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Introduction

Introduction

surface waters and wastewaterare currently among the most environmentally vulnerable
compartments, increasingly exposed to growing levels of pollution primarily driven by
industrial, agricultural, and domestic discharges. This progressive contamination leads to a
significant deterioration in water quality, directly impacting aquatic ecosystems and human
health, particularly due to the presence of persistent organic compounds, heavy metals, and

emerging micropollutants [1].

Despite the existence of conventional treatment processes such as coagulation—
flocculation, sedimentation, and biological treatments, their efficiency is sometimes limited
when facing the complexity and diversity of modern pollutants. Indeed, certain contaminants

are resistant to classical treatment methods or require strict operational conditions, thereby

reducing the overall performance of wastewater treatment plants [2].

In response to these limitations, scientific research has increasingly turned toward more
advanced technologies, particularly advanced oxidation processes and heterogeneous
photocatalysis. These techniques rely on the generation of highly reactive species capable of
effectively degrading recalcitrant organic pollutants, offering a promising alternative for

improving water quality [3].

Moreover, the integration of nanomaterials into water treatment has opened new
perspectives. Owing to their high specific surface area and unique physicochemical properties,
nanoparticles (such as metal oxides) significantly enhance adsorption, catalytic reactions, and
pollutant degradation processes [4]. In this context, the combination of photocatalysis and

nanotechnology represents an innovative, sustainable, and highly efficient approach to

addressing current challenges in water treatment [5].
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Therefore, the development of advanced photocatalytic materials based on
nanostructured systems constitutes a promising solution to overcome the limitations of

conventional methods and to enhance the overall efficiency of water purification systems [6].
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Chapter 1 Bibliographic Research

I.1. water pollution

Water pollution is defined as any undesirable modification of the natural properties of
water resulting from the introduction of contaminants that alter its physical, chemical, or
biological characteristics, leading to a deterioration in its quality and ecological status. It
adversely affects aquatic environments, disrupts ecosystem balance, and reduces the suitability

of water resources for various uses.[7]

Figure I- 1 Water pollution resulting from wastewater discharge.[8]

1.2. Classification of Pollutants

Water pollutants can be categorized into different groups based on their origin,

composition, and environmental effects. The main classifications are presented in Table I-1.
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Table I- 1. Classification of Major Water Pollutants

TYPE OF DESCRIPTION EXAMPLES
POLLUTANT
CHEMICAL Presence of undesirable or hazardous =Dissolved chemical compounds

dissolved substances in excess or [9]

outside their normal environment

RADIOACTIVE  Pollution caused by the release of Nuclear explosions, atomic
radioactive elements from nuclear, wastes, radioisotopes [9]
medical, and industrial activities

BIOLOGICAL Presence of free-living or pathogenic Plankton, macro-invertebrates,
organisms in water. microorganisms,protozoa,

bacteria, viruses [9]

PHYSICAL Solid elements transported by water, Twigs, leaves, sands, suspended

classified according to their nature solids [9]

and size.

To evaluate the extent of water contamination, water quality is assessed through a set of
physical, chemical, and microbiological parameters. These indicators provide quantitative and
qualitative information about the state of water and are widely used to determine its suitability

for different uses and to monitor treatment efficiency

I.3. Physicochemical characteristics:
1.3.1. Temperature
Water temperature depends on daily or seasonal variations in ambient temperature, as
well as on anthropogenic discharges (e.g., water used for cooling). This parameter plays an

important role in the functioning of aquatic ecosystems through its influence on the solubility

of oxygen as well as other elements.[10]

1.3.2. pH
pH is the negative logarithm of hydrogen ion concentration and indicates the acidity or

alkalinity of a water sample. It is a key parameter in water quality assessment and is closely

4
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related to corrosivity and electrical conductivity. Variations in pH are mainly controlled by
physicochemical conditions and may result from anthropogenic inputs such as industrial

discharges, acid rain, and organic matter decomposition.[11]

1.3.3. Turbidity
Turbidity is the cloudiness of water caused by suspended and colloidal particles such as
clay and organic matter. These particles can transport microorganisms and adsorb pollutants
including heavy metals and organic compounds. High turbidity may increase water temperature
and reduce dissolved oxygen levels. It is measured in NTU using a nephelometric turbidimeter,

where high values indicate poor water quality.[12]

1.3.4. Suspended solids (SS)
Suspended solids include all mineral or organic matter that does not dissolve in water.
They include clays, sands, silts, small-particle organic and mineral matter, plankton, and other
aquatic microorganisms. The number of suspended solids varies significantly depending on the
season and the water flow regime. These materials affect water clarity and reduce light
penetration, thereby hindering photosynthesis. They can also interfere with fish respiration.
Furthermore, suspended matter can accumulate high levels of toxic substances (metals,

pesticides, mineral oils, polycyclic aromatic hydrocarbons, etc.) [13]

I.3.5. Salinity and Electrical Conductivity
Salinity refers to the concentration of dissolved salts in water, while electrical
conductivity (EC) reflects its overall ionic content. Salts dissociate in water into charged ions

that determine its conductivity.

Salinity is classified into primary, originating from natural processes such as rock
weathering and long-term salt deposition, and secondary, mainly resulting from human
activities like land clearing and improper land use, which lead to salt accumulation and

disruption of natural water systems.

Electrical conductivity is influenced by dissolved ions (e.g., Ca*", Na*, Cl, SO+>,
NOs"), organic compounds, and physico-chemical parameters such as pH, total hardness, total
solids, TDS, and COD. Temperature also affects EC by increasing ion mobility and dissociation

while reducing water viscosity.[14]
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1.3.6. Alkalinity
Alkalinity is the capacity of water to neutralize hydrogen ions (H") and resist changes

in PH. It is mainly attributed to the presence of bicarbonate (HCOs"), carbonate (COs*"), and
hydroxide (OH") ions.[15]

1.3.7. Biochemical Oxygen Demand (BOD)
Biochemical oxygen demand is, by definition, the amount of oxygen required by living
microorganisms present in the environment to ensure the oxidation and stabilization of organic

matter in water. By convention, BOD is the value obtained after five days of incubation, BODS5

[16]

1.3.8. Chemical Oxygen Demand (COD)
This is the amount of oxygen required for the chemical breakdown of oxidizable
organic matter in water. Certain organic substances are difficult for microorganisms to
biodegrade, and a strong chemical oxidizing agent is required to oxidize them; the chemical

oxygen demand determines the total amount of oxygen needed to break down the pollution.
COD is also expressed in mg O2/L. [17]

I.4. Microbiological parameters:

1.4.1. Total bacteria
These bacteria grow under aerobic conditions. Their presence indicates bacterial
contamination. Counting them provides information on the hygienic quality of water intended
for human consumption [18] Thus, they provide information on the degree of protection of

groundwater aquifers [19].

1.4.2. Coliforms
Coliforms belong to the Enterobacteriaceae family; these coliform bacteria are rod-
shaped, non-spore-forming, Gram-negative, oxidase-negative, facultative aerobes and
anaerobes, capable of fermenting lactose to produce acid and gas within 48 hours at

temperatures of 35 and 37°C. Coliforms include the genus: Escherichia coli.[20]

1.4.3. Fecal coliforms or thermotolerant coliforms

Fecal coliforms are coliforms that exhibit the same properties (characteristic of

coliforms) after incubation at a temperature of 44°C. [21]
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1.4.4. Fecal streptococci
Fecal streptococci are generally considered to be indicators of fecal contamination. They

are Gram-positive, chain-forming, facultative anaerobes, and non-motile).[18]

L.5. Undesirable or Toxic Parameters

I.5.1. Ammonium
Ammonium mainly originates from the decomposition of nitrogen-rich organic matter
as well as industrial activities such as fertilizers and textiles. It plays an important role in the
nitrogen cycle and can exist in water either in molecular form (ammonia) or as the ionized form

depending on pH conditions.[22]

L.5.2. Iron
Iron is naturally present in groundwater due to its abundance in the Earth’s crust. Its
concentration in water is influenced by geological conditions, soil leaching, industrial

discharges, and corrosion of distribution pipes.[18]

I.5.3. Aluminum
Aluminum is also widely distributed in the environment. In acidic conditions, it exists
in dissolved ionic form (AI**). Although generally not harmful at low concentrations, its

presence in water is considered undesirable when elevated.[23]

1.5.4. Nitrites
Nitrites are intermediate compounds in the nitrogen cycle, formed either by incomplete
oxidation of ammonia or by reduction of nitrates under anaerobic conditions. Their occurrence

in water is usually limited and associated with specific pollution processes.[24]

I.5.5. Nitrates:
Nitrates represent the final product of nitrogen oxidation. They are highly soluble and
commonly found in water due to agricultural activities, organic waste, and wastewater

discharges.[25]

I.5.6. Phosphates
Phosphates in water often indicate contamination from agricultural runoff or surface
infiltration. In natural, unpolluted waters such as springs and deep groundwater, their presence

is typically very low.[26]
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I.6. Water Treatment Methods

Water treatment technologies can be classified into different categories based on the
type of process applied, such as physical, chemical, and biological treatments. The main

methods are listed in the table below

Table I- 2 Comparison Water Treatment Methods

Physical treatment Screening, sedimentation, filtration, flotation, membrane

separation, granular media, flow equalization [27]

Chemical treatment Coagulation, chemical precipitation, ion exchange, adsorption,
neutralization, solvent extraction, chlorination, other chemical

applications [28]

Biological treatment Aerobic digestion, anaerobic digestion, activated sludge process,
bacterial filters, rotating biological contactors, pond

stabilization, biological nutrient removal.[28]

1.6.1. Coagulation—Flocculation
The turbidity of surface water is caused by the presence of very small particles known
as colloids. Their removal cannot rely on simple settling, as their sedimentation rate is
extremely low. The time required for a particle to fall freely over a distance of one meter can
reach several years. Coagulation—flocculation is a physicochemical process aimed at
destabilizing colloidal particles present in water, followed by the formation of flocs through
adsorption and aggregation. The flocs formed are subsequently removed by sedimentation and

filtration [29]

1.6.1.1. Coagulation
Coagulation is the first stage of the coagulation—flocculation process. It involves the
destabilization of suspended colloidal particles through the neutralization of their electrical
charges by the addition of chemical substances known as coagulants. These colloidal particles
generally carry a negative electrical charge, which generates repulsive forces that prevent their

approach and aggregation.
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According to the electrical double layer theory, an ionic environment forms around
colloidal particles. Positively charged ions in water accumulate at the colloid surface, forming
the Stern layer. Beyond this layer lies the diffuse layer (Gouy layer), which consists of more

randomly distributed ions.

