4 hanocomposite was synthesized
and analyzed for adsorption of organic pararosaniline dye. The experimental adsorption results are
correctly represented by the Langmuir isotherm and pseudo-second-order model. The adsorption

potential for pararosaniline removal was 198.23 mg/g [77].
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Magdy et al synthesized FesOa/kaolin by co-precipitation method for investigation of removal
Direct Red 23 dye and anionic C.I. from aqueous media. The results showed that the quantity adsorbed
reached 22.88 mg/g. The adsorption process is endothermic, and spontaneous [78].

The magnetic Kaolinite nanotube (KNTs) was synthesized by solvothermal method for
adsorption of methylene blue with high removal of 35.91 mg.g™* at 298 K which was reported by Xu,
H et al [79]. The FesOas/bentonite was synthesized via the coprecipitation route by Hashem et al [80]

with a maximum adsorption capacity was 1600 mg/g.

1.4 Generality of heterogeneous catalysis

Kato and F. Masuo published a paper in 1964 that described the oxidation of tetralin in the
liquid phase using TiO> as a photocatalyst and UV irradiation. Furthermore, several researchers have
observed reactions in the gas phase employing UV-illuminated semiconducting TiO, including
Steinbach, Teichner, Tanaka, Yoneyama, and others [81]. K. Honda and A. Fujishima developed the
photosensitization of a TiO> electrode as a photoanode and Pt metal electrode as a cathode for the
electrolysis of H>O into Hz and Oz under UV light irradiation [82], in 1972. In recent years several
types of research focus on semiconductors and their application in different fields. Among them,
titanium dioxide was a benchmark semiconductor due to its precious properties and applications. The
main drawback of TiO> is to absorb in the UV region. For this reason, TiO» was modified by doping

with metals and no-metals elements.

1.4.1 Principle of heterogeneous photocatalysis

Heterogeneous photocatalysis involves the photoexcitation of a semiconductor by absorption light. It
can be defined as the catalysis of a photochemical reaction and involves a solid/gas interface, or
solid/liquid [83]. The photocatalytic process can be divided into five independent steps [84]:

1. Diffusive migration of the reagents from the fluid phase to the surface of the photocatalyst,

including in the porosity of the photocatalyst

2. Adsorption of reagent at least one reagent on the catalyst surface

3. Adsorbed phase reaction (the stage in which the photocatalytic reaction at strictly speaking)

4. Desorption of products

5. Diffusional migration of products from the catalyst surface to the fluid phase
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1.4.2 Criteria of choosing of photocatalyst
Several criteria must be considered when selecting a semiconductor material to be used as a

photocatalyst [85]:

- The energy of the incident photons (UV or visible radiation) should be greater than the energy of the
bandgap, to allow activation of the semiconductor. The redox potential of the conduction band must
be more negative than the potential of reduction of chemical species, and the redox potential of the
valence band must be more positive than the oxidation potential of the chemical species

- Chemically inert and photo-stable in air or water according to the application

- Low toxicity or nontoxic
1.4.3 Application of TiO2
The extensive research on TiO. material has yielded many potential applications in varied
fields from photovoltaic and photocatalysis to photo electrochromic and sensors. These applications
may be divided into two categories: "energy"” and "environmental,” with many of them relying on

more than just the TiO, material's characteristics [86].

Solar cells

Water splitting

Environmental remediation

Nanoplatrorm for
MRI

Drugs Delivery

Tissue engineering

Gene delivery

Figure 1. 7 Application of TiOo.
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1.4.4 Titanium Dioxide Doping

Currently, most photocatalysis applications use titanium dioxide in its predominantly Anatase

form, which has very good semiconductor properties. However, this activity can be summarized by
the use of UV radiation, which represents 3 to 5% of the sunlight reaching the earth.
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Figure 1. 8 Comparison of the solar spectrum with the fundamental absorption spectrum.

To modify the optical TiO, there are two methods according to Chen

a-

Sensitization surface chemical modification: is to treat the TiO> to enable the production of
photocurrent. This sensitizer may be a metallic, inorganic, or organic material. A variety of
inorganic and organic dyes have been studied as sensitizers for TiOa,

doping bulk chemical modification: the implantation of transition metal ions such as V, Cr,
Fe, Co, Ni in a network of TiO2 could allow a large change in the absorption band of this
crystalline TiO. photocatalyst to the visible regions, with different levels of efficiency
photocatalytic [87]. However, the majority of these works adhere to the fact that this
modification increases the recombination of charges (electrons and holes). In parallel, Sato et
al. began to perform anionic doping. The doping of TiO> with nitrogen, carbon, sulfur, or boron
(anionic doping) allows a displacement of the TiO, from the absorption band to the visible
spectral range [88]. Indeed, when these elements bond with titanium, orbital changes occur
and lead to a decrease in the width of the photocatalyst's bandgap.
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1.4.5 Chalcogenide

The oxides of titanium, zinc, tin, iron, zirconium and cerium have been widely used to degrade
various organic contaminants [89]. However, the wide band gap of these metal oxides limits their
photocatalytic application in UV light. In addition, the rapid recombination of electron-hole pairs is
another important issue [90]. Consequently, chalcogenide photocatalysts (sulphides, selenides, and
tellurides) have turned into consideration owing to their crucial properties which are active under
visible light irradiation [91]. Among them FeS which is a semiconductor that has applications in
photocatalysis, batteries, and solar cells. Iron sulfide nanoparticles were used as a reducing agent
having the benefits of being a cost-effective, high-efficiency, and environmentally friendly material.
This substance has the potential to create a substantial amount of Fe?* and S* ions are present. They

demonstrated that dyes in solution may be treated with iron sulfide by adsorption, photodegradation.

1.4.6 Limitation of using TiO2 in water treatment

The use of TiO> in suspension in water involves two major problems: the separation of the
photocatalyst from the treated water and the reuse of TiO: particles. The particle size of TiO- is around
30 nm, the price required for the separation makes the process more difficult with high cost.
Furthermore, the costs of filtration of the catalyst. The decantation process could be a solution, but
this would require the use of huge reservoirs for suspension storage and delayed use of treated water.
One of the solutions to this problem is to fix the photocatalyst on a suitable support. Some works have
been focused on using different supports (tubes, glass or carbon fibers, glass or stainless steel plates,
clays ...). on the other hand, the choice of suitable support of Titanium dioxide should have the
following properties:
- Favour strong Physico-chemical bonds with the catalyst particles without have a negative effect on
reactivity;
- Large surface area [92];
- Good capacity to adsorb organic compounds to be degraded,;
- Physical configuration favoring the solid/treated water separation;
- Be chemically inert;
Concerning the deposit of photocatalyst, two following conditions are imperative:
- There must be good catalyst/support adhesion;

- The catalyst fixation process must not disturb the photocatalytic activity.
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Two main ways have been explored to fix TiO on different supports. The first is to immobilize
the catalyst after synthesizing it. The second is to generate the in-situ catalyst. In the following

paragraphs, we'll give a quick overview of the loading TiO on clays (photocatalyst/support).

1.4.7 Loading TiO2 nanoparticles
Inorganic substrates, such as silica, polymers, and natural porous materials, can support TiO2,
which has high photocatalytic activity in wastewater purification. Some natural mineral materials,
such as zeolites and clay, are gaining popularity because of their porous structure, low cost, and large
storage capacity. Furthermore, due to their low polar surface and wide surface area, as well as their
strong adsorption ability for non-polar organic contaminants, these natural materials are ideal options
for titania support [93].

Ti0.-clay composites have several benefits over commercial photocatalysts, including a large
specific surface area, excellent hydrophobicity, and a cheap cost. Because the titanium oxide
immobilization process frequently includes several chemical and thermal interactions, porous clay

materials with a relatively stable structure are frequently requested as catalyst supports [94].

1.4.8 Works focus on loading TiOz on clay
1.4.8.1 TiO2 HNTs
TiO2-halloysite (TiO2-HNT) composites were prepared by Yuanyuan Du and Pengwu Zheng.
with the sol-gel approach under calcination treatment at different temperatures 100, 200, 300, and
500°C. The composites were characterized by transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FTIR), and X-Ray diffraction (XRD). TiO. particles agglomerated
in clusters of 10-30 nm were placed on HNT, the crystalline of anatase became more perfect. However,
at 500 °C, the structure of HNT might be damaged by raising the calcination temperature. Methylene
blue adsorption and photocatalytic activity were evaluated. Adsorption kinetics followed the pseudo-
second-order and Langmuir isotherms. MB has adsorption capabilities ranging from 38.57 to 54.29
mg/g. The greatest photodegradation was seen at 300 °C calcination when 81.6 percent of the MB was
destroyed after 4 hours of UV exposure [95].
The TiO2- and Fe2Oz-halloysite nanocomposites were fabricated by using the acid treatment
for halloysite from Poland. The first sample (TiO2-halloysite) was prepared under hydrothermal
treatment at 65 °C using titanium isopropoxide as a precursor. The second sample (Fe2Os-halloysite)
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nanocomposite was synthesized by the sol-gel method. Gelatinous ferric hydroxide was used as a
ferric precursor. The acid treatment was performed to halloysite with sulfuric acid (3M) under stirring
for 4 hours at 80°C. The photocatalytic performance of TiO2- and Fe2Os-halloysite nanocomposites
for chloroaniline, and 2,6-dichloroaniline under the UV irradiation for 300min exhibited a good result
for decomposing pollutants compared to commercial TiO2, commercial photocatalyst P25 [96].

The halloysite-TiO2 composites were produced using the sol-gel technique, followed by the
coprecipitation approach for magnetite deposition. Transmission electron microscopy, energy-
dispersive X-ray spectroscopy, a particular surface analyzer, and X-ray diffraction were used to
characterize the HNT- TiO2-Fe304 composites. Methylene blue (MB) photodecomposition by HNT -
TiO2 and HNT- TiO2- Fe304 exhibited a good discoloration of MB. Under UV light irradiation for 12
hours, which removed almost 100 % MB. The kinetic adsorption was ascribed to the pseudo-second-
order model and the isotherm data fitted the Langmuir model well. The photocatalytic activity of 4-
nitrophenol exhibited about 98% of degradation for HNT- TiO,-FesO4and was repeated for five cycles
[97].

The HNTs/N-doped TiO2 nanocomposites were synthesized by a novel method of chemical
vapor deposition in an autoclave (HNTs powder, (NH4)2CO3 solid (N-TiO2/HNTs(S) sample) or a
saturated solution (N-TiO2/HNTs(L) sample), and TiCls, at temperature 100 °C, calcination at 550
°C) [98]. The photocatalytic performance was studied by the degradation of phenol under simulated
solar light radiation. The photocatalytic degradation of phenol by N-doped TiO2/HNTs(L)
nanocomposite exhibits the highest photocatalytic activity under simulated solar light about 70% after
150min compared with N-doped TiO2/HNTSs(S) which attaints 40%.

D. Wu, et al [99] prepared a novel photocatalyst coupling g-C3N4 with TiO2 supported on
HNTs by sol-gel and calcination methods. The introduction of HNTs and the g-C3N4-
TiOqheterojunction effectively enhanced the charge transfer and separation efficiency of
photogenerated electron-hole pairs, which endued the g-C3N4/TiO2/HNTs hybrid material with
outstanding photoelectric performance and good stability. And an enhanced photocatalytic activity
was exhibited by photodegradation of ciprofloxacin compared with pure TiO». Furthermore, the main
active species were detected through trapping experiment and ESR spin-trap technique with DMPO,

which confirmed that the Oz and the h™ were the main active species in the photocatalytic system.
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1.4.8.2 TiO2/MMT
The preparation of TiO. / MMT nanocomposite by impregnating TiCls with calcination at
350° C was investigated by Djellabi et al. On the surface of clay developed crystalline TiO2 Anatase.
Five cationic colors, such as crystal violet, MB, RhB, methyl orange (MO), and Congo red, are
degraded and photoactivity has been examined under UV-A light. The degradation rates were shown
as follows: violet-crystal (97.1%) > MB (93.2%), RhB (79.8%) > MO (36.1%) > red Congo (22.6 %)
[100].

Mishra et al TiOz / bentonite nanocomposites synthesized under microwave conditions (180
°C), contributing to the creation of TiO. anatase NPs within 10 minutes on the bentonite surface.
Bentonite nanocomposites of 50% TiO by weight was tested for the degradation of methylene blue
due to its SSA (70 m?/g) and pore size (0.3455 cm?®/g) [101].

Ag/TiO> loaded on bentonite by impregnating has been further prepared AgNPs (0.5-3%)
[102]. The Ag-TiO2 bentonite nanocomposite demonstrated higher photocatalytic behavior under
simulated solar radiation. The phenol removal performance was higher than TiO2 and Ag-TiO-

nanoparticles.

1.4.8.3 Kaolinite
A nanocomposite composed of mixed-phase TiO> NPs was prepared by Zhang et al [103]
using a simple method involving stirring and low-temperature aging of the material for 12-24 hours.
The layered structure of kaolinite was destroyed to some degree during the synthesis, contributing to
the creation of a dual mesoporous structure due to the integration of TiO into kaolinite. The HRTEM
showed various lattice fringes that allowed various TiO> phases to be identified. The nanocomposite
showed excellent photoactivity relative to red-G acid degradation and 4-Nitrophenol (4-NP) as
compared to commercial P25. The mesoporous structure, high area and heterojunction formation
between anatase-brookite and anatase-rutile TiO> resulted in high photocatalytic activity in TiO2 /
kaolinite nanocomposite.
1.5 Conclusion
In this chapter, we summarized the main concepts of clay minerals and their application for
removal of organic contaminants through adsorption and photocatalysis processes. The abundance of
current research accessible in the literature demonstrates that there is a growing interest in the use of

iron nanoparticles for water and wastewater treatment. Modification clays by magnetite particles is
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one of interesting materials which can be easily separated due to the action of an external magnetic
field. Moreover, the functionalization of clays by titanium dioxide have a great interest for
photodegradation of many contaminants. According to the studies consulted in the bibliography,
halloysite clay was considered as a promising materials for removal contaminants due to their tubular
shape, low cost, and affordable substance. Furthermore, combined with oxides (FezOs, TiO2, ZnO ...)

have proved efficiency in removal of organics contaminants under visible light irradiation.
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Chapter Il Materials and methods

This chapter is devoted to the description of the clay considered in this study and the synthesis methods
(coprecipitation, hydrothermal) which allowed to obtain FesOs, TiO> and their doping with metals
such as iron and silver which supported on HKDD3 clay. Afterward, we will discuss on fixation of
iron sulfide FeS nanoparticles to use for photocatalytic. Then, we have described the range of
instrumental techniques that we used to characterize, analyze and study the different materials
elaborated as well as the conditions in which the measurements and the analyses were carried out. In
the same way, we have presented the different and varied effects (concentration, mass loading, pH,

and scavengers) used to study the photocatalytic activity, adsorption, and sono-sorption.
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1.1 Materials
11.2 Kaolin Djebel Debbagh

The most common mineral in sediments is kaolin, which has a residual or hydrothermal origin.
The geological conditions under which kaolin was generated, its mineralogical constitution, and its
physical and chemical properties are all factors that influence its features. The major mineral phases
of the kaolin group (Al>Si2010(OH)a4) are kaolinite and halloysite, which are composed of dioctahedral
1:1 layers [1]. Kaolin of Djebel Debbagh is located in the North-East of Algeria. It is known, and
exploited kaolin for almost a century; it has been extracted from a mine located in Djebel Debbagh
(wilaya of Guelma, Algeria). This deposit is hydrothermal it was suggested hydrothermal alteration
at higher temperatures. The Djebel Debbagh deposit covers an area of 391 km2. It is 17 Km away
from the city of Hammam Debbagh [2]. Kaolin is generally of the color white and can have other
colors (yellow, gray, red, or green). This coloration is due to the presence of impurities such as MgO,
FeO(OH), Ca0, Na20, K0, and TiO- [3]. Halloysite clay is a natural substance extracted from over
the world, including in China and New Zealand [4]. Our halloysite was collected from the Djebel
Debbagh region. The appropriate technique of purification will be determined by the kind of

impurities present in the raw sample, as well as the functionalization or surface modification.
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Figure 11. 1 Geologic location of kaolin Djebel Debbagh
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The kaolin of Djebel Debbagh (KDD3) is very rich in alumina 36 to 40%, but contains a high
level of manganese oxide (MnO) ranging from 0.56 to 3% and gives a grey color to more than 80%
of the deposit's kaolin. The quality of kaolin varies greatly with the extraction deposit. Some deposits
give pure kaolin with a concentration of metal oxide impurities of less than 1% in weight and
sometimes concentrations below 0.5% by weight (kaolin KDD1), this type of kaolin has a very white

appearance [5].

11.3 Purification of HKDD3 clay
The treatment of natural clay (HKDD3) consists of removing impurities (quartz, calcite, organic

matter). The followed steps were performed:

e Grinding
An agate mortar was used to grind the block of clay into powder clay.

e Purification with hydrogen peroxide
In order to remove organic matter from clay, hydrogen peroxide (H20>) purification can be carried
out in a variety of ways. But in general, a large quantity of clay (HKDD?3) is dispersed in 10% H.O3,
and magnetically stirred for 30 minutes, then it was applied the sedimentation to get the clay which
was in suspension [6].

e Drying in the oven
The clay was dried in an oven at T=100°C for the removal of adsorbed water, for 4 hours.
11.4 Preparation of samples
11.4.1 Synthesis methods

Besides its advantages, each technique has certain limitations (Table.l1.1). For the production

of nanoparticles (magnetite, titanium dioxide) with the desired characteristics, the methods
coprecipitation, sol-gel, hydrothermal and thermal decomposition (figure 11.2) are employed [7].
Firstly, due to the simplicity, cheap cost, and scalable yield, co-precipitation seems to be the most

efficient approach.
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Figure 11. 2 synthesis methods for oxides particles [8]

Nevertheless, agglomerations can also prevent and reduce the interfacial area of the
nanoparticles. Moreover, this technique makes it difficult to generate tiny, crystalline nanoparticles.
Secondly, sol-gel is seen as an alternate method with environmental conditions and good nanoparticle
size control. Nevertheless, due to the significant amount of ethanol emitted throughout the process,
this synthesis technique demands consideration of safety. Annealing at high temperatures and vacuum
seems to be a costly therapy after treatment because of the significant energy consumption. Finally,
the hydrothermal approach produces smaller sizes (less than 50 nm) at higher temperatures (200-
300°C) and under high pressure, although hydrothermal techniques still need the development of
facilities [9]. Finally, the thermal decomposition technique may be used to generate a tiny size
distribution of particles with a high crystalline structure that is highly monodispersed. However, due

to the higher temperature required throughout the process, it is also considered a costly approach [10].
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Table 11. 1 Comparison of different chemical methods used in the preparation of magnetite
nanoparticles

Coprecipitation hydrothermal Sol-gel Thermal

decomposition

conditions Easy, inert Relatively easy, Complicated, Complicated,
atmosphere higher pressure ~ ambien .
inert atmosphere
Temperature 25to 70 130 to 250 2510 80 100 to 350
(°C)
time Minutes/hours hours Minutes/ hours Days /hours
Size Relatively narrow Very narrow Very narrow
distribution "2 oW
Shape Not well Very well well Very well
control
Advantages  Easy and High Control of High control of -High
efficient size and shape microstructure; crystallinity
- Safer internal structure - Simple control
procedure homogeneity; of shape and
-High size; shape and particle size
production aspect ratio
efficiency
- Lower cost

11.4.2 Synthesis of FesOs-HKDD3 nanocomposite by coprecipitation

The Fe304-KDD3 nanocomposite was synthesized by the co-precipitation method [11]. A
quantity of HKDD3 clay was dispersed in 200 ml of a solution containing 1.16 g FeCls.7H20 and 0.5
g FeSOg dissolved in distilled water, under inert gas (N2). A quantity of ammonia solution was added
dropwise. The mixture was kept under stirring for 3h at 70°C after that the black prepared

nanocomposite was watched several times and dried at 100 °C in the oven.
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Figure 11. 3 Schema of the preparation method of Fe304-HKDD3 nanocomposite

11.4.3 Synthesis of photocatalysts based on HKDD3 clay by solvothermal method
We elaborate different samples of TiO2 and doped TiO> loaded on magnetic HKDD3 clay as cited

below

1
2
3
4

30% TiO2- Fe304- HKDD3

2%Ag doped TiO2- Fe30s- HKDD3

1%Fe doped TiO.- FesOs- HKDD3

2%Ag- 1% Fe doped TiO2- Fes0s- HKDD3

11.4.3.1 30% TiO2- Fe3Os- KDD3

An amount of M-HKDD3 was dispersed in 9.6 ml of isopropanol (CH3)CHOH) to obtain the
precursor solution under stirring for 15 min. then 0.4 ml of TTIP (Ti[OCH(CHzs)2]4) was added
dropwise. Next, The solution was then transferred to a Teflon-lined stainless steel autoclave and
solvothermal treated for 24 hours at 160 °C. The precipitates were rinsed with deionized water and

ethanol several times after cooling to room temperature before being dried in a vacuum oven at 60 °C.

