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General introduction

General Introduction

Water is an essential resource for human existence and natural ecosystems. Despite the
Earth's surface being predominantly water, merely 3% comprises freshwater appropriate for
human use [1,2]. The restricted availability is exacerbated by the rising global pollution of
aquatic systems with diverse contaminants, posing significant issues in contemporary

times|[3].

In recent years, environmental contamination by hazardous materials has emerged as a
significant global issue. A multitude of studies has focused on the efficient elimination of
these contaminants to reduce the threats they present to living creatures[4]. Diverse categories
of organic contaminants have been identified in multiple water sources. Synthetic organic
dyes are notably ubiquitous, being extensively utilised as pigments across several industries,
including textiles, cosmetics, pharmaceuticals, polymers, food processing, and paper
manufacture[5]. These dyes resist natural degradation, and their persistence in aquatic systems
substantially hinders light penetration, consequently altering aquatic ecosystems by restricting
photosynthesis in aquatic plants [6]. Dyes are primarily categorised into two types: azo and
non-azo dyes, with azo dyes comprising approximately 70% of industrial usage[7]. The
dyeing and textile industries manufacture around 10,000 kg of fabric daily, utilise up to
18,000 kg of water, and employ around 2 million kg of dye each day. Disturbingly, almost
15% of these colors are discarded as trash during industrial operations[8]. The existence of
dyes in the environment, even at minimal concentrations, presents significant hazards to
health and the ecosystem. These chemicals can interfere with biological processes in aquatic
environments, and many are recognised as mutagenic and carcinogenic, presenting substantial

risks to human health if not adequately managed [7,9].

Among the diverse techniques employed for dye elimination such as biological membranes,
chemical precipitation, sedimentation, ultrafiltration, electrowinning, electrocoagulation,
cementation, ion exchange, reverse osmosis, redox reactions, electrochemical treatment, and
distillation adsorption is distinguished as a notably advantageous method for the extraction of
synthetic dyes owing to its cost-effectiveness, high efficiency, practical applicability, and

environmental safety[10].

According to the literature, various materials have been used as adsorbents for the treatment
of effluents, among which mention may be made of activated carbon , zeolites , clays , silica,

agricultural waste and hydrogels [11]. Each of these materials has specific advantages and
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disadvantages in terms of efficiency, cost and environmental impact[11]. Commercial
activated carbon (AC) is widely used due to its excellent adsorption properties with respect to
organic and inorganic substances, which makes it one of the most popular adsorbents [12].
However, the high cost of this element represents a significant obstacle to its large-scale
deployment. In reality, activated carbon is usually made from non-renewable and rather
expensive resources, such as mineral coal[13]. The high cost of this product restricts its
availability, especially in developing nations or in cases where large quantities of adsorbent
are required. Faced with these constraints, research is increasingly turning to the design of
alternative adsorbents that are both ecological, locally available, effective and economical.
This trend is attracting increasing interest within the scientific community[14]. Residues from
agriculture are attracting more and more attention due to their abundance, their moderate cost,
their renewable nature and their potential effectiveness when subjected to adequate
treatments. They represent an ecological and sustainable option as a replacement for

conventional adsorbents.

During this research, adsorbents were developed using frequently rejected agricultural waste
such as turnip leaves, pumpkin peels and pomegranate peels. These biomasses have been
used as raw materials in the manufacture of adsorbents for the treatment of water polluted by

synthetic dyes.

The main purpose of this study is to highlight some recently mentioned agricultural residues,
turnip leaves, pumpkin peels and pomegranate crusts, as adsorbent materials. These materials
can be used either in their natural state, or after chemical activation using phosphoric acid
(H3PO4) for the elimination of organic dyes «crystal violet, congo red and methyl red »
present in aqueous effluents. This study is part of a perspective that combines environmental
and economic considerations, with the aim of developing an effluent treatment solution while

highlighting underutilized local biomass.
The current thesis is structured in five chapters.

The first chapter is devoted to an in-depth bibliographic analysis of the fundamental

concepts and essential definitions related to our field of study. It is structured as follows:

e Dyes: general presentation, definitions, types, classifications, and a state of knowledge
concerning the three dyes targeted in this work (crystal violet, congo red and methyl

red), as well as their toxicity and the different methods of elimination available.
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e Adsorption: definitions, types, mechanisms, mathematical models used for the
analysis of experimental results, different types of adsorbents, the adsorbents used
during our experimental tests and methods of treatment or activation of adsorbents.

e Bibliographic review of previous studies: synthesis of work on the adsorption of

crystal violet, congo red and methyl red dyes on various materials.

The second chapter presents in detail the method of preparation of the various precursor
materials used, as well as the dyes targeted for elimination. It also defines the different
experimental conditions implemented. This chapter brings together all the physicochemical
characterization techniques applied to adsorbents, in particular Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), UV-Visible spectroscopy (UV-Vis), scanning
electron microscopy (SEM), thermogravimetric and differential thermal analysis (TGA/DTA),

as well as the determination of the isoelectric point.

The third chapter presents the results of the various physico-chemical analyses carried out
on the turnip leaves used as adsorbent material. It presents in detail the structural,
morphological and thermal characteristics of this precursor. This chapter also deals with the
adsorption of crystal violet (CV) by these sheets, by evaluating the adsorption performances
as a function of various experimental parameters such as the pH, the initial concentration of
the dye, the contact time and the adsorbent mass. To model the multicomponent dynamic
adsorption of this organic pollutant (CV) on our adsorbent, a hybrid approach was adopted,
combining the SVM-Discriminate optimization method with the SVM-DA hybrid model.
This modeling is based on a large and representative dataset, guaranteeing the reliability of

the predictions.

