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General introduction

General introduction

Water is the most essential raw material on our planet, indispensable to humans, animals, plants,
and microorganisms. Nearly all vital phenomena in the biosphere are linked to the availability of

water [1].

Since ancient times, humans have incorporated color into various industries such as textiles,
paper, cosmetics, and food. Due to their ease of synthesis and rapid production, synthetic dyes
are the most widely used. However, most of these dyes are toxic and pose numerous risks to both
the environment and human health, which highlights the need to treat wastewater from these

industries [2].

Environmental protection has become a major societal concern, promoting the development of
processes aimed at improving decontamination methods and reducing sources of pollution.
Water scarcity is now becoming a pressing global issue, largely due to the excessive use of
organic and inorganic pollutants in agriculture, urban environments, and industry. Among these

pollutants, synthetic dyes used in the textile industry represent a significant threat.

The sudden and large-scale discharge of dye-contaminated effluents into the natural environment
leads to serious risks for the balance of ecosystems and the natural environment, as well as for
humans themselves—who are both the producers of this waste and the drivers of this imbalance.
Since the dawn of civilization, colors have been used in nearly all aspects of daily life to dye
paper, leather, clothing, and more. These colors often contain natural or synthetic functional
groups formed through chemical reactions. Most of them are difficult to biodegrade and are

known to be toxic or harmful to humans and animals.

Various techniques have been developed to remove dye-contaminated effluents. These include
ion exchange, liquid-liquid extraction, membrane filtration, among others. Adsorption is

considered one of the most effective methods for removing organic and inorganic contaminants.

This study fits within the framework of enhancing the value of a locally available, low-cost, and
underutilized material: Melia azedarach seeds. This biomass residue was activated and used as

an adsorbent to remove dyes from aqueous solutions.
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General introduction

In addition to this general introduction, which presents the context, objectives, and significance
of the study, and a general conclusion that summarizes the main results and research

perspectives, the manuscript is structured into five complementary chapters:
> Chapter I: Water contamination by dyes: sources, types, and study of Rhodamine B

This chapter addresses the issue of water pollution caused by synthetic dyes, particularly
those from industrial effluents. It outlines the various sources of contamination, the
classification of dyes, their environmental and health impacts, as well as the

physicochemical properties of Rhodamine B, the model dye selected for this study.
> Chapter II: Adsorption — principles, mechanisms, and modeling

This chapter presents the theoretical foundations of the adsorption process, including the
physical and chemical mechanisms involved. It also explores the different factors
influencing the process, adsorption isotherm models, kinetic and thermodynamic studies,

and types of adsorbents, with a focus on biosourced materials.
> Chapter I1I: Materials and Methods

This chapter details the materials used, the preparation methods for the adsorbent, and the
physicochemical characterization techniques. It also describes the experimental protocols
for studying the adsorption of Rhodamine B, including operating conditions, analytical

procedures, and data processing methods.
> Chapter I'V: Results and Discussion

This chapter presents and analyzes the experimental results. It includes characterization
data of the adsorbent, adsorption performance of Rhodamine B under various parameters,
and fitting to isotherm, kinetic, and thermodynamic models. The results are critically

discussed in light of previous studies.
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Chapter I: Water contamination by dyes: sources, types, and study of Rhodamine B

Introduction

Water pollution has become one of the major environmental challenges of our time, exacerbated
by the intensification of industrial, agricultural, and urban activities. It is primarily caused by the
massive introduction of organic and inorganic pollutants that disrupt the natural balance of
aquatic ecosystems, posing threats to biodiversity and human health. Among the many sources of
pollution, industrial dyes hold a particular place due to their high chemical stability and

resistance to degradation [3].

This chapter aims to provide an overview of water pollution, its classification based on sources
and types of pollutants, with a specific focus on dye pollutants. Special attention will be given to
Rhodamine B, a synthetic dye from the xanthene family, widely used but also highly

controversial due to its potential environmental and health impacts.
I.1. Overview of water pollution

Water pollution is now considered one of the most pressing environmental concerns, as it forms
a critical link between air and soil. Water is said to be polluted when its natural balance is
permanently altered by the massive introduction of more or less toxic substances of either natural

or anthropogenic origin [4].

Human activities—whether industrial, urban, or agricultural—generate large amounts of
pollutants responsible for various types of contamination. This pollution may be permanent, such
as domestic discharges from large cities; periodic or accidental, as in the case of toxic spills from
industrial or agricultural sources; or acute, due to runoff from rainwater washing over urban

surfaces [5].

Water pollution is identified when changes in its natural characteristics become harmful to its
uses, or to aquatic fauna and flora. During use, water may become depleted or enriched with
various substances or undergo temperature variations. Pollutants ultimately spread throughout

the environment, reaching rivers and seas [6].

This pollution directly impacts human health and the immediate environment. It can also have

indirect effects through the food chain or more distant ecosystems [7].
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I.2. Classification of water pollution

I.2.1. Classification based on the source of pollution
1.2.1.1. Domestic pollution

It consists of fats, detergents, solvents, nitrogenous organic waste, as well as various germs. This
type of wastewater originates from domestic uses such as kitchen water rich in detergents and

bathroom water containing organic matter, nitrogen, and phosphorus [8]
1.2.1.2. Industrial pollution

Industrial wastewater is characterized by the presence of toxic substances such as hydrocarbons,

heavy metals, and various micropollutants. It can also contain organic matter [9].
1.2.1.3. Agricultural pollution

The concentration of livestock can lead to an excess of animal waste beyond the absorption
capacity of agricultural land. Through runoff and infiltration into the subsoil, this waste enriches
watercourses and groundwater with nitrogen derivatives and represents a source of
bacteriological pollution. Furthermore, the use of chemical fertilizers (nitrates, phosphates) and
phytosanitary products (herbicides, insecticides) alters the quality of surface and groundwater

[10].
1.2.1.4. Natural pollution

Natural pollution comes from substances naturally present in the environment, originating from
rocks surrounding surface or groundwater. These inorganic substances include barium, arsenic,

fluoride, sodium, chloride, mercury, and cadmium [11].
1.2.2. Classification based on the type of pollutant
1.2.2.1. Biological pollutants

These include microorganisms (bacteria, viruses, parasites) as well as organic matter derived
from living beings, such as feces, sugars, and fats. They mainly originate from domestic and
industrial wastewater, as well as from animal farming (slurry, manure). Although organic matter
is generally biodegradable, its excessive accumulation leads to nutrient enrichment of water,
thereby promoting eutrophication of aquatic environments. In humans, the consumption of water
contaminated by these microorganisms can cause digestive disorders such as diarrhea, vomiting,

and parasitic diseases [12].
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1.2.2.2. Physical pollutants