In the case of doping with iron and silver the same procedure with adding the amount of silver nitrate

and iron nitrate after the addition of titanium precursor.
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Figure 11. 4 Schema of the preparation of photocatalyst TiO2- HKDD3

11.4.4 Synthesis of FeS-HKDD3 catalyst

A simple hydrothermal technique was used to make catalyst. 0.9 g of FeSO4.7H.O was
dissolved in 20 ml distilled water and dropped into a solution containing 0.5 g of HKDD3 clay
distributed in 30 ml for 30 minutes while stirring. After that, 2.3 g of thiourea were dissolved in 20 ml
of distilled water. The mixture stayed under stirring for 1 h and then transferred to an autoclave reactor
for 18 h at 180°C. The as-prepared powder was washed several times with distilled water then it was
centrifuged and dried in the oven at 80°C. The FeS nanoparticles were synthesized with the same
method without adding HKDD3 clay.

Firstly, Fe?* was absorbed through electrostatic interactions on the halloysite surface when
FeSOs aqueous solution was applied dropwise under magnetic stirring into the halloysite clay
suspension (stage 1). Secondly, under continuous magnetic stirring, (NH2)2CS solution was added
dropwise into the mixture to be distributed homogeneously (stage 11). At the beginning of reaction at
180°C, H,S was produced by (NH)2CS hydrolytic reaction and reacted with Fe?* via the following

equations (stage I11) to form FeS particles:

(NHZ)ZCS + 2H,0 = CO; + H5S + 2NH3 (1)
Fe?* + S2 = FeS )

51



Chapter 11 Materials and methods

11.5 Preparation of methylene blue solution

In this work, we used one type of pollutant, which is cationic dye methylene blue as an organic
pollutant. The solution is made by dissolving the appropriate quantity of the substance in distilled
water without first purification. The pH was adjusted to different values using hydrochloride acid or

hydroxide sodium. The characteristic of methylene blue dye is shown in Table 11.2

Table I1. 2 physicochemical properties of methylene blue dye

Dye Methylene blue
Formula C16H18CIN3S
Molecular mass (g/mol) 319.85

Amax (NM) 663

The maximum absorption of MB is 663 nm. The choice of this cationic dye is justified, by its
adsorption on the clay minerals because of the electrostatic attraction between the negatively charged

clay particles and the cationic entities of the dye.
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Figure I1. 5 Absorption spectra of methylene blue dye (C=10 mg.L™).
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11.6 Methods of measurement and analysis
11.6.1 UV-visible spectrophotometry

UV-visible spectrophotometry is a method of quantitative analysis that allows to measure the
absorbance of a chemical substance dissolved in a solution and can be used to follow the kinetics of
its discoloration using a previously calibrated spectrophotometer. The concentration of a substance is
proportional to its absorbance according to the Beer-Lambart law, it is evaluated using calibration

curves.

A=¢lC 3)

With: A: absorbance, €: specific extinction coefficient of the solute. L: the thickness of the optical cell
and C: concentration of the solute. The wavelength of the absorption maximum of MB (Amax) is 663
nm.

The substrate removal rate was calculated using the following relationship: Co-Ct

_(CO—Ct)

4
=&+ 100 (4)

R(%)

11.6.2 Measurement of total organic carbon

Total organic carbon (TOC) is an important parameter for the evaluation of the organic load
of water. TOC measurement allows the user to know the total organic carbon content present in a
sample that contains different organic compounds. The usefulness of this measurement is to check
whether the pollutants undergo partial or total mineralization after their treatment. Indeed, its concept
is to use a powerful oxidant in an acid media to fully oxidize all organic materials into CO2 and H-O,
with the amount of CO, produced is measured by an infrared detector. The TOC content was tested
to confirm the mineralization of the contaminants following photocatalytic treatment. The total
organic carbon (TOC) content of the treated solutions was used to estimate the level of mineralization.
The TOC of solutions was determined using CO. produced by catalytic combustion at a high
temperature (680°C) [12].
The TOC removal (mineralization efficiency) and MB discoloration efficiency at the generic
irradiation time were evaluated using the following relationship:

TOC(t)
TOC,

Mineralization efficiency (t) = (1 - ) 100 (5)
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Where TOC(t) is the total organic carbon at the generic irradiation time (mg/l), TOCy is the initial
total organic carbon (mg/l), c(t) is the MB concentration at the generic irradiation time (mg/l), co is

the initial MB concentration (mg/l).

11.7 Procedure of adsorption MB

To conduct the dye adsorption studies on the nanocomposite, 100 mg of magnetic HKDD3
was added to a volume of 100 mL of each starting dye concentration and stirred until equilibrium was
reached. A sample was separated by centrifugation and analyzed in a UV-Vis spectrophotometer. The
adsorption capacity at time t, g: (mg/g) was calculated using the following expression:

g = (Co—C)*V (6)
m

Where C, and C; are the initial concentration and the concentration at time (t) of adsorbate solution

respectively (mg/L); V is the volume of dye solution (L) and m is the weight of the used adsorbent

(9). In the sono-adsorption process, an ultrasonic bath (D-78224 Singen/Htw; typ S30, Germany) was

used to produce the ultrasound waves at a fixed frequency of 50/60 Hz and an ultrasonic power of 80

W.

11.8 Parameters study on adsorption process of MB dye
11.8.1 Effect of contact time and initial concentration

At different initial dye concentrations (10, 20, 30, and 40 mg.L™1), 0.1 g of adsorbent was added
to solutions at room temperature and free pH. The mixture was kept under stirring at different intervals

of time ranging from 0 to 120 min.

11.8.2 Effect of pH
To study the effect of pH on MB adsorption on M-HKDD3, experiments were carried out

on 30 mg/L initial dye concentration at varying pH ranges of 4.0 to 9.0 in presence of 0.1g adsorbent
at room temperature (+25°C). The pH of the MB solution was adjusted using 1 mol.L* of HCI and1
mol.L ! of NaOH.
11.8.3 Effect of temperature

To study the influence of thermodynamic parameters, a series of experiments were conducted
at different temperatures in the range of (303-323 K). The entropy (AS), enthalpy (AH), and Gibbs

free energy (AG) were calculated by the following equations.
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AG°®° = —RTInK, )
AG° = AH° — TAS° (8)
AH® AS° (9)

InK, = — RT + R
= 9¢ 10
K =2 (10)

Where R is the universal gas constant (8.314 J/mol K) and T is the absolute temperature (K). Ke is the
adsorption equilibrium constant.

11.8.4 I1sotherm models

An adsorption isotherm is a variation of the adsorbed quantity ge (mg.g™) on a solid as a
function of the Ce concentration (mg.L™) i.e. the interaction adsorbate with adsorbent. The isotherms
model was obtained by varying the initial concentrations of MB (from 5 to 40 mg.L?) at room
temperature and free pH. In this study, the adsorption equilibrium is analyzed by application of the
Langmuir and Freundlich models which are commonly used [13]

The Langmuir model depends on the assumption of monolayer adsorption. Where that the
adsorption of a specific atom on given adsorption does not rely upon the control of the following
adsorption site. The Langmuir model was expressed by the following equation:

_ K Ce (11)
q= m
Where; Ce is the equilibrium concentration (mg/L); ge is the quantity adsorbed at equilibrium (mg/g);
Ki is the equilibrium constant relative to the Langmuir model;

The Freundlich equation is used to describe heterogeneous systems, where the interaction
between molecules adsorbed in solid bulk is not limited to the formation of a monolayer.

It is an empirical equation, characterized by the factor 1/n of heterogeneity. It can be described by the
following equation (nonlinear) [14]:
qe = K;Cel/m 12)

Where; Kgis the equilibrium constant relative to the Freundlich model (L/g); 1/n is the heterogeneity

factor is ranging between 0.1 and 1.
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11.8.5 Kentic models

The kinetic models provide us with information about the adsorption mechanism and the mode
of solute transfer from the liquid phase to the solid phase. The literature reported several models such
as the pseudo-first-order model (PFO), the pseudo-second-order kinetic model (PSO), and Weber and
Morris model or intraparticle diffusion model. The nonlinear plots of data regression of PFO and PSO

were represented to determine Kinetics.

The adsorption rate constant Ky is given by the following relation:

% =K1 (qe —q) (13)

In the pseudo-second-order model, the adsorption rate constant K is given by the following
relation: Kz(ge-q)?
%= Ky (qe — q)? (14)
Where; ge is the quantity of dye adsorbed at equilibrium (g/mg); g is the quantity of dye adsorbed at
time t (g/mq); t is the contact time (min); Kz is the adsorption rate constant for the pseudo-first-order
(min); Kz is the adsorption rate constant for pseudo-second-order (g/mg.min).
The intra-particle model was defined by the equation q, = K;4 * t°° + C. (15)
Where qt is the amount of adsorbate per unit weight of adsorbent.
C (mg/g) is a constant which gives information about the boundary layer and Kid (mg.g.min"*?) is

the intraparticle rate constant and t is time contact.

11.9 Photocatalytic performance of methylene blue degradation

A Pyrex cylindrical reactor (ID = 2.6 cm, Ltor= 41 cm, and Vtor= 200 mL) with an air
distributor device (flowrate of 142 N cm® min) was used for the photocatalytic studies. The visible-
LED strip (nominal power: 10 W; provided by LED lighting hut; emission in the range 400-800 nm;
light intensity: 13 mW cm) was placed against the photoreactor's exterior surface. To achieve the
adsorption-desorption phenomena, the MB dye solution was exposed to visible light for 3 hours after
being kept in the dark for 2 hours. About 3 mL of the solution was removed from the photoreactor
and centrifuged to remove the catalyst at various intervals. The aqueous solution was examined using
a UV-Vis spectrophotometer (Thermo Scientific Evolution 201). The highest absorbance value at

663nm was used to evaluate the elimination of MB dye in further detail. The total organic carbon
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(TOC) content of the treated solutions was used to estimate the mineralization level. The TOC of
solutions was determined using CO> produced by catalytic combustion at a high temperature (680°C)
[12].

Discoloration efficiency (t) = (1 - @) 100 (16)

Co

The Langmuir—Hinshelwood model is usually used to describe the kinetics of the photocatalytic
process [15]. The derivation is based on the degradation rate (r), which is expressed as follows:
dc Kk Ky
dt 1+K,4c

Where ki, Kag, and c are the intrinsic kinetic constant, adsorption equilibrium constant and, dye

r= a7

concentration, respectively.
Assuming that adsorption is weak and the concentration of compounds is low, the equation above can
be simplified to the first-order kinetics expression with an apparent discoloration kinetic constant

(Kapp):

C
In (?°) = K Kagt= Kopp t (18)

The value of the apparent discoloration kinetic constant can be calculated by the slope of the zero-
passing straight line obtained from plotting In(co/c) vs time t.
11.10 Parametric study of photocatalytic study

A parametric study was carried out to investigate the influence of different parameters on the
efficiency of the photocatalytic reaction, as the catalyst dose, the pH of the solution, and the initial

pollutant concentration (Co).

11.10.1 Effect of the catalyst dose

According to the literature, the efficiency of the photocatalytic reaction is influenced by the
variation of the catalyst dose. Therefore, knowledge of the optimal dose is important. The influence
of the catalyst dose varying from 0.3 to 1.25 g.L* for photocatalyst on the photodegradation of the
MB dye with a Co concentration fixed at 7 mg.L™ and free pH (without adjustment) has been studied.
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11.10.2 Effect of the pH of the solution

The effect of pH on the efficiency of the photodegradation process is an important parameter
to study. During our study the influence of pH was studied for values set at 4; 5; 6.7; 8. a Co
concentration of 7 mg.L ™ and an optimal dose of 0.9 g.L of the photocatalyst. The pH adjustment
was performed by adding HCI and NaOH (0.1 or 1 M).

11.10.3 Effect of the initial concentration of the pollutant (Co)

It is interesting to study the influence of the variation of the initial Co concentration on the
efficiency of photocatalytic degradation. This approach was carried out by maintaining the other
parameters (pH and catalyst dose) at their optimal values for different Co values ranging from 7 to 28
mg.L. The experiments were conducted under visible light radiation, at free pH, and a catalyst mass
of 0.9 g.L™.

11.10.4 Effect of scavengers
When exposing a photocatalyst to radiation, several active species are generated, namely:
holes (h*), electrons (e-), radicals; hydroxyl (OH"), and superoxide radicals (O2).

We used four inhibitors (scavengers). The role of these inhibitors is to trap these species and
subsequently inhibit the photocatalytic reaction. 2-propanol, Benzoquinone, and Na;EDTA were used
to trap respectively: OH", O, and h*. These experiments were carried out at a Co concentration of 7
mg.L?, with mass catalyst 0.9 g.L™, at pH 6.7.

11.11 Characterization methods

Different techniques have been used to characterize raw Kaolin (KDD3) and modified Kaolin,
including X-ray diffraction (XRD) to identify phase and structure, diffuse reflectance to measure the
optical gap (UV-DRS), scanning electron microscopy (SEM-EDS), transmission electron microscopy
(TEM) to visualize morphology, infrared spectroscopy (FTIR), and XPS to detect chemical bona fide
vibrations. As well as the BET analysis to know the specific surface area and pores of prepared

materials. These techniques and their principles of operation are described as follows:

11.11.1 X-ray diffraction
In materials research, X-ray diffraction is perhaps the most extensively used method. It is
based on the matter's diffraction of X-rays. It only works on crystalline materials and allows the size

of the lattice and crystallites to be determined. This technique is based on a set of reticular planes (hkl)
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that are positioned at an angle to the incident beam (Figure 11.6). By observing lines from which the
reticular distances dnk, typical of a specific crystalline substance, can be calculated, this is converted
into the diffractogram, which represents intensity as a function of angle. Small angle XRD spectra
demonstrate the d-spacing and Bragg’s law is used for the calculation. The small-angle peak shifts
towards the lower 20 indicate an increase in d-spacing. Wide-angle XRD is used to find the
crystallinity of the clay mineral and the semiconductors along with their crystallite size using the
Scherrer equation. Peaks of different phases, complexes, and peak shifts for modifications as doping

and ion treatment can also be observed by XRD spectra.

A=2dsin®

Figure I1. 6 schema of Bragg’s law.

Experimental conditions

X-ray diffraction (XRD) patterns were collected on a PANanalytical X Pert Pro automated
diffractometer. Powder patterns were recorded in Bragg-Brentano reflection configuration by using a
Ge(111) primary monochromator (Cu Kalfal) and the X’Celerator detector with a step size of 0.0167°
(20). The powder patterns were recorded between 4 and 70 ° in 26 with an equivalent counting time
of ~60 s/step. The crystalline phases were identified by using the diffraction patterns of the joint
committee on powder diffraction standards (JCPDS) of the international center for diffraction Data
(ICDD).
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11.11.2 Microscopy

Electron microscopes such as scanning electron microscope (SEM) and transmission electron
microscope (TEM) are used to obtain direct evidence related to size, shape, morphology, elemental
composition with distribution, lattice structures, etc.
11.11.2.1 Scanning Electron Microscopy (SEM)

This approach is based on the interaction between an electron beam produced by the electron
cannon and a crystalline matrix, the secondary beam of which is rasterized with the electron beam of
a cathode ray tube (CRT or television image tube) which is attracted by the collector. The topography
(surface feature) and morphology (shape and size) of samples may be determined using this method.
SEM provides surface morphology information, allowing the distribution of semiconductor material
over the clay to be observed. At the same time, particle agglomeration or inappropriate loading can

be verified.
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Figure I1. 7 Schematic diagram of SEM-EDX instrument [16].
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11.11.2.2 Energy Dispersive X-ray Spectroscopy (EDX)

EDX is used to analyze the chemical composition of a sample. The system is coupled to the
SEM. The principle of microanalysis is based on the detection of X-photons emitted by the sample
under electron bombardment. The electrons of the incident beam interact with the core electrons of
the sample atoms and when an atom is ionized, a very fast radiative excitation occurs. An electron
from the upper layers of the atom joins the unoccupied layer of lower energy. In order to maintain an
overall energy balance, an X-photon is emitted simultaneously. The energy of this photon is
characteristic of the ionized atom. The X emission spectrum is, therefore, representative of the

chemical constituents of the sample.

11.11.2.3 Transmission electronic microscopy (TEM)

Transmission electron microscopy (TEM) has been widely utilized to determine the size of tiny
metal particles. The electron microscope employs an electron beam (1-40 keV); the electron cannon
is made up of a tungsten anode and beam aperture control. At the point where the electron beam
impacts the specimen, an electron lens system may concentrate it with an extremely tiny cross-section.
The transmitted electrons travel through another set of electron optics before falling on a fluorescent
screen, which produces an image that may be captured on photographic film. The particle size and
distribution are shown in TEM images. The picture is projected onto a screen, and particles of various

sizes are counted.

» Experimental conditions
Field Emission (FE) - Scanning electron microscopy (SEM) images were obtained by using an
FEI, Helios Nanolab 650, and the Energy dispersive spectroscopy (EDS) and High-resolution

transmission electronic microscopy (HRTEM) images by using an FEI, Talo.

11.11.3 The Fourier transforms infrared spectroscopy (FT-IR)

The basic principle of infrared (IR) spectrometry is based on the interaction of the IR
electromagnetic radiation with the material at different frequencies. In the spectrum general
electromagnetic radiation, the field of IR radiation is included between 12800 and 10 cm™ which
breaks down into three parts: near, medium, and far IR. We are particularly interested in the mid-
infrared (MIR) region which corresponds to the wavenumber range [4000 - 400 cm™]. When a
molecule is irradiated with IR radiation, it can absorb partially and selectively this radiation. As a

result, it is excited (vibrational and rotational energy) which are modified with an increase of its
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amplitudes. The energy of the incident IR radiation is decreased after the interaction, which leads to
the appearance of an absorption band at this frequency. The absorbed energy is characteristic of each
chemical bond of the sample analyzed.

» Experimental conditions
The system used was a Bruker Vertex70 spectrometer. Samples were recorded without prior sample
preparation. A standard spectral resolution of 4 cm™ in the spectral range 4000-500 cm™ was used for

spectrum acquisition.

11.11.4 Brunauer-Emmett-Teller (BET) surface area analysis:

In catalytic applications, the surface area of a material is crucial. The idea is based on Braunauer,
Emmett, and Teller's isothermal theory of adsorption isotherm in multilayer gas adsorption, which
was developed in 1938. The entire surface area per unit mass of the product accessible to atoms and
molecules is known as the specific surface area. The physical principle for the determination of the
mass area is based on the adsorption of gas at low temperatures. The phenomenon of adsorption is
achieved thanks to weak links (VVan der Waals forces) on the surface of the solid; these forces act on
the surface of the solid to the outside, especially on gas molecules surrounding the sample to be
analyzed.

» Experimental condition
The particles' specific surface was estimated by measuring nitrogen (N2) absorption-desorption
isotherms and applying the theory proposed by Brunauer-Emmett-Teller (B.E.T) on a Micromeritics
ASAP 2010 apparatus. After a degassing at 300°C under vacuum for 2 h, the samples were cooled
and submitted to adsorption-desorption analysis.

11.11.5 UV vis DRS:

For powdered or crystalline materials, diffuse reflectance is an effective sampling technique. This
method is beneficial for identifying the catalyst's absorption edge. In the case of atoms, ions, or
molecules, it provides information on the electronic transition between orbitals or bands. The
formation of the clay/catalyst is often established when the absorption spectra of the clay
semiconductor nanocomposite match those of the semiconductor material. In addition, shifting the
absorbance spectra as a function of time can be used to determine the time required for the complete
formation of the semiconductor material on the clay. The shift of the absorbance peak can also be used

to validate the doping of another element.
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» Experimental conditions
High-performance UV-Vis-NIR spectrometer. It provides excellent resolution throughout the UV-
Vis-NIR spectrum, from 170 to 3300 nm. It has a double-plane Littrow monochromator; double
diffraction grating of 1200 lines/mm with the blaze at 250 nm and 300 lines/mm blaze at 1192 nm;
automatic polarizers; and four detectors consisting of one four detectors consisting of a
photomultiplier tube, a PbS detector, and the Si/InGaAs multilayer Si/InGaAs detector.
This equipment is complemented by a wide range of sampling accessories:
- Kit of cells for powder.
- Film holder.
- Solid sample holders.
- Cell holders for standard and specialized cuvettes.
Diffuse reflectance spectra were measured in powder using BaSO4 as a blank. The support used was

of small size, as well as the slit used.

11.11.6 X-ray photoelectron spectroscopy (XPS):

Surface examination using X-ray photoelectron spectroscopy is a non-destructive method. X
photons produced by a monochromatic Mg or Al source excite the elements of the surface layers.
Each element's photoelectrons reflect the chemical environment in which it exists. X-ray
photoelectron spectroscopy (XPS) has long been known as a valuable technique for detecting chemical
species on solid surfaces. The catalyst surface may be characterized directly using this method. Before
and after the reaction test, it provides information on the elemental composition and oxidation states

of the elements on the solid surface.