The fourth chapter is devoted to the study of the adsorption of congo red (CR) by pumpkin

peels.

The fifth chapter is dedicated to the study of the adsorption of methyl red (MR) using

pomegranate crusts used as adsorbent material.
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I.1. Introduction

Dyes represent chemical compounds frequently used in different industrial fields such as the
textile industry, the leather industry, the food industry and the cosmetics industry. However,
their discharge into wastewater represents an important source of pollution due to their high
chemical stability, their potential toxicity and their low biodegradability[1]. These dyes, even
when present in low concentrations, have the potential to cause damage to aquatic life as well as
human health[2]. Adsorption is considered one of the most effective and economical methods for
the treatment of colored water. It is highly valued for its simplicity, flexibility and effectiveness
at low concentrations of pollutants[3]. Activated carbon is widely used as an adsorbent due to its
high specific surface area and its ability to adsorb various molecules[4].However, due to their
relatively high cost, many studies are turning to the use of natural biomass or agricultural
residues as substitute adsorbent materials. These different biomasses such as sawdust, walnut
shells, or even corn stalks, can be exploited for the production of effective, durable and

economical adsorbents, following a physical or chemical activation treatment[5,6].

In this context, the objective of this chapter is to present an in-depth bibliographic study on dyes,
by addressing their types, their classification, as well as their impacts on human health and the
environment. A specific state of knowledge will then be devoted to the three dyes that are the
subject of our work, namely crystal violet (CV), congo red (CR) and methyl red (MR). The
chapter continues with a general presentation of the adsorption phenomenon, in order to better
understand its importance, its mechanism and its ability to eliminate pollutants. A theoretical
study of the different types of adsorbents is also proposed, with particular emphasis on the
biomass used in this research. Finally, a review of previous work devoted to the adsorption of the

mentioned dyes on various materials will be presented.

1.2. Dyes

Dyes are substances that are very stable to light, chemicals, biological exposures and other
conditions[7].The majority of dyes are organic substances, either synthetic or natural, that can

adhere to surfaces or textiles to create a brilliant and long-lasting color[8].
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1.2.1. Types of dyes

The dyes can be divided into a number of categories based on the classifications made by various

research teams, as illustrated in Figure I.1.

Nowadays, it is crucial to classify dyes according to their chemical characteristics and intended
uses. Previously, chemists employed classifications mostly based on the chromophore groups
found in molecules. Auxochromes, which supply electrons (such as -NHR, -NH2, -OH, -NR2, -
COOH, -CSOH, -OCH3), and chromophores, which attract electrons (such as C=C, C=N, C=0,
N=N, NO2), are important components of dye structures. The dyes are divided into 20 to 30
groups according to their chromophore structures; the primary groups are triarylmethanes, azo
compounds, anthraquinones, and phthalocyanins [9]. Furthermore, the Color Index (IC)'s
classification by usage or application has emerged as the industry standard for dye producers and

consumers.

Category Description

Source of Materials - Matural dyes: derived from plants.
invertebrates, or minerals.

- Synthetic dyes: chemically prepared
(e.g.. Acid dyves. Azo dyes).

Nature of Chromoephore Groups - Witreo / Nitroso dyes: contain NO or NO-
groups.

- Azo dyes: contain the —IN=N— azo group.
- Triarylmethane dyes: triphenylmethane

backbone.
MNuclear Structure - Cationic dyes: e.g.. Methylene Blue.

- Anionic dyes: e.g.. Congo Red.
Industrial Classification — Cellulose - Direct dyes: mostly acidic azo dyes.
Textile Dyes - Basic dyes: contain cationic groups such

as —NR-".

- Wat dyes: strong affinity for cotton fibers
(e.g.. indigo).

Symnthetic Textile Dyes - Disperse dyes: low water solubility.

- Solvent dyes: stain by dissolving in the
target substrate.

Protein Textile Dyes - Acid dyes: highly soluble with good
fastness.

- Mordant dyes: form coordination
complexes with fibers.

Figure I.1. Classification of dyes [10].

1.2.1.1. Anionic dyes

Anionic dyes are of paramount importance in the textile industry sector, being widely used for
the coloring of natural and synthetic fibers. Due to their high affinity for cellulose fibers such as
cotton, as well as for protein fibers such as silk and wool, these dyes are considered coloring

agents of choice. During their dissolution in an aqueous solution, these dyes separate into anion

7
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ions carrying a negative charge[l11]. Anionic dyes are highly acidic and reactive dyes, often
defined by the presence of an azo group in their chromophore. Mention may be made, among the
dyes currently used, of Methyl red[12], Acid Orange 7 (AO7)[13], Methyl Orange (MO)[14] and
Congo Red (CR)[15].

Congo red dye (CR)

Congo red (CR), chemically designated as 1-naphthalene sulfonic acid, disodium salt of 3,3'-
(4,4'-biphenylene bis(azo)) bis(4-amino), is a dye classified among benzidine-based dyes Figure
[.2. It poses a considerable toxicological hazard, as it can be metabolised into benzidine, a
compound identified as carcinogenic to humans. Congo Red is likely to induce skin irritation and
allergic dermatitis[16]. Table I.1 lists the physico-chemical characteristics of congo red (CR).
The removal of CR from the environment is particularly difficult because it is a negatively
charged dye that is insoluble in acidic and alkaline media. When discharged, it can have various
degrees of negative effects on the human digestive and circulatory systems and can hinder the

growth of plants and animals[17].