The boundary between these two layers is called the shear plane. The electrical potential
measured at this level is known as the zeta potential, which serves as an indicator of colloidal
stability. The ionic strength of the medium also influences the electrostatic behavior of the
particles. The addition of a coagulant increases the ionic concentration, leading to compression
of the electrical double layer and a reduction in repulsive forces. Consequently, van der Waals

forces become dominant, promoting particle aggregation. [30]

Colloidal destabilization can occur through four main mechanisms:

e Double layer compression
e Adsorption and charge neutralization

e Enmeshment in a precipitate

e Adsorption and bridging between particles. [31]
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Figure I- 2 Structure of the electrical double layer (EDL) showing the Stern layer,

diffuse layer, and zeta potential around a negatively charged particle.[32]

1.6.1.2. Types of Coagulants Commonly Applied in Water Treatment
Table I- 3Types of Coagulants Used in Water Treatment [31]
Coagulant type Examples
Inorganic coagulants Aluminum sulfate (AL(SOa)s), Ferric chloride (FeCls), Ferric
sulfate (Fe2(SOa4)s), Poly aluminum chloride (PAC)
Organic coagulant Polyamines, PolyDADMAC

Bio-coagulants Chitosan, starch, tannins, plant extracts

1.6.2. Flocculation
Flocculation involves the addition of high-molecular-weight polymers to promote the

aggregation of colloidal particles. This process is mainly based on two mechanisms:

interparticle bridging, in which polymer chains connect several particles together, and charge

10
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neutralization, which reduces electrostatic repulsion and enhances the formation of larger

flocs.[33]

Figure I-3. Schematic illustration of the coagulation—flocculation and

sedimentation processes in water treatment.|[34]

1.6.2.1. Types of flocculants Used in Water Treatment
Table I- 4. Types of Flocculants Used in Water Treatment [33]

Type Examples
Organic flocculants Starch, alginates, polysaccharides
Mineral flocculants Activated silica, bentonite, alumina, ferric hydroxide, fine sand

Synthetic flocculants Polyacrylamide, acrylamide + acrylic acid, acrylamide +

methacrylate

Conventional water treatment methods are effective for the removal of particulate matter
and macroscopic parameters; however, they present significant limitations in the removal of

micropollutants and dissolved organic matter. They may also lead to the formation of

disinfection by-products and oftenrequire additional treatment steps to ensure water safety.[35]

11
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1.6.3. Advanced oxidation processes (AOPs):
Currently, advanced oxidation processes (AOPs) are widely used for the treatment of
contaminated water. They rely on the generation of hydroxyl radicals (*OH), highly reactive

species capable of effectively degrading a wide variety of organic pollutants.

The primary objective of these processes is to transform pollutants into simpler

compounds, and ideally to mineralize them into carbon dioxide (CO-) and water (H20).

AOPs encompass several techniques based on different oxidation sources and activation

modes, which give them a wide range of applications in water treatment.

These processes are notably used to reduce pollutant load and toxicity and to improve

the overall quality of effluents by promoting the degradation of organic compounds.[36] [37]

Electrochimie

Photo-Fenton \/L% Sonochimie

| o |
Photo-oxydation |_— ' /¥~ Oxydation

(H202/UV, O5/UV) homogeéne

Photocatalyse

(TIOJUV) Radiolyse

Figure I- 3. Methods of hydroxyl radical (OH) formation. [38]

Among the different advanced oxidation processes, photocatalysis is commonly regarded as

one of the main oxidation techniques used in water treatment. Photocatalysis

1.6.4. Photocatalysis
is a light-driven catalytic process in which a photoactive material absorbs photons and
promotes chemical transformations without being consumed during the reaction. It can be
classified into homogeneous and heterogeneous photocatalysis. In homogeneous systems, the

catalyst and reactants are present in the same phase, whereas in heterogeneous systems they
12
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exist in different phases. Due to its simplicity, stability, and ease of catalyst recovery,

heterogeneous photocatalysis is the most widely applied approach in water treatment. [39][40]

1.6.4.1. Heterogeneous photocatalysis
Heterogeneous photocatalysis involves a solid semiconductor catalyst interacting with
pollutants present in the aqueous phase. Upon illumination with light of sufficient energy, a
series of oxidation—reduction reactions take place at the catalyst surface, resulting in the

degradation and transformation of contaminants. [41]

1.6.4.2. Reaction mechanism

The photocatalytic process includes several successive steps: transfer of reactants
toward the catalyst surface, adsorption of pollutants, surface reactions, desorption of products,
and their diffusion back into the solution. When the semiconductor absorbs photons with energy
equal to or greater than its band-gap energy, electrons are promoted from the valence band to
the conduction band, generating electron—hole pairs (e/h*). These charge carriers subsequently
react with water, hydroxide ions, and dissolved oxygen to produce reactive oxygen species
(ROS), mainly hydroxyl radicals (¢*OH) and superoxide radicals (O2:*"), which are responsible
for the degradation of organic pollutants.[42]

13
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Figure I- 4. Schematic mechanism of heterogeneous photocatalysis for organic

pollutant degradation [43]

1.6.4.3. Photocatalysts
Photocatalysts are photoactive semiconductor materials capable of converting light
energy into chemical energy. Their efficiency depends on several factors, including light
absorption capacity, charge separation efficiency, and resistance to electron—hole
recombination. Among the most commonly used photocatalysts are TiO2, ZnO, and CdS, owing

to their favorable electronic properties, chemical stability, and high photocatalytic activity. [44]

1.6.4.4. Factors influencing photocatalysis
The efficiency of heterogeneous photocatalysis is influenced by several operational

parameters:

= [Initial pollutant concentration: An increase in the initial concentration of the
pollutant generally leads to a decrease in photocatalytic efficiency, as higher
pollutant levels hinder light penetration to the catalyst surface and consequently

reduce the degradation of contaminants.[45]

14
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= Catalyst concentration: the reaction rate increases with catalyst loading up to an
optimum value, beyond which light scattering and shielding effects may reduce
efficiency.[46]

= pH of the medium: affectsboththe surface charge of the catalyst and the adsorption
behavior of pollutants.[47].

= Light intensity: controls the generation rate of charge carriers and consequently the
photocatalytic activity.

* Irradiation wavelength: must match the absorption characteristics of the
semiconductor.

= Electron acceptors: species such as oxygen or hydrogen peroxide improve charge

separation and limit electron—hole recombination.[48]

1.6.4.5. Applications of photocatalysis in water treatment

» Degradation of organic pollutants (including dyes and industrial chemicals)

Photocatalysis is widely used for the degradation of organic pollutants in water such as
industrial chemicals, pesticides, and synthetic dyes. Under light irradiation, reactive oxygen
species (ROS) are generated on the photocatalyst surface, which oxidize and break down
complex organic molecules into simpler and less toxic compounds. In the case of textile dyes,
the process leads to destruction of chromophoric structures responsible for color, resulting in

decolorization and degradation.[49]

» Treatment of toxic and recalcitrant organic compounds (hydrocarbons and

phenolic compounds)

Photocatalysis is effective in the treatment of petroleum hydrocarbons and phenolic
compounds in contaminated water. These pollutants are resistant to conventional treatment
methods; however, photocatalytic oxidation promotes the cleavage of carbon chains and

aromatic rings, significantly reducing toxicity and environmental impact.[50]

» Complete mineralization and water purification

One of the main advantages of photocatalysis is the complete mineralization of organic
pollutants into carbon dioxide and water without producing harmful intermediates. It is also
used for the purification of surface water and groundwater by removing persistent and non-

biodegradable contaminants.[51]
15



Chapter 1 Bibliographic Research

Recently, nanomaterials have attracted considerable attention in water treatment owing
to their large specific surface area, enhanced reactivity, and improved photocatalytic
performance, making them promising candidates for advanced environmental remediation

applications.

I.7. General information on nanomaterials

Nanotechnology and nanoscience study the properties of systems with dimensions
ranging from a few angstroms to a hundred nanometers. Nanomaterials establish a space for
research and development involving the use of processes that allow the organization of matter

at the molecular or atomic level at characteristic scales from 1 to 100 nanometers (nm).

Materials are produced from the destruction of a macroscopic material, or by the
arrangement of a group of atoms or molecules. These nanoparticles can have different forms
(nano-spheres, nanotubes, nano-wires, cells, single crystals...). Nanomaterials have different
characteristics from the macroscopic scale, thanks to their size. Certainly, as the size of a
particle decreases, the number of particles per unit mass increases. Nanoparticles have

properties that depend on their sizes due to the large proportion of existing atoms on their

surfaces relative to their volumes, which results in a high specific surface area. [52].