These include insoluble and non-degradable debris as well as the discharge of heated water from
cooling systems of thermal and nuclear power plants. The accumulation of solid waste can lead
to vast floating dumps, while the release of heated water raises the temperature of aquatic
environments. This warming reduces the oxygen concentration in water and promotes

eutrophication, a phenomenon sometimes referred to as thermal water pollution [7].
1.2.2.3. Chemical pollutants

Chemical pollutants are substances normally absent or naturally present in the environment in
very low concentrations. Regardless of the type of chemical pollutant, daily consumption of

water contaminated by traces of these substances can have harmful effects on human health [4].
1.3. Water pollution by dyes
1.3.1. Definition

A dye is a chemical substance that can color a material by binding to its surface. The coloring
ability of a dye varies according to its chemical structure and its interactions with light [13].
Dyes absorb light in the visible spectrum (380—750 nm), producing a color observable by the
human eye. This coloration is due to the selective absorption of light by certain groups of atoms
called chromophores, which have the ability to trap and absorb specific wavelengths of light.
Additionally, auxiliary groups called auxochromes can modify the intensity or hue of the color
by acting on the chromophore’s properties, thereby enhancing or altering the perceived color

[14].

Dyes can be of natural or synthetic origin, and their presence in wastewater, due to their
chemical properties and usage in various industries, constitutes a form of pollution. These dyes
can be difficult to remove by conventional water treatment processes and pose a significant

environmental risk, especially to aquatic ecosystems and human health [15].
1.3.2. Classification

Dyes, whether natural or synthetic, are used in many industries (textile, pharmaceutical, food,
cosmetics, etc.) to color various materials [16]. Unlike pigments, which are insoluble (1-2 pum),
dyes are soluble in water and have a size ranging from 0.025 to 1.0 um [17,18]. Synthetic dyes
are valued for their chemical stability, resistance to degradation, reproducibility, and low cost
[19,20].
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They absorb visible light (400-700 nm) due to conjugated systems containing chromophores,
including groups such as -N=N-, =C=0, -NO., C=S, with atoms like N, O, or S [21,22,23].
Auxochromes (e.g., -NHz, -COOH, -OH, -SOsH) enhance the color intensity and affinity with

fibers [22,24].

Table 1. Classification and characteristics of dyes according to the chromophore structure

Chemical
Class of  Chromophore Examples of dyes  Characteristics Reference
Dyes
Azo dyes are the most widely
I used (60%). They contain a
é N\\‘“\N Methyl Orange, f}mc'tional group (-N=N-)
= | Congo Red, Orange linking two alkyl or aryl [25]
S G, Amaranth radicals, symmetrically or
< asymmetrically, which may
be identical or different.
The second most widely used
= rilliant Blue group of dyes due to their low
-g i Remazol R, cost, availability, and
= i Reactive Blue X- performance. They contain [26]
E ° I BR, Reactive Blue  two carbonyl groups
= 4, Alizarin S positioned on either side of a
< benzene ring..
- O Malachite Green, hese molecules:. .contain a
E S : central sp3-hybridized carbon
z ) Crystal Violet, atom bonded to three aryl [27]
- O ‘ Bromophenol Blue, roups. They are widely used
£l Light Green SF ETOUpS. 1 1cy y
= in the textile industry.
Nitro dyes possess a nitro
= & Naphthol Yellow group conjugated to an
S5 " I, S, Disperse Yellow  electron donor through an 73
g % N=O0 ~0 26, Disperse aromatic system. They [28]
Zz E Yellow 14 always contain a hydroxyl
= group as the donor.
2 . Synthetic indigo.is the m(?st
E A . Indigo Carmine, Wldely used. dye? in the t§xtlle
.= . . industry. It is highly resistant [29]
S ~NiH ~#  Ciba Blue 2B ¢ licht d hich
2 . 0 ig an ig
£ temperatures.
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Used in the food, cosmetic,

é o Rhodamine 6G, paper, and ink industries, they
% ‘ | Rhodamine 123, prov@e strong  coloring [30]
E Fluorescein cgpa(nty but are pqorly
= biodegradable and sometimes
< highly toxic.
o They are heat-resistant but
._E 2 ‘ e ‘ Acridine Orange, have  low  lightfastness. 31]
5 = 2 Basic Yellow 9 Currently, they have limited
< commercial importance.
" - o They are used as indicators
_% O Q o-Cresolphthalein,  for the titration of weak acids.
£ Thymolphthalein, Insoluble in water but soluble 32]
= Dioxylenephthalein in alcohol. Frequently used in
E ‘ 0 , Phenolphthalein the construction, coatings,
A~ electronics sectors, etc.

1.3.3. Overview of Rhodamine B
1.3.3.1. Definition

Rhodamine B (Figure 1.1) is a basic dye belonging to the xanthene class, which also includes

fluoresceins, eosins, and other rhodamines [33]. This dye is notably used to color natural fibers

such as wool and silk in acidic media, where it demonstrates excellent affinity for protein

substrates. Xanthene-type dyes can exist in two main forms, neutral or ionic, each exhibiting

distinct spectral properties [34]. These spectral characteristics, particularly absorption and

fluorescence emission, strongly depend on the local environmental conditions of the dye, such as

pH, solvent polarity, and the presence of specific ions [35]

l,.f‘ “i OH
L
NE AN
o
A Ve N
,f"\.T ‘““T’
| |
y .
N A RN
|
J N

Figure I.1: Chemical structure of Rhodamine B
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1.3.3.2. Physicochemical Characteristics of Rhodamine B

Rhodamine B (C2:Hs1CIN20s) is a dye belonging to the xanthene family, widely used for its
fluorescent properties. This compound, with a molar mass of 479.02 g/mol, appears as a red to
violet crystalline powder. It is highly soluble in water as well as in organic solvents such as
ethanol and ether, and adopts a stable cationic form in solution. It has a density of approximately
1.26 g/cm?® and a melting point between 165 and 167 °C, followed by thermal decomposition. Its
strong light absorption occurs around 554-556 nm, and it emits characteristic fluorescence
between 570 and 580 nm, making it a preferred tracer in environmental and biological studies. In

dilute aqueous solution, its pH generally ranges between 3.5 and 4.5 [36].

1.3.3.3. Applications of Rhodamine B

Rhodamine B is a synthetic dye widely used in various industries such as textile, food, and
cosmetics. Although it offers advantages in terms of vivid coloration and chemical stability, its
use raises significant health concerns, leading to regulatory bans in several fields. The following

sections detail its main applications as well as the associated risks.

= In the textile and paper industries, Rhodamine B is commonly used to dye fabrics and
papers due to its intense reddish-pink coloration, good solubility, and resistance to light
and chemical agents [37]. These qualities make it a preferred agent for enhancing the

visual appearance of finished products.