Figure I.1. Molecular structure of CR day[18].
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Table I.1. Main physico-chemical characteristics of the CR dye [19]

‘ NAME Congo Red

FAMILY azoique

RAW FORMILLA C32H22N6Na2068S2

CHEMICAL APPEAL Benzidinediazo-bis-1-naphthylamine-4-
sulfonic acid

Molecular weight (g\mol) 696.66 g /mol

Solubility in water 25g/1a20C

A max 498 nm

pKa 4.1

Methyl red dye (MR)

Methyl red is an azo dye widely used as a pH indicator due to its property of changing color
depending on the acidity of the medium: it has a red tint in acidic medium (pH < 4.4) and yellow
in basic medium (pH > 6.2). However, once released into industrial wastewater, this compound
turns into a toxic pollutant, not very biodegradable, likely to cause damage to aquatic fauna and
compromise water quality. Due to its chemical stability, the elimination of this substance

requires the use of special methods such as adsorption or biological degradation[20-22].

OH

Figure 1.2: Molecular structure of MR dye [23].
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Table I.2: Main physico-chemical characteristics of the MR dye [23].

NAME Methyl red

FAMILY Monoazo

RAW FORMILLA CI5HI5N302

CHEMICAL APPEAL 4-dimethylamino-2-phenylazobenzoic acid
Molecular weight (g\mol) 269.3 g /mol

Solubility in water 0,2 g/L

A max 410-526 nm

pKa 5(28°C)

1.2.1.2. Cationic dyes

Cationic dyes are characterized by the release of positive ions (cations) during their dissolution in
an aqueous solution. They hold fundamental groups, such as ammonium ions. In contrast, the
anionic dyes contain acid groups such as carboxylic anions. Methylene Blue (MB) is a classic
example of a cationic dye[24].Crystal violet (CV)[25], Rhodamine B (RhB)[26] and Malachite
Green (MQG)[27] are among the cationic dyes most commonly present in wastewater effluents
from the textile industry. These dyes have a high affinity for synthetic fibers that are negatively

charged, which makes them very effective for coloring nylon and acrylic fibers[28].

Crystal violet (CV)

Crystal violet is a synthetic cationic dye, also known as Gentian violet or Methyl violet 10B. It is
part of the triarylmethanes family. Used in various fields, it is used in particular as a
dermatological agent, as a treatment in veterinary medicine, or even as an additive in poultry feed
to prevent parasitic and fungal infections. This dye is also widely used in the textile industry and

for printing on paper[29].

Crystal violet is a toxic substance that has the ability to be absorbed by the skin, thus causing skin

irritation. It also carries risks if inhaled or swallowed. In exceptional circumstances, it can lead

10



Chapter | Bibliographic review

to kidney failure, severe eye irritation that can lead to permanent blindness, as well as an
increased risk of cancer [30,31]. Thus, the removal of this dye from wastewater and water

represents a top environmental priority.

\N/

Figure 1.3: Molecular structure of CV dye.

Table 1.3. Main physico-chemical characteristics of the CV dye[32].

" Crystal violet
FAMILY Basic dye
RAW FORMILLA C25H30N3ClI
CHEMICAL APPEAL méthylrosaniline
Violet basique 3
Molecular weight (g\mol) 407.98 g /mol
Solubility in water 4
A max 590 nm

1.2.2. Toxic effects of dyes

Synthetic dyes were created to overcome the constraints of natural dyes, such as the scarcity of

resources and the problems associated with their harvesting. Nevertheless, almost 40% of the

11
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synthetic dyes used around the world contain chlorine, a compound recognized for its potential to
induce cancer. These chemicals have the ability to evaporate or absorb through the skin,
triggering allergies and posing a health hazard, especially in children, including during the
prenatal period[33]. However, synthetic dyes carry significantly higher ecotoxicological risks
than natural dyes such as indigo, turmeric, cochineal, madder, acorns, black tea, campeche wood
or coffee, due to their molecular complexity and their low biodegradation capacity[34]. These
characteristics lead to a sustainable contamination of water sources over the long term. Artificial
dyes, such as crystal violet and its derivatives , contain carcinogenic and mutagenic substances.
They disrupt aquatic ecosystems by decreasing the amount of dissolved oxygen and hindering the
photosynthesis process. On the other hand, natural dyes are generally biodegradable and have a
lower environmental impact. The transition to more environmentally friendly solutions, whether
of natural or synthetic origin, offers a promising prospect for reducing the consequences on the
environment. However, there are still challenges to overcome with regard to costs, availability

and performance, in order to guarantee the effective sustainability of dyeing practices[35].

1.2.3. Wastewater treatment methods for the removal of dyes

In general, dyes are divided into anionic, cationic, and nonionic categories based on their
chemical makeup[36,37]. There are several dye removal processes available, each with a
different success rate, as shown in Figure 1.5. Reverse osmosis, solvent extraction, flocculation,
membrane separation, filtration, electrolysis, evaporation, adsorption, reduction, oxidation,
coagulation, ion exchange, and chemical precipitation are some of these methods. Toxic
pollutants from industrial effluents have been removed and recovered using these techniques
[38,39]. However, as shown in Table 1.4, each of these methods has unique benefits and

drawbacks that necessitate careful consideration for the best use in dye removal procedures.