» Experimental conditions
XPS analyses were performed using a K-alpha spectrometer from Thermo Scientific using an Al Ko
anticathode at 1486.6 eV. The spectra are recalibrated relative to the free carbon used as a reference
(284.7 0.1 eV). Semiquantitative analyses could also be performed.
All of these characterization tests were performed at Central Research Support Service (SCAI)

in Malaga, Spain.
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11.12 Conclusion

During this chapter, we have tried to outline the characteristics of used samples and devices,
as well as the methods of preparation and characterization of nanomaterials. On the other hand, we
have described the experimental protocols as adsorption and photocatalysis processes. Besides, the
factors include pH, mass loading, concentration, and temperature that influence on the removal of

dyes from an aqueous solution.
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CHAPTER Il
Characterization of HKDD3 clay: removal of MB

dye

This chapter presents the characterization results of HKDD3. The mineralogical composition of the
pristine HKDD3 clay was performed by X-ray diffraction. Transmission and scanning electron
microscopy was used to identify the morphology of HKDD3. The Fourier transform infrared
spectroscopic and textural analysis (BET) completes the physicochemical study by identification of
various forms of the minerals present in the clay and the specific surface area. Thus, the HKDD3 clay
was tested by adsorption of MB dye.
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I11.1 Characterization of HKDD3
I11.1.1 Chemical composition by fluorescence X (XRF)

The chemical composition of HKDD3 clay was performed by fluorescence X. The main oxides
in the sample (Table 111.1) are consistent with a large fraction of kaolin group minerals [1]. According
to the results, the alumina and silica contents were about 38.48%, and 36.11%, respectively. The
SiO2/Al203 mass ratio is 0.94. In addition to the presence of impurities content (Fe.O3, MgO, CaO)
less than 3%. The percentage of alumina is greater than silica. The report of silica/alumina is less than
1 which means that HKDD3 is not pure i.e a mixture of kaolinite and halloysite phase as XRD
measurement confirmed. The MnO content is relatively high compared to the other oxides in HKDD3,

which can be explained by its grey color.

Table I11. 1 Chemical composition of HKDD3

Element Al20s3  SiO2 Fe20s CaO MgO Na2O K20 MnO
W/W% 3848  36.11 0.13 0.42 0.16 0.26 0.03 0.46-1.34

111.1.2 X-ray diffraction analysis (XRD)

X-ray diffraction analysis shows that kaolin HKDD3 consists of halloysite and kaolinite
(Figure 111.1). The pattern obtained is practically similar to the one obtained by T. Imai et al [2] in
their study of an Algerian halloysite. This suggests that the HKDD3 in this study is halloysite clay.
The XRD pattern was recorded from 4 to 80°. The characteristics peaks at 26 = 11.71°, 19.98°
24.53°,34.96°, 37.69°, 38.28°, 54.69°, and 62.62° correspond to the halloysite (7A°) structure (JCPDS
29-1487) [3]. The other peaks at positions 9.27°, 19.98, 34.96°, 37.69°, 38.8°, 48.19°, 54.69°, and
62.62° were ascribed to Kaolinite (JCPDS 80-0886) [4]. The Kaolin extracted from Djebel Debbagh
3 is a mixture of kaolinite and halloysite [5].
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Figure 111. 1 XRD pattern of HKDD3 clay, K: kaolinite; H: halloysite.

For the indexing of the X-ray diffraction pattern, the following methods are used conventional
investigations of the inter-reticular distances of diffraction (dn«) planes corresponding to each
diffraction line ( Table I111.2 ). The diffraction angles of the different planes of each phase are
compared with the JCPDS files. The analysis of the XRD pattern is a bit difficult because the raw

kaolin contains mineral phases and impurities. The pattern represents the essential phases which are
kaolinite and halloysite.
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Table I11. 2 Positions of the major phases that appear in the HKDD3 clay.

Pos. [°2Th.] d-spacing [A] mineral Plans (dnki)

9.30 9.50 H 001
11.81 7.50 K 001
18.75 473 H 001
19.88 4.46 H 110
24.70 3.60 K+H 002
34.89 2.57 H 200
37.70 2.39 H 013
48.17 1.89 K 133
54.60 1.68 H 301
62.33 1.49 H 331

111.1.3 Scanning electron microscopy and Edx mapping

In general, the solid phase of the mineral clay can be described in three units according to the
scale of size: the sheet, the particle, and the aggregate. The particle is made up of several sheets and
is usually more than 8 nanometers thick. In addition, the aggregate is a set of primary particles oriented
in all directions. The aggregates vary in size from 0.1 to 10 microns. Figure I11.2 shows the
micrographs obtained by SEM. The image (at 2 um) represents that the HKDD3 clay is a halloysite
clay with a tubular shape. SEM analysis revealed that the sample's content was uniform, with

numerous tubules and the presence of occasional particle agglomerates.
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Figure I11. 2 SEM images of purified clay HKDD3.
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111.1.4 Analysis by transmission electron microscopy (HRTEM)

The sample HKDD3 has a characteristic tubular shape, with long open-ended tubes ranging in
length from 0.5 to 5 um and diameters ranging from 20 to 50 nm. The length is ranged from 1 to 3.5
pm, and the diameter is between 20-50 nm (According to image J software) [6]. TEM images
(Figure 111.3) indicate that the lumen of the halloysite was empty.

0 05 10 15 20 25 30 35

lenght (um )

Figure 111. 3 TEM images of HKDD3 clay (a), (b); histogram of length and diameter (c), (d).
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111.1.5 BET analysis

The porosity and specific surface area were confirmed by the pore analysis based on
adsorption-desorption of N, gas measurement as represented in Figure 111.4. The isotherm has a type
IV, with an apparent H3 hysteresis loop [7]. Consequently, HKDD3 clay has an essentially
mesoporous and macroporous structure [8]. The size of the pores is less well segmented, and the peaks
obtained are less distinct. This proves that porosity is irregular, and heterogeneous, inside the
halloysite. The average value is practically of the same order of magnitude approximately 12.41 nm
and the total pore volume is 0.222 cm®/g as shown in table 111.3. While the surface area indicates the

value of 71.71 m2.
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Figure 111. 4 Isotherms of adsorption-desorption of N> of HKDD3 (a), Pore size distribution of
HKDD3 clay (b).

According to table 111.2, compared to other types of halloysite the HKDD3 has a good specific

surface and average pore volume. While the pore diameter was higher about 12.41 nm.
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Table I11. 3 specific surface areas of different halloysite clay were extracted from several regions.

Halloysite Dragonite DG Camel Lake TePuke TP Bayof Djebel Debbagh 3
Dragon Mine, CLA 63 km E of Plenty, New (easten
Utah, North Maralinga, Zealand of Algeria)
America South Australia

SSA (m?2/g) 57.30 74.66 3331 7171

BJH pore 0.12 0.17 0.09 0.22

volume cmd/g

BJH pore 8.15 8.91 9.38 12.41

diameter (nm)

reference [9] [10] [11] This work

111.1.6 Fourier Transform Infrared Spectroscopy (FTIR)

A pure phyllosilicate's infrared spectrum is divided into many regions:

1/ Region of vibration of the hydroxyl groups [12]:

Between 3750 and 3400 cm'! for the valence vibration bands.

Between 950 and 600 cm™ for the angular deformation bands.

2/ Vibration region of the silicate anion:

Between 1200 and 700 cm™ for the valence vibration bands.

Between 600 and 400 cm for the deformation bands.

3/ Region of vibration of the hydration water of the interfoliar cations:

The bands of vibration of valence are between 3640 and 3400 cm™ and are superimposed on the OH

valence bands of the clay. The deformation bands are between 1650 and 1610 cm™
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The halloysite HKDD3 spectra showed intense bands at 3622 cm™* and 3690 cm™ which are assigned

to OH stretching vibrational groups [13] Stretching vibrations of hydroxyl groups are particularly

allocated to this area. The signal at 1648 cm™ was also assigned to OH deformation for the adsorbed

water molecules. Intense peaks may be observed at 1120, 991, and 902 cm™ Si-O stretching groups

Al-O-Si, and Al-OH vibration groups, respectively [14]. the band at 511 cm™ corresponds to Al-O-Si

deformation [15].
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Table I11. 4 vibrational groups of HKDD3 cla
Groups Wavenumber (cm?)

Stretching vibration of the inner surface of O-H 3,690 and 3,622

groups of halloysite

Interlayer water (adsorbed water) 1,648
Stretching of Si-O 1,112
Stretching vibration of Si-O-Si 1,030 and 470
The vibration of Al-O-Si 511

The vibration of the inner surface hydroxyl 991 and 902
group

111.1.7 Thermogravimetric analysis (TGA)

The curve of variation of the mass as a function of the temperature of HKDD3 is displayed in
Figure 111.6. The HKDD3 clay has a first loss of mass of around 4%, which corresponds to adsorbed
molecules of water on the surface of the HKDD3 clay. Then, in the range between 100° and 300°C,
the loss of water is contained in the interfoliar space. This loss of mass reflects the structural
transformation from halloysite to metahalloysite with a mass loss of 3.75%. At high temperatures, the

weight loss of 15% is attributed to the dehydroxylation of structural aluminol groups.
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Figure 111. 6 ATG curve of HKDD3 clay.
111.2 Adsorption study

111.2.1 Effect of initial dye concentration and contact time

Figure 111.7 depicts the effect of initial dye concentration and contact time on the adsorption
of the MB dye. As can be seen, the adsorption capacity increases as the initial dye concentration
increases. The adsorption process happens in two stages, the first one is rapid for the first 20 min of
contact to reach finally equilibrium within about 40 min. the adsorbed quantity reached 4.99, 8.29,
15, 22.3 mg/g for 5,10, 20, 40 mg.L™.
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Figure I11. 7 adsorption capacities in the uptake of MB dye as a function of time.

111.2.2 Effect of temperature
As shown in figure 111.8. Adsorption experiments were conducted at 30, 40, and 50° C. the tests

were carried out on a solution of 20 mg/L of methylene blue.
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Figure 111. 8 Temperature effect on the equilibrium thermodynamic constant (m=0.1g
HKDD3 clay; 100 mL; 20 mg.L* of MB)

According to obtained results (table I111.5), with the temperature rise, the MB adsorption
capacity showed a significant increase. Despite this, the AG- values of the MB dye adsorption onto
HKDD3 are positive. confirming that this adsorption is inhibited by charge heterogeneity [16].
Furthermore, the adsorption of MB dye onto HKDD3 exhibited an endothermic nature because AH is
around 27.47 kJ.mol* which is a positive value of standard enthalpy change; this value indicates that
interactions between the dye molecules and adsorbent particles are electrostatic interaction type in this
adsorption because AH? is ranged 20 and 80 kJ.mol™*[17]. According to, the positive value of standard
entropy changes AS° determined that the randomness is decreased at the interface solid-liquid when

the adsorption occurred [18].

Table I11. 5 Thermodynamic parameters

Parameters  AGP(kJ.mol™) AHC (kJ.mol %) AS°(J.molt. k1) R?
Temperature 303 313 323 27.47 81.28 0.97
(K)

values 284 2.03 1.22
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111.2.3 Kinetic study

Interesting data about adsorption mechanisms are provided by applying the kinetic models. In
this study, we used the major models to fit adsorption experiments which are: pseudo-first-order (PFO)
and pseudo-second-order (PSO). Figure.ll11.9 indicates that the plot was not linear over the range of
time, which means that there is more than one process that affected the adsorption. As shown in the
curve pattern there are two stages, external surface adsorption at the initial stage; is characterized by
the rapid evolution of adsorption because the dye particles were adsorbed onto the external adsorbent
surface. After the external surface has been saturated, the dye molecules slowly diffuse into the

adsorbent pores in the second stage.

=  Experimental data)
First order

—— Second order

qt (mg/g)
H

0 20 40 60 80 100 120
Time (min)

Figure I11. 9 Adsorption kinetics of MB using HKDD3 and fitting curves of kinetic models (pH
free; m=0.1 g of HKDD3 clay; 100 mL; 10 mg.L™* of MB).

As can be observed (Table 111.6), the pseudo-second-order equation fitted the data better than the
first order. Furthermore, the pseudo-second-order model's calculated ge values are substantially
consistent with the experimental results. These findings suggest that the adsorption magnitude may
be attributed to a stronger driving force promoting the rapid transfer of MB molecules to the adsorbent
particles' surface.
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Table I11. 6 kinetic study PFO and PSO.

Kinetic model  gexp (MY/g) Qe cal (MQ/Q) K R2
Pseudo-first- 8.29 7.50 0.14 0.89
order
Pseudo- 8.29 8.06 0.03 0.94

second-order

111.2.4 Adsorption isotherms

To explain the adsorption process, isotherm models of MB dye adsorption were applied by
plotting ge as a function of Ceat equilibrium. Among the major theoretical isotherms, Langmuir, and
Freundlich models were used. The Langmuir model indicates that the adsorption occurred in a

homogeneous phase. While Freundlich isotherm happened on the heterogeneous surface. Both
equations of isotherms were mentioned in chapter II.

30
| = Experimental data
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—— Langmuir isotherm
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Figure 111. 10 Isotherms model of MB adsorption onto HKDD3 clay.
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According to the data summarized in table 111.7, both the Langmuir and Freundlich adsorption
isotherm models fit the equilibrium data well. The Freundlich isothermal model fitted well the
experimental data than the Langmuir isothermal with higher R? 0.99 and lower %?0.71. The adsorption
processes could be defined as reversible, not limited to monolayer formation, or as multilayer sorption
with a non-uniform distribution of adsorption heat and affinities on a heterogeneous surface.

Table I11. 7 Isotherm constant parameters for the adsorption of MB onto HKDD3
clay.

Isotherm Adsorption process
gm (Mg.g%) 26.088
KL 0.298
Langmuir RL 0.09-0.44
R? 0.968
e 2.386
Kr 7.476
n 2.596
Freundlich R? 0.990
e 0.710
111.3 Conclusion

In this chapter, HKDD3 clay was characterized by different techniques. Silica and alumina are
the main constituent oxides of the HKDD3 clay. The TEM images of the halloysite show a hollow
and opened tubular shape. Their external diameter varies from 50 nm to more than 100 nm. Batch
adsorption experiments showed that the adsorption process followed the pseudo-second-order Kinetic
model and Freundlich isotherm. Furthermore, the thermodynamics parameters revealed that
adsorption is endodermic.
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CHAPTER IV
Characterization of FesO4s-HKDD3 clay and its

application for MB removal

This chapter is devoted to present the discussion of the results obtained from the various structural,
textural, and microstructural characterizations obtained on magnetite-HKDD3 nanocomposite. Then,
we present the results of the evaluation of the sono-adsorption and adsorption for methylene blue from
an aqueous medium by studying several Physico-chemical parameters pH, adsorbent mass,

temperature, and MB concentration.
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IVV.1 Characterization of M-HKDD3
IV.1.1 X-ray diffraction analysis

The XRD patterns of M-HKDD3 are displayed in figure IV .1. The peaks at positions 2 theta:
9.3, 11.8, 18.7, 19.8, 24.7, 34.8, 37.7, 48.2, 54.6, 62.3 were ascribed to halloysite and kaolinite [1].
Furthermore, the appearance of new peaks at 20 values 30.1, 35.6, 43.3, 57.1, 62.7 refers to (220),
(311), (400), (511), and (440) planes of reflections magnetite particles, respectively [2]. In addition,
the peaks of clay were significantly weakened which proved that the magnetite (FesO4) particles were
altered by modifying the composition of clay. Debye Scherrer equation [3] was applied to estimate

the average size of Fe30s-HKDD3

0.91
b= LcosO (1)

Where B (rad): the full width at half maximum (FWHM), 0 (rad): The Bragg’s diffraction angle, and
A=1.5406 A° (the wavelength of radiation copper). The estimated size of particles is around 43.8 nm.
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Figure 1V. 1 X-ray diffraction patterns of HKDD3 and M-HKDD3

IV.1.2 Fourier transforms infrared spectroscopy
The infrared curve of M-HKDD3 was illustrated in Figure 1V.2. the band at 1640 cm™ is
present, which is referred to the vibrations of the H-O-H bonds of the water molecules contained in

the interfoliar space of the mineral halloysite [4]. The peaks at 3400, 3617 cm™, and 3699 cm™ are

87



Chapter IV Characterization of Fe304-HKDD3 clay and its application for MB
removal

attributed to the stretching vibration of hydroxyl groups of clay [5]. In addition, the peak at 1124-989
cm™t may be referred to as the silanol groups (Si-O-H, Si-O-Si stretching vibration) of silica [6]. The
observed bands from 700 to 900 cm™ are assigned to the deformation metal group Al-OH. For M-
HKDD3 spectra, the intense and broadband at 3400cm™ corresponded to stretching vibrations of
hydroxyl (OH) groups from iron oxide (FezO4). The characteristic intense peak of magnetite (FesOa4)
at 580cm ™ could be overlapped by the band of Al-O-Si of HKDD3 clay at 536 cm™[7].
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Figure IV. 2 FTIR spectra of M-HKDD3.
IVV.1.3 High-resolution transmission electron microscopy
As presented in Figure 1V.3, the morphology of clay M-HKDD3 was performed by HRTEM.
The morphology of HKDD3 clay is a tubular shape (halloysite clay) with a length from 0.3 um to 4
um and a diameter between 30-50 nm. The magnetite nanoparticles were deposited on the surface of
HKDD3 with a small size in the range from 5 to 50 nm with an average size of magnetite particles of
11.35 nm (using software Image J) [8]. As observed in the images the Halloysite (HKDD3) becomes

rougher with irregular dispersion of spherical nanoparticles of magnetite [9].
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Figure 1V. 3 HRTEM images of M-HKDD3
IV.1.4 SEM/EDX analysis
The SEM is screened in figure 1V.4. It can be observed that the deposition of magnetite onto the

surface of halloysite clay forms aggregate in some regions.

Halloysite has a variety of forms, including large-tubular, short-tubular, platy, and spheroidal
shapes [6]. However, the most frequent form of halloysite is tubular morphology. The tubular shape
can be represented by rolled kaolin sheets with inner diameters of 10-30 nm, outside diameters of 30-
50 nm, and lengths ranging from 100-2000 nm [7, 8]. The halloysite's internal surface is made up of
siloxane (Si—O-Si) groups, while the exterior is made up of gibbsite (Al-OH) groups. The major
elements of Al, Si, and O, which are related to the halloysite chemical formula (Al>Si>0s.H20), are
seen in EDS spectra (Figure 1V.5). Besides, these elements the Fe which is presented on FezOs
magnetite lattice.
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Figure IV. 4 SEM images of M-HKDD3

counts

Key

Figure IV. 5 EDS spectra of M-HKDD3
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IV.1.5 BET analysis

BET study based on adsorption-desorption of N. gas measurement was carried out to
determine the specific surface area (figure 1V.6). The isotherm exhibits a typical form for type 11 [10],
with an H3 type hysteresis loop [11]. However, the BJH-determined pore size distribution [12].
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Figure IV. 6 Isotherms adsorption-desorption of N2 (BET) and Pore size distribution of M-HKDD3.

After loading HKDD3 with magnetite nanoparticles, we observed a decrease in surface area,
average volume, and diameter to be 67.42 m?/g, 0.177 cm®/g, and 10.54 nm, respectively (Table 1V.1).
It can be explicated by the deposition of magnetite nanoparticles onto the surface of HKDD3 clay.

The M-HKDD3 nanocomposite shows the presence of mesopores and macropores.

Table 1V.1 Textural characterization of HKDD3 and FezOs-HKDD3

adsorbent SeeT (M?/g) Average pore Average pore
volume (cm?/g) diameter (nm)

HKDD3 71.71 0.22 12.41

M-HKDD3 67.46 0.18 10.54

V.2 Methylene blue adsorption and sono-adsorption studies

The purpose of this study was to see how effective M-HKDD3 nanocomposite was in
removing methylene blue dye from an aqueous media. We conducted a comparison of adsorption and
sono-adsorption procedures. The adsorbent mass, initial dye concentration, and time were 30 mg.L ™,
0.1 g, and 120 minutes, respectively. Sono-adsorption was shown to be quicker and more effective

than adsorption. For sono-adsorption and adsorption, the adsorption dye reached 18 mg/g and 10 mg/g,
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respectively. Due to physical processes such as tiny turbulence, ultrasonic waves enhance the porosity
of the M-HKDD3 surface adsorbent and mass transfer rate (liquid-solid interfaces) [13].