* In the food sector, although its use is strictly prohibited, Rhodamine B has occasionally
been detected fraudulently in confectionery, beverages, or syrups to enhance their color
[38]. This illegal practice poses a serious risk to human health, notably due to the

compound’s toxic and potentially carcinogenic effects.

* In cosmetics, Rhodamine B has been identified in certain lipsticks despite the formal ban
on its use in products intended for direct contact with skin or mucous membranes [39]. Its
illegal presence in cosmetic products exposes consumers to increased toxicity risks,

justifying strengthened control measures by health authorities.

1.3.3.4. Environmental and Health Risks Associated with Rhodamine B

Rhodamine B (RhB), due to its widespread use as a dye and tracer agent, represents a major
environmental and health concern. This compound is known for its high toxicity, impacting both

aquatic ecosystems and human health.

» Environmental Impact
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The toxicity of Rhodamine B to aquatic organisms is well documented. Several studies have
revealed its harmful effects on bioindicator species such as Daphnia magna, showing reduced
survival, development, and reproduction in these organisms [40]. Even at low concentrations,
this toxicity disrupts aquatic population dynamics and can lead to significant ecological

imbalances.

Moreover, RhB exhibits a strong ability to adsorb onto microplastics found in aquatic
environments, which enhances its stability and persistence in ecosystems. This interaction
promotes its bioaccumulation within the aquatic food chain, thereby increasing exposure risks

for higher organisms, including humans [41].

Another aggravating factor is Rhodamine B's resistance to natural biodegradation. Due to its
stable chemical structure, it persists for extended periods in the environment, requiring advanced
wastewater treatment technologies, such as advanced oxidation processes, for effective removal
[42]. RhB's non-biodegradability thus contributes to chronic contamination of aquatic

environments.
> Health risks

From a health perspective, acute exposure to Rhodamine B can cause immediate effects such as
skin, eye, and respiratory irritations, manifesting as burns, redness, coughing, or breathing
difficulties [43]. These symptoms result from the compound’s irritating nature upon contact with

mucous membranes.

In the long term, Rhodamine B is classified as a potentially carcinogenic substance.
Experimental studies have demonstrated its mutagenic potential and its capacity to induce toxic
effects on reproduction and embryonic development in chronically exposed organisms [40].
These properties have led to progressive restrictions on its use in food and cosmetic industries in

several countries.

Despite the severity of these risks, recent advances in photocatalytic treatments offer promising
perspectives for the efficient degradation of RhB in aqueous effluents. K.W.P.V. et al. (2024)
demonstrated that using nanocatalysts under light irradiation enables a substantial reduction in

RhB concentration, thereby minimizing its environmental and health impacts [44].

1.3.4. Remediation strategies for Rhodamine B removal

Water pollution caused by Rhodamine B (RhB), a persistent organic dye, has prompted

significant interest in developing effective remediation methods. Various physical, chemical, and
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catalytic approaches have been proposed, each offering specific advantages but also facing

certain limitations.
1.3.4.1. Photodegradation

Photodegradation is one of the most promising techniques for breaking down Rhodamine B. It
relies on the use of photocatalysts activated by light, such as titanium dioxide (Ti0Oz). Islam et al.
(2020) reported that TiO: sensitized with dyes achieved up to 96% degradation of RhB under
optimized sunlight exposure conditions [45]. This process involves the generation of reactive
oxygen species, especially hydroxyl radicals, which can decompose the complex molecular

structure of Rhodamine B into less harmful compounds.
1.3.4.2. Catalytic Reduction

Catalytic reduction is another effective method based on the use of inorganic metal nanoparticles
(such as gold, silver, or palladium) or hybrid catalysts like polymers impregnated with these
metals. These materials facilitate electron transfer, enabling the rapid reduction of RhB into
harmless products under mild conditions without the need for light. Naseem et al. (2024) and

Zhou et al. (2020) reported degradation rates exceeding 97% using such catalysts [46-47].
1.3.4.3. Adsorption Techniques

Adsorption is widely adopted for removing dyes from aqueous solutions. Adsorbents derived
from agricultural waste, such as activated carbon prepared from argan shells, have shown high
efficiency in eliminating Rhodamine B, with removal rates reaching up to 96.84% under optimal
conditions, according to Imam et al. (2020) and Ouardi et al. (2022) [48-49]. The main
advantages of this method are its simplicity, low cost, and ability to treat concentrated effluents

without significant energy input.

Despite promising results, several challenges remain, including scaling up to industrial
applications, ensuring catalyst and adsorbent durability, and guaranteeing complete
mineralization of Rhodamine B into non-toxic byproducts. Addressing these issues is crucial for

safe and sustainable application in wastewater treatment.

Conclusion

Water pollution poses a serious threat to ecosystems and public health, arising from multiple

sources and exhibiting diverse manifestations. Classifying the types of pollution helps to better
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understand contamination mechanisms and guide treatment strategies. Among the concerning
contaminants, synthetic dyes—particularly Rhodamine B—present high risks due to their
chemical stability and potential for bioaccumulation. Their widespread presence across various
industries, despite increasingly strict regulations, demands constant vigilance and the
development of effective treatment methods to protect water resources. Therefore, thorough
study of these pollutants is essential for environmental preservation and the promotion of

sustainable water resource management.
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Introduction

Water pollution by industrial dyes represents a major threat to aquatic ecosystems and human
health. Given the limitations of conventional treatment techniques, adsorption has emerged as an
effective, flexible, and economically viable method for the removal of these recalcitrant
compounds. This process is based on the attachment of molecules (adsorbates) to the surface of a

solid material (adsorbent) through various physicochemical mechanisms.

This chapter aims to explore in depth the theoretical foundations of adsorption, highlighting its
definition, mechanisms, types (physical and chemical), as well as the main factors influencing its
efficiency. It also presents kinetic and isotherm models used to describe adsorption behavior,
along with thermodynamic parameters to assess its feasibility. Special attention is given to the
application of this process in the decolorization of effluents, notably through the use of bio-based

or waste-derived materials.
I1.1. Definition of adsorption

Adsorption is an effective treatment process widely used for removing a broad range of toxic
compounds present in the environment. It is mainly applied in water treatment and air
purification fields [50]. Fundamentally, adsorption refers to an interaction phenomenon between
a fluid phase (liquid or gas) and the surface of a solid material (Figure II.1). Molecules, ions,
gases, polymers, or even microorganisms present in the fluid—called adsorbates—attach to the
surface of the solid—called adsorbent—due to various physicochemical mechanisms [51].
According to several authors, adsorption can also be defined as a physical separation operation in
which a substance is retained and concentrated at the interface between two phases, usually

between a liquid and a solid [52].