Nanoscale structures then make it possible to obtain new materials with particular
mechanical, electrical, magnetic, optical and catalytic properties that sometimes differ from the

properties of the same material on a different scale. [53].
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Figure I- 5. Comparison of the size of nanoparticles with biological and chemical entities

on the nanometer scale (Created using Bio Render).[54]

L.7.1. Definition of a nanoparticle
A nanoparticle is an ultrafine particle composed of atoms or molecules with dimensions
generally ranging from 1 to 100 nm. Due to their nanoscale dimensions, nanoparticles exhibit

unique physicochemical properties that distinguish them from their bulk counterparts. Their

size is comparable to that of biological entities such as proteins and viruses [55].

1.8. Methods of nanoparticles synthesis:

I.8.1. The top-bottom/mechanical production method
The top-down (mechanical) production method is based on the reduction of bulk
materials into nanoparticles through mechanical processes such as milling and crushing. It
commonly involves high-energy ball milling of metallic oxides as starting materials [56-57].
The process is performed using high-hardness steel equipment to achieve efficient grinding and

particle size reduction [58].

1.8.2. The bottom-up/chemical production method
The bottom-up method is based on the synthesis of nanoparticles from atoms or
molecules through chemical reactions such as co-precipitation, condensation, and aerosol

processes. This approach allows the production of homogeneous nanoparticles with controlled

size, shape, and structural properties [59—-60].
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| SYNTHESIS OF NANOPARTICLES |
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v" Hydrothermal

Figure I- 6. Classification of nanoparticle synthesis techniques (Physical, Chemical, and

Biological).

L.8.3. Green synthesis

The development of nanoparticle biosynthesis has significantly increased due to the
economic limitations and environmental impacts of conventional methods. In this context,
green synthesis represents a sustainable alternative based on the use of biological resources
such as plant extracts and microorganisms. These biological systems provide natural
compounds and biomolecules capable of mediating nanoparticle formation while reducing the

need for toxic chemicals and minimizing environmental impact [61].
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Figure I- 7 Advantages and key benefits of green synthesis of nanoparticles.

1.8.3.1. Role of Phytochemicals in Green Synthesis
Plant extracts are rich in bioactive compounds such as polyphenols, flavonoids,
terpenoids, tannins, and antioxidants. These phytochemicals play a crucial role in the green
synthesis process by acting as reducing agents that convert iron ions into nanoparticles and as
capping agents that stabilize the synthesized nanoparticles and prevent their aggregation.
Furthermore, the nature and concentration of these compounds strongly influence the size,

morphology, stability, and overall performance of the synthesized nanoparticles [62]

1.9. Iron nano particles

Iron nanoparticles are nanoscale particles of iron with dimensions generally below 100
nm, characterized by high surface area, magnetic properties, and unique physicochemical
characteristics that make them suitable for various environmental, biomedical, and industrial

applications. [63].
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1.9.1. Types of iron nanoparticles
There are several types of iron nanoparticles, each with distinct chemical compositions and

structural properties, as presented in Table I- 5.

Table I- 5§ Classification and characteristics of different iron-based nanoparticles

Type Chemical formula | Mineral Description

name
Zero- Fel Metallic iron | Iron in the zero-oxidation state with
valent iron high reactivity and strong reducing

properties.[64]

Iron 1L, | Fe304 Magnetite Mixed-valence iron oxide containing
III) oxide Fe** and Fe** with inverse spinel

structure.[65]

Iron (III) | a-Fe20s Hematite Most  stable iron oxide with

oxide rhombohedral crystal structure and Fe**
state.[65]

Gamma- v-Fe20 Maghemite Oxidized form of magnetite containing

Iron (III) mainly Fe** ions.[65]

oxide

1.9.2Applications of iron nanoparticles

Iron nanoparticles exhibit several applications, among which:

1.9.2.1. Biomedical applications

Magnetic iron nanoparticles play an important role in biomedicine due to their
remarkable magnetic properties [66]. They are used for therapeutic targeting, magnetic
separation, and biological labeling, owing to their strong magnetization under an external

magnetic field, which enables targeted drug delivery [67].
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They are also used in magnetic resonance imaging (MRI) as contrast agents to improve
the visualization of biological tissues, as well as in magnetic hyperthermia for the localized

treatment of tumors [68].

1.9.2.2. Environmental applications
In the context of environmental applications, iron nanoparticle technology has emerged
as a promising material, particularly in advanced water and wastewater treatment. Owing to
their high surface-to-volume ratio and strong chemical reactivity, these nanoparticles exhibit
multifunctional behavior. In aquatic systems, they can act through coagulation effect [69]and
adsorption processes. [70], contributing to the destabilization of colloidal particles and the

removal of a wide range of contaminants.

Beyond these physicochemical interactions, iron nanoparticles also act as reactive
agents capable of inducing the transformation and degradation of persistent organic pollutants,
including chlorinated organic solvents [71], organochlorine pesticides, and synthetic dyes.
Furthermore, they are effective in the removal of toxic heavy metal ions such as As(IT), Pb(II),
Cu(II), Ni(IT),and Cr(VI). Recent studies also suggest a potential antimicrobial effect, attributed
to the generation of reactive oxygen species (ROS), which may disrupt microbial cell structures.
Overall, this versatility makes iron nanoparticles a promising approach for both industrial

wastewater treatment and in situ groundwater remediation [72].

Moreover, iron-based nanoparticles can be considered as promising photocatalytic
materials for water treatment; however, their direct application is often limited by issues such
as particle aggregation and reduced accessibility of active surface sites. To overcome these
limitations, activated carbon can be introduced as a supporting material due toits highly porous
structure and large specific surface area. This not only enhances pollutant adsorption and
concentrates contaminants near the catalytic sites, but also improves the dispersion of
nanoparticles, leading to a synergistic effect between adsorption and photocatalytic

degradation. [73]
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Chapter 11 Materials and Methods

This chapter outlines the experimental methods and protocols employed in the present
study. It begins with the preparation of the aqueous extract of Cistus monspeliensis (CMLE)
and the green synthesis of nanoparticles. The experimental setups and operating conditions for
the coagulation—flocculation and photocatalytic degradation processes are then described in
detail. Finally, the physicochemical characterization of the synthesized materials is presented

using X-ray diffraction (DRX).

I. 1 Study area:

For the purposes of this study, we used surface water samples collected from the Mexa
Tarf station, as well as wastewater samples originating from the El Kala Wastewater Treatment

Plant.

I.1.1. The station of water treatment of Mexa

The station of water treatment of Mexa located in the northeastern part of Algeria, within
the Wilaya of El Tarf, near the Algerian—Tunisian border. It belongs to a Mediterranean climatic
region characterized by relatively high rainfall and the presence of important surface water

resources, wetlands, and ecologically sensitive environments.

The study area comprises two main components: the Mexa Dam and the El Kala
wastewater treatment plant (STEP), which together define the hydrological and environmental

framework of the region.

The Mexa Dam is located in the commune of Bougous, approximately 75 km from EIl
Tarf city and close to the Algerian—Tunisian border. It is part of the El Kebir East hydrological
basin and drains a watershed area of about 579-650 km?. Commissioned in 1998, the dam has
a storage capacity of approximately 47 hm?. It plays a key role in drinking water supply (AEP)
for the cities of Annaba, El Tarf, and El Kala, as well as in supporting irrigation activities in

surrounding agricultural areas.
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Figure II- 2. Mexa Dam area

I.1.2. STEP of El Kala

The El Kala wastewater treatment plant (STEP El Kala) was established in 1984 and
covers an area of about 2 hectares. Itis located approximately 1.5 km north-east of El Kala city,
along the national road N44 leading to Oum Teboul. The plant is designed to treat
approximately 1,900 m?/day of municipal wastewater, collected through three pumping

stations: Boulif, Mordjane, and Port stations, before being discharged into the natural receiving

environment after treatment.
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Figure II- 3. STEP El Kala area
Overall, the Mexa Dam and the STEP El Kala constitute the main components of the
study area, illustrating the interaction between surface water resources, wastewater treatment

infrastructure, and environmental protection in the region.

I. 2. Preparation of the Plant Extract:

The leaves of (CM) were harvested and then washed with distilled water to remove dust and
impurities. They were then dried in the shade at room temperature. Once completely dry, the
leaves were ground to produce a fine, uniform powder. 10 g of this powder was placed in a

Soxhlet extractor cartridge to obtain CMLE.

Figure II- 4. Preparation of CMLE by soxhlet
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I. 3. Green synthesis of iron oxide nanoparticles:

The iron oxide nanoparticles were synthesized via a green biosynthetic route using 50 mL of
CMLE and a mixture of iron (III) chloride (FeCls) and iron (IT) sulfate (FeSO4). The reaction
mixture was placed on a magnetic stirrer equipped with a heating plate and maintained at 60 °C
under continuous stirring. Once the temperature had stabilized, a sodium hydroxide (NaOH)
solution wasadded dropwise to adjust the pH to 11. The mixture was then kept under continuous
stirring at 70 °C and 700 rpm for 3 h, allowing the formation of the iron oxide nanoparticles.
At the end of the reaction, the mixture was left to settle, with nanoparticle precipitation mainly
in the lower layer. The supernatant was carefully removed, and the remaining precipitate was
collected and subjected to centrifugation. The nanoparticles were washed with methanol then
distilled water and then dried in an oven for 24 hours. The nanoparticles were subjected to

calcination in a furnace at elevated temperature for 2 hours.