A rapid rise corresponds to the first initial stage (20 min) when the MB adsorption rate is high
due to the large accessible adsorbent surface area (pore size) and little dye-molecule competition [14].
After that, the second section (from 80 to 120 min) deals with slow adsorption induced by low

concentration gradients, which takes around 60 minutes to reach equilibrium.
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Figure 1V. 7 Comparative adsorption and sono-adsorption for Methylene blue by M-HKDD3

IV.2.1 Effect of dye concentration

The adsorption and sono-adsorption efficiencies in the elimination of MB at different dye
concentrations are shown in Figure I1V.8. The adsorption and sono-adsorption equilibrium
efficiencies improved as the MB concentration was increased. The adsorption and sono assisted-
adsorption efficiencies of MB (10, 20, 30, and 40 mg.L™) were defined to be 8.63, 10.33, 10.60, and
11.70 mg/g and 9.54, 11.22, 17.23, 15.83 mg/g, respectively, after a 120-minute reaction period [14].
Due to the presence of ultrasonic irradiation, sono-adsorption efficiencies in the elimination of MB
were found to be greater than adsorption efficiencies. By increasing mass transfer mechanisms like

diffusion through micropores, ultrasound irradiation enhanced MB adsorption.
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Figure 1V. 8 adsorption (a) and sono-assisted adsorption (b) efficiencies in the uptake of MB dye as

a function of MB dye concentration.
1V.2.2 Effect of pH

In this part of the study, the effect of the initial pH of MB solution was investigated, and the
results are displayed in figure 1VV.9. The adsorption and sono-adsorption efficiencies of MB as a
function of time at various pH (4, 7, 9). When the pH of the solution was raised from 4 to 9, the
adsorption and sono-adsorption equilibrium efficiencies improved. The adsorption and sono-
adsorption efficiencies of MB were defined as 9.77, 10.60, and 14.22 mg/g and 9.52, 17.23, and 18.78,
respectively, when the pH of the solution was 4, 7, and 9. Due to the presence of ultrasonic irradiation,
it was discovered that sono-adsorption efficiencies in the elimination of MB are greater than

adsorption efficiencies.

In acidic conditions, pH <7, it was an unfavorable medium to adsorb MB dye owing to the
electrostatic repulsion force between MB molecules and the surface of HKDD3 clay. Furthermore,
there is a competition between H* ions and cationic dyes for migration to the active sites [15]. By
increasing pH, the OH" ions are produced and the H™ decreases in the solution [16]. The surface of the
nanocomposite became more negatively charged, which improved the attraction of cationic methylene
blue molecules, which caused the adsorption of MB in the active sites. As a result of the ultrasonic
irradiation, reactive radicals (OH" and O2) are produced on the surface of the magnetic clay, which
may degrade the MB dye.
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Figure 1V. 9 Adsorption (a) and sono-assisted adsorption (b) the quantity adsorbed of MB dye as a
function of pH variation (Co =30 mg.L™, T 25 °C).

1VV.2.3 Effect of temperature

To study the influence of thermodynamic parameters, a series of experiments were conducted
at different temperatures in the range of (303-323K°®). The Gibbs free energy (AG), entropy (AS), and
enthalpy (AH) were calculated by the equations (seen in chapter I1).

According to Table V1.2, the endothermic nature of the adsorption phenomena was confirmed
by the positive value of standard enthalpy change AH®, besides the value of that parameter can give
an idea about the type of interactions between adsorbate and adsorbent, therefore 36.38 and 31.94
kJ.mol? is higher than 20 kJ.mol? indicates that electrostatic interactions occurred between MB
molecules and M-HKDD3 particles. The negative values of standard Gibbs AG° show decreasing with
increasing temperature suggesting that the adsorption process was favorable, spontaneous, and
enthalpy controlled, whereas the positive values of AS° exhibited the randomness at the solid-solution

interface increased during the adsorption and sono-assisted adsorption process.
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Table IV. 2 parameters of thermodynamic studies.
Sono-adsorption
T (K°) AG (kJ mol™) AH (kJ mol™) AS (J/mol.K)
303 -1.095 31.948 109.05
313 -2.116
323 -3.073
Adsorption
T (K°) AG (kJ mol %) AH (kJ mol?) AS (J mol K™?)

303 -0.575 36.831 123.54
313 -1.925
323

-3.042

1V.2.4 Kinetic study

The kinetic models provide us with information about the adsorption mechanism and the mode
of solute transfer from the liquid phase to the solid phase. The literature reported several models such
as the pseudo-first-order model (PFO), the pseudo-second-order kinetic model (PSO), and Weber and
Morris model or intraparticle diffusion model. The nonlinear plots of data regression of PFO and PSO

were represented to determine kinetics.

Results of kinetic modeling are presented in Figure 1V.10 and Table 1V.3. For the pseudo-

first-order model [17], the adsorption rate constant K1 is given by the following relation:

%=K1 qe—9) (5)

In the pseudo-second-order model [18], the adsorption rate constant K, is given by the

following relation: Ka(ge-q)?

=K, (4. - q)° (6)

Where; ge is the quantity of dye adsorbed at equilibrium (g/mg); g is the quantity of dye adsorbed at
time t (g/mQ); t is the contact time (min); Kz is the adsorption rate constant for the pseudo-first-order
(min); Kz is the adsorption rate constant for pseudo-second-order (g/mg.min).

The intra-particle model [19] was defined by the equation q, = K;4 * t®° + C.

Where gt is the amount of adsorbate per unit weight of adsorbent.
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C (mg/g) is a constant which gives information about the boundary layer and Kid (mg.g™.min"*?) is
the intraparticle rate constant and t is time contact.

According to this model, internal diffusion would be the mechanism that controls adsorption
kinetics if the capacity q (mg/g) varies linearly with the square root of time [20]. Figure 1VV.10 showed
that the curve is not linear. The first is fast owing to the unoccupied external sites of clay then we
observed slow adsorption which referred to the diffusion molecules of MB into a sheet of clay. It
means that the first region corresponds to the external diffusion mechanism that precedes the internal
diffusion represented by the second region [21]. The intraparticle diffusion model for MB dye fitted
the experimental kinetic results. Furthermore, the intercept value, C, is not zero indicating that the
intraparticle diffusion mechanism does not entirely restrict the overall adsorption process.
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Figure IV. 10 Adsorption kinetics of MB using M-HKDD3 and fitting curves of Kkinetic
models (C=10 mg.L?, T=20°C, m= 0,1 g, 100 ml (MB)).

As seen in Table 1V. 3, the R? value for the pseudo-second-order kinetic equation was found
to be greater than that of the pseudo-first-order kinetic equation for the adsorption process. The
experimental ge (8.63 mg/g) was closer to the calculated ge (8.66 mg/g) for the pseudo-second-order
model than the result for the pseudo-first-order (7.53 mg/g). Higher R? (0.941) and y? lower (0.044)
values revealed that the adsorption process matched the pseudo-second-order kinetic model. However,
the obtained results indicate that the sono-assisted adsorption process follows pseudo-first order with
R?= 0.965 and low ¥? (0.467). As well as the calculated quantity adsorbed reached 9.36 mg/g (from
PFO) which is in agreement with experimental data (ge) 9.52 mg/g.
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Table 1V. 3 Parameters and error functions data for kinetic models studied for the adsorption
of methylene blue onto M-HKDD3.

Kinetic model Parameters Adsorption Sono-assisted
adsorption

Pseudo first order  Qeey, (MY/Q) 8.63 9.52
(PFO) Oe cat (MY/Q) 7.53 9.36

K1 0.072 0.05

R? 0.885 0.965

Y 0.870 0.467
Pseudo second Qe calt (MQ/Q) 8.66 11.34
order Ko 0.01 0.005
(PSO) R2 0.941 0.947

¥2 0.446 0.711
Intraparticle Kip 0.74 0.934
diffusion Ce 1.24 0.949
(IPD) R2 0.934 0.814

1 0.500 2.521

IV.2.5 Isotherm of adsorption

The modeling of experimental isotherms is essential for understanding the adsorption process.
By changing the initial concentration of MB (from 5 to 40 mg.L™) at 25 °C, the isotherm of MB dye
adsorption was obtained. The plot of Qe = f(Ce) at equilibrium depicts the isotherm of MB adsorption
onto M-HKDD3, which corresponds to Brunauer classification isotherm type I.
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Figure IV. 11 Langmuir and Freundlich isotherms fitting nonlinear adsorption MB onto Fe3Os—
HKDD3 nanocomposite (a), sono-adsorption of MB (b).

Figure 1V.11 shows the experimental data fitted to Langmuir and Freundlich models. Table
IV.4 lists the correlation coefficients and isotherm constants with the experimental data. The
Freundlich isotherm was selected as the best fitting model for the sono-adsorption process with a
coefficient R? value of 0.96. the 1/n value is about 0.3 which confirms that the adsorption process is
normal, favorable adsorption due to heterogeneity of adsorbent [22]. While the adsorption process

follows Langmuir isotherm with a coefficient R? value of 0.97 and lower %2 (0.68).

Table 1V. 4 Parameters and error function data for adsorption isotherm models of MB onto M-
HKDD3.

Isotherm Sono- assisted adsorption Adsorption

gm (mMg/g) 17.70 13.704

KL 2.043 1.439

_ RL 0.012-0.046 0.22-0.53

Langmuir R? 0.95 0.968
v 2.885 0.686

Kr 11.23 8.020

Freundlich : 3.19 3873
R? 0.96 0.944

e 2.343 1.228
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1.3 Conclusion

In summary, this study was focused on the modification of Algerian clay (HKDD3) by
magnetite (FesO4) for the easier separation magnetic property. This work highlights the using a sono-
adsorption method to eliminate methylene blue dye from the aqueous medium which is useful, rapid,
and higher than the adsorption process. The adsorption capacity reached about 18.78 mg/g. Kinetics
is influenced by the studied parameters: temperature, pH, and initial concentration. The adsorption
behavior of M. HKDD3 for cationic MB could be well-described by the pseudo-second-order model.
The thermodynamic studies showed endothermic and spontaneous adsorption processes. The

application of ultrasound was proven to be effective in increasing the adsorption capacity.
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CHAPTER YV
Characterization of titanium dioxide

nanoparticles loaded on magnetic clay and

its application for MB removal

In this chapter, we present the characterization results as well as photocatal ytic tests of methylene blue
dye from the aqueous medium, using TiO> and doped TiO with silver and iron supported on the
magnetic halloysite clay HKDD3. The TOC removal was carried out. Among the photocatalysts, the
Ag-TiO,-MHKDD3 is the best one in the photodegradation of methylene blue in comparison to other
samples. For this reason, we studied different parameters such as concentration of dyes, catalyst mass,

pH, and the effect of scavengers.
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V.1 Characterization of prepared catalysts

V.1.1 XRD analysis
Figure V.1 represents the XRD patterns of prepared samples. Similar peaks are from Anatase TiOg,

Fe304, halloysite, and kaolinite clay.

*TiO2
+ Fej‘O4

Intensity (u,a)

10 20 30 40 50 60 70
2 theta (degree)

Figure V. 1 XRD patterns of prepared samples (a) TiO.-MHKDD3, (b) Fe doped TiO>-MHKDD3
(c) Ag doped TiO.-MHKDD3 (d) Ag-Fe doped TiO>-MHKDD3.

The presence of the other phases was not seen, owing to the low concentration of dopant silver
(Ag") from silver nitrate and iron (Fe3*) from nitrate iron precursors. Furthermore, the reflection peaks
at 26 values about 30.1, 35.6, 43.3, 57.1, and 62.7 refer to (220), (311), (400), (511), and (440) planes
of magnetite particles. According to [JCPDS 86- 1157] file, the peaks were displayed at 20 = 25.2,
37.9, 48.2, 54.7 and 62.8 with reflection planes (101), (004), (200), (105), and (204). After deposition
by Fes04 and doped TiO- particles, the peaks of clay were significantly weakened as shown in the 26
position: 9.41, 18.7, 19.8, which indicates that the particles immobilized on the surface of HKDD3

clay.
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V.1.2 FTIR Characterization:

The FT-IR analysis is used to investigate the functional group and chemical bonds present on
the surfaces of the material (Figure V. 2). It is possible to observe intense bands at 3610 cm™ and
3690 cm™* which are assigned to OH stretching vibrational groups [1] of Halloysite Algerian clay.
Besides, the signal at 1635 cm™ can be attributed to OH deformation for the adsorbed molecules of
water. It can be seen intense peaks at 1114, 987, and 907 cm™, which are referred to as the Si-O
stretching group [2], Al-O-Si, and AI-OH vibration groups, respectively [3]. The band 514 cm™®
corresponds to Al-O-Si deformation [4]. After the modification by TiO; and Fe3sO4 nanoparticles, the
same peaks were presented in other catalysts. However, the shifting of a Si-O band from 1000 cm™ to
1025 cm! and the decrease in intensity can be explained by the formation of hydrogen banding
between TiOz and Si-OH (outer surfaces of HKDD3 clay) [5]. The characteristic band of FezOsaround
580 cm™ can be overlapped by the Al-O-Si band of HKDD3 at 520 cm-! [6,7].
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Figure V. 2 FTIR spectrum of different samples (a) Ag-doped TiO2, (b) Ag-Fe doped TiO; (c) Fe
doped TiO2, (d) TiO,-MHKDD3.
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V.1.3 UV-Visible DRS analysis:

The absorption range of the samples is a crucial characteristic for studying photoactivity under
UV and visible irradiation. Diffuse reflection spectroscopy was performed to characterize the
photocatalysts' optical properties. The primary objective of metallic ion doping is to improve light
absorption in the visible spectrum. The TiO, HKDD3 spectra exhibited an absorbance of 442 nm, as
shown in Figure V.3 (A) after doping TiO> particles with silver nitrate and ferric nitrate, the onset
absorption ranges from 400 to 600 nm with broadband in visible, especially for FeTiO>-HKDD3, and
Ag-Fe TiO2-HKDD3 due to the low bandgap. After using the Tauc plot equation (providing the direct
bandgap) to determine the bandgap energy of each sample which is illustrated in Figure V.3.(B)

(A)

Absorbance (a,u)

T v | ' T T | ’ T '
300 400 500 600 700 800

Wavelenght (nm)
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Figure V. 3 Uv- Visible DRS spectra of prepared samples (A) and their Tauc plots (B), (a)
TiO,HKDD3, (b) TiO2 M-HKDD3, (c) Fe doped TiO2 M-HKDD3, (d) Ag-Fe doped TiO2 M-
HKDD3,(e) Ag-doped TiO, M-HKDD3 (f) MHKDD3

As observed in table V.1, the bandgap energy is ordered as followed TiOo.HKDD3> Ag- TiO;-
Fe304-HKDD3> TiO2-Fe304-HKDD3> Fe304-HKDD3> Fe- TiO,-Fe3s0s-HKDD3> Ag-Fe- TiO2-
Fe304-HKDD3. The iron oxide and doping TiO2 by silver and iron helped to decrease the bandgap
energies. The decreased bandgap contributed to the generation of photon electron-hole pairs, which
led to an increase in photocatalytic activity.
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Table V. 1 values of bandgap energies after using Tauc plot equation.

Samples Energy band gap (eV)
TiO2-HKDD3 2.97
FesOs-HKDD3 1.62
Ag- TiO2-Fes0s-HKDD3 1.70
TiO2-Fe304-HKDD3 1.67
Fe- TiO2-FesOs-HKDD3 1.53
Ag-Fe- TiO2-Fe304-HKDD3 151

V.1.4 TEM characterization

As shown in figure V.4, (as mentioned before in chapter Ill), the TEM images show that the
morphology of the used clay (HKDD3) corresponds to the halloysite tubular shape. Fes0s —-HKDD3
was attached with clusters of magnetite particles. The aggregates of FesO4 nanoparticles were
constituted of even smaller subunits, showing that the smaller nanoparticles produced first and later
agglomerated. After deposition of TiO2 nanoparticles, the HKDD3 clay becomes rougher with
irregular dispersion. As observed, there are a few aggregations of nanoparticles. Some TiO>
nanoparticles were observed adhering to the HKDD3 hollow cavity walls. The attachment might be
linked to HKDD3's structures, which include big pore volume and sufficient hydroxyl groups,
allowing metal ions to reach and adsorb on the surface easily. It can be observed that the average
particle size of TiO. loaded on clay is 10-50 nm. In the case of doping, the silver nanoparticles are not
apparent in images due to the low concentration but the XPS results confirm their presence.
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(d)

Figure V.4 TEM images of prepared samples (a) TiO2-HKDD3, (b) TiO2>-M-HKDD3, (c) Ag-TiO»
M-HKDD3, (d) Fe-TiO, M-HKDD3, (e) Ag-Fe-TiO2 M-HKDD3.

V.1.5 BET analysis

The N2 adsorption-desorption isotherms and pore size distribution plots of photocatalysts are shown
in Figure V.5. All samples have type IV isotherms indicative of mesopores structure, except for the
TiO2-MHKDD sample, which has type 111 isotherms. The hysteresis loop appears to be of the H3 type,
which is typical of materials with a large pore size distribution. The pore size distribution included
one peak centered at around 20 nm, while the remaining peaks ranged from 50 nm to 100 nm,

respectively.
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Figure V. 5 N adsorption-desorption isotherms (a), pore size distribution plots of TiO2-M-HKDD3,

Ag-TiO2 M-HKDD3, Fe-TiO2 M-HKDD3, Ag-Fe-TiO2 M-HKDD3.
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The Surface specific area (SSA), pore volume, and area in pores of TiO,- HKDD3 sample and
doped are listed in tableV.2. It was found that the SSA for TiO2- MHKDD3 composite (145 m?/g) is
1.8 times than that of Ag- TiO2- MHKDD3 (82 m?/g) and 1.7 times than that of Fe-TiO,- MHKDD3
(85.67 m?/g) and 1.6 times than Ag- Fe-TiO,- MHKDD3 89.37 m?/g.

The porous nature of the samples and their large specific surface area may boost the adsorption
capacity to organic contaminants, allowing fast diffusion of the reactants and so increasing the

photocatalytic reaction rate [8].

Table V. 2 The physicochemical of as-prepared materials

Volumein  Total Areain Total Area  BET
sample Pores cm3/g Volume in Pores in Pores Surface
(x 10%) Porescmd/g  ma/g m?/g Area m?/g
TiO2M-HKDD3 9.34 0.35 6.57 75.77 145.01
TiO2-HKDD3 0.80 0.29 17.97 63.25 98.67
Ag-TiO2M- 2.95 0.22 26.86 50.14 82.69
HKDD3
Ag-Fe-TiO2-M- 3.87 0.24 24.34 52.42 89.38
HKDD3
Fe-TiO2-M- 3.63 0.20 21.76 49.51 85.68
HKDD3

V.1.6 XPS analysis

XPS analysis was performed for prepared photocatalysts Fe doped TiO, M-HKDD3, Ag-doped TiO-
M-HKDD3 Ag-Fe doped TiO> M-HKDD3 to determine the elements and their chemical state. This
sample was composed of Si, Al, Fe, Ti, Ag, and O as shown in Figure V.6. The peak of C was seen
due to the adventitious hydrocarbon from the XPS instrument [9]. The Si 2p XPS spectrum was
located at 103 eV and assigned to SiO» which was the main composant of Algerian Halloysite clay.
Peaks of Ti 2p3/2 and Ti 2p1/2 were observed at 458.81 and 464.56 eV, respectively [10]. These
binding energies correspond to Ti*", which could indicate the formation of TiO,. Besides, the binding

energy of Ols was located at 533.92 eV, which is attributed to Ti-OH-and adsorbed molecules of
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water on the surface of HKDD3 clay. As seen from Figure 6. B the existence of peaks with binding
energy at 368.3 eV and 374.36 eV can be ascribed to Ag 3d 5/2 and Ag 3d3/2, respectively. The 6.0

eV difference between the two peaks also means that metallic Ag is presented [11]. As displayed in

Figure 6.C Fe2P spectrum shows peaks at 711.11ev, 724.62ev for Fe2p3/2 and Fe2p1/2 respectively

[12]. The gap of 13.6 eV between the peaks could be assigned to Fe, which was presented in Fe20Os.

The satellite peak was exhibited at around 719 eV. These binding energies were referred to as the

chemical state of Fe** (Fe304) [13].
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Figure V. 6 XPS spectra of Ag-TiO>-MHKDD3 photocatalyst (A); Fe-TiO>-MHKDD3
photocatalyst (B); Ag-Fe-TiO>-MHKDD3 photocatalyst (C).

V.2 Photocatalytic activity for MB dye removal

The discoloration and mineralization of MB under visible light irradiation depicts in Figure
V.7. Note that there is a strong decrease in the concentration of MB before irradiation and this
corresponds to the adsorption of MB onto the surface of clay HKDD3. The best performance was
obtained by the catalyst prepared using silver doping titanium dioxide nanoparticles. Consequently,
we choose to test the latter for degradation of methylene blue dye with specific parameters such as

concentration of the solution, mass loading catalyst, pH, and scavenger.
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Figure V. 7 Photodegradation of methylene blue by catalysts: Ag-Fe-TiO.- M-HKDD3, Fe-TiO,-
M-HKDD3, Ag-TiO2-M-HKDD3, TiO2- M-HKDD3.