Activated micropore
carbon particle  macropore

mesopore

External
surface —,
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o

Figure I1.1 : Simplified diagram illustrating the adsorption phenomenon
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I1.2. Adsorption mechanism

The adsorption mechanism is particularly important due to its recognized efficiency in the
treatment of drinking and wastewater. It relies on the transfer of a solute dissolved in a liquid
phase to a porous solid phase, called the adsorbent, which can retain the adsorbate molecules on

its surface [53].

The process can be broken down into four successive steps, representing the different phases of

migration and fixation of pollutants [54]:

1. External diffusion: The solute migrates from the bulk solution to the vicinity of the

adsorbent surface.

2. Diffusion through the liquid film (or external granular diffusion): The solute crosses
the stagnant film surrounding each adsorbent particle to reach its external surface. This

step is generally rapid.

3. Intra-particle diffusion: The solute diffuses inside the pores of the adsorbent, either
freely or adsorbed, following a concentration gradient. This phase is often rate-limiting

due to the complexity of diffusion pathways.

4. Fixation on active sites: Finally, molecules reach the micropores and irreversibly bind to

the adsorbent’s active sites. At this stage, the molecules are considered immobilized.
I1.3. Types of adsorption

The adsorption process can be classified into two main categories according to the nature of
interactions between the adsorbent and the adsorbate (Figure II.2): physical adsorption (or
physisorption) and chemical adsorption (or chemisorption). These two mechanisms differ in the
strength of the forces involved, the reversibility of the process, and possible modifications

undergone by the adsorbed molecules.
I1.3.1. Physical adsorption

Physical adsorption, also called physisorption, is based on weak physical interactions, mainly
Van der Waals forces. These forces arise from temporary fluctuations in the electronic density

around molecules, creating instantaneous dipoles that can attract nearby molecules. This type of
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interaction does not require major electronic rearrangement and does not involve chemical bond

formation between the adsorbent and adsorbate.

Physisorption is characterized by its rapidity, reversibility, and lack of chemical effect on
adsorbed molecules. Due to the low energy involved (often less than 40 kJ/mol), this type of
adsorption can occur at low temperatures and allows easy desorption. It is therefore

advantageous for applications requiring adsorbent recycling or simple system regeneration [55].
I1.3.2. Chemical adsorption

Chemical adsorption, or chemisorption, involves the formation of strong chemical bonds
between adsorbate molecules and the adsorbent surface. Unlike physisorption, it is generally
specific to the chemical nature of the species involved. This type of adsorption is accompanied
by charge transfer and electronic redistribution between the adsorbed entities and the surface.

The bonds formed may be covalent or ionic.

Chemisorption is often irreversible, as it causes a chemical transformation or activation of the
adsorbed molecules. It occurs at higher temperatures and involves significantly higher
interaction energies, generally between 80 and 400 kJ/mol. This mechanism is particularly
relevant for catalytic applications or treatments requiring strong and selective pollutant fixation

[56].

Physical adsorption ' Chemical adsorption
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Figure I1.2 : Physical adsorption and chemical adsorption (or chemisorption).
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I1.4. Factors influencing adsorption

The adsorption method has proven effective at both industrial and laboratory scales. However, its
efficiency closely depends on several parameters that influence the kinetics and adsorption
capacity. The most significant among them include: the adsorbent dose, contact time between

adsorbent and adsorbate, initial dye concentration, solution pH, and temperature [57-59].

Any variation in these parameters can significantly alter the adsorption rate. Therefore, it is
essential to optimize these conditions during laboratory experiments to achieve maximum
retention efficiency. This optimization not only helps to better understand the mechanisms
involved but also lays the groundwork for designing large-scale treatment processes for dye

removal from industrial effluents.

e Adsorbent dose directly influences the available surface area for adsorption: a higher
dose provides more active sites, thus increasing the removal rate until a saturation

threshold is reached.

o Contact time determines the duration needed to reach adsorption equilibrium, which is

usually rapid at the beginning and slows down as active sites become saturated.

o Initial dye concentration plays a role in the concentration gradient, which drives the
diffusion of the adsorbate towards the adsorbent. A high gradient favors faster adsorption

but may also lead to early saturation of the active sites.

e Solution pH affects both the surface charge of the adsorbent and the ionic form of the

dye, thereby influencing their electrostatic interactions.

e Temperature can affect the rate of reactions and molecular diffusion, influencing

whether the adsorption is physical or chemical in nature.
IL.5. Adsorption modeling

I1.5.1. Adsorption kinetics

Adsorption kinetics are of considerable practical importance for the optimal use of an adsorbent
in an adsorption process. They provide insight into the nature of the physico-chemical
interactions between the solute and the adsorbent and help determine the initial adsorption rate.

Isotherms describe the adsorption behavior at equilibrium. They express the relationship between
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the amount adsorbed (q., mg-g') and the equilibrium concentration (C., mg-L™") at a constant

temperature [60]. The most common mathematical models used to describe isotherms include:

e Pseudo-first-order model

The pseudo-first-order model is represented by the following equation (Eq. I1.1):

ﬁb Ki(qeqy (eq IL1)

With:
qes q¢: Amounts of solute adsorbed at equilibrium and at time ¢, respectively (mg-g™).
ki: Pseudo-first-order adsorption rate constant (min™).
t: Time (min).
o Pseudo-second-order model

The pseudo-second-order kinetic model is represented by the following equation (Eq. I1.2):
%Kz(qe-qt)z (eq 11.2)

With:

qes q¢: Amounts of solute adsorbed at equilibrium and at time ¢, respectively (mg-g™).
k:: Pseudo-second-order adsorption rate constant (g-mg'-min").

t: Time (min).

I1.5.2. Adsorption Isotherms

The adsorption phenomenon, when it reaches an equilibrium state—which is systematic in
the case of physisorption and necessary in chemisorption—is generally described using an
adsorption isotherm curve. This isotherm expresses the relationship between the amount of
solute adsorbed per unit mass of adsorbent (q. in mg/g) and the residual solute concentration
in solution (C. in mg/L), all measured at constant temperature [61]. Several types of

isotherms are distinguished (Figure I1.3):
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e Type S (Sigmoidal): Cooperative adsorption between polar molecules and a polar
surface.

e Type L (Langmuir): Monolayer adsorption, indicating strong solute/adsorbent affinity.

o Type H (High Affinity): Strong adsorption even at low concentrations.

o Type C (Constant Partition): Linear adsorption with constant competition between

solute and solvent [62].
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Figure I1.3. The four types of adsorption isotherms

Several mathematical models have been developed to describe adsorption isotherms. Among
them, the Langmuir and Freundlich models are the most commonly used due to the simplicity of
their equations and their ability to satisfactorily represent equilibrium adsorption isotherms in
aqueous phase in most cases. Other models have also been developed to predict the simultaneous
adsorption of multiple compounds. Notably, the Langmuir, Freundlich, and Temkin models can

be mentioned [63].