Figure II- 5. Green synthesis of iron oxide nanoparticles
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I.4. Characterization Techniques

1.4.1. X-ray Diffraction
X-ray diffraction (XRD)is a structural analysis technique used to determine the crystal

structure, phase and texture of materials.

In this study, the diffraction spectra of the nanoparticles were recorded using an X -ray
diffractometer equipped with Cu K radiation (A = 1.5406 A). Measurements were carried out
over an angular range of 20 = 10° to 90°, in order to identify the crystalline phases present and

estimate the average size of the crystallites.

L.5.Water treatment process and water parameters:

L.5.1. Protocol for determining the optimum dose of the bio-coagulant (NPy,) (jar test)
Equal volumes of surface water and wastewater (1 L each) were placed in beakers.
Increasing amounts of NPre bio-coagulant (0.05; 0.25; 0.5; 1 and 3 g) were added to each
sample. A very small dose of flocculant (0.05 mg/L) was added to promote floc formation and
growth. The stirring blades were fitted and the mixture was agitated according to the following

programme:
Rapid stirring: 150 rpm for 5 minutes.

Slow stirring: 40 rpm for 17 minutes.

At the end of agitation, the blades were raised carefully so as not to disturb the formed

flocs. The samples were then left to stand for 30 minutes to allow the flocs to settle completely.

After settling, 0.5 L of supernatant was removed using a siphon from each beaker, as

shown in the following figure
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Figure II- 6. Coagulation flocculation (jar test)

I1.5.2. PH and Conductivity
pH and conductivity were measured with a Hach multi-parameter meter. The probes
were first calibrated according to the manufacturer’s instructions, then thoroughly rinsed with

distilled water after each measurement to avoid cross-contamination

Figure II- 7. Hach multi-parameter.
I1.5.3. Turbidity
Turbidity of all samples was measured using a Hach turbidimeter. The instrument was

calibrated prior to analysis and measurements were performed in triplicate to ensure accuracy

and reproducibility.

27



Chapitre 11 Materials and Methods

Figure II- 8. Hach turbidimeter.
I1.5.4. Suspended Solids Measurement:

To determine the concentration of suspended solids (SS), we proceeded as follows: we
took a 10 mL sample of homogeneous material and transferred it to a clean, dry cuvette, then

placed it in the spectrophotometer. The SS concentration was read directly from the instrument.

Figure II- 9. Suspended Solids Measurement.

I1.5.5. Determination of Total Alkalinity (TA)

We took 100 mL of water for analysis using a graduated cylinder, then transferred it to
a 250 mL Erlenmeyer flask. We added 2 to 3 drops of bromocresol green. The solution then
turned blue (pH > 5.4). We filled the burette with 0.5 N sulphuric acid solution. We gently
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swirled the Erlenmeyer flask and titrated the sample gradually with the sulphuric acid until the
indicator changed color. The end point of the titration was reached when the color changed

from blue to yellow-green. We recorded the volume (V) (in mL) of 0.5 N sulphuric acid used.

Figure II- 10. TA Measurement.

I1.5.6. Residual iron determination
In a 100 mL volumetric flask, introduce 50 mL of the sample and dilute if necessary.
Add 1 mL of hydroxylamine hydrochloride, 2 mL of acetate buffer, and 2 mL of 1,10-
phenanthroline. Shake the flask vigorously and leave it in the dark for 15 minutes. Measure the

residual iron concentration at a wavelength of 510 nm.
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Figure II- 11. Residual iron Measurement

I1.5.7. Determination of potassium permanganate oxidability — hot method in acid

medium

I1.5.7.1. Principle
The permanganate index of water is the mass concentration of oxygen equivalent to the
quantity of permanganate ions consumed when a water sample is treated with permanganate
under the specified conditions. The water sample is placed in the presence of a known quantity
of potassium permanganate and sulphuric acid for a specified period (10 minutes). Part of the
permanganate is reduced by the oxidizable matter in the sample. The excess permanganate is
determined by adding an excess of oxalate, followed by titration of the excess oxalate with

permanganate (back titration principle).

I1.5.7.2. Procedure
We pour 100 ml of the water sample into an Erlenmeyer flask. We add 20 ml of
concentrated sulphuric acid. We bring the mixture to the boil. We then add 20 ml of sodium

oxalate until the solution has completely decolorized. Finally, we titrate the excess oxalate with

a potassium permanganate solution until a pale pink color appears.
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Figure II- 12. potassium permanganate oxidability Measurement.

I1.5.8. COD Measurement

Chemical oxygen demand (COD) was determined using a colorimetric method with
commercial kits. We placed 10 ml of sample into a reaction tube, then added the reagent. The
tubes were placed in a heating block at 150 °C for 2 hours. After returning to room temperature

to allow the solution to stabilize, we measured the COD by spectrophotometry in direct

measurement mode using the selected programmes.

Figure II- 13. COD Measurement.
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I1.5.9. BODs Measurement
We took 95 ml of the water sample and transferred it to an amber glass bottle. We then
placed a magnetic stir bar inside. After fitting the black rubber sleeve over the bottle neck, we
used tweezers to insert the lithium hydroxide (LiOH) pellets inside the sleeve. Finally, we
activated the sensor, then placed the assembly in a thermostatic incubator at 20 °C for five days,

under gentle and continuous magnetic stirring.

Figure II- 14. DBOs Measurement.

II. 5.10. Nitrite (NO:") and nitrate (NOs") Measurement
We measured the concentrations of nitrite and nitrate ions as follows: we took 10 ml of
sample from each cuvette, then added the reagent. We then shook the cuvettes thoroughly and
left them to stand for 20 minutes. Finally, using the spectrophotometer, we read the

concentration directly.
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Figure II- 15. Nitrite and Nitrate Measurement.

I1.5.11. Phosphate (PO+*") Measurement
We measured out 5.0 ml of the sample and transferred it to the reaction cuvette. We then

mixed it thoroughly and left the mixture to stand for 10 minutes. Finally, we placed the cuvette

in the spectrophotometer and recorded the phosphate concentration.

Figure II- 16. Phosphate (PO+") Measurement.

I1.5.12. Bacteriological analysis
As part of the assessment of the effectiveness of iron nanoparticles (FeNPs) used as a

bio-coagulant, bacteriological analyses were carried out before and after treatment, in particular

following the coagulation/flocculation and photocatalysis stages
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I1.5.12.1. Testing for and quantifying total coliforms
We collect samples in sterile glass bottles or sterile single-use polyethylene vials. The
detection and enumeration of total coliforms in water are carried out using the membrane
filtration method. To do this, we filter 100 mL of water through a 0.45 pum filter membrane.
The bacteria are thus retained on the membrane, which we then place on a selective culture
medium (m-Endo agar). Afterincubation at 35 = 0.5 °C for 24 + 2 hours, we count the typical

colonies (red colonies with a golden or green metallic sheen).

Figure II- 17. Testing for and quantifying total coliforms.

I1.5.12.2. Testing for and quantifying Faecal coliforms
Faecal coliforms have been used as microbiological indicators of faecal contamination
in water. These bacteria constitute a subgroup of total coliforms, characterized by their ability
to ferment lactose at a high temperature of 44.5 °C. The dominant species within this group is

Escherichia coli (E. coli), which accounts for the vast majority of isolated strains.

For the detection and enumeration of these microorganisms, we opted for the membrane
filtration method, a reference technique widely used in laboratories due to its quantitative

nature, sensitivity and speed of execution.

The principle of this method is based on filtering a known volume of water sample
through a sterile filter membrane with a pore size of 0.45 um. The bacteria present are thus

retained on the surface of the membrane. The membrane is then transferred toa selective culture
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medium, usually m-FC agar, and incubated at 44.5 °C for 24 hours. Afterincubation, the typical
colonies, which are blue to blue-violet in color, are counted. The results are finally expressed

as CFU/100 ml (Colony-Forming Units per 100 milliliters).

I1.2.15.3. Detection and quantifying of spores of sulphite-reducing anaerobic bacteria
membrane filtration method
Our objective is to detect and count sulphite-reducing anaerobic bacteria using
membrane filtration. We follow this step with a culture on a selective medium, and then
calculate their number in the sample. Before carrying out the test, we must heat the sample to
be analyzed in a water bath at 75°C for 15 minutes, starting from the moment this temperature

is reached.

We retained the bacterial spores on the 0.45 um pore size filter after destroying the
vegetative forms by heating the sample to 75°C for 15 minutes. We then incubated the
membrane on Meat-Liver agar medium to which we added one ampoule of sodium sulphite and

one ampoule of iron alum. Incubation lasted 48 hours at 37°C.

Figure II- 18. Sulphite-reducing anaerobic bacteria detection test.

I1.6. Photocatalysis

As part of our study, we used photocatalysis to enhance water clarification capacity. Our
main objective was to evaluate the performance of residual iron nanoparticles present in the
settled water following the jar test. To enhance photocatalytic efficiency, we incorporated

increasing amounts of activated carbon (0.125, 0.25, 0.5 and 1 g/L) into our system, under UV

irradiation, before proceeding to filtration.

Here is the experimental procedure we followed:
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1. We weighed the activated carbon, then added it to the water and stirred the mixture to
ensure good dispersion.

2. We then kept the mixture stirring in the dark for 30 minutes.
Subsequently, we exposed the suspension to UV light for one hour.

4. Immediately after irradiation, we filtered the suspension using a 77 um syringe filter.

Following these steps, we measured various physico-chemical parameters of the treated

water: turbidity, pH, conductivity, color and organic matter

Figure II- 19. Photo of the experimental photocatalysis setup.
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Chapter 111 Results and Discussion

IIL.1. Analysis and characterisation of Fe NPs biosynthesised from CMLE

II1.1.1. Analysis of X-ray diffraction spectra (XRD)
The figure III- 1 shows the XRD pattern of Fe NPs produced by green synthesis from
CMLE.