12
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Membrane filtration
v Ultrafiltration
¥  Nano filtration
+  Electro-dialysi

Ct'l’“g:;:‘;ion- \ Dye removal < Chemical precipitation
oc on . E=) | v Hydroxide
technologies / v Sulfide

¥ Chelation/complexion

Electrochemical

Adsorption

I | [l | 1

Activated Carbon nanotubes Bio adsorbents Low-cost adsorbents Nanoparticles
carbon and natural v" Bacterial v" Agricultural waste
materials v~ Fungl v Plants
v Algae

Figure L.5. Schematic representations of available dye removal [40].

Table 1.4. Advantage and disadvantages of the dye removal process technologies [41].

Treatment Technology Advantages Disadvantages References
Advanced Oxidation Process <Direct production of eTechnology still at the [42]
reactive radicals on site laboratory stage
*Rapid  degradation  of <Possible formation of by-
contaminants products
Ion Exchange * Wide choice of commercial <Large volumes requiring
products available large columns [42,43]
*Procedures already well e<Limited effectiveness for
mastered disperse dyes
Chemical Precipitation *Simple  to  implement eSignificant consumption of
technology chemicals [42,43]
*Economically profitable <Additional costs related to
solution sludge disposal
Coagulation/Flocculation *+ Simple to implement <Requires the addition of
process non-reusable chemicals [42,43]
*Low investment cost *Low efficiency for arsenic
*Good sludge settling removal
Membrane Technologies *Elimination of all types of e<Investment costs that are
dyes often too high for small and [42,43]
*Resistance to temperature medium-sized industries
variations and chemical e<Limited service life due to

13
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environments fouling of the membranes

Electrochemical Techniques <Effective removal of toxins, <Periodic maintenance.

oils, fats, dyes and metals. *Cost [42,43]
*Faster and more -efficient
separation of organic matter
compared to traditional

coagulation.

Adsorption *The dyes possess a strong <Non-destructive processes.
adsorption capacity. *Cost of regeneration. [42,43]
*Simple technology. *Generation of sludge.

*Practical, easy to use,
simple design and cost-
effectiveness.

1.3. Adsorption

1.3.1. Dye removal adsorbent

Adsorption is an efficient technique for eliminating colors from industrial waste effluent. This
method has numerous advantages compared to other techniques, notably its operation without
sludge generation and its capacity to eradicate pigments entirely. The adsorption processes fall
into two categories: physical or chemical, depending on the mechanism by which the adsorbate
attaches to the surface of the adsorbent, as shown in Figure 1.6 [44].The adsorbate is bound to the
adsorbent by weak physical forces such as Van der Waals forces, hydrogen bonds, polarity,
hydrophobicity, static interactions, dipole interactions and n-w interactions. Conversely, chemical
adsorption happens when an adsorbate and the adsorbent surface exchange electrons[45].
Zeolites, alumina, silica gel, activated carbon and biomass are commonly used as adsorbents for
the removal of dyes present in wastewater. Among them, activated carbon and certain biomasses
stand out for their superior efficiency in the adsorption of organic molecules, making them
adsorbents of choice.[46]. Figure 1.7 illustrates the schematic representation of the adsorption
process for dye-contaminated wastewater, employing agricultural biomass as the adsorbent.
Various ways are employed to utilize agricultural biomass as an adsorbent, including the
conversion of biomass into activated carbon[47,48], chemical activation and modification of

biomass[49,50], hybridization[51], impregnation[52], and more techniques. Numerous prior
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studies have investigated a range of natural and synthetic adsorbents, specifically wool and cotton

fibers[53], banana pith[54,55], carbonized coconut pith[56], coconut pith[57], mahogany
sawdust, chitosan[58], hardwood[59], rice husk[60], neem husk (Azadirachtaindica)[61], silk

cotton husk, coconut palm sawdust[62], tuberose sticks[63],gypsum[64], tamarind fruit shell[65].

Adsorption
mechanism N

interaction

, Pollutants
® Van der Waals L X X J
Precipitation force Exchangeable ions
® Kor-OH
I .
Alkalinity norganic ions
BT Functional groups
area ®

Figure 1.6. Physical and chemical adsorption mechanism [44].

# TSR

. >

Agricultural Biomass

Water

o> >
- - Adsorbate
- Adsorbent

Treated Dye-contaminated Adsorption

Adsorbent Preparation
Activated Carbon
Chemical Activation
Hybridization
Modification
Impregnation
Others

Water

Figure 1.7. An overview of dye adsorption in polluted water using biomass derived from

1.3.2. Adsorption mechanisms

agriculture [41].

The adsorption mechanism generally comprises three primary steps Figure 1.8 [66,67]:
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e Bulk diffusion: Adsorbate molecules migrate from the bulk solution to the exterior
surface of the adsorbent. This process is affected by concentration gradients and agitation
conditions.

e Film or boundary layer diffusion: The adsorbate traverses a boundary layer that
develops adjacent to the adsorbents surface. This phase may become a rate-limiting issue
if the border layer is either dense or inadequately blended.

e Intraparticle or pore diffusion: Upon reaching the surface, the adsorbate penetrates the
interior pores of the adsorbent, where it engages with accessible active sites.

e Surface interaction (adsorption): Ultimately, the adsorbate adheres to the surface
through physisorption (weak van der Waals forces) or chemisorption (strong covalent or

ionic bonding), contingent upon the nature of the interaction.