* The Langmuir Model

The first fundamental theory of solute adsorption on solids was proposed by Langmuir in 1918.
The development of Langmuir’s representation for an adsorption isotherm is based on the

following assumptions [64]:
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= The adsorbed species is fixed on a single well-defined site.

= Each site is capable of binding only one adsorbed species.

= The adsorption energy is identical for all sites and independent of the presence of
adsorbed species on neighboring sites (homogeneous surface and no interactions between

adsorbed species).
It describes isotherms well according to the equation (eq 11.3):

KL Ce

Ge=lfmax ) | k1 ce

(eq I1.3)

With:

qe: Amount adsorbed at equilibrium per unit mass (mg-g™")

gmax: Maximum amount adsorbed per unit mass (mg-g™")

KL: Langmuir constant (L-mg™)

Ce: Concentration of the adsorbate at equilibrium in the liquid phase (mg-L™)
e Freundlich Theory

This is an empirical model that allows modeling adsorption isotherms on heterogeneous surfaces
where adsorption sites are not all equivalent [64]. This model is described by the following

equation (eq I1.4):
ge=kf ce'" (eq IL4)
qe : Amount adsorbed at equilibrium per unit mass (mg.g™")
Kf: Freundlich constant ((mg. g™!) (L.mg-1)1/n)
Ce : Equilibrium concentration in the liquid phase (mg. L)
1/n : Constant measuring the adsorption intensity or surface heterogeneity.
e Temkin Theory

It assumes that the decrease in the heat of adsorption is linear rather than logarithmic. The

Temkin isotherm is presented by the following equation (eq I1.5) [65] :
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RT
(e —b—T In (4 Ce) (eq IL5)

With:
R: Universal gas constant (8.314 J-mol-K™)

T: Temperature (K)

A: Temkin constant (L-g ")

bT: Constant related to the heat of adsorption (J-mol™)
Ce: Equilibrium concentration of the adsorbate (mg-L™)
I1.5.3. Thermodynamics of adsorption

To evaluate the feasibility and better understand the nature of the adsorption process, it is
essential to determine the key thermodynamic parameters, namely: Gibbs free energy (AG°),
enthalpy change (AH°), and entropy change (AS°). These quantities help characterize the
spontaneity, endothermic or exothermic nature of the phenomenon, as well as the evolution of

disorder within the system during adsorption [66].

The Gibbs free energy AG® (kJ-mol™) of the adsorption reaction can be determined from the
following equation (eq I1.6):

AG=-RTIn K. (eq TL6)
With:
Kec: Thermodynamic equilibrium constant
T: Absolute temperature
R: Universal gas constant

The relationship between AG®, AH®, and AS° is given by the Van ’t Hoff equation (eq I1.7) [67].

AS°  AH®
Ln K-
R RT

(eq I1.7)
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I1.6. Adsorbent materials

The choice of an adsorbent material is based on several fundamental criteria, including its
adsorption capacity and kinetics, selectivity towards target molecules, as well as its physical,
chemical, thermal, and economic properties. The adsorption capacity is strongly influenced by
the concentration of the adsorbate, temperature, pH, pressure, and composition of the reaction
medium. Mechanical properties (compressive strength), thermal properties (stability at high
temperature), and thermal conductivity must also be considered to ensure sustainable and
efficient use. The acquisition or production cost is also a determining factor. In practice, the most
commonly used materials in adsorption processes are porous solids such as activated carbons,
activated aluminas, silica gels, activated clays, and zeolites, which mainly operate by physical

adsorption in industrial applications [67].
I1.6.1. Biosorbents

Biosorbents, or bio-adsorbent materials, are materials of biological origin, mainly derived from
agricultural residues, plant waste, or other renewable resources. They are characterized by their
low cost, biodegradability, and effectiveness in adsorbing organic and inorganic pollutants
without prior chemical transformation. Various lignocellulosic wastes, such as banana peels,
green tea residues, or rice husks, have been successfully used for the removal of heavy metals
and dyes in aqueous media due to the presence of functional groups (hydroxyl, carboxyl, etc.) on

their surface [68].
I1.6.2. Biochar

Biochar is a carbonaceous solid residue produced by pyrolysis of organic biomass, i.e., its
thermal degradation in an inert atmosphere (absence of oxygen). Its adsorptive properties mainly
depend on the nature of the original biomass and the pyrolysis conditions (temperature, duration,
heating rate). Lignocellulosic materials such as wood, crop residues, or organic sludge are
commonly used for its production. Biochar possesses high chemical stability, a developed

specific surface area, and good affinity for various pollutants [69].
I1.6.3. Hydrochar

Hydrochar is a carbonaceous material obtained by hydrothermal carbonization (HTC) at
moderate temperatures (180-250 °C) in an aqueous medium. This recent technology is
particularly suited for treating wet biomass without prior drying, making it a cost-effective and
energy-saving method. It offers good yield and low ash content [70]. However, hydrochar

generally has a relatively low specific surface area and porosity, along with a predominance of
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polar functional groups, which limits its effectiveness for adsorbing hydrophobic organic

compounds [71]. Post-treatment strategies are therefore necessary to optimize its performance.
11.6.4. Hybrid and modified biochars

To improve the adsorption performance of biochar, various modification strategies have been

developed:
11.6.4.1. Biochar modified with natural polymers

The incorporation of natural polymers such as sodium alginate enhances the mechanical stability
of biochar and increases its adsorption capacity. This type of modification promotes electrostatic
interactions with pollutants, particularly dyes, by increasing the active surface and diversifying

binding sites [72].
11.6.4.2. Biochar doped with metal oxides

The addition of metal oxides such as TiO:, Fe:Os, MnOy, MgO, or ALOs, in the form of
nanoparticles or thin layers, introduces catalytic or photocatalytic properties to the biochar.
These dopings improve the adsorption of organic or inorganic contaminants through surface

complex formation or advanced oxidation reactions [73].
11.6.4.3. Chemically activated biochar

Chemical activation of biochar using agents such as phosphoric acid (HsPOs), potassium
hydroxide (KOH), or zinc chloride (ZnCl2) significantly increases porosity, specific surface area,
and the number of available active sites. This modification enhances biochar’s adsorption
capacity by altering its surface chemistry, thereby strengthening interactions with target

pollutants [74].
11.6.4.4. Biochar functionalized with magnetic nanoparticles

Incorporation or coating of biochar with magnetite (FesO4) nanoparticles imparts magnetic
properties to the material, facilitating its separation after adsorption by simple application of a
magnetic field. This functionalization also allows easy recovery and reuse of biochar over

successive cycles [75].
I1.7. Decolorization of effluents by adsorption

Among the numerous techniques developed to remove dyes from effluents, adsorption has

established itself as one of the most effective methods, notably due to its ability to eliminate a
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wide variety of dyes regardless of their type [76]. It is commonly used for treating industrial

wastewater as well as purifying drinking water.