The results show that the doping of TiO2 with Ag, and Fe accelerates the degradation of
methylene blue. The photocatalytic activity of the samples under visible light irradiation varies
according to the following decreasing order: Ag-TiO>-M-HKDD3> Fe-TiO>-M-HKDD3> TiO>-M-
HKDD3>Ag-Fe- TiO>-M-HKDD3. The metallic nanoparticles act as electron collectors and improve
the charge separation. In addition, the reactivity of TiO, doped with Ag under visible light irradiation

is attributed to the surface plasmon resonance of silver nanoparticles [14].

The discoloration of MB dye is not enough to prove its mineralization; only the measurement
of the total organic carbon (TOC) can prove it. The TOC removal rates achieved about 70% for both
Fe-TiO2-MHKDD3 and TiO.-MHKDD3, 75% for Ag-Fe-TiO2- MHKDD3, and Ag-TiO2- MHKDD3
catalysts (table V.3.)
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Table V. 3 Discoloration and mineralization of MB

catalysts Quantity adsorbed Discoloration (%) TOC removal
(%) (%)

Ag-TiO2-M-HKDD3 70 92 75

Fe-TiO2- M-HKDD3 68 90 70

Ag-Fe-TiO2- M- 43 88 75

HKDD3

TiO2- M-HKDD3 80 89 70

The purpose of this study was to determine the effectiveness of photocatalytic activity in the
presence of Ag-doped TiO, — Fe3O4 loaded on Algerian halloysite for the elimination of methylene
blue (MB) dye from an aqueous solution under visible light irradiation. The impact of the following
operational factors on photocatalytic activity was studied to identify the optimum conditions for
cationic dye discoloration and mineralization: photocatalyst loading, starting concentration of MB
contaminant, and initial pH. Additionally, photocatalytic tests with molecules able to scavenger the
reactive oxygen species (ROS) were carried out to identify the main ROS involved in the degradation

mechanism.

V.2.1 Photocatalyst loading

The effect of photocatalyst loading on the photocatalytic degradation process was
investigated. It is a critical factor in photocatalysis because the number of active sites in the suspension
and the photo-adsorption capacity of the catalyst employed can have a significant impact on
photodegradation efficiency. Therefore, an Ag-TiO2-M-HKDD3 concentration ranging from 0.312 to
1.25 g/L was used to investigate its influence on discoloration and mineralization efficiency, and to
find out the optimal loading value. The tests were conducted using 80 mL of MB solution with an
initial concentration of 7 mg/L. The results presented in Figure V.8, were shown that the
photocatalytic activity is strongly influenced by the variation of the photocatalyst loading for MB dye.
The catalyst mass affects both discoloration and mineralization efficiency. This is owing to the
increased number of active Ag-TiO>-M-HKDD3 catalyst sites [13]. The result is a clear saturation

translated by a plateau where the discoloration and the mineralization of the photocatalyst remain
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relatively constant, in agreement with the expected trend at the high level of concentration, where the

photocatalyst particles screen themselves [1].
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Figure V. 8 Effect of photocatalyst loading Ag-TiO.-MHKDD3 on the discoloration and
mineralization efficiency of MB dye.

It is noted that after three hours of visible light irradiation is sufficient to mineralize 87% of
the dye for a photocatalytic loading of 0.937 and 1.25 g/l. On the other hand, the mineralization
efficiency of 67 and 75% are obtained respectively for 0.3 and 0.9 g/l. Therefore, the optimal loading
of the photocatalyst was at 0.9 g/l because this was the level of concentration useful to get the higher

TOC removal, without the ineffective adding of further mass of photocatalyst.

V.2.2 Effect of Initial dye concentration

The influence of the initial concentration of the MB dye on the efficiency of photocatalysis was studied
for different values ranging from 7 to 28 mg/I under visible light irradiation using the obtained optimal
Ag-TiO-MHKDD3 dose of photocatalyst 0.937 g/l. According to the results shown in Figure V.9, it

can be seen that the efficiency of the reaction is inversely proportional to the concentration; the
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photocatalytic efficiency decreases with the increase of the concentration of MB dye [15]. The best
efficiency is obtained with the lowest concentration (7 mg/l) with a discoloration efficiency of 92%

and mineralization of 87%.

100

B discoloration
I mineralization

80 -

60 -

(%)

40

20 -

7 14 21 28

initial MB concentration

Figure V. 9 Effect of the initial MB concentration on photocatalytic discoloration and

mineralization

The obtained results can be interpreted as follows: a high MB concentration leads to a high
number of pollutant molecules adsorbed on the surface, reducing the generation of the reactive oxygen
species (ROS), because the active sites of the photocatalyst were occupied by dye molecules [16]. In
addition, the high dye concentration increases the opacity and turbidity of the solution, which reduces
the penetration of light through the solution, and the absorption of photons by the catalyst particles

was decreased, and consequently, the photocatalytic activity is reduced [17].

V.2.3 Effect of pH

It was also found that the pH of the solution impacts the surface charge of the photocatalyst
and the degree of MB ionization [18]. Its effect was examined by changing the initial pH solution at

5 and 8.63 using the optimal photocatalyst loading (0.937 g/l) and the optimal initial concentration of
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MB (7 mg/l). The initial pH of the solution with an initial MB concentration of 7 mg/l was equal to
6.70.

Methylene blue is a cationic dye, therefore its absorption is favored for high pH values [19].
The catalyst surface is mainly negatively charged at high pH, resulting in a significant interaction
between the photocatalysts surface and the cationic ions of the dye, resulting in strong adsorption. At
low pH, however, both the surface of Ag-TiO,-M-KDD3 and the dye molecules are positively
charged, resulting in weak adsorption. Indeed, with an increase in pH, the adsorption of the MB on
the photocatalyst surface increases, resulting in a higher degradation rate [20]. Nonetheless, for high
alkaline pH, the hydroxyl radicals are rapidly scavenged, they do not have the opportunity to react

with dyes and this leads to a decrease in photocatalytic activity.

Figure V.10 shows the effect of pH on the mineralization efficiency under 3 h of visible light
irradiation and the apparent discoloration kinetic constant. The results highlight that a low
photoactivity was obtained at a pH equal to 5; discoloration and mineralization efficiency are 75, and
71%, respectively. The optimal pH is equal to 6.7; it shows the highest Kapp value (0.16 mint) with
discoloration and mineralization efficiency of 92 and 87%. For this reason, we have opted to conduct

the experiments at pH equal to 6.7.
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Figure V. 10 Effect of pH on the mineralization, and discoloration efficiency of MB dye and Kapp.

V.2.4 Effect of Scavengers

During the MB photocatalytic discoloration process, the role of reactive oxygen species (ROS) such
as hydroxyl radicals, superoxide, and positive holes was studied using Ag-TiO>-MHKDD3 with its
optimal loading (0.937 g/L) and optimal initial MB concentration (7 mg/L). Isopropanol (IPA, 10
mmol/L) for hydroxyl radicals, [21], benzoguinone (BQ, 1 mol/L) for superoxide, and disodium
ethylenediamine tetraacetate (EDTA, 10 mmol/L) for positive holes were used as scavenger probe

molecules [22].

As illustrated in Figure V.11, the use of benzoquinone and isopropanol shows lower
photocatalytic efficiency compared to ethylenediamine tetra-acetate. In effect, the addition of BQ and
IPA significantly inhibits the photocatalytic reaction; the discoloration efficiency registered results of
79 and 87%, respectively, instead of 92%, obtained for the reference solution without scavengers. On
the other hand, when EDTA is added, removal rates of 91% are obtained. Based on the previous
results, the photodegradation mechanism can be proposed mainly from two aspects: (i) the use of

magnetic halloysite clay increases the adsorption properties due to its specific surface area and
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porosity, (i) doping TiO2 with Ag nanoparticles improves the visible light absorbance owing to (SPR)
effect. Electrons are excited from the valence band (VB) to the conductance band (CB) under visible
light irradiation, resulting in the creation of a hole (h+) in the VB. The interaction of h+ and e- in each
CB and VB with OH and O creates superoxide and hydroxyl radicals O,™, OH" from the reaction
system, allowing the MB dye to be further oxidized [23]. These results are consistent with the literature
reporting the role of ROS on visible-light-driven photodegradation of MB [23].

The proposed mechanism is as follows:

Ag-TiO,-MHKDD3 + hv — Ag-TiO2-MHKDD3 (h*vg + ecg) 3)
Oza4s t € cg — Oy (4)
Oy a5 + €7cp + H' — HO", (%)
HO" ags + € cg + H — H,0, (6)
2H707 405 + € c8 — 20H ™ + 20H° @)
MB + (OH" and O";") — intermediates — CO> + H.O+ mineral salts (8)
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Figure V.11: Effect of different scavengers on MB photodegradation using photocatalyst under
visible light irradiation
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V.3 Conclusion

Different photocatalysts based on TiO», Ag-Fe doped TiO, supported on HKDD3 Algerian
clay were synthesized via a solvothermal method. Various characterization techniques such as XRD,
HRTEM, FTIR, BET, UV-Vis-DRS, and XPS were used. The prepared photocatalyst Ag-TiO2-
MHKDD3 shows excellent performance for the removal of MB dye compared with other prepared
materials, due to wide absorption on the visible region with a bandgap of 1.75 eV. After the
photocatalytic process, the separation of catalyst from solution is easy owing to magnetite
nanoparticles are sensitive to an applied magnetic field. According to the XPS results, the silver
occurred in metallic form. The results highlight that the discoloration efficiency of dye reached 92%
after 180 min of irradiation time with mineralization efficiency equal to 87% at pH 6.7. According to
these results Ag-TiO2- MHKDD3 photocatalyst exhibited higher photocatalytic performance. Due to
the following factors, bandgap energy, pore distribution, and higher adsorption capacity. The main

species responsible for the degradation of MB dye were hydroxyl OH™ and O," radicals.
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CHAPTER VI Characterization of FeS-HKDD3
clay and its application for MB removal

This chapter is devoted firstly to the presentation and discussion of the results of the various structural,
textural and microstructural characterizations, obtained on FeS nanoparticles supported on the
HKDD3. It denotes FeS-HKDD3. Then, we expose the results of the evaluation of the photocatalytic
activity for the removal of MB in an aqueous medium. As a reminder, the synthesis of this composite

photocatalyst has been described in chapter II.
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V1.1 Characterization
VI1.1.1 XRD analysis

The obtained XRD pattern of the prepared materials FeS and FeS-HKDD3 by the
hydrothermal method are shown in figure VI.1.

H F F: FeS
H: Halloysite
K: Kaolinite

intensity (a,u)

2 theta (degree)

Figure VI. 1 XRD patterns of HKDD3 (a), iron sulfide FeS (b) and FeS-HKDD3 photocatalyst (c).

According to figure VI.1., the diffraction peaks at position 260: 30.16, 31.49, 34.11, 44.04,
53.41, and 72 correspond to planes (010), (002), (011), (012), (110), (002) respectively. these
diffraction peaks agree with the standard file FeS JCPDS no. 65-9124 [1], which confirms the
formation of a hexagonal phase of FeS. The XRD pattern peaks are very sharp, suggesting that FeS is
well-crystallized sample [2]. Most of these peaks are partially overlapped by the peaks of HKDD3
clay at the position indexed into (JCPDS 29-1487) [3] and (JCPDS 80-0886) [4] which refers to
Halloysite and Kaolinite respectively.
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VI1.1.2 STEM-EDS analysis

The morphology of FeS-HKDD3 photocatalyst was determined by STEM and some images
are illustrated in Figure VI1.2. The FeS crystals are dispersed as cubic-shaped form (Figure V1.2.A)
[5] with an average diameter of 500 nm. As seen, in the composite, some particles formed aggregates,
whereas others dispersed in a regular shape. Figure V1.2.B exhibited the distribution of FeS particles
on tubular halloysite HKDD3. More particles have a nanometric dimension ranging from 25 nm to 80

nm, which due to the growth of FeS on the surface of HKDD3 tubes during the hydrothermal method.

)
Q ZOOgm

Figure VI. 2 STEM images of FeS-HKDD3 photocatalyst.

Moreover, mapping images of the sample are presented in Figure V1.3 approving the good
dispersion of each constituent element in the composite. The presence of characteristic elements from
HKDD3 clay including Al, Si, and O, with little quantity of Fe and S which can be explicated the
formation of iron sulfide particles.
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Figure VI. 3 STEM images and related elemental EDS MAP and elemental EDS analysis for
selected elements of FeS-HKDD3 photocatalyst.

VI1.1.3 BET analysis

The sorption-desorption of N2 was applied to study the textual properties of FeS, HKDD3 clay,
and FeS-HKDD3 catalyst. Results are listed in table V1.1, which exhibit that the specific surface area
was 71.71 m?/g, 61.16 m?/g, and 1.59 m?/g for HKDD3, FeS-HKDD3, and FeS particles, respectively.
The BET surface area of FeS-HKDD3 is clearly increased compared to FeS particles due to the
halloysite clay (HKDD3) support. It also shows that the average pore diameter is 17.35, 38.61, and

12.41nm, respectively. It can be explicated the mesoporous and microporous of prepared materials.

Table VI. 1 Texture analysis data for all the samples FeS, HKDD3, FeS-HKDD3.

Sample Specific surface area  Average pore diameter = Average pore volume
(m?lg) (nm) (cm*/g)
HKDD3 71.71 12.41 0.222
FeS 1.59 38.61 0.011
FeS/HKDD3 61.16 17.53 0.288

The figure V1.4 showed the sorption-desorption of N2 isotherms for FeS-HKDD3 and FeS.
The isotherms were indicated the presence of macroporous and mesoporous structure, the isotherms
followed type Il with H3 hysteresis loops. The distribution of pore diameter ranging from 25 nm to
100 nm.
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Figure VI. 4 isotherm of adsorption-desorption and pore diameter distribution of FeS and FeS-
HKDD3.

V1.1.4 Uv-vis diffuse reflectance

The UV-vis diffuse reflectance spectra (DRS) of FeS and FeS-HKDD3 catalysts with their
corresponding Tauc’s plots are shown in fig 5. It can be seen that the onset band from 350 nm to 800
nm can confirm the absorption in the visible region. In addition, the Tauc’s relation was used to
estimate the bandgap according to the below equation [6]: [(ahv) " =B (hv — Eg)1 (4)
Where a is an absorption coefficient, hv is the incident photon energy, ‘B’ is a constant, and ‘n’ is the
exponent, Eg is the energy of bandgap. As FeS is a direct bandgap semiconductor, the value is 2.
Consequently, The bandgap of FeS nanoparticles prepared is 1.87 eV which agrees with the light
absorption properties of iron sulfide nanoparticles reported in the literature [7]. While FeS

nanoparticles loaded on HKDD3 clay was calculated to be 1.60 eV.
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Figure VI. 5 Uv-vis diffuse reflectance spectra of FeS and FeS-HKDD3 photocatalyst (a), tauc plots
using Kubelka-Munk relation to estimate band gap value of various sample FeS-HKDD3 (b); FeS

(©).

V1.2 The point zero charge of FeS-HKDD3

The point zero charge (pHezc) is crucial in removal dye research because it provides a piece of
important information about the types of interactions that might occur between the adsorbent and the
adsorbate (attraction/repulsion). In a nutshell, the pHpzc is the point at which the adsorbent surface
charge's hydrogen pH potential equals zero (the sum of negative and positive charges of the surface
sites equals zero). At a pH of around 4.5, the FeS-HKDD3 surface exhibits a net neutral charge, as
shown in the figure.V1.6. When the pH of the solution is greater than the pHpzc (PH>pHpzc), the clay
surface is negatively charged, and when the pH is lower than the pHpzc (PH<pHpzc), positively

charged sites predominate on the clay adsorbent's surface.
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Figure V1. 6 pHrzc Plot of FeS-HKDD3 catalyst.

V1.3 Photocatalytic activity

The photocatalytic performance of iron sulfide and FeS-HKDD3 catalyst was studied for the
elimination of methylene blue under visible light irradiation. As seen from Figure V1.7, the removal
rate adsorbed MB in the dark by FeS and FeS-HKDD3 reached 2 % and 74% respectively. After the
irradiation of photocatalysts under visible light, the FeS-HKDD3 recorded a higher photocatalytic
performance than FeS. The dye removal rate was attained by 90% and 20 %. It can be observed that
the removal of methylene blue is a combination of adsorption and photodegradation. The lower
efficiency of photodegradation of MB by iron sulfide could be explained by the lower surface specific
area for iron sulfide and its high rate of recombination rate and wide-bandgap. However, The MB
concentration decreased rapidly in the presence of HKDD3 clay. It could be ascribed to the adsorption
effect of MB in the pores of halloysite clay nanotubes due to the higher specific surface area of 61.15
m?/g. (HKDD3 clay acted as an adsorbent).
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Figure V1. 7 (a) Photocatalytic removal of MB over FeS-HKDD3 photocatalyst under visible
irradiation; (b) Summary of their performance (pH free; m=50 mg of FeS-HKDD3; 100 mL; 10
mg.L* of MB at 25°C)

V1.3.1 Kinetic study
The kinetic of MB removal by FeS-HKDD3 composite is fitted using the first order Langmuir—

Hinshelwood model which is expressed by the following equation [8].

dc

= —ke= (S =kt (@

0

Cc

The values of the apparent kinetic constant k are the slope of curves by plotting — In ( ) as a function

Co
of the irradiation time (t). As seen in Figure V1.8 the Kapp were 0.0038 min™ and 0.0007 min for
FeS-HKDD3 and FeS photocatalysts, respectively. The rate of MB photodegradation using FeS-

HKDD3 is about 11 times greater than the rate using FeS nanoparticles.
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Figure V1. 8 constant rate removal of MB in the presence of FeS and FeS-HKDD3 catalysts.

V1.3.2 Effect of MB dye concentration

For the investigation of the effect of MB dye concentration, photocatalytic discoloration experiments
were conducted with different MB dye concentrations ranging from 10 to 30 mg.L™. It can be shown
in Figure V1.9 that the degradation efficiency of MB solution decreases with an increase in MB
concentration. For 10 mg.L™ dye concentration reached about 90% degradation. While, the removal
efficiency of 20 and 30 mg.L™* were only 65 and 50%, respectively. It can be explained by the
increasing concentration of MB which causes low transparency of the solution. the penetration of light
is limited to reach effectively the surface of the photocatalyst which means less photocatalytic
reactions [9]. On the other hand, the constant rate decrease with increasing of concentration MB dye
(0.013 to 0.006 min™).
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Figure V1. 9 effect of initial dye concentration on removal MB and constant rate of first order
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V1.3.3 Effect of catalyst mass

A series of photodegradation experiments were done with different FeS-HKDD3 mass from 25 to 100
mg. As expected, the obtained results are displayed in Figure VI1.10 which indicates that removal
efficiency was increased with the increasing of catalyst amount. This can be attributed to the increase

of catalyst active sites which led to the production of more reactive radicals OH" which react with
pollutant dye [10].
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Figure V1. 10 effect of mass loading catalyst on MB removal and constant rate of first order kinetics
(pH free; 100 mL; 10 mg.L* of MB at 25°C)

V1.3.4 Effect of pH

The obtained results were displayed in Figure VI1.11. The removal efficiency was increased by
increasing the pH. As seen at pH=9, the rate of discoloration reached about 96% is higher than acidic
and neutral conditions which attained 86% and 83%, respectively. The pHpzc of nanocomposite FeS-
HKDD3 is around 4.46, which can be explained that the surface of nanocomposite was positive at pH
levels lower than 4.46, causing the repulsion between the molecules of MB cationic dyes. While in
the alkaline solution the surface became more negative which enhance the attraction force with MB

dyes i.e. the improvement of combination between the MB on the surface of the nanocomposite [11].
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Figure V1. 11 Effect of pH of removal MB by FeS-HKDD3 clay and constant rate of first-order
Kinetics (pH=
4-9; m=50 mg of FeS; 100 mL; 10 mg.L* of MB at 25°C).

V1.4 Degradation mechanism of MB

Under the irradiation of photocatalyst iron sulfide by visible light, the electrons and holes were
produced (figure.V1.12). The excited electron and the photo-generated holes were reacted to produce
superoxide radicals (O2™) and hydroxyl OH[12]., respectively, which oxidize MB dye. Furthermore,

the photo-generated holes were trapped by negative charges on the surface of halloysite clay to react
with MB adsorbed on the surface

FeS-HKDD3 + hv — FeS-HKDD3 (h*gy + €sc) (5)
FeS(e™) +0;, — 0, (6)
FeS(e™ )+ HKDD3 — FeS + HKDD3(e) 7)
HKDD3 (e)+ 0, — 0,* 8
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Figure VI. 12 proposed mechanism for photocatalytic degradation of MB dye by FeS-HKDD3.