Adsorption process Adsorption Mechanism

Surface diffusion — =
-

Adsorbent
surface

o...
-
Intra—particle (pore) -f‘

diffusion. 3
=
z ‘.,
Bulk Solution 3 - S
(=3 o= P
= e
-

Figure 1.8. Mechanism of adsorption process [68].

1.3.3. Modeling of adsorption Kinetics (non-linear forms)

The adsorption kinetics models were used to determine the speed of the adsorption process, an
essential data for the design and optimization of an efficient adsorption system[69]. Previous
research[70] exposes the kinetic mechanism of adsorption in two distinct phases. The first phase
consists of the migration of the substance to be adsorbed, also called adsorbate, from the bulk
solution to the surface of the adsorbent material. Subsequently, during the second phase, the
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adsorbate gradually penetrates into the pores of the adsorbent material and is deposited there. In
general, it is the slowest step, also called the limit step, which determines the overall speed of the
process. The recognition of this phase allows a better understanding of the adsorption process
involved[71]. Different models, such as the pseudo-first order, the pseudo-second order, the
Elovich model and the intraparticle diffusion, have been used to calculate the adsorbed amount

and to study the adsorption kinetics and describe the process.

Table 1.5. Kinetic models used to describe the adsorption process [72].

Models Equations

Pseudo-first-order ¢, = q, (1 — e—klt) Je,qi(mg/g): the quantities of solute adsorbed by the
(L.1) adsorbent at equilibrium and time (t).

ki (min™): the rate constants for PFO.

Pseudo-second- q2k,t k> (mg/g. min): the rate constants for PSO
order e 1'F%Qekzt
(1.2)
Elovich q= %lnBa + %lnt B (g.mg ') : is the desorption constant associated with
13) the surface area coverage, and chemisorption
activation energy
o(mg.g '.min"!): is the initial adsorption rate (mg.g"
Imin™ 1)
intraparticle qe=Kaifusion Xt /2 +C  Kgifrusion (Mg/g min1/2): is the adsorption rate
diffusion (1.4) constant of the intraparticle diffusion model.

C: is the layer's thickness

1.3.4. Modeling of adsorption isotherms

The adsorption isotherms describe the way in which a substrate behaves during its transfer from
the solution to the surface of the adsorbent. These isotherms make it possible to correlate the
amount adsorbed per unit mass of adsorbent with the concentration (or pressure) of the substrate

in solution, at a given temperature. The temperature exerts a significant influence on the nature
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and intensity of the adsorption, which makes it possible to evaluate the favorability of the

process[70].

There are four main categories of isotherms, classified according to their low adsorbent

concentration profile[73] :

e The S type corresponds to a cooperative adsorption, characterized by more intense
interactions between the adsorbate molecules than with the adsorbent, which favors their
agglomeration on the surface.

e The L value of testifies to a high affinity between the adsorbate and the adsorbent,
characteristic of chemisorption.

e The H type represents an extreme version of the L type, indicating almost complete
adsorption of the adsorbent in dilute solution.

e Type C is characterized by a constant and proportional affinity between the adsorbed

molecules and the adsorbent, a phenomenon generally observed at low concentration.

To adequately describe the experimental data of adsorption at equilibrium, three models were
used: Langmuir, Freundlich and Sips Table 1.6. The Langmuir model, with two parameters (Kp
and Qmax), 1s based on the assumption of a monolayer adsorption on the homogeneous surface,
without interaction between the adsorbed molecules[74]. the Freundlich isotherm, characterized
by its two parameters (n and Kr), postulates a multilayer adsorption process on a heterogeneous
surface, involving interactions between the adsorbed molecules. The index 1/n expresses the
intensity of the adsorption or the variability of the surface, indicating that the more this value
tends to zero, the more the surface has a high diversity of adsorption sites. In addition, an
adsorption is considered favorable when the adsorption coefficient is less than 1[75]. The three-
parameter Sips model (gs, Ks and ns) exhibits a behavior similar to a Freundlich isotherm at low
concentrations of the adsorbate, but it converges towards monolayer adsorption at high

concentrations, which is a characteristic of the Langmuir model[76].

Table L.6. [sotherm models used to describe the adsorption process [73].

Models Equations Parameters
Langmuir qe=M ge(mg/g): is the quantity of dye adsorbed per
14Kk, Ce

gram of the adsorbent at equilibrium.
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(L5) gm (mg/g): is the maximal monolayer coverage
capacity.
Ky : is the Langmuir isotherm constant (L/mg).

Freundlich K % Ce (mg/L): is the equilibrium concentration of the
(e = K¢C

¢ adsorbate.
(1.6)

Kt : is the Freundlich constant indicative of the
relative adsorption capacity of the adsorbent.

n: is adsorption intensity related to the surface

heterogeneity.
Sips _ gsksCel/ns Ks (L/g) and ns are Sips constants.
9€ = T iscet/ns
(L.7)

1.3.5. Adsorption thermodynamics

Different thermodynamic parameters have been calculated to evaluate the feasibility and
spontaneity of the adsorption, as well as to determine whether the process is exothermic or
endothermic. The CV, CR and MR adsorption experiments were carried out at three distinct
temperatures, 25 °C., 30 °C. and 40 °C. Each material was subjected to a specific concentration,
while the amount of adsorbent used was fixed at 1 g/L. The thermodynamic quantities evaluated
include the Gibbs free energy (AG®, in kJ/mol), the enthalpy (AH®, in kJ/mol) and the entropy
(AS®, in J/mol K). These quantities have been calculated using the relevant thermodynamic

equations in order to study the influence of temperature on the adsorption process[77].