Conventional methods often prove ineffective at completely removing synthetic dyes, which are
generally highly resistant to degradation [77]. Adsorption thus allows for treated effluents of

better quality compared to other processes [78].

Although the high cost of adsorbents has long been a barrier, the emergence of low-cost
adsorbent materials, notably based on biosorbents or valorized wastes, has significantly reduced

costs, making this method economically viable [79].

One major advantage of this method is that it requires neither complex pretreatment nor
specialized equipment. It can be used alone or as a complementary treatment following a
conventional process for more complete dye removal. Furthermore, when porous materials are

used, the process efficiency is significantly improved [80].

Conclusion

Adsorption is a particularly suitable treatment solution for the depollution of colored effluents
due to its ease of implementation, high efficiency, and low environmental impact. The
mechanisms involved, whether physical or chemical, allow selective retention of pollutants on
solid surfaces, provided that operational parameters such as pH, adsorbent dose, and contact time

are optimized.

A thorough understanding of adsorption isotherms, kinetics, and thermodynamic parameters not
only enables modeling of the process but also the design of efficient systems for large-scale
treatment. Moreover, the emergence of new adsorbents based on biomaterials opens promising
prospects for sustainable and economically competitive adsorption. This theoretical framework

thus provides a solid foundation for the experimental work presented in the following chapters.
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Introduction

This chapter presents in detail the various materials used and the experimental protocols
implemented to evaluate the adsorption efficiency of Rhodamine B by hydrochars derived from
Melia Azedarach seeds. It sequentially describes the preparation of the adsorbents, the
preparation of the solutions, the physico-chemical characterization methods of the materials, the
adsorption experiment protocols, the optimization of operating parameters, as well as the

analytical method adopted for the assay of Rhodamine B.
I11.1. Preparation of the Rhodamine B solutions

For the adsorption experiments, a Rhodamine B stock solution was prepared at a concentration
of 1 g/L. To do this, 1 g of dye was carefully dissolved in one liter of distilled water, with stirring
for five minutes to ensure thorough homogenization of the mixture. This step is essential to
guarantee  the  reliability = and  reproducibility  of  the adsorption  tests.
Solutions of different concentrations (Figure III.1) were then obtained by diluting the stock

solution according to the dilution law (eq I11.1).:
CixVi=C:xV; (eqIIL1)
Ou:
e Ciis the concentration of the stock solution (mg/L)
e Viis the volume of the stock solution to be taken (L)
e C:is the desired concentration (mg/L)

e V:is the final desired volume (L)

Figure I1I .1 : Diluted Rhodamine B solutions
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II1.2. Preparation of adsorbents

II1.2.1. Activated Hydrochar (HB-Zn)

The Melia azedarach seeds (Figure II1.2), selected as the raw material for adsorbent synthesis,
were first carefully washed with distilled water to remove surface impurities such as dust,
residual organic matter, and soluble salts. After this purification step, the seeds were dried in a
ventilated oven at 105 °C for 24 hours to eliminate residual moisture. Once dried, they were
ground using a mechanical mill and then sieved to obtain a uniform particle size between 190

and 250 pm, ensuring a specific surface area suitable for carbonization.

The conversion of this biomass into hydrochar was carried out by hydrothermal carbonization.
The treatment was performed in a water bath at 190 °C for 2 hours, with a solid-to-liquid mass
ratio of 1:10 (g/mL), allowing controlled hydrolysis of lignocellulosic components. The obtained

solid (raw hydrochar) was then dried at 105 °C for 24 hours to remove residual water.

The next step consisted of chemically activating the hydrochar by impregnation in a zinc
chloride (ZnClz) solution, with a solid/chemical agent/distilled water mass ratio of 1:1:10
(g/g/mL). The impregnation was performed under continuous stirring for 24 hours at room

temperature, promoting good diffusion of ZnCl: into the material’s structure.

Figure I1I .2 : Activated hydrochar obtained from Melia azedarach seeds.

After filtration of the mixture, the impregnated material underwent pyrolysis at 500 °C for 1 hour
in a controlled atmosphere furnace to develop a porous structure and increase the specific surface
area of the adsorbent. The resulting activated carbon was then thoroughly washed with distilled

water until complete removal of chloride residues, verified by the absence of a white precipitate
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during the silver nitrate (AgNO:s) test. Finally, the material was dried at 105 °C and stored in a

desiccator to prevent any rehydration prior to adsorption tests.
II1.2.2. Magnetic activated hydrochar (HB-Zn-Fe)

The synthesis of magnetic activated hydrochar (HB-Zn-Fe) (Figure I11.3) was carried out using a
co-precipitation method of ferrous (Fe*") and ferric (Fe**) ions in the presence of hydrochar (HB-
Zn). For this purpose, 3 g of ferric chloride hexahydrate (FeCls-6H20) and 1.5 g of ferrous
sulfate heptahydrate (FeSO.-7H20) were separately dissolved in 50 mL of distilled water under
magnetic stirring to ensure complete dissolution. The two solutions were then combined in a flat-

bottom flask containing 4 g of previously dried hydrochar.

The mixture was heated to 80 °C under constant stirring to promote interaction between the
metal ions and the hydrochar surface. Subsequently, 50 mL of sodium hydroxide (NaOH)
solution at 18% w/v (i.e., 9 g of NaOH dissolved in 50 mL of distilled water) was added
dropwise to the reaction mixture. This gradual addition controls the precipitation of iron oxides
(FesO4) onto the surface of HB-Zn, thereby favoring the formation of a composite material with

magnetic properties.

Figure I11.3 : Preparation of magnetic activated hydrochar (HB-Zn-Fe)

Stirring was continued for 2 hours at constant temperature to ensure good distribution of
magnetic nanoparticles on the carbon matrix. At the end of the reaction, the obtained black solid
was separated by decantation, then washed several times with distilled water until neutral pH and
complete removal of the brown coloration, indicating elimination of residual ions. Finally, the
material was dried in an oven at 105 °C for 12 hours and stored in a desiccator for further

analyses.