V1.5 Conclusion

In summary, we have successfully synthesized the FeS particles loaded on Algerian
Halloysite clay (HKDD3) by the hydrothermal method. The XRD pattern of FeS and FeS-HKDD3
confirms the hexagonal structure of FeS. Morphological analysis of prepared samples shows that
FeS has a rods-morphology forming cubic aggregate on the surface of halloysite clay. An excellent
photocatalytic efficiency to remove the MB dye under visible light which reached 96% in alkaline

solution.
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Conclusion

Conclusion

This thesis aims to evaluate the removal of methylene blue dye from aqueous solution by two
methods adsorption and photocatalytic activity which are practical and low-cost processes.
Furthermore, the contribution to the valorization of the abundant clay in Algeria kaolin Djebel
Debbagh.

We are interested in the purification of HKDD3 clay and its characterization by
physicochemical methods to follow their textural and structural evolution. The Algerian clay HKDD3
is a natural halloysite tubular shape with a length ranging from 500 nm to several micrometers and a
diameter estimated from 50 nm to 100 nm. The main oxides are alumina content of 38.48%, and
36.11% of silica with SiO2/Al,03 mass ratio of about 0.94. In addition, it has a high surface area 71.71

m2/g compared to other halloysite clay from the world.

We have conducted on the synthesis, characterization, and use of magnetic clay sorbent and
its application for the removal of methylene blue. The synthesis of FesOs — HKDD3 was carried out
by the coprecipitation method. The results have shown that the nanoparticles of magnetite were about
50 nm and were well dispersed on the surface of HKDD3. A comparative study was carried out on
the removal of MB dye by adsorption and sono-adsorption. A Series of experiments were determined
to study the influence of contact time, initial concentration, pH, and temperature. The quantity
adsorbed of methylene blue dye was increased with the increase of pH and concentration dye. The
uptake dye reached 18.78 mg/g and 10 mg/g for sono-adsorption and adsorption respectively, due to
the ultrasonic waves which improve the porosity of the M-HKDD3 surface adsorbent and mass
transfer rate (liquid-solid interfaces) by physical phenomena such as microscopic turbulence,

streaming and acoustic waves.

Secondly, we have elaborated different photocatalysts based on M-HKDD3: 30% TiO2-M-
HKDD3, 2% Ag- TiO2-M-HKDD3, 1% Fe- TiO2-M-HKDD3, and 1%Fe -2% Ag- TiO2-M-HKDD3
via the solvothermal method, for the evaluation of the photocatalytic activity of methylene blue under
visible light irradiation. Among these photocatalysts, the Ag- TiO2-M-HKDD3 sample exhibited the

maximum removal rate of the dye.
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Conclusion

Structural and morphological characterization indicated that magnetite (FesO4) and (TiO>)
sizes were estimated at around 50 nm and 30 nm, respectively. The photocatalytic performance was
evaluated under visible light by changing different parameters including initial dye concentration,
catalyst dosage, pH, and scavenger effect. The methylene blue discoloration was 92% with
mineralization 87%, which was achieved at pH 6.7 with 0.9 g/l mass of catalyst. The O,” and OH"

species are the crucial species in the degradation of methylene blue dye.

Finally, we have successfully synthesized the FeS particles loaded on Algerian halloysite clay
(HKDD3) by the hydrothermal method. The XRD pattern of FeS and FeS-HKDD3 confirms the
hexagonal structure of FeS. The iron sulfide nanoparticles are shaped as cubes forming aggregates on
the surface of the halloysite. Uv- Vis Drs results show strong absorption in the visible region with
bandgap 1.60 eV. An excellent photocatalytic efficiency to remove the MB dye under visible light. It

was observed that the removal rate reached 96% after 180 min under visible light irradiation.

All these conclusions demonstrate the excellent capacity of elimination of MB dye under
simple conditions. In perspective, the study of the effectiveness of these photocatalysts in the
treatment of dyeing effluents would be necessary. The regeneration of photocatalysts will be essential

to confirm their stability and their efficiency in adsorption and photocatalytic performance.
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Appendix |

The evolution of the concentration during the adsorption process was determined by a
calibration curve, obtained from standards with different concentrations (Table.1). A series of samples
were prepared to establish the calibration curve from the stock solution. The analysis by UV-visible
absorption at Amax=663 nm was carried out using a diluted solution in order to verify the Beer-lambert.

Table.l. Concentration values and their corresponding absorbance of the calibration
curve.

Concentration | 0 2 4 6 8 10
Co

Absorbance 0 0.484 0.906 1.240 1.498 1.917
(A) of MB

The curve below (Figure 1) is linear in the range of the selected concentrations; so Beer - Lambert's
law is verified.
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Figure.1 Calibration curve for MB.

143



Appendix

Appendix 11
In the following section the files of JCPDS used in thesis.
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Figure 2: fiche JCPDS of halloysite
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ABSTRACT ARTICLE HISTORY
This work aimed to synthesise a magnetic photocatalyst based on Received 11 July 2021
Ag-TiO, nanoparticles supported on Algerian Halloysite clay Accepted 18 August 2021
(HKDD3) loaded with magnetite FesO, through a solvothermal KEYWORDS
method. The prepared cgtalyst was ghe_lracterised by X-ra!y diffrac- Ag-TiO; Fe;04-HKDD3;
tion (XRD), high-resolution transmission electronic microscopy clay-photocatalyst;
(HRTEM), Fourier transform infrared spectroscopy (FTIR), Brunauer- methylene blue
Emmett-Teller (BET) surface area analysis, UV-vis-DRS Diffuse reflec-

tance spectroscopy, and X-ray photoelectron spectroscopy (XPS).

Structural and morphological characterisation exhibited that mag-

netite (Fes0,) and (TiO,) particles were on a nanometre scale and

their sizes were estimated around 50 nm and 30 nm, respectively.

DRS results demonstrated that the bandgap has shifted from 3 to

1.75 eV. The photocatalytic performance was evaluated under visi-

ble light by changing different operating parameters including

photocatalyst loading, initial dye concentration, pH, and scaven-

ger's effect. The methylene blue discoloration was 92% with miner-

alisation of 87%, which was achieved at pH 6.7 after 3 hours of

irradiation visible light with a dosage of 0.937 g/l of catalyst. The

photocatalyst can be easily separated due to the action of an

external magnetic field. The ‘O,~ and ‘OH species are the main

ones responsible for the photodegradation of methylene blue dye.

1. Introduction

Wastewater treatment is the biggest challenge because of the discharge of several
industries sectors such as textile, rubber, food, cosmetics, etc [1]. Which contains
different inorganic and organic contaminants that are very toxic, harmful, and non-
biodegradable [2]. In this aspect, advanced oxidation processes (APOs) are the most
suitable to remove these pollutants, transforming the organic pollutants into CO, and
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water. Heterogeneous photocatalysis is one of the APOs based on the use of semicon-
ductors under solar or artificial irradiation for degradation and mineralisation of con-
taminants that can be done by using the catalyst in the form of suspended or supported
particles [3]. The use of photocatalysts in powder form poses problems of agglomera-
tion of their ultrafine particles in larger particles, less active due to the lower exposed
surface area, generating a decrease in photocatalytic activity [4], as well as including the
requirement of catalysts separation, the needing the use of expensive microfiltration for
their separation from the treated water [5]. One of the solutions to these problems is to
immobilise the photocatalyst on inert support easily separable. Nevertheless, it has
been shown that the immobilisation of TiO, on supports typically reduces the efficiency
of the whole process due to the decrease in the surface area of the photocatalyst under
irradiation. At present, studies are being carried out on the search for new supports [6],
such as clays, zeolites, and carbonaceous materials [7]. Clays are abundant and low-cost
materials including montmorillonite [8], halloysite [9], sepiolite [10], and kaolinite [11].
Halloysite is affordable mineral clay with different surface chemical properties which
endow to facilitate modification and grow functional materials onto their surface [12].
On the other hand, titanium dioxide is one of the well-known catalysts owing to its non-
toxicity, abundance, and low cost [13]. However, the main drawback of TiO, is that like
nanomaterial, is difficult to separate from simple sedimentation and it is active only in
UV which accounts only for 5% of the total solar light. Different papers focus on doping
TiO, with metals [14-16] and non-metals [17,18] or coupling with other semiconductors
[19] to improve absorption of visible light [20]. On the other hand, it must be considered
that with the use of an external magnetic field, photocatalyst coupled with magnetic
support could be easily recovered. Recently it was found the TiO, can be readily
combined with clay and recovered under an external magnetic field [21]. To prevent
agglomeration, there is a certain interest to use natural clay as a support for loading
metal-doped TiO, nanoparticles. Although there have been several studies on TiO,
/halloysite or Ag/TiO2, few reports focused on the preparation of Ag-TiO2/halloysite
composite to enhance photocatalytic activity. In light of these findings, for the first time,
we developed a novel Ag-TiO,-Fes0, composite photocatalyst using a simple solvother-
mal method.

The purpose of this research was to evaluate the efficiency of the photocatalytic
activity under visible light irradiation in the presence of Ag-doped TiO, - Fe;0, loaded
on Algerian halloysite for the removal of methylene blue (MB) dye from an aqueous
medium. A novel magnetic photocatalyst was prepared based on natural clay for the
purpose to investigate natural abundant sources which are low cost. The loading of Ag-
TiO2 into halloysite clay to ease the separation of photocatalyst from the bulk solution.
Also, doping TiO2 with Ag in small portions of 2% enhance photocatalytic activity
through the inhibition of electron recombination. The use of visible light sensitisation
is efficient photocatalysis mechanism that saves energy. To determine the best condi-
tions of cationic dye discoloration and mineralisation, the influence of the following
operating parameters on the photocatalytic activity was analysed: photocatalyst load-
ing, initial concentration of MB contaminant, initial pH of the solution. Additionally,
photocatalytic tests with molecules able to scavenger the reactive oxygen species (ROS)
were carried out in order to identify the main ROS involved in the degradation
mechanism.
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2. Material and methods
2.1. Chemicals and materials

The halloysite clay was obtained from KDD3 mountain (Djebel Debbagh) Guelma city,
Algeria. It denoted HKDD3. The chemical composition of HKDD3 clay was performed by
fluorescence X analysis, it was found to be as follows: 38.48% Al,Os; 36.11% SiOy; 0.13%
Fe,03, 0.42% CaO, 0.16% MgO, 0.26% Na,O. Iron (lll) chloride hexahydrate (FeCl3-6H,0),
Iron (Il) sulphate heptahydrate (FeSO,4:7H,0), and ammonia used for the synthesis of Fe;
0O, were provided from sigma Aldrich. For preparation 2% Ag-doped TiO, supported on
HKDD3 loaded with Fe;0,4 Titanium isopropoxide (TTIP, 97%), isopropanol (99%), acetic
acid, silver nitrate were used. All reagents were analytical grade and used without further
purification. The prepared catalyst Ag-TiO, loaded on Fes04-HKDD3 clay was labelled Ag-
TiO,-MHKDD3 catalyst.

2.2. Preparation of samples

To prepare the catalyst 2% Ag-TiO,-MHKDD3 were employed in two steps. The first one
is the synthesis of magnetic clay nanocomposite (M-HKDD3) through the coprecipita-
tion method by dissolving 1.2 g of FeCl5-7H,0 and 0.6 g of FeSO, with molar ration 2:1
in distilled water under stirring then 0.5 g of HKDD3 clay was added. A volume of NH,
OH was dropped slowly to the mixture under N, inert gas for the formation of
magnetite particles. The black solution was kept under stirring for 4 h at 70°C. The
obtained powder was washed several times and dried in the oven at 80°C. The second
step is to prepare the Ag-TiO,-M-HKDD3 photocatalyst. An amount of 0.25 g of
magnetic clay (M-HKDD3) was dispersed in 9.6 ml of isopropanol (CH3),CHOH) under
sonication for 15 min. Then 0.40 ml of TTIP (Ti [OCH(CHs),l4) was added dropwise.
A quantity of silver nitrate (AgNOs) was added to the solution to attain 2 wt% of silver
on TiO,. The pH of the solution was adjusted to 4 by acid acetic (CH;COOH). Then, the
solution was transferred into a Teflon-lined stainless steel autoclave 23 ml, followed by
a solvothermal treatment at 160°C for 24 h. The obtained powders were cooled at room
temperature. Subsequently, they were washed with deionised water five times and
dried in a vacuum oven at 100°C.

2.3. Photocatalyst characterisation techniques

X-ray diffraction (XRD) patterns were collected on a PANanalytical X'Pert Pro automated
diffractometer. Powder patterns were recorded in Bragg-Brentano reflection configura-
tion by using a Ge(111) primary monochromator (Cu Ka) and the X'Celerator detector with
a step size of 0.0167° (26). The powder patterns were recorded between 4 and 70 © in 26
with an equivalent counting time of ~60 s/step. The Fourier transform infrared (FTIR)
spectrum was carried out by Bruker model Vertex70 in the mid and near-infrared range
from 4000-500 cm-'. UV-vis diffuse reflectance spectrophotometry (DRS) was obtained
by Cary 5000 spectrometer from Varian with an integrating Spectralon sphere with high
resolution from 170 to 3300 nm. High-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) was achieved with an FEI TALOS
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F200X microscope operated at 200 kV. The textural properties of nanocomposites were
performed by sorption desorption measurements of N, at —196°C using a Micrometrics
(TriStar 11 3020).

2.4. Photocatalytic activity tests under visible light

The photocatalytic experiments were carried out with a Pyrex cylindrical reactor
(ID = 2.6 cm, Lot = 41 cm, and Vyor = 200 mL) equipped with an air distributor device
(flowrate of 142 N cm® min™"). Visible-LEDs strip (nominal power: 10 W; provided by LED
lighting hut; emission in the range 400-800 nm; light intensity: 13 mW cm™) was
positioned in contact with the external surface of the photoreactor. The solution of MB
dye was exposed under visible light irradiation for 3 hours after keeping it for 2 hours in
the dark to reach the adsorption-desorption phenomenon. At different times, about 3 mL
of the suspension was withdrawn from the photoreactor and centrifuged to remove the
catalyst particle. UV-Vis spectrophotometer (Thermo scientific Evolution 201) was used to
analyse the aqueous solution. In detail, the removal of MB dye was evaluated by measur-
ing the maximum absorbance value at 663 nm. The mineralisation level was determined
by measuring the treated solutions’ total organic carbon (TOC) content. TOC of solutions
was measured from CO, obtained by the high temperature (680°C) catalytic combus-
tion [22].

The TOC removal (mineralisation efficiency) and MB discoloration efficiency at the
generic irradiation time were evaluated using the following relationship:

o - B TOC(t)
Mineralization efficiency(t) = (1 T0C, )100 (1)
. . - c(t)
Discoloration efficiency(t) = (1 — o 100 2)
0

Where TOC(t) is the total organic carbon at the generic irradiation time (mg/l), TOC, is the
initial total organic carbon (mg/l), c(t) is the MB concentration at the generic irradiation
time (mg/l), ¢, is the initial MB concentration (mg/I).

The Langmuir-Hinshelwood model is usually used to describe the kinetics of the
photocatalytic process [23]. The derivation is based on the degradation rate (r), which is
expressed as follows:

r— _% _ k,KadC 3)
dt 1+ Kggc
Where k,, K,4 and c are the intrinsic kinetic constant, adsorption equilibrium constant and,
dye concentration, respectively.

Assuming that adsorption is weak and the concentration of compounds is low, the
equation above can be simplified to the first-order kinetics expression with an apparent
discoloration kinetic constant (K,pp):

C
In (?O) = kKo t = Kappt )
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The value of the apparent discoloration kinetic constant can be calculated by the slope of
the zero-passing straight line obtained from plotting In(cy/c) vs time t.

3. Result and discussions
3.1. XRD patterns

The X-ray diffraction spectra showed that the kaolin Djebel Debbagh (HKDD3) includes
kaolinite (JCPDS 80-0886) [24] and halloysite (JCPDS 29-1489) [25]. Furthermore, new peaks
appeared at 26 values 30.1, 35.6, 43.3, 57.1, 62.7, which referred to (220), (311), (400), (511),
and (440) planes of magnetite particles [26]. Besides, after functionalization of clay by Ag-
doped TiO, particles other characteristics peaks were displayed at 20 values25.2, 37.9, 48.2,
54.7 and 62.8 with reflection planes (101), (004), (200), (105), and (204), respectively [27].
These peaks are attributed to the TiO, anatase phase. However, there are no peaks related to
Ag particles meanings that the quantity of silver(2%) is not appropriate to have its char-
acteristic peaks in pattern [28,29]. The average crystalline size of TiO,, Fe;0, were calculated
by the Debye Scherrer equation; it was estimated to be 24 nm and 46 nm, respectively. After
deposition of Fes0, and doped TiO, particles, the clay peaks were significantly weakened, as
shown from the intensity of the signal at 26: 9.41, 18.7, 19.8 (Figure 1), which indicates that
TiO, particles well present in a mixture with clay.

3.2. FTIR

The FTIR analysis is used to investigate the functional group and chemical bonds present
on the surfaces of the material. The FTIR spectra for natural Algerian HKDD3 and Ag-TiO,
MHKDD3 are displayed in Figure 2. It is possible to observe intense bands at 3622 cm™"

Ag-TiO,-MHKDD3

intensity (a,u)

[
1
¥
‘\u‘"‘ t\ H , H HKDD3 clay

2 Theta (degree)

Figure 1. XRD patterns for HKDD3 and Ag-TiO2-MHKDD3 (H: halloysite, K: kaolinite, M: Fes0,, T: TiO,).
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Figure 2. FTIR spectrum HKDD3 (a), Ag TiO, MHKDD3 catalyst (b).

and 3690 cm™' which are assigned to OH stretching vibrational groups [30] of halloysite
Algerian clay. Besides, the signal at 1648 cm™', attributed to OH deformation for the
adsorbed molecules of water. Intense peaks can be seen at 1120, 991,902 cm™', which are
referred to as in-plane Si-O stretching groups [31], Al-O-Si and Al-OH vibration groups
respectively [32]. The band 511 cm™' corresponds to Al-O-Si deformation [33]. After the
modification by Fes04 and TiO, nanoparticles, the same peaks were seen in the Ag-TiO,
-M-HKDD?3 catalyst. However, the shifting of a Si-O band from 1000 cm™ to 1025 cm™
and the decrease of intensity can be explained by the formation of hydrogen banding
between TiO, and Si-OH groups of HKDD3 clay [27]. The characteristic band of Fe;0,
around 580 cm™' does not appear clearly but like a shoulder, because overlapped by the
storn Al-O-Si bands of HKDD3 at 511 cm™' [34,35].

3.3. UV - visible DRS analysis

Diffuse reflectance spectroscopy (DRS) was performed to analyse the absorption proper-
ties of catalysts. as seen from Figure 3, it was clear that the HKDD3 clay has an absorption
very wide and featureless throughout the entire spectrum area [36]. The modification of
clay with TiO, nanoparticles emerged the appearing an absorption edge at about 400 nm
corresponding to 3 eV bandgap by constructing the tauc plot. After deposition of
magnetite (Fes0,4) [37] and Ag- TiO, nanoparticles, it can be observed a redshift to the
visible light region (broadband in the visible region from 250 to 700 nm). This redshift is
due to the transition of the charge transfer between the electrons of the nanoparticles of
magnetite Fes0, and the TiO, conduction band (or valence band) [38] and to the
presence of plasmonic absorptions of silver nanoparticles. Iron oxide nanoparticles can
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Figure 3. UV visible spectra of catalysts, (a) Ag-TiO,-MHKDD3 (b) TiO,-HKDD3 (c) HKDD3 and their
optical band gap energy plot.

increase the energy spacing between the TiO, conduction band, allowing the quantisa-
tion of energy levels and lead to the absorption of visible light [39]. In addition, increased
light absorption will increase the number of photogenerated electrons and holes involved
in the photocatalytic reaction and photocatalytic performance enhancement. After using
the Tauc plot equation (providing the direct bandgap), it can be estimated that the
bandgap value is around 1.75 eV [40].

3.4. HRTEM

The images of HRTEM show the morphology and the distribution of magnetite and
titanium dioxide particles doped with silver supported on Algerian halloysite clay
(HKDD3) (Figure 4). The halloysite clay HKDD3 can be individuated by its tubular shape
with length from 0.3 um to 3 um and inner diameter between 15 nm and 50 nm. After
deposition of magnetite and titanium dioxide nanoparticles, the clay becomes rougher
with irregular dispersion of particles forming aggregates loaded onto the surface of
M-HKDD3 clay. As presented in Figure 4(a-d), It can also be observed that the average
particle size of TiO, and Fe;0,4 nanoparticles are ranging from 10 to 30 nm and from 20 to
50 nm, respectively.