AG = — RT InKc (1.8)
AG® = AH® — TAS° (1.9)
Kt is the Langmuir equilibrium parameter, converted from the unit (L/mg) to the unit (L/mol)
According to the following formula[78]:

ky, (L /mol) =k (L /mg) * 1000 (mg/ g) * Madsorbate (g /mol) (I1.10)
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where Madsorbate(g/mol) is the molecular weight of the adsorbate. Subsequently, the dimensionless

adsorption equilibrium constant (K¢) is estimated as Conforming to the following formula[79]:
Kc = ki, (L/ mol) #* Cref(mol/ L) * 1/Y (L.11)

Based on the ionic strength, the activity coefficient is denoted by vy, and the molar concentration
of the reference state is indicated by Crr. It is widely acknowledged in the standard method that

the concentration of the adsorbate or pollutant in the reference state is 1 M, or Crer= 1 mol/L[80].

R: universal gas constant (8.314 J/mol K); and T: absolute temperature (K).

Error analysis

The coefficient of determination (R?) and the chi-square (?) test are statistical parameters used to

evaluate how well the models fit the experimental data, as illustrated by the following

equations[76] :

RZ =1 — Z{‘zl(qe,exp—qe,cal)2 (1.12)
Y, (geexp - qe,mean)2 '
(qe,exp — qe,cal)?

X% = Zin=1 qocal (I.13)

Where n is the number of experiments, q.,mean is the average of the experimental q.,exp values,
qe.cal 1s the model-predicted value corresponding to C., and qcexp is the experimentally

determined equilibrium adsorption capacity

1.3.6. Agricultural waste and residues as adsorbents for the treatment of wastewater
contaminated with dyes.

In order to find cheaper alternatives to activated charcoal, many researchers have been interested
in the use of agricultural waste as raw materials for the manufacture of adsorbents, these being
produced in large quantities in the food sectors due to global population growth. Thanks to their
availability, their low cost and their ecological character, these biomasses have been widely
studied and used as effective adsorbents in wastewater treatment [81,82]. Several types of plant
residues show a high potential for the elimination of dyes present in contaminated water, thus

making it possible to recover them rather than eliminate them. In this context, our study focuses
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on three biomass selected for their adsorption performance: turnip leaves, pumpkin peels
[56,83,84,] and the pomegranate crusts [57,85,86,], which retain the dye molecules on their

surface and contribute effectively to the purification of water.

1.3.6.1. Turnip leaves

The turnip (Brassica rapa L.), a biennial herbaceous plant of the Brassicaceae family, is native to
Europe, Russia, Central Asia and the Near East, but today it is widely cultivated around the world
for food and oil production, with two main distinguished breeds: western (oilseed) and oriental
(vegetable) [87]. Although sometimes avoided in Asia for its flatulent effects, it occupies an
important place in the Western diet and has recognized medicinal uses, especially in the
traditional treatment of liver diseases, kidneys and other ailments [88]. Often neglected, turnip
leaves nevertheless present a significant nutritional richness in vitamins A, C and K, as well as
calcium, iron and magnesium, and their high fiber and bioactive compound content is generating
increasing interest in environmental applications, in particular water purification by adsorption
[89]. In this perspective, our study was interested in the valorization of these sheets as an

adsorbent material for the treatment of colored water, a promising approach given their

accessibility, their renewability and their functional potential.

Figure 1.9. the turnip and its leaves.

1.3.6.2. Pumpkin peels
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The pumpkin, which is in the Cucurbitaceae family is a type of vegetable plant Figure 1.10, is one
of the most popular veggies to grow and eat. In 2022, the world produced about 23 million tons
of pumpkin[90]. Pumpkin is esteemed for its abundant nutritional composition, comprising
carotenoids, minerals, and polysaccharides, and is frequently utilized as a fundamental
component in medicinal and culinary applications[91]. The composition of the pumpkin includes
about 93.64% water, 0.63% protein, 0.09% fat, 66% fiber and 17.5 g/ g of beta-carotene, with a
dietary fiber content varying between 15.5% and 26.5% [63]. Thanks to their richness in fibers,
polysaccharides and functional groups such as hydroxyls and carboxyls, pumpkin peels have a
high potential as natural adsorbents, offering numerous active sites capable of fixing various
pollutants, in particular heavy metals, dyes and other organic contaminants. Their porous
structure and their large specific surface give them a high adsorption capacity, while their low
cost, their biodegradability and their ecological character make them a sustainable and
advantageous alternative compared to synthetic adsorbents. Thus, the use of pumpkin peels

constitutes an effective and environmentally friendly solution for water treatment and sanitation.

Figure 1.10. the Pumpkin and its peels.

1.3.6.3. Pomegranate crusts

Pomegranate Figure 1.11 is considered a superfruit due to its richness in antioxidants and health-
promoting compounds, which can serve as a natural food additive. The pomegranate processing
chain produces considerable quantities of co-products, in particular the peels (representing 50%
of the weight of fresh fruits), which have a negative environmental impact in the event of
improper disposal[92]. In this context, pomegranate peels have been used as effective natural

adsorbents for the purification of various pollutants present in aqueous solutions.
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Figure I.11. Pomegranate.