Fe,0, Nanoparticules

8000 4

5000

Intensity (a.u

Figure III- 2. X-ray diffractogram of Fe;O4 nanoparticles.
The diffractogram matches perfectly with the structure of magnetite (FesO4), which has

a cubic spinel structure. Here is a summary table of the main peaks visible on the diffractogram

Table III- 1. Key diffraction peaks for Fe304 nanoparticles

20 (°) approx Relative Intensity (hkl) Observation
18.3 Weak (111) Characteristic weak peak
30.1 Medium (220) Sharp peak
35.5 Very Strong (311) Most intense peak
(dominant)
371 Weak (222) Shoulder or weak peak
43.1 Medium (400) Well visible
53.5 Weak (422) Weak peak
57.0 Strong (511) Prominent peak
62.6 Strong (440) Very characteristic
peak
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71.0 Weak (620) Weak peak
74.0 Medium (533) Visible peak on the
right

The peaks are sharp and relatively intense, indicating good crystallinity of the

nanoparticles.

IIL.2. Results of physico-chemical analyses of surface water and raw
wastewater

In order to determine the optimal (necessary and sufficient) dose of our bio-coagulant,
we carried out a detailed physico-chemical characterisation of the surface water and raw
wastewater used in this study. These initial data provide a vital reference for interpreting the
biocoagulant’s mechanisms of action (charge neutralisation and adsorption) and for optimising

our biocoagulant effectively.
The results of the physico-chemical analyses are presented in the following table

Table I1I- 2. Physico-chemical analyses of surface water and raw wastewater.

Test Surface water Wastewater
Turbidity (NTU) 156 27
PH 7,84 8,38
Conductivity (us) 406 1164
iron concentration (mg/L) 0,22 0,5
Phosphate (mg/L) 4,88 5,61
Nitrite (mg/L) <0,01 0,025
Nitrate (mg/L) 2.9 4.5
COD (mg/L) 24 64
BODs (mg/L) 9,5 33,5
Color 284 137
SS (mg/L) 288 35
Organic Matter (mg/L) 4,64 14.8
TAC (mg/L) 110 220
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II1.2.1 Surface water

The surface water in the Mexa reservoir is characterised by high turbidity (156 NTU) and a
high concentration of suspended solids (SS = 288 mg/L). This situation is mainly due to
significant inputs of clay and sediment particles following heavy rainfall, a phenomenon
exacerbated by the effects of climate change. Despite this high particulate load, the organic load
remains low (COD = 24 mg/L. and BODs = 9.5 mg/L), indicating that the pollution is primarily
of mineral and particulate origin rather than organic. The other parameters analysed (pH,
conductivity, phosphates, nitrites, etc.) remain within acceptable limits for raw surface water,

confirming that the pollution is predominantly of physical origin.
I11.2.2. wastewater

The raw wastewater has relatively low turbidity and suspended solids (SS) levels (27 NTU and
35 mg/L). This can be explained by the fact that the sampling point is located downstream of
the oxygen injection (aeration) point, which already promotes some settling and oxidation of
suspended matter. However, a relatively high colour value (137) is observed, indicating the
presence of dissolved or colloidal organic compounds (humic substances or others). The
organic load is moderate (COD = 64 mg/L. and BODs = 33.5 mg/L), corresponding to low to
medium levels of organic pollution, typical of domestic wastewater that has already undergone
partial pre-treatment. Furthermore, the high conductivity (1164 uS/cm) and TAC (220 mg/L)
values are explained by high mineralisation and a significant concentration of dissolved ions.

The alkaline pH (8.38) is also consistent with this profile

I11.3. Determining the optimum dose of the bio-coagulant (NPFe) (jar test)
I11.3.1. turbidity

After characterising the surface water and raw wastewater from a physico-chemical
perspective, jar tests were carried out to assess coagulation-flocculation using the biocoagulant
NPre. The graph below shows the change in turbidity as a function of NPre concentration for

both types of water.
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Figure III- 3. turbidity as a function of NPf, concentration.

In Surface water the raw turbidity of the surface water is 156 NTU. From the very first
dose tested (0.05 g/L of NP), turbidity drops dramatically to 17 NTU, a reduction of over 8§9%.
The turbidity continues to increase slightly as the dose is increased, rising from 17 NTU to

approximately 29 NTU at 1.0 g/L, and then to 36 NTU at 3.0 g/L.

The dose of 0.05 g/L is the optimal dose for surface water. It allows for excellent

destabilisation of colloids and good sedimentation of suspended matter. Above this dose, an

overdose is observed, leading to a slight re-increase in turbidity.

However, the raw turbidity of the wastewater is 24 NTU. At the first dose (0.05 g/L),
an increase in turbidity is observed, rising to 44 NTU. From the second dose onwards, turbidity
drops sharply to 9 NTU, corresponding to a very significant reduction (approximately 80%
compared to the raw value). At intermediate doses (0.5-1.0 g/L), turbidity remains moderate

(20-27 NTU), then rises sharply at high doses to reach 67 NTU at 3.0 g/L.

The optimum dose for raw wastewater is 0.25 g/L. Overdosing at high concentrations

causes a marked destabilisation of the colloids.
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I1.3.2. pH
The graph above shows how the pH of two types of water — surface water and

wastewater — changes as a function of the concentration of added iron nanoparticles (FeNPs)
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Figure III- 4. pH as a function of NPg. concentration.
For surface water, the pH decreases steadily, falling from 7.8 to approximately 7.55. For
wastewater, the addition of iron nanoparticles also leads to a decrease in pH, falling from 8.35
to 7.85; a gradual decrease in pH is observed. This indicates that the addition of iron

nanoparticles has an acidifying effect on the medium.

II1.3.3. Conductivity
The graph above illustrates the change in electrical conductivity, expressed in uS, of
two types of water — surface water and wastewater — as a function of the concentration of added

iron nanoparticles (FeNPs).
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Figure III- 5. Conductivity as a function of NPy, concentration.

With regard to surface water, we observe an average initial conductivity of
approximately 406 uS. This value is characteristic of fresh water, which has a low concentration
of dissolved salts. However, as soon as NPFe is added, the conductivity begins to rise
significantly, reaching nearly 580 uS.In contrast, the wastewater has a significantly higher
initial conductivity. This high conductivity is attributable to the presence of a greater quantity
of dissolved matter, whether organic or inorganic, which is typical of wastewater. The

introduction of NPFe into the wastewateralso leads to a marked increase in conductivity, which

can reach up to 1476 uS.

This increase in conductivity in both types of water, following the addition of NPFe and
the coagulation-flocculation process, indicates the formation or release of ionic species in the
medium. These dissolved ions, potentially resulting from the partial dissolution of NPFe or
from chemical reactions involving the biocoagulant and NPFe, contribute to the overall increase

in the ionic charge of the water samples.

I11.3.4. residual iron concentration

The graph above shows the trend in residual iron in surface water and wastewater as a

function of the amount of NPFe added.
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Figure III- 6.residual iron as a function of NPFe concentration.

For surface water, we observe that the initial residual iron concentration is
approximately 0.22 mg/L. Upon addition of NPre, this concentration decreases, reaching a
minimum of approximately 0.15 mg/L at a dose of 0.25 g/L of NPre. This point represents the
optimal dose at which NPre acts effectively as a coagulant, promoting the removal of iron and
other suspended particles. However, beyond this optimal concentration, the gradual increase in
NPge leads to a marked rise in residual iron, reaching approximately 0.37 mg/L at a
concentration of 3.0 g/l of NPre. This increase indicates that an addition of NP leads to an
increase in iron concentration. With regard to wastewater, it has a significantly higher initial
residual iron concentration of 0.5 mg/L. The addition of NPre also causes an initial decrease in
residual iron, reaching a minimum of approximately 0.32 mg/L at an NPfe concentration of
approximately 0.5 g/L. This dosage proves to be the most effective for iron removal in
wastewater. Similarly to surface water, increasing the NPre concentration beyond 0.5 g/L leads
to a slight but steady increase in residual iron, reaching approximately 0.40 mg/L at the

maximum concentration tested.

I1L.3.5. Organic compounds

The graph above shows the change in residual organic matter concentration (expressed
in mg/L) in surface water and wastewater as a function of the concentration of added iron

nanoparticles (FeNPs)
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Figure III- 7.0rganic Matter as a function of NPf. concentration.

For surface water, with an initial organic matter concentration of4.88 mg/L, we observe
that upon addition of the first dose of NPre (0.05 g/L), the residual concentration decreases
slightly to settle at around 4.7 mg/L. This reduction continues, with the minimum residual
organic matter concentration being reached at approximately 4.2 mg/L for an NPre dose of 0.25
g/L. This value corresponds to the optimal NPre dose for surface water, demonstrating
maximum removal efficiency at this point. Beyond this optimal concentration, the gradual
increase in the amount of NPrc leads to a slight but steady rise in residual organic matter, which
reaches approximately 4.8 mg/L at a concentration of 3.0 g/ of NPre. This suggests that an
excessive dosage of NPr. can lead to coagulant overload, potentially reducing its effectiveness.
In contrast, for wastewater, where the initial organic matter concentration is significantly higher
(14 mg/L), a substantial reduction is observed as soon as 0.05 g/L. of NPre is added, with a
residual concentration of approximately 12.8 mg/L. The concentration of residual organic
matter continues to decrease, reaching a minimum of approximately 10 mg/L at an NPFe

concentration of approximately 0.5 g/L. This dosage represents the point of maximum

efficiency for the removal of organic matter from wastewater.