Page | 25



Chapter I1I : Materials and methods

II1.3. Characterization of adsorbents

To better understand the physicochemical properties of adsorbents derived from Melia

azedarach seeds, several characterization techniques were employed.
II1.3.1. Determination of the Point of Zero Charge (pHpzc)

he point of zero charge (pHpz), defined as the pH at which the adsorbent surface has no net
charge, was determined using the pH drift method. This method consists of adding 25 mg of
adsorbent to 25 mL of a 0.01 M NacCl solution, serving as an inert electrolyte. The initial pH
(pHi) of the solution was adjusted between 2 and 11 using 0.1 M HCI or NaOH solutions. The
suspensions were then stirred for 6 hours at room temperature to reach equilibrium. The final pH
(pHy) was measured using a pH meter (Figure 111.4), and the pHpzc value was determined from

the intersection of the curve plotted as ApH = (pHf- pHi) versus pHi.

Figure I1I .4 : pH-meter

I11.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy (Figure II1.5) was used to identify functional groups present on the adsorbent
surface that could interact with Rhodamine B. Analyses were carried out at the Materials Science
Laboratory of the University of Biskra, using a Shimadzu IR-8400S spectrophotometer. Infrared
spectra were recorded in the wavelength range of 400 to 4000 cm™!, with a spectral resolution of
2 em’!. Samples were prepared by mixing 1 mg of charcoal with 200 mg of potassium bromide

(KBr) to form translucent pellets.
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Figure III .5 : FTIR Spectroscopy - Shimadzu IR-8400S
I11.3.3. X-ray Diffraction (XRD)

X-ray diffraction was performed to identify the crystalline phases present in the adsorbents and
to evaluate their degree of crystallinity. This technique analyzes the internal structure of carbon
materials by comparing diffraction patterns before and after Rhodamine B adsorption. XRD
provides valuable information about atomic organization and the possible presence of amorphous

or crystalline phases.
I11.3.4. Scanning Electron Microscopy (SEM)

The surface morphology of the adsorbents was examined by scanning electron microscopy
(SEM), allowing visualization of texture, pore size and distribution, as well as particle surface
structure. This analysis provides a direct insight into the material topography, highlighting

changes induced by thermochemical treatments or pollutant adsorption.
I11.3.5. Specific Surface Area and Porosity Analysis (BET Method)

The specific surface area, pore volume, and pore size distribution were determined using the
Brunauer-Emmett—Teller (BET) method based on nitrogen adsorption/desorption isotherms.
This technique estimates the potential adsorption capacity of the material related to its porous
microstructure. The obtained results are key parameters for interpreting the adsorption

performance of the studied hydrochars.

I11.4. Adsorption Expérimentes

Adsorption experiments of Rhodamine B were conducted in batch mode using tightly sealed
flasks containing a known volume of dye aqueous solution and a measured mass of adsorbent
prepared from Melia azedarach seeds. The solid/liquid ratio was fixed at 1 g/L unless otherwise

specified during optimization studies.
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The mixtures were continuously stirred at 450 rpm using an orbital shaker and maintained at
controlled temperature with a thermostatic bath. At predetermined time intervals, aliquots were
taken and immediately filtered through 45 pum pore size filters to separate the adsorbent.
Residual Rhodamine B concentrations in the filtrates were analyzed by UV-Visible

spectrophotometry.

In batch adsorption experiments, evaluating the adsorbent material’s performance requires
equations to quantify the adsorption process at various contact times and at equilibrium. The

following equations are essential to characterize the adsorption system :

e Quantify adsorption at time (qt) (eqlll.2)
e Determine the maximum adsorption capacity at equilibrium (qe) (eqIll.3)

e Evaluate the overall removal efficiency (R%) (eqlll.4)

qt=(Co—-Ct) xV/m (eqlIlL.2)
qe=(Co—Ce) xV/m (eqlIL.3)
R% = [(Co — Ct) / Co] x 100 (eqllL4)

IIL.5. Optimization of Operating Conditions

To determine the optimal adsorption conditions of Rhodamine B on the studied hydrochars, the
influence of several physicochemical parameters was systematically examined using a "one-
factor-at-a-time" approach, where only one factor is varied while others are kept constant. The
contact time was studied over a range from 5 to 300 minutes to evaluate the adsorption kinetics
and the time required to reach equilibrium. The initial dye concentration was varied between 5
and 150 mg/L to determine the adsorption capacity depending on the pollutant load. Experiments
were conducted at three different temperatures (17 °C, 30 °C, and 60 °C) to analyze the thermal
effect and establish the thermodynamic parameters of the process. The adsorbent dose was
varied from 0.5 to 3 g/L to assess the impact of biosorbent quantity on adsorption efficiency. The
solution pH was adjusted between 3 and 11 using 0.1 M HCI or NaOH solutions to study the

influence of medium acidity on the interactions between adsorbent and adsorbate. Finally, the
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effect of ionic strength was examined by adding NaCl at concentrations ranging from 0.05 to 1
M to simulate aqueous media containing dissolved salts and observe their influence on

adsorption performance.
I11.6. Quantitative analysis of Rhodamine B

To evaluate the residual concentration of Rhodamine B after adsorption experiments, UV-
Visible spectrophotometry (Figure II1.6) was used, a reference method to quantify colored

compounds in a solution.

Figure II1 .6 : UV-Visible Spectrophotometer model.

The analysis was performed at the maximum absorption wavelength (Amax) of Rhodamine
B, which is 552 nm. This value corresponds to the maximum dye absorption, ensuring

optimal sensitivity and improved accuracy in measuring the residual concentration.

The quantification of Rhodamine B concentration in the filtered samples was carried out by
applying the Beer-Lambert law, which describes the relationship between absorbance (A),
solute concentration (C), and the optical path length (€). This law is expressed by the
following equation (eqlIl.5):

A=gxCx{ (eqlIL5S)
Where:
e A is the measured absorbance (unitless),
e ¢1is the molar absorption coefficient of the dye at the analysis wavelength (L/mol.cm),

e (is the solute concentration in solution (mol/L),
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e ( is the optical path length of the cuvette (in cm), which was fixed at 1 cm in our

experiments to ensure consistent results.

To accurately determine the residual concentration of Rhodamine B, a calibration curve was
established using standard solutions prepared with known dye concentrations. These solutions
were measured at Amax = 552 nm to determine the absorbance corresponding to each

concentration.

Table III .1 : Calibration for the determination of Rhodamine B concentration

Ci(mg/1) 1 2 3 4 5 6 7 8 9 10

Abs 0.195 | 0.377 | 0.552 | 0.716 | 0.919 | 1.105 | 1.281 | 1.453 | 1.629 | 1.79

The resulting calibration curve represents the linear relationship between the absorbance and the

dye concentration.