1.3.7. Preparation of sorbents from biomass

The transformation of biomass into adsorbents involves various physical, physico-chemical and
chemical processes [93,94]: physical activation consists of carbonization under an inert
atmosphere followed by activation with CO, steam or air between 800 and 1100 ° C, although
temperatures >1200 ° C reduce the carbon yield and cause the collapse of porous structures
[95,96], requiring precise control to develop porosity [97]. The physico-chemical activation
combines impregnation of an agent and heating in the presence of an oxidizer, but remains
expensive and inefficient when the agent cannot be removed by simple washing [98-100]. The
chemical activation is based on a pretreatment (washing, drying at 65-105 °C., grinding) followed
by the incorporation of an acidic, basic or saline agent (koCO», ZnCl.) before or after
carbonization at 400-800 °C., which makes it particularly suitable for lignocellulosic biomass
[99,101]. The activation in a single step (impregnation then heating) is fast but can induce
excessive combustion, while microwaves make it possible to considerably reduce the treatment
time [102]. The two-step method, including carbonization and then activation, makes it possible
to obtain a porous carbonaceous material without prior grinding but increases the duration, the
energy consumed and the costs, and is not always more efficient even when coupled with
microwaves [103,104]. The microwave activation, more ecological, improves energy efficiency
thanks to the selective absorption of certain biomass and limits self-gasification by rapid and
homogeneous heating [105-108]. The activating agents strongly modulate the final structure: acid
treatments depolymerize cellulose and hemicellulose, promote deligification and the formation of
symmetrical pores, in particular with HCI or HsPOs, the latter generating large specific surfaces
(up to 1218 m2 /g from olive pits) [109-111]. Basic treatments, in particular with KOH, fragment

the fibers, develop microporosity and can reach high surfaces, such as 2300 m2/g for cane
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bagasse [76,112,113]. The salts influence the hydrolysis of hemicelluloses, can cause a
Leidenfrost effect generating steam explosions and catalyze gasification above 400 °C [109]. The
ZnCl: is very efficient, giving for example 1836 m2 / g for the seeds of Elacagnus angustifolia or
1489 m2 / g for potato peels activated at 400 ° C [114,115]. Finally, although little studied, FeCl.
and fecl. show a notable efficiency, fecl. making it possible to obtain up to 1680 m2/g from Tara

gum between 400 and 1000 °C. [116,117].

1.4. Bibliographic review on the adsorption of CV, CR and MR

In recent years, the issue of wastewater treatment containing dyes has aroused increasing interest
among researchers. Among the various treatment approaches, absorption is generally considered
the most effective and frequently used method for removing dyes. The current section presents a
synthesis of various studies on the adsorption of crystal violet (CV), congo red (CR) and methyl

red (MR) on various adsorbent materials.

1.4.1. The adsorption of crystal violet

In 2023, research was published describing the development by researchers of an activated
carbon made from bamboo fibers, used for the adsorption of crystal violet. The material
demonstrated an exceptional adsorption capacity, amounting to 1353.09 mg/g. Under optimal
conditions (0.04 g of adsorbent, 600 mg/L of CV, 25 °C., 30 min), the removal rate of the dye
was 99.96%. The adsorption was in accordance with the Langmuir isothermal model and
pseudo-second-order kinetics, which suggests a monomolecular process regulated by the

interactions between the functional groups of the coal and the dye[118].

Two varieties of biochar, produced at temperatures of 350 °C and 450 °C respectively from
banana stems, were examined in terms of CV adsorption efficiency. The biochar produced at a
temperature of 350 °C (BSB-350) demonstrated a maximum adsorption capacity of 208.33 mg/g,
while the one manufactured at 450 °C (BSB-450) presented a capacity of 153.50 mg/g. Both

obeyed the Langmuir model, which suggests monomolecular adsorption[119].
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Radish leaves were used as a biosorbent in a previous study, demonstrating an adsorption
capacity of 48.7 mg/g for CV. The pseudo-second-order kinetic model, with a coefficient of
determination R? of 0.999, demonstrated a strong affinity for the dye[120].

1.4.2. The adsorption of congo red

Research has shown that orange peel biochar treated with cetyltrimethylammonium bromide
(CTAB) exhibits a significant adsorption capacity towards congo red. The modified biochar
(NOBC) has a maximum adsorption capacity of 290.1 mg/g after 60 minutes, while the
unmodified biochar displays a capacity of 155.2 mg/g after 210 minutes. The adsorption is
described by the Langmuir isothermal model and the pseudo-second-order kinetic model, which

suggests a monomolecular adsorption mainly governed by electrostatic interactions[121].

Cowpea seed husks, a by-product of agriculture, have been used as a biosorbent in order to
remove the Congo red from aqueous solutions. The maximum adsorption capacity reached
amounts to 161.29 mg/g, after an equilibrium time of 60 minutes. The experimental results show
a good agreement with the Langmuir isothermal model as well as with the pseudo-second-order

kinetic model, which suggests chemical adsorption on homogeneous sites[122].

The seeds of the date palm have been used as a biosorbent for congo red. The maximum
adsorption capacity reached is 51.245 mg/g. The adsorption is described by the Langmuir
isothermal model and the pseudo-second-order kinetic model, which suggests chemical
adsorption on homogeneous sites. The thermodynamic parameters reveal that the process is both

spontaneous and endothermic[123].