I11.3.6. Color
The graph above shows how the color of surface water and wastewater changes as a

function of the concentration of added iron nanoparticles (FeNPs)

44



Chapter 111 Results and Discussion

250

200 +

50

—e&— surface water
-—&— waste water

T T T T T T T T T T T
0,0 0,5 1,0 1,5 2,0 2,5 3,0

Concentration of NP (g/L)

Figure III- 8. Color as a function of NPg, concentration.

In surface water, where the initial colour was high, the addition of 0.05 g/L of NP
resulted in a reduction in colour, bringing it down to just 31. This observation demonstrates the
exceptional decolourisation efficiency of NPre at low concentrations. The colour continued to
decrease, reaching a minimum of 18 at an NPge concentration of 0.25 g/L. This value is
identified as the optimal dose of NPre for the decolourisation of surface water under the
experimental conditions applied. However, above 0.25 g/L, an increase in NPre concentration
led to a gradual rise in colour, reaching 128 at 3.0 g/l of NPre. This re-increase in colour is
generally attributed to an overdose of the coagulant, and the appearance of colour linked to
residual iron species. For the wastewater, which had an initial colour of 137, the addition of
0.05 g/L of NPre surprisingly led to an increase in colour, which rose to 206. Subsequently, the
colour began to decrease, reaching a minimum of 59 at an NPre concentration of 0.5 g/L. This
dosage represents the most effective dose for the decolourisation of the wastewater. Beyond
this optimal concentration, a continuous increase in NPre led to a further significant rise in
colour, reaching up to 240 units at 3.0 g/L of NPr.. This deterioration is also attributed to the
excess coagulant, which disrupts the treatment’s effectiveness at excessively high

concentrations.

Based on these physicochemical parameters namely pH, conductivity, residual iron
concentration, organic matter and colour, as determined by jar -testing. We confirm that a dose
of 0.25 g/l of NPre represents the most effective solution. This concentration is therefore

considered the optimal dose for the treatment of the two types of water studied.
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I11.4. Photocatalytic Degradation Analysis

Following the coagulation-flocculation study, a series of photocatalysis experiments
was conducted to investigate the material’s potential for advanced oxidation. In this
experimental section, we limited our investigation to the study of two operational variables: the
amount of carbon used in the preparation or modification of the photocatalyst, and the contact

time.

I11.4.1. Photocatalytic degradation in the absence and presence of activated carbon
The results comparing the efficacy of photocatalytic degradation alone with that of

photocatalytic degradation assisted by activated carbon are shown in the following figures
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Figure III- 9. Rate of photocatalytic degradation in the absence and presence of AC in

surface water.
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Figure III- 10. Rate of photocatalytic degradation in the absence and presence of AC in
wastewater.

For surface water, we observe that the degradation of pollutants is gradual but relatively
slow. After 60 minutes, the degradation rate reaches approximately 56%. The process slows
down after 90 minutes, reaching approximately 80% at 100 minutes, then plateauing at around
83% after 120 minutes. The time required to reach maximum degradation is relatively long, but
in the presence of activated carbon the kinetics improve. From the first 30 minutes onwards,
the degradation rate is almost twice as high (around 49%) as in its absence (around 23%). The
system achieves approximately 90% degradation in just 60 minutes, rising to nearly 98% after
120 minutes. for wastewater, in the absence of activated carbon, degradation in wastewater is
also gradual. After 60 minutes, the degradation rate is approximately 58%. The process reaches
a plateau of around 85% after 120 minutes, with a slight stabilisation. In the presence of
activated carbon as with surface water, the presence of activated carbon accelerates and
improves the degradation rate in wastewater. At 30 minutes, the degradation rate is
approximately 35% with AC, compared to approximately 18% without AC. The process
achieves a high degradationrate of approximately 83% within 60 minutes. The system stabilises

at around 92% at 120 minutes, maintaining a rate higher than that of photocatalysis alone.
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The addition of activated carbon creates a powerful synergy with photocatalysis,
resulting in much faster degradation kinetics and a significantly higher final degradation rate in

both surface water and wastewater.

I11.4.2. Dose of activated carbon

Following the optimisation of NPs, we sought to further improve the treatment
performance for surface water and wastewater. With this in mind, we incorporated activated
carbon adsorption into the process. This section is dedicated to studying the impact of different
doses of activated carbon on water quality. We tested four specific concentrations of AC (0.125
g/L, 0.25 g/L, 0.5 g/L and 1 g/L) on samples of surface water and wastewater Each test was
carried out in two distinct stages. First, the mixture was stirred continuously in the dark for 30
minutes. The suspension was thenexposed to UV light for 1 hour. The treatment’s effectiveness
was assessed using physico-chemical parameters, namely: turbidity, pH, conductivity, total
alkalinity (TAC), colour and organic matter. Our main objective is to characterise the
contribution of activated carbon in this combined treatment system and to identify the optimal

dose for achieving the best water quality.

111.4.2.1. Turbidity
This histogram shows how turbidity changes in surface water and wastewater as a

function of the dose of activated carbon (AC) added.
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Figure III- 11. turbidity as a function of AC concentration after photocatalysis
experiment.
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For surface water with an initial turbidity of 6 NTU, the addition of activated carbon
resulted in a gradual and significant reduction. From a dose of 0.5 g/L, turbidity reached a very
low level of 1 NTU. It was found that, above this concentration of 0.5 g/L, increasing the dose
of activated carbon did not result in any further improvement in terms of turbidity reduction.
Similarly, wastewater, characterised by a higher initial turbidity of 9 NTU, also showed a
significant reduction in turbidity. It reached a minimum of approximately 1 NTU at a dose of
0.5 g/L of activated carbon, confirming the effectiveness of this concentration for this type of

water as well. Overall, activated carbon proved to be an extremely effective agent for reducing

the turbidity of both types of water, despite their differences in initial load.
111.4.2.2. pH

The graph shows how the pH of surface water and wastewater changes as a function of the dose
of activated carbon (AC) added.
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Figure II1- 12. pH as a function of AC concentration after photocatalysis experiment.

For surface water, which had an initial pH of 7.76, the addition of activated carbon
resulted in a slight decrease in pH, bringing it downto 7.36 across all the doses tested. Similarly,
for wastewater, the initial pH of 8.23 also fell slightly to 7.85. Overall, it is important to note

that the addition of activated carbon, despite this slight acidification, did not result in any major
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changes in pH for either surface water or wastewater. The pH values are generally favourable

and stable for water treatment.
111.4.2.3. Conductivity

This graph shows the change in conductivity for surface water and wastewater as a function of

the dose of activated carbon (AC) added during photocatalysis.

1600

| surface water
1400 4 waste water
1200 —
— |
= 1000
=
z 1
g 800
_é 4
g 600 -
< P
400 -
200
o] . . .
0,125 0,25 0,5 1

Dose of activated carbon (g/L)

Figure III- 13. conductivity as a function of AC concentration after photocatalysis
experiment.

This analysis shows that the addition of activated carbon leads to a slight increase in
conductivity for both types of water. For surface water, conductivity rises from its initial value
of 458 uS to a maximum of approximately 521 uS. Similarly, for wastewater, which has an
initial conductivity of 1177 uS, conductivity increases to approximately 1380 uS.These
variations, although observed, confirm that the addition of activated carbon does not
significantly alter the overall conductivity of either surface water or wastewater, thereby
maintaining the concentration of dissolved solids within an acceptable range and not

compromising the overall quality of the treatment.

111.4.2.4 TAC

This graph shows the variations in Total Alkalinity (TA) in surface water and

wastewater, in relation to the different doses of activated carbon (AC) introduced
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Figure III- 14. TAC as a function of AC concentration after photocatalysis experiment.

For surface water, which had an initial TAC of 108 mg/L, the addition of activated
carbon led to a reduction in this value, eventually reaching 68 mg/L. Similarly, wastewater,
which had an initial TAC of 202 mg/L, also showed a decrease in alkalinity, falling to 150 mg/L

as the doses of activated carbon were increased.

I11.4.2.5. Organic compounds
This graph shows the change in organic matter concentration, expressed in mg/L, for
surface water and wastewater, as a function of the different doses of activated carbon (AC)

added.

51



Chapter 111 Results and Discussion

12

surface water
waste water

10

Organic Matter (mg/L)
(o]
|

0,125 0,25 0,5 1
Dose of activated carbon (g/L)

Figure III- 15. Organic matter concentration as a function of AC concentration After

photocatalysis experiment.

Based on this analysis, we observe a significant reduction in the concentration of organic
matter in both types of water, in proportion to the increase in the dose of activated carbon. This
reduction is attributable to the combined action of adsorption by the activated carbon and
photocatalytic degradation. For surface water, the concentration of organic matter, which stands
at around 4.2 mg/L at a low dose of activated carbon, decreases gradually to reach around 2
mg/L. This residual concentration level meets drinking water quality standards, which are
generally set at a value below 5 mg/L. As for wastewater, it also benefits from a significant
reduction thanks to this combined treatment. Its organic matter concentration falls from around

12.8 mg/L to a final value of around 5 mg/L, demonstrating notable efficiency despite a higher

initial pollutant load.

111.4.2.6. Colour

This graph shows how the colour of surface water and wastewater changes in response

to different doses of activated carbon (AC) added

52



Chapter 111 Results and Discussion

50

40 4

30 A

colour

20

10

N [

0,125 0,25 0,5 1

Dose of activated carbon (g/L)

Figure III- 16. colour as a function of AC concentration after photocatalysis experiment.