3.5. BET analysis

To determine the textural properties of clay functionalised by Ag-TiO,-MHKDD3 catalyst,
the adsorption-desorption measurements N, were performed at 77.35k (Figure 5).
According to the classification of IUPAC, TiO,-M-HKDD3 and Ag TiO,-M-HKDD3 catalysts
show type IV and ll, respectively, with an H3 hysteresis loop [41]. As seen in Table 1, the
average pore volume and diameter was calculated by the DFT method [42] the decrease
of specific surface area (SSA), pore-volume, and diameter could be explained by the filling
of vacant pores of TiO,-M-HKDD3 catalyst by Ag nanoparticles [40].
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Figure 4. HRTEM images of as-prepared (a and b) Fe30,-HKDD3, (c and d) TiO,- HKDD3, (e and f)
TiO,- Fes04,-HKDD3, (g and h) Ag-TiO,-MHKDD3 catalysts.
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Figure 5. XPS spectra of Ag-Ti0O2-MHKDD3 photocatalyst.
Table 1. Textural properties of TiO,-M-HKDD3 and Ag-TiO,-MHKDD3 catalyst.
Sample Sger (M%/g) Average pore volume(cm®/g) Average pore diameter (nm)
TiO,-M-HKDD3 145 0.34 9.36
Ag-TiO,-M-HKDD3 83 0.18 8.65

3.6. XPS analysis

XPS analysis was performed for Ag-TiO,-MKDD3 photocatalyst to determine the elements
and their chemical state. This sample was composed of Si, Al, Fe, Ti, Ag, and O as shown in
Figure 5. The peak of C was seen due to the adventitious hydrocarbon from the XPS
instrument [43]. The Si 2p XPS spectrum was located at 103 eV assigned to SiO, that was
the main corposant of Algerian halloysite clay. According to peaks of Ti 2p3/2 and Ti 2p1/2
were observed at 458.81 and 464.56 eV, respectively (Figure 6(a)) [44]. These binding
energy corresponding to Ti**, which could indicate the formation of TiO,. Besides, the
binding energy of O1s was located at 533.92 eV, which is attributed to Ti-OH-and
adsorbed molecules of water on the surface of HKDD3 clay. As seen from Figure 6(b)
the existence of peaks with binding energy at 368.3 eV and 374.36 eV were revealed to Ag
3d 5/2 and Ag 3d3/2, respectively. The 6.0 eV difference between the two peaks also
means that metallic Ag is presented [45]. As displayed in Figure 6(c) Fe2P spectrum shows
peaks at 711.11 ev, 724.62 ev for Fe2p3/2 and Fe2p1/2 respectively [46]. The gap of
13.6 eV between the peaks could be assigned to Fe, which was presented in Fe,0s. The
satellite peak was exhibited at around 719 eV. These binding energies were referred to the
chemical state of Fe*® (Fe;0,) [47).
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Figure 6. XPS spectrum of Ag-TiO2-MHKDD3 photocatalyst. (a) O1s, (b) Ag3d, (c) Fe2p, (d) Ti2p.

3.7. Photocatalytic activity results under visible light

Initially, a preliminary test was carried out to evaluate the photocatalytic activity under
visible light of the prepared Ag-TiO,-MHKDD3. It was conducted with a photocatalyst
loading equal to 0.625 g/l and an initial MB concentration of 7 mg/I. Figure 7 highlights
that discoloration and mineralisation occur simultaneously under visible light irradiation
of photocatalyst and that the catalyst presents an interesting activity being well activated
by the visible irradiation. The sorption of MB dye reached 60% after 120 min in the dark. By
the way, the discoloration reached more than 90% after 180 min of irradiation, mean-
while, the mineralisation was, as showed by TOC removal, at 75%.

3.7.1. Photocatalyst loading

The effect of photocatalyst loading on the photocatalytic degradation process was
studied because the optimum photocatalyst dosage could maximise the photocatalytic
performance and minimise the cost and energy consumption. Indeed it is an important
factor in photocatalysis because the photodegradation efficiency could be strongly
affected by the number of active sites present in the suspension and photo-adsorption
ability of the catalyst used. Therefore, an Ag-TiO,-M-HKDD3 dosage ranging from 0.312 to
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Figure 7. Photocatalytic discoloration and mineralisation of Ag-TiO2-MKDD3 photocatalyst for pre-
liminary test under visible light irradiation.

1.25 g/l was used to investigate its influence on discoloration and mineralisation effi-
ciency, and to find out the optimal loading value. The tests were conducted using 80 ml of
MB solution with an initial concentration of 7 mg/I. The results presented in Figure 8, show
that the photocatalytic activity is strongly influenced by the variation of the photocatalyst
loading for MB dye. Both discoloration efficiency and mineralisation efficiency are propor-
tional to the catalyst dosage, this is due to the increasing number of active sites of Ag-TiO,
-M-HKDD3 catalyst. Thus to a higher photon reception surface and consequently to an
increasing concentration of the reactive species formed contributing to the photocata-
lysis process [48]. The result is a clear saturation translated by a plateau where the
discoloration and the mineralisation of the photocatalyst remain relatively constant, in
agreement with the expected trend at the high level of dosage, where the photocatalyst
particles screen themselves [49].

It is noted that after three hours of visible light irradiation is sufficient to mineralise 87%
of the dye for a photocatalytic loading of 0.937 and 1.25 g/I. On the other hand, the
mineralisation efficiency of 67 and 75% are obtained respectively for 0.3 and 0.9 g/I.
Therefore, the optimal loading of the photocatalyst was at 0.9 g/l because this was the
level of dosage useful to get the higher TOC removal, without the ineffective adding of
further mass of photocatalyst.

3.7.2. Initial dye concentration

The influence of the initial concentration of the MB dye on the efficiency of photocatalysis
was studied for different values ranging from 7 to 28 mg/I under visible light irradiation
using the obtained optimal Ag-TiO2-MHKDD3 dose of photocatalyst 0. 937 g/I. According
to the results shown in Figure 9, it can be seen that the efficiency of the reaction is
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inversely proportional to the concentration; the photocatalytic efficiency decreases with
the increase of the concentration of MB dye [50]. The best efficiency is obtained with the
lowest concentration (7 mg/l) with the discoloration efficiency of 93% and mineralisation
of 87%. The probable formation of reactive oxygen species (ROS), such as hydroxyl
radicals, superoxide, and positive holes on the semiconductor surface and their subse-
quent interaction with dye molecules determine the degradation mechanism [51]. The
obtained results can be interpreted as follows: a high MB concentration leads to a high
number of pollutant molecules adsorbed on the surface reducing down the generation of
the reactive oxygen species (ROS) because the active sites of the photocatalyst were
occupied by dye molecules [52]. In addition, the high dye concentration increases the
opacity and turbidity of the solution, which reduces the penetration of light through the
solution, and the absorption of photons by the catalyst particles decrease, and conse-
quently, the photocatalytic activity is reduced [53].

3.7.3. pH

It was also reported that the pH value is another parameter that influences the surface
charge of photocatalyst and the degree of MB ionisation in the solution [54]. Its effect was
examined by changing the initial pH solution at 5 and 8.63 using the optimal photo-
catalyst loading (0.937 g/l) and the optimal initial concentration of MB (7 mg/l). The initial
pH of the solution with an initial MB concentration of 7 mg/l was equal to 6.70. The values
of pH were modified with an aqueous solution of HCl or NaOH.

Methylene blue is a cationic dye therefore its absorption is favoured for high pH values
[55]. At high pH, the catalyst surface is predominantly negatively charged, and a strong
interaction occurs between the photocatalysts surface and the cationic ions of the dye,
resulting in strong adsorption. At low pH, however, both the surface of Ag-TiO,-M-KDD3
and the dye molecules are positively charged, resulting in weak adsorption. Thus, it is
reasonable that with an increase in pH, the adsorption of the MB on the photocatalyst
surface increases, resulting in a higher degradation rate [56]. But for high alkaline pH, the
hydroxyl radicals are rapidly scavenged, they do not have the opportunity to react with
dyes and this leads to a decrease in photocatalytic activity.

Figure 10 shows the effect of pH on the mineralisation efficiency under 3 h of visible
light irradiation and the apparent discoloration kinetic constant. The results highlight that
a low photoactivity was obtained at pH equal to 5 K, discoloration and mineralisation
efficiency are 0.77 min~', 75, and 71%, respectively. The optimal pH is equal to 6.7; it
shows the highest K,,,,, value (0.16 min~') with the discoloration, mineralisation efficiency
of 92 and 87%. For this reason, we have opted to conduct the experiments at pH equals
to 6.7.

3.7.4. Scavengers

The possible role of reactive oxygen species (ROS), such as hydroxyl radicals, superoxide
and positive holes has been investigated during the MB photocatalytic discoloration
process using Ag-TiO2-MHKDD3 with its optimal loading (0.937 g/l) and optimal initial
MB concentration (7 mg/l). The scavenger probe molecules were isopropanol (IPA,
10 mmol/l) for hydroxyl radicals [57], benzoquinone (BQ, 1 pmol/l) for superoxide [58]
and disodium ethylenediamine tetra-acetate (EDTA, 10 mmol/l) for positive holes.
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As illustrated in Figure 11, the use of benzoquinone and isopropanol shows lower
photocatalytic efficiency compared to ethylenediamine tetra-acetate. In effect, the
addition of BQ and IPA significantly inhibits the photocatalytic reaction; the discolora-
tion efficiency registered results 79 and 87%, respectively, instead of 92%, obtained for
the reference solution without scavengers. On the other hand, when EDTA is added,
removal rates of 91% are obtained. Based on the previous results, the photodegrada-
tion mechanism can be proposed mainly from two aspects: (i) the use of magnetic
halloysite clay increases the adsorption properties due to its specific surface area and
porosity, (i) doping TiO, with Ag nanoparticles improves the visible light absorbance
owing to (SPR) effect. Electrons are excited from the valence band (VB) to the
conductance band (CB) under visible light irradiation, resulting in the creation of
a hole (h+) in the VB. The interaction of h+ and e- in each CB and VB with OH and
O, creates superoxide and hydroxyl radicals O2.-, «OH from the reaction system,
allowing the MB dye to be further oxidised [59]. These results are consistent with
the literature reporting the role of ROS on visible-light-driven photodegradation of
MB [60].

The proposed mechanism is as follows:

Ag — TiO,—MHKDD3 + hv — Ag — TiO,—MHKDD3 (h*yg+€cs) (5)
Ozadst+e g — 02°7 (6)

Oads+€~ cg+H™ — HO®, (7)
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Figure 11. Effects of different scavengers on MB photodegradation using photocatalyst under visible
light irradiation.

Ho.Zads"’e7CB+HJr - H202 (8)
2H;05.4s+€ g — 20H™ + 20H* (9)

MB+(OH® and O°,7) — intermediates — CO,+H,0 + mineral salts (10)

4. Conclusion

In summary, a novel photocatalyst was synthesised based on natural Algerian clay via
a solvothermal method. Various characterisation techniques such as XRD, HRTEM, FTIR,
BET, UV-vis-DRS, and XPS were used for its structure evaluation. The prepared photo-
catalyst Ag-TiO,-MHKDD3 shows a wide absorption on the visible region with
a bandgap of 1.75 eV. After the photocatalytic process, the separation of catalyst from
solution is easy owing that magnetite nanoparticles are sensitive to an applied mag-
netic field. According to the XPS results, the silver existed in metallic form. The results
highlight that the discoloration efficiency of dye reached 92% after 180 min of irradia-
tion time with mineralisation efficiency equal to 87% at pH 6.7. According to these
results Ag-TiO,- MHKDD3 photocatalyst exhibited higher photocatalytic performance
due to the following factors, bandgap energy, pore distribution, and higher adsorption
capacity. The main species responsible for the degradation of MB dye were hydroxyl OH’
and O, radicals.
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ABSTRACT ARTICLE HISTORY
In this study, magnetite (Fe30,4) nanoparticles were prepared success- Received 18 November 2021
fully to synthesise magnetic Algerian halloysite sorbent by the copre- Accepted 9 December 2021

cipitation approach. The Algerian halloysite was collected from Kaolin KEYWORDS
Djebel Debbagh (KDD3) in Guelma (east of Algeria). Different analysis Fe;0,-HKDD3;
including Brunauer Emmett-Teller (BET), high-resolution transmission hanocomposite; sono-
electronic microscopy (HRTEM), scanning electron microscopy with assisted adsorption;
energy-dispersive X-ray spectroscopy (SEM/EDX), Fourier transform methylene blue
infrared spectroscopy (FTIR), and X-ray diffraction (XRD) were per-

formed to characterise the prepared magnetic sorbent. The Algerian

halloysite is a tubular shape with a length from 0.3 um to 2 pm and

a diameter between 30 and 50 nm. The magnetite particles were well

dispersed on the surface of HKDD3 which have a small size in the

range 5-50 nm. The nanocomposite Fe;0,-HKDD3 was used for the

removal of cationic dye methylene blue from an aqueous solution by

sono-assisted adsorption. The quantity adsorbed of methylene blue

dye was increased with increasing pH and concentration dye. The

equilibrium time and maximum adsorption capacity were determined

to be about 60 min and 18.78 mg.g™, respectively. The removal of

methylene blue is well described by the first pseudo-order. Isotherm

models indicate that the sonosorption is represented perfectly by

Freundlich. Moreover, thermodynamic studies have shown that the

process of adsorption was spontaneous and endothermic.

1. Introduction

Water pollution is a great problem in the world, over the decades and now. Dyes are very
toxic, harmful, and non-biodegradable, which are used in several industries, such as
textiles, cosmetics, food, plastics, and so on [1]. Several physical and chemical processes
have been developed for wastewater treatment, including photocatalytic degradation [2],
ozonation [3], ion exchange [4], and adsorption [5]. The last method has gained more
interest in the elimination of various contaminants due to their effectiveness, and
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affordable approach. Recently more works have reported the combination of the adsorp-
tion process with ultrasound irradiation [6] owing to improve the removal of organic
contaminants by creation more sites on the surface of the adsorbent and accelerate the
mass transfer by ultrasounds waves [7].

Over the past decade, there is an increasing interest in environmental implications and
applications of magnetic nanoparticles (MNPs) [8]. MNPs are attractive materials for environ-
mental contamination problems owing to their paramagnetism properties that help the ease
separation from the environment and recyclability of use [9]. There has been a great interest
in using raw clay materials for their capacity to adsorb inorganic and organic pollutants due to
the high surface specific area, pore-volume, and low cost [10]. Previous papers were focused
on a combination of clay by iron oxide including bentonite [11], momorillonite [12], sepiolite
[13], kaolinite [14], and halloysite [15] for elimination pollutants from wastewater. Halloysite is
one of the aluminosilicate types (1/1) of the kaolin family which has a great interest owing to
their hollow tubular morphology, high surface area, physical and chemical properties [16]. In
recent years, there has been an increasing interest in sono-assisted adsorption, Hamza et al.
used sono-assisted sorption to remove crystal violet (CV) onto raw Tunisian smectite clay.
Sono-assisted adsorption was carried by using an ultrasonic bath with a low frequency of
50 Hz. The quantity adsorbed was reached 86.54 mg.g™' at pH 8 [17]. Sobhy M. Yakout et al.
used a combined ultrasound/activated charcoal process resulted in a higher CV decolourisa-
tion than using sorption or sonolysis alone at high frequency 40 kHz. The maximum mono-
layer sorption capacity was reached 50.1 mg/g [18]. The present research explores, for the first
time, the using of magnetic Algerian halloysite (Fes04-HKDD3) for sonosorption of methylene
blue dye from an aqueous medium. A Series of factors, such as initial concentration of MB dye,
pH; and temperature were studied. Besides, isotherms and kinetic studies were applied to
evaluate sono-assisted adsorption.

2. Experimental details
2.1. Materials

The clay has been taken from the mountain of Guelma Djbel Dbbegh (zone3) which is
located in the east of Algeria. It is labelled HKDD3. The chemical composition of the
HKDD3 clay was found to be as follows: 38.48% Al,O3; 36.11% SiOy; 0.13% Fe,03 0.42%
Ca0, 0.16% MgO, 0.26% Na,O [19]. Ferrous sulphate heptahydrate (FeSO,4.7H,0) and ferric
chloride hexahydrate (FeCl;.6H,0) were purchased from Sigma Aldrich. Methylene blue
abbreviated as MB (chemical formula: C;5H,gN3SCl), molecular weight: 319.85 g/mol, Amax
= 664 nm) was applied from Biochem Chemopharma. These reagents were used without
further purifications, all aqueous solutions were prepared using distilled water.

2.2. Preparation of Fe;0,-HKDD3 nanocomposite

The crude clay was treated with hydroxide oxygen for the elimination of the organic
matter, and then HKDD3 clay was obtained by sedimentation for 1 hour and dried at room
temperature.

The functionalization of HKDD3 clay by magnetite was performed by the co-
precipitation method [19]. A quantity of HKDD3 clay was dispersed in 200 mL of
a solution containing 1.16 g FeCl3.6H,O and 0.6 g FeSO,.7H,0 dissolved in distilled
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water. Then, 20 ml of ammonia solution was added dropwise. The mixture was stirred for
3 hat 70°C under inert gas (N,). After that, the black prepared nanocomposite was washed
several times and dried at 100°C in the oven. The obtained Fe;0, — HKDD3 nanocompo-
site was labelled M-HKDD3

2.3. Characterisation

A PAN analytical X'Pert Pro automated diffractometer with a primary monochromator
(Cu Kalfa1) and the X'Celerator detector with a step size of 0.0167° (26) was used to get
XRD patterns of both HKDD3 and Fe;O04- HKDD3. The powder patterns were captured at
a rate of 4 to 70 o in 2 with a 60 s/step counting time. In the mid and near-infrared
ranges of 4000-500 cm™', a Bruker model Vertex 70 was used to do Fourier transform
infrared (FTIR) analysis. High-resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) was achieved with an FEI TALOS F200X micro-
scope operated at 200 kV. The FESEM images of the nanocomposite were obtained by
using a HITACHI SU 3500 electron microscope. Energy dispersive X-ray spectroscopy
(EDX) was performed by employing an energy-dispersive X-ray analyser (Bruker, X Flash
detector 410-M) coupled to SEM. At 77 K, a Micrometrics BET study (nitrogen adsorption)
was performed (TriStar 1l 3020).

2.4. Methylene blue adsorption study

To carry out the sono-sorption experiments on the nanocomposite, we prepared a stock
solution of MB dye. The effect of MB initial concentration on dye concentration removal
was performed at a fixed adsorbent dosage 0.1 g, at room temperature (+25°C), pH free.
Different initial concentrations of dye ranging from 10 to 40 mg.L™" for 120 min. a sample
was separated by centrifugation and analysed in a UV-vis spectrophotometer using
suitable calibration curves at appropriate wavelengths, corresponding to
Amax = 663 nm the maximum absorbance. For ultrasonic bath used in this study was
with a frequency of 50/60 Hz and a power of 80 W (D-78224 Singen/Htw Elma).

The adsorption capacity at time t, g, (mg/g) was calculated using the following
expression:

(Co — Ct) * V

QrZT (M

Where C, and C; are the initial concentration and the concentration at time (t) of
adsorbate solution, respectively (mg/L); V is the volume of dye solution (L) and m is the
weight of the used adsorbent (g).

3. Results
3.1. Characterisation of samples

3.1.1. X-ray diffraction analysis

The HKDD3 and M-HKDD3 were characterised by XRD as displayed in Figure 1. The XRD
spectra of purified clay HKDD3 exhibit the peaks at positions 2 theta: 9.3, 11.8, 18.7, 19.8,
24.7,34.8,37.7,48.2, 54.6, 62.3 were ascribed to halloysite and kaolinite [19]. Furthermore,
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Figure 1. X-ray diffraction patterns of HKDD3 and M-HKDD3 nanocomposite.

the appearance of new peaks at 26 values 30.1, 35.6, 43.3, 57.1, 62.7 refers to (220), (311),
(400), (511), and (440) planes of reflections magnetite particles, respectively [20]. In
addition, the peaks of clay were significantly weakened as was shown in HKDD3 spectra
which proved that the magnetite (Fes0,) particles were altered by modifying the com-
position of clay. Debyee Scherrer formula [21] was applied to estimate the crystalline size
of M-HKDD3

0.9
~ Bcosd

Where B (rad): the full width at half maximum (FWHM), 6 (rad): angle of diffraction and
A\ = 1.540 A° (the wavelength of radiation copper). The estimated crystallite size is around
43.8 nm.

)

3.1.2. Fourier transforms infrared spectroscopy

The infrared spectrum of Fes04 and M-HKDD3 were illustrated in Figure 2. The peak at
580 cm™' in Fe;0, is attributed to Fe-O bond; while 3349 cm™ is referred to O-H in the
magnetite. For M-HKDD3 spectra, the band at 1640 cm™' is present in which is attributed
to the vibrations of the H-O-H bonds of the water molecules contained in the interfoliar
space of the mineral halloysite [22]. The peaks at 3400, 3617 cm™" and 3699 cm™" were
assigned to the stretching vibration of hydroxyls OH groups of HKDD3 clay [23]. Moreover,
the peak at 1124-989 cm™' may be referred to as the silanol groups (Si-O-H, Si-O-Si
stretching vibration) of silica [24]. The observed bands from 700 to 900 cm™" are assigned
to the deformation metal group Al-OH. The intense and broadband at 3400 cm™' corre-
sponded to stretching vibrations of hydroxyl (OH) groups from (Fes0,). The characteristic
intense peak of magnetite (Fe-O) at 580 cm™' could be explained by overlapping the band
of Al-O-Si (HKDD3 clay) at 536 cm™" [25].
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Figure 2. FTIR spectra of Fes0,4 and M-HKDD3 nanocomposite.