18 1 y=0,1788x+0,0182
16 - R? = 0,9996

14 -
1,2
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(=Y
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06 -
04 -
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0 1 2 3 4 5 6 7 8 9 10
Concentration iniale de Rhodamine B

Figure I11 .7 : Calibration Curve of Rhodamine B

The obtained calibration curve (Figure III.7) shows a perfect linear relationship between
absorbance and concentration, with a very high correlation coefficient, R* = 0.9996,
demonstrating the reliability and accuracy of the method. This excellent correlation indicates that
the Beer-Lambert law is fully applicable within the studied concentration range and confirms the
validity of the spectrophotometric measurements used for quantifying Rhodamine B.
The calibration curve thus allows calculating the residual concentration of Rhodamine B in

solutions after adsorption using the measured absorbance. A linear relationship A = f(C) was
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obtained with a correlation coefficient R? = 0.9996, indicating the reliability of the quantification

method.
Conclusion :

This chapter presented the methodological steps necessary for the study of Rhodamine B
adsorption by hydrochars derived from Melia azedarach kernels. The preparation of adsorbents,
including activated hydrochar (HB-Zn) and magnetic activated hydrochar (HB-Zn-Fe), was
detailed, as well as the preparation of dye solutions. Physicochemical characterization techniques
(pHpzc, FTIR, XRD, SEM, BET) were implemented to analyze the materials’ properties.
Adsorption tests were conducted in batch mode, studying the influence of various operational
parameters (contact time, concentration, temperature, pH, adsorbent dose, ionic strength). The
quantification of residual Rhodamine B was performed by UV-Visible spectrophotometry at 552
nm. These methods lay the foundation for the kinetic, isotherm, and thermodynamic analyses of

the adsorption process in the following chapter.
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General conclusion

This research was part of an eco-innovative approach to valorize a local agricultural residue,
Melia azedarach seeds, as a raw material for producing hybrid adsorbents for polluted water
treatment. The main objective was to develop efficient materials for the removal of Rhodamine
B (RhB), a synthetic dye widely used in the textile industry, whose presence in effluents poses a

significant environmental threat.

Two adsorbent materials were developed: HB-Zn, a hydrochar activated with ZnCl., and HB-Zn-
Fe, further modified by iron impregnation. Comprehensive characterization (FTIR, XRD, SEM-
EDX, and BET) revealed porous structures rich in oxygen-containing functional groups. HB-Zn
exhibited a high specific surface area (1128.15 m?/g) and favorable mesoporosity (2.62 nm),
while HB-Zn-Fe, although with a lower surface area (818.26 m?/g), demonstrated better ionic
stability due to the presence of iron. The point of zero charge (pHyzc) was determined to be 5.8
for HB-Zn and 5.2 for HB-Zn-Fe, helping to clarify the role of pH in surface charge and dye

interaction.

Adsorption experiments showed equilibrium was reached after 300 minutes, with maximum
adsorption capacities of 46.34 mg/g for HB-Zn and 27.69 mg/g for HB-Zn-Fe. Removal
efficiencies exceeded 99% for initial dye concentrations < 20 mg/L. The process was found to be
endothermic, with increased efficiency at 60 °C (up to 98% for HB-Zn). The pH response varied:
HB-Zn performed better under basic conditions (pH 9), while HB-Zn-Fe was more efficient
under acidic conditions (pH 3), suggesting different interaction mechanisms. In saline
environments, HB-Zn was more affected by ionic strength (NaCl), whereas HB-Zn-Fe showed
greater resistance. The optimal adsorbent dose was found to be 1 g/L, balancing high specific

capacity and removal efficiency.

Kinetic analysis indicated that the adsorption followed a pseudo-second-order model, implying a
chemisorption mechanism, likely involving electrostatic interactions or coordination bonding.
Adsorption isotherms fitted well with the Langmuir model for HB-Zn (monolayer adsorption),
and the Freundlich model for HB-Zn-Fe (heterogeneous surface). Theoretical maximum

adsorption capacities reached 88.34 mg/g for HB-Zn and 67.65 mg/g for HB-Zn-Fe at 60 °C.

The proposed adsorption mechanisms support these findings. HB-Zn operates through both
physical interactions (van der Waals forces, m—m interactions) and chemical interactions
(hydrogen bonding, electrostatic attraction). In contrast, HB-Zn-Fe benefits from metal sites

(Fe**/Zn?") that facilitate dye complexation, despite having lower accessible porosity.
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In conclusion, hybrid biochars derived from Melia azedarach seeds exhibit strong potential for
sustainable environmental applications. Future work should focus on optimizing synthesis
protocols to improve stability and adsorption capacity in complex environments (e.g., saline or
multi-component waters), evaluating adsorbent regeneration, expanding use to other emerging
contaminants (e.g., heavy metals, pharmaceuticals), and testing integration in pilot or industrial-

scale treatment systems.
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Summary
This work focused on valorizing Melia azedarach seeds to develop hybrid adsorbents effective
in removing Rhodamine B, a pollutant dye found in industrial wastewater. Two materials, HB-Zn
and HB-Zn-Fe, were synthesized and characterized, revealing porous surfaces favorable for
adsorption, with distinct properties related to their composition. Experimental studies showed
that adsorption is optimal after 300 minutes, with high efficiency at low concentrations and
improved performance at 60 °C. HB-Zn performs better in basic conditions, while HB-Zn-Fe is
more effective in acidic media and more resistant to the presence of ions in solution. The
kinetics follow a pseudo-second-order model, and the isotherms vary according to the material,
reflecting different adsorption mechanisms. These results confirm the sustainable
environmental potential of these hybrid biochars. Future perspectives include optimizing
synthesis protocols, evaluating adsorbent regeneration, extending applications to other
pollutants, and scaling up for industrial use.
Résumé
Ce travail a porté sur la valorisation des graines de Melia azedarach pour développer des
adsorbants hybrides efficaces dans I'élimination de la Rhodamine B, un colorant polluant des
eaux industrielles. Deux matériaux, HB-Zn et HB-Zn-Fe, ont été synthétisés et caractérisés,
révélant des surfaces poreuses favorables a I'adsorption, avec des propriétés distinctes liées a
leur composition. L'étude des conditions expérimentales a montré que l'adsorption est
optimale aprés 300 minutes, avec un rendement élevé a faible concentration et une meilleure
efficacité a 60 °C. HB-Zn fonctionne mieux en milieu basique, HB-Zn-Fe en milieu acide, et ce
dernier résiste mieux a la présence d’ions en solution. Les cinétiques suivent un modele
pseudo-second ordre, et les isothermes different selon le matériau, traduisant des mécanismes
d’adsorption variés. Ces résultats confirment le potentiel environnemental durable de ces
biochars hybrides. Les perspectives incluent I'optimisation des synthéses, I'évaluation de la
réutilisation, I’extension a d’autres polluants, et leur application a grande échelle industrielle.
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