This study highlights the remarkable effectiveness of activated carbon, acting in synergy
with photocatalysis, in reducing colour in both types of water. For surface water, which had an
initial colour of 18, the combined treatment achieved a reduction, lowering the colour to just 2.
Wastewater, with an initial colour of 62, also underwent significant decolourisation, with its
colour reduced to 8. These results confirm excellent decolourisation efficiency, highlighting the

synergistic potential of activated carbon adsorption and photocatalysis to significantly improve

water quality.

I11.5. Results of physico-chemical analyses of water following treatment
IIL.5.1. Surface water

The table below shows the results of the physico-chemical analyses of surface water
before and after the coagulation-flocculation treatment process and photocatalysis using

activated carbon.
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Table III- 3. Results of the physico-chemical analyses of surface water before and after

treatment.
Analysis Surface water before Surface water after
treatment treatment
Turbidity (NTU) 156 1
PH 7,84 7,43
Conductivity (us) 406 518
iron concentration 0,22 0,09
(mg/L)
Phosphate (mg/L) 4,88 0,69
Nitrite (mg/L) <0,01 <0,01
Nitrate (mg/L) 2.9 1,2
COD (mg/L) 24 3
BoDs (mg/L) 9,5 1,4
Color 284 4
SS (mg/L) 288 4
Organic Matter (mg/L) 4,64 2
TA (mg/L) 110 72

II1.5.1.2. Interpretation of surface water results
A comparative analysis of the physico-chemical parameters of the surface water, before

and after the combined treatment, reveals a highly significant improvement in water quality

across all indicators.

Turbidity was reduced, falling from 156 NTU before treatment to an exceptionally low
level of just 1 NTU afterwards. This performance demonstrates remarkably effective
clarification, removing almost all suspended particles. The pH decreased slightly, from 7.84 to
7.43. This change keeps the pH within a near-neutral range, ensuring compatibility with most
uses and ecosystems. As for conductivity, it increased slightly, rising from 406 uS to 518 uS.
Although this increase suggests a slight release or production of ionic species (potentially due
to coagulation), its magnitude remains moderate, indicating a limited impact on the overall
concentration of dissolved solids. The iron concentration was significantly reduced, from 0.22

mg/L to 0.09 mg/L. This reduction is crucial for preventing issues with colour and metallic
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taste, highlighting the effectiveness of the iron nanoparticle-based biocoagulant, followed by
adsorption. We also note a very significant reduction in phosphates, from 4.88 mg/L to 0.69
mg/L, a result that is essential for preventing eutrophication of receiving water bodies. The
nitrite concentration remained very low (<0.01 mg/L before and after treatment). Furthermore,

nitrate levels were effectively reduced from 2.9 mg/L to 1.2 mg/L, which represents a positive

improvement in overall water quality.

The indicators of organic pollution show particularly impressive results. The Chemical
Oxygen Demand (COD) has been significantly reduced, falling from 24 mg/L to just 3 mg/L,
indicating highly effective removal of oxidisable matter. Similarly, the 5-day Biochemical
Oxygen Demand (BODs) showed a remarkable decrease, from 9.5 mg/L toa very low 1.4 mg/L.
This value confirms that almost all biodegradable organic matter has been removed, a key
indicator of very high-quality water. Colour was almost entirely eradicated, falling from 284
units to just 4 units, representing a remarkable aesthetic improvement and confirming the
effective removal of chromophores. Suspended solids (SS) have been dramatically reduced,
from 288 mg/L to 4 mg/L, which is directly linked to the effectiveness of coagulation-
flocculation and clarification. Finally, the concentration of organic matter has decreased from
4.64 mg/L to 2 mg/L. This reduction is fully consistent with the improvements observed for
COD, BODs and colour, confirming the treatment’s effectiveness on organic substances. The
TA decreased from 110 mg/L to 72 mg/L. This reduction indicates a decrease in the water’s
buffering capacity, which could make it slightly more sensitive to future pH variations, but the

values remain within a functional range.

IIL.5.2. wastewater
The results of the physico-chemical analyses of the wastewater before and after

coagulation-flocculation and photocatalysis treatment are presented in the table below.
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Table III- 4. Results of the physico-chemical analyses of wastewater before and after

treatment.

Analysis Wastewater before wastewater after treatment
treatment

Turbidity (NTU) 27 1
PH 8,38 7,98
Conductivity (us) 1164 1324
iron concentration (mg/L) 0,5 0,11
Phosphate (mg/L) 5,61 2,4
Nitrite (mg/L) 0,025 0,02
Nitrate (mg/L) 4,5 2,2
COD (mg/L) 64 7
BODs (mg/L) 33,5 9
Color 137 11
SS (mg/L) 35 1
Organic Matter (mg/L) 14.8 5,4
TAC (mg/L) 220 179

II1.5.2.1Interpretation of wastewater results

A comparative analysis of the physico-chemical parameters of the wastewater, before
and after combined treatment, reveals an improvement in its quality across the majority of the
indicators measured. Turbidity was reduced from 27 NTU before treatment to a very low level
of 1 NTU afterwards. This improvement demonstrates extremely effective clarification,
removing suspended particles. The pH decreased slightly, from 8.38 to 7.98. This moderate
change keeps the pH within a range generally considered acceptable for the receiving
environment. Conductivity increased significantly, rising from 1164 uS to 1324 uS. This
increase suggests the release or production of ionic species during treatment, potentially linked

to the coagulation process or the partial mineralisation of organic matter.

The iron concentration was significantly reduced, falling from 0.5 mg/L to 0.11 mg/L.
This removal is essential for preventing problems with colour, taste and scaling, and
demonstrates the effectiveness of the biocoagulant. The phosphate concentration showed only
a reduction from 5.61 mg/L to 2.4 mg/L. This indicates that the combined treatment is not very
effective at removing phosphates from wastewater. Nitrite concentrations, initially at 0.025

mg/L, decreased slightly to 0.02 mg/L. These levels remain very low and do not pose a
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significant risk. However, nitrate levels were significantly reduced, falling from 4.5 mg/L to
2.2 mg/L, which represents a positive improvement in water quality. The indicators of organic
pollution demonstrate remarkable performance. The COD was significantly reduced, falling
from 64 mg/L to a very low 7 mg/L. This reduction demonstrates highly effective removal of
oxidisable matter and organic pollutants. Similarly, the BODs showed a significant reduction,
falling from 33.5 mg/L to 9 mg/L. Although this value remains higher than that obtained for
surface water, it represents a substantial improvement for wastewater and indicates a high level
of removal of biodegradable organic matter. A level of 9 mg/L may be considered acceptable
according to specific discharge standards. Color has been significantly reduced, falling from
137 to just 11. This is a very significant improvement, and the concentration of suspended
solids has been reduced from 35 mg/L to 1 mg/L, ensuring perfect clarification. The
concentration of organic matter decreased from 14.8 mg/L to 5.4 mg/L. This reduction is fully
consistent with the improvements observed for COD, BODs and colour, confirming the
treatment’s effectiveness on the complex organic load of the wastewater. The TA C decreased
from 220 mg/L to 179 mg/L. Although this reduction is smaller in percentage terms than for
surface water, it indicates a decrease in the water’s buffering capacity. However, the residual

TAC remains at a high level, which gives the water good resistance to pH fluctuations.

I11.6. Results of bacteriological analyses

The table below shows the results of bacteriological analyses for surface water and
wastewater at various stages of a coagulation-flocculation treatment process, and the final

treatment following photocatalysis and activated carbon treatment

Table III- 5. Results of the bacteriological analyses of surface and wastewater in various

stages of treatment.

Test SW SW after SW after WW WW after WW after
before coagulation- = treatment before coagulation- | Treatment
treatment @ flocculation Treatment flocculation

Total 16 10 5 28 21 15

coliforms

TC
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Faecal 0 0 0 2 1 0

coliforms

FC

Spores of 7 3 1 14 11 5
sulphite-

reducing
anaerobic

bacteria

SRT

I11.6.1. Interpretation of the bacteriological results

Analysis of the results reveals a gradual and significant reduction in the bacterial load

for both types of water, highlighting the effectiveness of the various treatment stages.

I11.6.1.1. Surface water
Total coliforms: Initially, 16 units were present. After the coagulation-flocculation

stage, this number was reduced to 10 units, demonstrating partial effectiveness in trapping

bacteria within the flocs. The full treatment process further reduced these levels.

Faecal coliforms: The absence of faecal coliforms both before and after treatment (0
units) is a very positive health indicator, suggesting that the surface water was not contaminated

with faecal matter and that the treatment maintained this absence.

Spores of Anaerobic Sulphite-Reducing Bacteria: The initial presence of 7 units of
these spores, known for their resistance, was effectively reduced. After coagulation-
flocculation, the number fell to 3, and the complete treatment reduced it to just 1 unit,

confirming the very high efficacy of the process for these indicators of resistant contamination.

I11.6.1.2. Wastewater
Total Coliforms: The wastewater showed high bacterial contamination, with 28 total
coliform wunits prior to treatment. Coagulation-flocculation reduced this figure to 21,
demonstrating initial effectiveness. Full treatment reduced the concentration to 15 units.

Despite this significant reduction, total coliforms remain present in significant quantities.
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Faecal Coliforms: The presence of 2 units prior to treatment indicated faecal
contamination. Coagulation-flocculation reduced this figure to 1 unit. Full treatment resulted in
total elimination, reaching 0 units. This result is particularly positive for improving the sanitary

quality of the wastewater.

Sulphite-Reducing Anaerobic Bacterial Spores: Initially at 14 units, these spores
were reduced to 11 following coagulation-flocculation. The full treatment resulted in a
significant drop in concentration to 5, representing a notable reduction in these resistant

organisms.