3.1.3. High-resolution transmission and scanning electronic microscopy with energy
dispersive X-ray spectroscopy

The morphology of HKDD3 clay is a tubular shape (halloysite clay) with a length from
0.3 um to 3 um and a diameter between 15 and 50 nm [19]. The iron oxide particles
were dispersed on the surface of HKDD3 which have a small size in the range from
20 to 50 nm with the average size of magnetite particles 12 nm (using software
Image J). As observed in the images (Figure 3.A) the HKDD3 clay becomes rougher
with irregular dispersion of spherical magnetite nanoparticles [26]. Energy dispersive
X-ray spectroscopy (EDX) elemental mappings of O, Si, Al, and Fe elements with
corresponding SEM images (Figure 3.B) further demonstrated the distribution of
magnetite nanoparticles in the whole nanocomposite. The major elements of Al, Si,
and O, which are related to the halloysite chemical formula (Al,Si,05.H,0), are seen
in EDX spectra. Besides, these elements the Fe which is presented on Fe;0O, magne-
tite lattice.

3.1.4. BET analysis

Surface Area analysis of HKDD3 and M-HKDD3 was carried out using the BET
technique (Figure 4). The isotherms adsorption-desorption of N, gas measurement
have a typical shape of mesoporous and macroporous materials that belong to type
Il [27], with a hysteresis loop of H3 type [28]. However, the pore size distribution,
determined by the BJH [29]. As listed in Table 1, the specific surface area, pore
diameter, and volume were around 67.42 mz/g, 12.41 nm, and 0.222 cm3/g respec-
tively. After loading of HKDD3 clay by magnetite nanoparticles, we observed
a decrease for surface area, average volume, and diameter to be 67.42 m?%/g;
0.177 cm?/g and 10.54 nm, respectively. It can be explicated by deposition of
magnetite nanoparticles onto the surface of HKDD3 clay.
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b

Figure 3. HRTEM images of M-HKDD3 nanocomposite (A); SEM-EDX mapping of M-HKDD3 nanocom-
posite (B).

3.2. Methylene blue sorption studies

In order to evaluate the efficiency of removal methylene blue dye from an aqueous medium
by using M-HKDD3 nanocomposite as an adsorbent. For this study, we performed
a comparative study between adsorption and sono-sorption processes. The initial dye, the
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Figure 4. Isotherm nitrogen N, adsorption-desorption of HKDD3 and M-HKDD3 nanocoposite.

Table 1. Textural characterisation of HKDD3 and Fe;0,-HKDD3.

Adsorbent Sger (M?/g) Average pore volume (cm®/g) Average pore diameter (nm)
HKDD3 71.71 0.22 12.41
M-HKDD3 67.46 0.18 10.54

mass of adsorbent, and time were adjusted to 30 mg.L”, 0.1 g, and 120 min, respectively.
According to Figure 5, the results showed that the sono-sorption was faster and effective
than classic adsorption. The uptake dye was reached 18.78 mg/g and 10 mg/g for sono-
sorption and adsorption, respectively. Due to the ultrasonic waves which improve the
porosity of the M-HKDD3 surface adsorbent and mass transfer rate (liquid-solid interfaces)
by physical phenomena, such as microscopic turbulence, streaming, and acoustic waves [30].

—a&— adsorption
—®— sonoadsorption _{_J

qe (mg/g)

» 1 " T
0 20 40 60 80 100 120

time (min)

Figure 5. Comparative adsorption and sono-adsorption for Methylene blue by M-HKDD3 (m = 0.1 g of
Fe;0,-HKDD3; 100 mL and 30 mg.L™" of MB; pH free at room temperature).
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3.2.1. Effect of dye concentration and contact time

The initial dye concentration and contact time have a great effect on the removal of
MB by M-HKDD3 which is shown in Figure 6. Clearly, the adsorption process occurs
in two stages, a rapid increase corresponds to the MB adsorption rate is high due to
the available pore size of M-HKDD3 nanocomposite and limited competition between
the MB dye molecules [31]. The second part indicates slow adsorption caused by
a low concentration of MB dye, in the last phase (from 60 to 120 minutes) the
equilibrium was achieved wherein a plateau was seen. As it is observed, the quantity
adsorbed increases from 9.54 to 17.27 mg/g with increasing of initial dye concentra-
tion from 10 to 40 mg. L™ ! for an adsorbent 0.1 g. it means that it is related to the
increase in the driving force of concentration by diffusion of dyes on the pores of
HKDD3 clay [17].

3.2.2. Effect of pH

In order to study the effect of pH on MB adsorption on M-HKDD3, experiments were
carried with 30 mg.L™ ! initial dye concentration at varying pH range of 4.0 to 9.0 in
presence of 0.1 g adsorbent particles at room temperature (£25°C).

As observed from Figure 7 with increasing pH the quantity adsorbed increased
from 9.77 to 14.23 mg/g. In acidic conditions, pH < 7 was an unfavourable medium
to adsorb MB dye owing to the electrostatic repulsion force between MB molecules
and the surface of HKDD3 clay. Furthermore, there is a competition between H*
ions and cationic dyes for migration to the active sites [32]. By increasing pH, the
OH™ ions are produced and the H* decreases in the solution [33]. The surface of
nanocomposite became more negatively which improve the attraction of cationic
methylene blue molecules which caused the adsorption of MB in the active sites.
Moreover, due to the effect of ultrasound irradiation, reactive radicals as OH- and
O, "are generated over the surface of magnetic clay, which could degrade MB
molecules dye.

18 4

16 1\\;1;
14 4
12 4
.
R X
= 10 /
D i
[=2]
£ 84
o
6
4]
2
04 .
T * T * T L2 T ® T
0 10 20 30 4

dye concentration (ppm)

Figure 6. Influence of MB concentration using M-HKDD3 nanocomposite. (m = 0.1 g of Fe;0,-HKDD3;
C = 10-40 mg.L™" of MB; at room temperature).
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Figure 7. Influence of pH on sono-sorption of MB dye using M-HKDD3 nanocomposite (m = 0.1 g of
Fe;0,4-HKDD3; 100 mL and 30 mg.L_1 of MB; pH 4-9 at room temperature).

3.2.3. Thermodynamic study

The thermodynamic study was carried out in the range of (303-323 K°) to estimate
standard Gibbs free energy change (AG), standard enthalpy change (AH), and standard
entropy change (AS). The different energies can be related to each other by the following
equations [34].

AG° = — RTInK,. 3)
AG° = AH° — TAS® (4)
AH° AS°
InKe = —— 4+ —
nKe RT + R (5)

Where R is the universal gas constant (8.314 J/mol K) and T is the absolute temperature
(K). Ke is the adsorption equilibrium constant.

The thermodynamics parameters for the sono-assisted adsorption process are repre-
sented in Table 2. The quantity adsorbed by the M-HKDD3 adsorbent increase with
increasing of temperature. The positive value AH confirmed the endothermic nature of
sono-sorption. The negative values of standard Gibbs AG°® show decreasing with
increasing temperature suggesting that the adsorption process was favourable,

Table 2. Thermodynamic parameters of MB adsorption on Fe30,4-
HKDD3 nanocomposite.

T (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol.K)
303 -1.095 31.948 109.054
313 -2.116

323 -3.073
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spontaneous, and enthalpy controlled, where the positive values of AS° exhibited the
randomness at the solid-solution interface increased during the sorption and sono-
assisted sorption process [35].

3.2.4. Kinetic modelling
The kinetic models provide us information about the adsorption mechanism and the
mode of solute transfer from the liquid phase to the solid phase. The literature reported
a number of models, such as the pseudo-first-order model (PFO), the pseudo-second-
order kinetic model (PSO), and Weber and Morris model or intraparticle diffusion model.
They were applied to describe the mechanism and the potential rate-controlling steps by
distinct processes, such as transfer of mass, and diffusion of particles for the sono-sorption
of MB dye.

Results of kinetic modelling are presented in Figure 8A and Table 3. For the
pseudo-first-order model [36], the adsorption rate constant K; is given by the
following relation:

a=q.(1—e" ©

In the pseudo-second-order model proposed by Ho and Mckay [37], the adsorption rate
constant K; is given by the following relation: K, (qe-q)?

dq 2

4t~ K@ —a) 7)
Where; ge is the quantity of dye adsorbed at equilibrium (g/mg); q; is the quantity of dye
adsorbed at time t (g/mg); tis the contact time (min); K, is the adsorption rate constant for
the pseudo-first-order (min™"; K, is the adsorption rate constant for pseudo-second-order

(g/mg.min). The intra-particle model [2] was defined by equation
q: = K,'d*to's +C (8)

where gt is the amount of adsorbate per unit weight of adsorbent.

C (mg/q) is a constant which gives information about the boundary layer and Kigq (mg.
g~ ".min™""?) is the intraparticle rate constant and t is time contact.

The sono-assisted sorption process follows first order with R*> = 0.965 and low x
(0.467). As well as the calculated quantity adsorbed reached 9.36 mg/g (from PFO) which
is in agreement with experimental data (ge) 9.52 mg/g.

Figure 8B showed that the curve is not linear. It means that the adsorption has
happened in two-stage. The first is fast owing to the unoccupied external sites of
M-HKDD3 clay then we observed slow adsorption which referred to the diffusion mole-
cules of MB into sheets of HKDD3 clay.

2

3.2.5. Isotherm of sono-sorption

An adsorption isotherm is a variation of the adsorbed quantity ge (mg.g™') on
a solid as a function of the Ce concentration (mg.L_1), that is, the interaction
adsorbate with adsorbent. In this study, the adsorption equilibrium is analysed by
application of the Langmuir and Freundlich models (Figure 9) which are commonly
used [38].
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Figure 8. Kinetic models of adsorption MB onto M-HKDD3 (A); intra-particle diffusion of MB dye onto

M-HKDD3 nanocomposite (B).

Table 3. Kinetic parameters for MB sono-sorption on M-HKDD3

nanocomposite.
Kinetic model Parameters Sono-assisted sorption
Pseudo first order Pexp (ma/g) 9.52
(PFO) e cal (mg/g) 9.36
K, 0.05
R? 0.965
x?2 0.467
Pseudo second order Je cat (Mg/q) 11.34
(PSO) K, 0.005
R? 0.947
x 2 0.71133
Intraparticle diffusion Kip1 2.83
(IPD) Ce 531
First step R 0.988
Intraparticle diffusion Kip2 0.26
(IPD) Ce 6.55
Second step R? 0.983
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Figure 9. Isotherm models of sono-assisted adsorption of MB onto Fe30,-HKDD3 nanocomposite.

The Langmuir model suggests that the adsorption takes place on a homogeneous
phase, the nonlinear form of the Langmuir equation is given by the following equation:

quIce

— felll™e 9

q 1+ K,C. ©)

Where ge (mg.g™") represents the maximum monolayer adsorption capacity; K; is the

Langmuir constant; C, is the equilibrium concentration (mg/L). The favourability of
adsorption can be confirmed using the dimensionless parameter, which is defined as

1

[ S —
! 1+ K;%xCo

(10)

The value of R, indicates that the type of isotherm can be irreversible if (R. = 0),
unfavourable if (R _>1), linear if (R_ = 1), and favourable while (0< R, <1).

The Freundlich model assumes that the multilayer adsorption takes place on
a heterogeneous surface of the adsorbent. This model is given as follows [39]:

qe = KCe'/" (11)

where K is the equilibrium constant relative to the Freundlich model (L/g); 1/n is the
heterogeneity factor is ranging between 0.1 and 1. Table 4 lists the correlation
coefficients and isotherm constants with the experimental data. The Freundlich
isotherm was selected as the best fitting model for the sono-sorption process with
a coefficient R? value of 0.96. The 1/n value is about 0.3 which confirms that
the adsorption process is normal, favourable adsorption due to heterogeneity of
adsorbent [40].

Adsorption capacities were compared in Table 5. Various adsorbents were used for
adsorption cationic dyes such as methylene blue and crystal violet. The Algerian halloysite
Fes04-HKDD3 is a good adsorbent in comparison with other adsorbents.
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Table 4. Isotherm model parameters of the sono-
assisted adsorption of MB onto M-HKDD3
nanocomposite.

Isotherm Sono-sorption
Langmuir qm (mg/g) 17.70

K, 2.043

R, 0.012-0.046

R’ 0.95

x2 2.885
Freundlich Ke 11.23

n 3.19

R? 0.96

x2 2.343

Table 5. Comparison of methylene blue sono-assisted adsorption using M-HKDD3 nanocomposite
with other works.

Adsorbent Quantity adsorbed (mg/g) adsorbate pH Reference
Nanomagnetic iron oxide 16.15 v <7 [41]
Moroccan clay 12.19 cv 6 [42]
HNTs-Fe;0, 18.44 MB - [25]
Tunisian clay 86.54 v 8 [17]
Magnetic NAY zeolite 2.04 MB 10.3 [43]
M-HKDD3 18.78 MB 9 This work

4. Conclusion

In summary, this study was focused on the functionalization of Algerian clay (HKDD3) by
magnetite (Fes0,) for the easier separation magnetic property. This work highlights the
using a sono-sorption method to eliminate methylene blue dye from an aqueous medium
which is useful, rapid, and higher than the adsorption process. The adsorption capacity
reached about 18.78 mg/g. Kinetics is influenced by the studied parameters: temperature,
pH, and initial concentration. The adsorption behaviour of M-HKDD3 for cationic MB could
be well described by the pseudo-second-order model. The thermodynamic studies
showed endothermic and spontaneous adsorption processes.
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Abstract

The present thesis focuses on the preparation and characterization of different catalysts based on local
kaolin Djebel Debbagh (KDD3) for the removal of methylene blue as a cationic dye from aqueous
solution by adsorption and photocatalytic processes. The prepared materials were characterized by X-
ray diffraction (XRD); Fourier transform infrared spectroscopy (FTIR); Brunauer-Emmett-Teller
(BET), transmission electron microscopy (TEM), Uv-DRS Diffuse reflectance spectroscopy, and X-

ray photoelectron spectroscopy (XPS). The thesis involves three different axes:

The first part is to synthesize Fe3Os- HKDD3 composite (M-HKDD3) by coprecipitation method, and
its application for adsorption and sono-adsorption of methylene blue dye. The results show that the
magnetite Fe3O4 was efficiently formed into HKDD3 clay. The Algerian clay HKDD3 is a natural
halloysite tubular shape with a length ranging from 500 nm to 4 um and a diameter was estimated
from 50 nm to 100 nm. The mean crystallite size of magnetite particles is about 45 nm. Several factors
as contact time, pH, initial concentration and temperature were studied to evaluate the removal of MB
dye via adsorption and sono-adsorption. The adsorption efficiencies reached about 18.78 and 10.5
mg/g for sono-adsorption and adsorption, respectively. The adsorption behavior of FesOs- HKDD3
for cationic MB could be well-described by the pseudo-second-order model. The thermodynamic
studies showed endothermic and spontaneous adsorption process. The separation of nanocomposite

from solution is easy owing that magnetite nanoparticles are sensitive to an applied magnetic field.

The second part aimed to the preparation of 30% TiO2-M-HKDD3, 2% Ag- TiO2-M-HKDD3, 1% Fe-
Ti02-M-HKDD3, and 1%Fe -2% Ag- TiO2-M-HKDD3 by solvothermal route, for the photocatalytic
activity of methylene blue under visible light irradiation. The average crystallite size of TiO2 particles
is about 30 nm. The results of this study show that the efficiency follows this order: Ag- TiO2-M-
HKDD3 (92%) > Fe- TiO2-M-HKDD3 (90%) > TiO2-M-HKDD3 (89%) > Fe -Ag- TiO2-M-HKDD3
(88%) with TOC removal 75%, 70% and 72% respectively. According to these results Ag-TiO;-
MHKDD3 photocatalyst exhibited higher photocatalytic performance due to the following factors,
bandgap energy, pore distribution, and higher adsorption capacity. The main species responsible for
the degradation of MB dye were hydroxyl OH"and O™ radicals.



The third part was based on the functionalization of HKDD3 clay by iron sulfide FeS through a
hydrothermal route and explore its capacity for removal of methylene blue under visible light
irradiation. The iron sulfide crystals are dispersed as cubic shaped form forming aggregates on the
surface of the HKDD3. Uv-Drs results show strong absorption in the visible region with bandgap 1.60
eV. The results exhibit an excellent degradation of about 96% after 90 min using 10 mg.L* of
methylene blue and 50 mg of catalyst.

Keywords: Fes04-HKDD3, (Ag-Fe)-TiO2-Fe3s04-HKDD3, FeS-HKDD3, photocatalyst, adsorption,
photodegradation, methylene blue



Résumeé

La présente these se base sur la préparation et la caractérisation de différents catalyseurs a base de
kaolin Djebel Debbagh pour I'élimination du bleu de méthylene a partir d'une solution aqueuse par
adsorption et par activité photocatalytique sous irradiation de la lumiere visible. La caractérisation des
catalyseurs préparés a été effectuée par diffraction des rayons X (DRX), spectroscopie infrarouge a
transformée de Fourier (IRTR), Brunauer-Emmett-Teller (BET), microscopie électronique a
transmission (TEM), Uv-DRS Spectroscopie par réflectance diffuse, et spectroscopie

photoélectronique a rayons X (XPS). La these comprend trois axes différents :

La premiéere étude a été consacrée a la synthése du composite Fe30s- HKDD3 (M-HKDD?3) par la
méthode de coprecipitation, pour objectif de adsorption et sono- adsorption du bleu de méthyléne. Les
résultats montrent que la magnétite Fe3O4 a été bien formée et dispersée sur la surface de halloysite
HKDD3. L'argile HKDD3 est sous forme tubulaire avec une longueur allant de 500 nm a 4 um et un
diamétre qui a été estimé de 50 nm a 100 nm. La taille moyenne des cristallites des particules de
magnétite est d'environ 45 nm. Plusieurs facteurs comme le temps de contact, le pH, la concentration
initiale et la temperature ont été étudiés pour évaluer I'élimination du colorant MB par adsorption et
sono-adsorption. La quantité adsorbée a atteint environ 18.78 et 10.5 mg/g pour la sono-adsorption et
I'adsorption, respectivement. Le comportement d'adsorption du M- HKDD3 pour le MB cationique a
été bien décrit par le modele de pseudo-second ordre. Les études thermodynamiques ont montré que
le processus d'adsorption est endothermique et spontané. La séparation du nanocomposite est facile

gréace a la sensibilité des nanoparticules de magnétite & un champ magnétique appliqué.

La deuxiéme partie visait sur la préparation des dopant de TiO2 (Ag, Fe) supportée sur I’argile
HKDD3 :30% TiO2-M-HKDD3, 2% Ag- TiO>-M-HKDD3, 1% Fe- TiO.-M-HKDD3, et 1%Fe -2%
Ag- TiO2-M-HKDD3 par voie solvothermal. Les résultats de cette étude montrent que I'efficacité suit
cet ordre : Ag-TiO2-M-HKDD3 (92%) > Fe-TiO2-M-HKDD3 (90%) > TiO2-M-HKDD3 (89%) > Fe
-2% Ag- TiO2-M-HKDD3 (88%) avec une élimination du carbone organique total COT de 75%, 70%
et 75%, respectivement. Selon ces résultats, le photocatalyseur Ag-TiO..MHKDD3 a présenté une

performance photocatalytique plus élevée en raison des facteurs suivants : énergie de la bande



interdite, distribution des pores et capacité d'adsorption plus élevée. Les especes responsables de la

dégradation du colorant MB étaient les radicaux hydroxyles OH"et O2™.

La troisieme partie a était basée sur la fonctionnalisation de I'argile HKDD3 par le sulfure de fer par
lumiere visible. Les cristaux de sulfure de fer sont dispersés sous forme cubique qui ils sont formé des
agrégats a la surface du HKDD3. Les résultats de 1’Uv-Drs montrent qu’il y a une forte absorption
dans la région visible avec une bande interdite de 1,60 eV. Les résultats montrent une excellente
dégradation d'environ 96% aprés 90 min en utilisant 10 mg.L* de bleu de méthyléne et 50 mg de

catalyseur.

Mots-clés : Fes04-HKDD3, (Ag-Fe)-TiO2-Fe304-HKDD3, FeS-HKDD3, photocatalyseurs,

adsorption, photodégradation, bleu de méthyléne.
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