In general, the entire treatment process has demonstrated significant effectiveness in
reducing the bacterial load for both types of water. The removal of faecal coliforms proved
particularly effective, with these being completely eliminated (from 2 to 0 for wastewater),
which is a very positive indicator of improved sanitary quality. The reduction in sulphite-
reducing anaerobic bacterial spores is also notable in both cases, falling from 7 to 1 for surface
water and from 14 to 5 for wastewater, which is encouraging given their resistance. However,
it is important to note that, although reduced, total coliforms are not completely eliminated in
either type of water. This persistence may require an additional final disinfection step toachieve

levels compliant with the strictest standards
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General Conclusions

This thesis focused on the clarification and treatment of surface water and wastewater,
exploring an integrated and innovative approach. We implemented a process combining the use
of a biocoagulant derived from the biosynthesis of iron nanoparticles (NPFe), photocatalysis
under UV irradiation, and adsorption on activated carbon. The main objective was to optimise
the removal of major pollutants and significantly improve the overall quality of the treated water

to meet environmental and health requirements.

In order to establish a solid foundation for our experimental approach and identify the most
relevant treatment strategies, an in-depth literature review was conducted. This review enabled
us to explore recent advances in water treatment techniques, notably the application of
biocoagulants as sustainable alternatives to conventional chemical coagulants, the effectiveness
of photocatalysis for the degradation of micropollutants and organic matter, as well as the
crucial role of activated carbon in the adsorption of contaminants. This phase also highlighted
the growing interest in combined processes aimed at capitalizing on the specific advantages of

each method.

Our experimental methodology centered on jar tests rigorously conducted on surface water
samples collected at the Mexa Tarf station and on wastewater from the El Kala Wastewater
Treatment Plant (WWTP). Following preliminary optimization of the NPge dose for
coagulation-flocculation, we investigated the impact of different doses of activated carbon on
the pre-treated water, all under UV irradiation to activate the photocatalytic process.
Performance was systematically assessed using a wide range of physico-chemical parameters
— including turbidity, pH, conductivity, total alkalinity (TAC), colour, organic matter, COD,
BODs, phosphates, nitrites, nitrates and iron — as well as through bacteriological analyses for
total coliforms, faecal coliforms and spores of sulphite-reducing anaerobic bacteria.

The results obtained demonstrated the remarkable effectiveness of the combined treatment on
both types of water. For surface water, a dramatic reduction in turbidity, color and suspended
solids was observed. Indicators of organic pollution, such as COD, BODs and organic matter,
fell to levels compliant with drinking water standards. Wastewater also showed substantial
improvements in turbidity, color, COD and BODs. Bacteriological analyses revealed the
complete elimination of faecal coliforms in both types of water, as well as a significant

reduction in total coliforms and spores. Despite minor and acceptable variations in pH,
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conductivity and TAC, the overall quality of the treatment was not compromised. These
findings confirm the promising potential of integrating biocoagulant biosynthesis, NPr,

photocatalysis and activated carbon to produce high-quality water from various sources.
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Parameter Parameter Unit Limit /
Group Indicative Value
Chemical Aluminium mg/L 0.2
Parameters

Ammonium mg/L 0.5

Barium mg/L 0.7

Boron mg/L 1 (conventional
water); 1.3
(desalinated/deminerali
zed)

Fluorides mg/L 1.5

Nitrates mg/L 50

Nitrites mg/L 0.2

Oxidability mg/L 5

02

Acrylamide ng/L 0.5

Antimony ng/L 20

Silver ug/L 100

Arsenic ug/L 10

Cadmium ng/L 3

Total Chromium ng/L 50

Copper mg/L 2

Cyanides pg/L 70

Mercury ng/L 6

Nickel pg/L 70

Lead ug/L 10

Selenium ug/L 10

Zinc mg/L 5

Total Polycyclic ug/L 0.2

Aromatic Hydrocarbons
(PAHs)
Benzo(a)pyrene ug/L 0.01
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Benzene ug/L 10
Toluene ng/L 700
Ethylbenzene ng/L 300
Xylenes ng/L 500
Styrene ng/L 100
Methylene  Blue mg/L 0.2
Active Substances
Epichlorohydrin ng/L 0.4
Microcystin LR ug/L 1
Organochlorine png/L 0.1
Insecticides
Organophosphorus ng/L 0.1
& Carbamate Insecticides
Herbicides ng/L 0.1
Fungicides ug/L 0.1
PCB ug/L 0.1
PCT png/L 0.1
Aldrin pg/L 0.03
Dieldrin ng/L 0.03
Heptachlor ug/L 0.03
Heptachlor ug/L 0.03
Epoxide
Total Pesticides ng/L 0.5
Bromates ng/L 10
Chlorite ug/L 0.07
Chloroform ug/L 200
Bromoform ng/L 100
Dibromochlorome ng/L 100
thane
Bromodichloromet ug/L 60
hane
Vinyl Chloride ug/L 0.3
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1,2- ug/L 30
Dichloroethane
1,2- pg/L 1000
Dichlorobenzene
1,4- pg/L 300
Dichlorobenzene
Trichloroethylene ug/L 20
Tetrachloroethylen ug/L 40
e
Radionuclid Alpha Particles pCi/L 15
es
Beta Particles mrem/y 4
ear
Tritium Bg/L 100
Uranium ug/L 30
Total  Indicative mSv/ye 0.15
Dose (TID) ar
Microbiolog Escherichia coli /100 0
ical Parameters mL
Enterococci n/100 0
mL
Sulfite-reducing n/20 0
bacteria (including spores) | mL
Organolepti Colour mg/L 15
¢ Parameters platinum
Turbidity NTU 5
Odour at 25°C Dilutio 4
n ratio
Taste at 25°C Dilutio 4
n ratio
Alkalinity mg/L 65 (minimum)
CaCOs
Calcium mg/L 200
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Physico-
chemical

Parameters

Chloride mg/L 500

Hydrogen Ion pH 6.5-9
Concentration (pH)

Conductivity  at uS/cm 2800
20°C

Hardness (TH) mg/L as 500

CaCOs

Total Iron mg/L 0.3

Manganese ng/L 50

Phosphorus mg/L 5

Potassium mg/L 12

Sodium mg/L 200

Sulfates mg/L 400

Temperature °C 25

Maximum permissible limits for drinking water parameters
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Parameter Unit Limit Value
Temperature °C 30
pH - 6.5-8.5
TSS mg/L 35
Kjeldahl Nitrogen mg/L 30
Total Phosphorus mg/L 10
coD mg/L 120
BODs mg/L 35
Aluminum mg/L 3
Bioaccumulative Substances mg/L 0.005
Cyanides mg/L 0.1
Fluorides mg/L 15
Phenol Index mg/L 0.3
Total Hydrocarbons mg/L 10
Oils and Greases mg/L 20
Cadmium mg/L 0.2
Total Copper mg/L 0.5
TJotal Mercury mg/L 0.01
Total Lead mg/L 0.5
Total Chromium mg/L 0.5
Tin mag/L 2
Manganese mag/L 1
Total Nickel mg/L 0.5
Total Zinc mg/L 3
Iron mg/L 3
Total Organic Chlorides mag/L 5

Algerian standards for liquid effluent discharge parameters (official journal of Algeria no.26,2006
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Abstract

Résumé

Ce travail vise a synthétiser des nanoparticules d'oxyde de fer (FesO4) par une approche verte
basée sur des extraits végétaux, et a évaluer leur efficacité en tant que coagulant pour le traitement des
eaux usées et des eaux de barrage. Dans un premier temps, les performances de ces nanoparticules ont
¢été évaluées par des expériences de jar-test afin de déterminerla dose optimale de traitement. Par la
suite, la meilleure condition obtenue a été sélectionnée, et un traitement complémentaire a été appliqué
en combinant les nanoparticules résiduellesavecdu charbonactifetun processus photocatalytique, dans
le but de renforcerI'élimination des polluants. Les résultats ont démontré une amélioration significative
de la qualité de I'eau traitée a différents niveaux, particuliérement dans la réduction de la charge
organique et des nutriments, ainsi qu'une amélioration des paramétres microbiologiques. Cette étude
confirme que les nanoparticules de (FesO4) synthétisées par voie verte représentent une approche
efficace et prometteuse pour le traitement et 'amélioration de la qualité de 1'eau dans une perspective de

développement durable.
Mots-clés :

Nanoparticules de Fe;O4; Synthése verte ; Extrait végétal ; Traitementdes eaux ; Coagulation ; Charbon

actif ; Photocatalyse ; Eaux usées ; Eau de barrage ; Elimination des polluants.
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Abstract

Abstract

This work aims to synthesize iron oxide (FesOs) nanoparticles using a green approach based on
plant extracts, and to evaluate their efficiency in the treatment of wastewater and dam water as a
coagulant. First, the performance of these nanoparticles was assessed through jar-test experiments in
order to determine the optimal treatment dose. Subsequently, the best obtained condition was selected,
and a complementary treatment was applied using the residual nanoparticles combined with activated
carbon and a photocatalytic process, with the aim of enhancing pollutant removal. The results
demonstrated a significant improvement in treated water quality at different levels, particularly in the
reduction of organic load and nutrients, as well as an improvement in microbiological parameters. This
study confirms that FesO4 nanoparticles synthesized via a green route represent an effective and
promising approach for water treatment and water quality improvement within a sustainable

development perspective.
Keywords:

FesO4 nanoparticles; Green synthesis; Plant extract; Water treatment; Coagulation;

Activated carbon; Photocatalysis; Wastewater; Dam water; Pollutant removal.
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