1.4.3. The adsorption of methyl red

Research has shown that biochar made from Rumex abyssinicus stems exhibits a maximum
adsorption capacity of 42.34 mg/g for Methyl Red. The adsorption conforms to the isothermal
Freundlich model (R? = 0.99), which suggests the presence of a heterogeneous surface and a
multilayer adsorption. Kinetics is characterized by the pseudo-second-order model, which
implies adsorption of a chemical nature. The adsorption process involves electrostatic

interactions, hydrogen bonds and m-m interactions between the functional groups of the biochar
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and the Methyl Red molecules. A maximum yield of 99.2% was obtained at a pH of 6, using an
initial concentration of 70 mg/L and an amount of adsorbent of 0.2 g/100 mL[124].

An activated carbon, made from coffee grounds treated with silver, was used for the adsorption of
Methyl Red. At a pH of 4, the maximum adsorption capacity reaches 9.86 mg/g. The adsorption
conforms to the Langmuir isothermal model, while the kinetics are represented by the pseudo-

first order model, which suggests adsorption of a chemical nature[125].

Biochars derived from the pyrolysis of fennel seeds and activated by physical and chemical
methods have been studied as to their adsorption capacity of methyl red. The adsorption
capacities vary from 26 to 135 mg/g. The adsorption is described by the isothermal Freundlich
model, which implies a multilayer adsorption process on a surface exhibiting heterogeneity.
Kinetics is characterized by the pseudo-second-order model. The efficiency of adsorption
increases with increasing temperature, and thermodynamic analyses reveal a spontaneous and

endothermic process[126].

I.5. Bibliographic review on the use of pumpkin peels, and pomegranate crusts
as adsorbents

L.5.1. Pumpkin Peels as Adsorbents

Sharma et al. (2018) used KOH-modified pumpkin peels for the adsorption of Cu2 ions. The
optimal conditions were pH = 5, contact time = 60 min and adsorbent dose = 0.1 g. The
maximum adsorption capacity (Qmax) reached is 73.16 mg /g, showing that this activated alkaline

biochar constitutes an effective adsorbent for copper in aqueous solution.[127]

Allende et al. (2025) have developed an ecological method for converting pumpkin peels into
carbon nanomaterials via microwave-assisted pyrolysis under nitrogen, without chemical agents.
The biochar obtained has a specific surface area of 29.1 m2/g, a pore volume of 0.13 cm3/g and
average pores of 3.7 nm, with hydroxyl and carbonyl functional groups favorable to adsorption
and electrochemical reactivity. When used to modify a printed carbon electrode, it reduces the
charge transfer resistance from 10 kQ to 563 Q and allows the detection of nitrite with a detection
limit of 10 uM. This fast, sustainable and simple process recovers agricultural waste and paves

the way for applications in water treatment or electrochemical sensors[128].
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In the Eco-friendly Biochar from Pumpkin Peel study (2021), a biochar from pumpkin peels was
used for the adsorption of the dye Methylene Blue (MB). The optimal conditions were pH = 7-9,
contact time = 40-60 min and dose = 1 g /L. The maximum adsorption capacity (Qmax) reached is
208.3 mg / g, demonstrating that this biochar constitutes an effective, economical and ecological

adsorbent for the treatment of colored water[129].

1.5.2. Pomegranate Crusts as Adsorbents

The sulfonated pomegranate peel biochar (SPPBC) is obtained by carbonization of the peels
followed by a treatment with sulfuric acid to introduce SOsH groups. It has a high affinity for
cationic dyes such as Blue Methylene, with a maximum adsorption capacity (Qmax) of 161.9 mg /
g. The optimal conditions are: dose 0.18 g, pH ~ 9.7, temperature 49 ° C, contact time 4.3 h. This
simple and ecological process allows a effective adsorption thanks to the porosity of the biochar

and the sulfonated functional groups.[130]

In this study, the authors prepared a biochar from pomegranate peels (PP biochar) via
carbonization (pyrolysis) then characterization (BET, FTIR, SEM, pHPZC). This biochar has a
very porous structure with a specific surface SBET = 508.9 m2/g, a total pore volume VT = 0.19
cm3/g, distributed between micropores (~50.8%) and mesopores (~49.2%), and a pH of charge
point pHpzc = 6.42. When used for the adsorption of cationic dyes (crystal violet CV and
methylene blue - MB), the maximum capacity determined by the Langmuir model (qmax) reaches
201.2 mg/g for CV and 320.6 mg/g for MB (in simple systems). The adsorption kinetics follow a
pseudo-second-order model (and sometimes the Avrami model), which suggests that the

adsorption is controlled chemically or via surface interactions[131]

1.6. Conclusion

This chapter presents a comprehensive overview of the phenomena of adsorption, which is
currently an effective and straightforward therapeutic strategy. Activated carbon is the standard
adsorbent; nevertheless, its expense compels researchers to explore other materials, particularly
those derived from plant biomass or agricultural byproducts. This plentiful and renewable

biomass presents a promising ecological and economic alternative for wastewater treatment.
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This chapter concludes with an overview of current investigations on the adsorption of crystal

violet, congo red, and red methyl, which constitute the primary focus of our research.
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Chapter II: Materials, Experimental methodology and characterization techniques

I1.1. Introduction

The objective of this chapter is to describe the various protocols used for the preparation of
the materials examined and evaluated in the process of adsorption of crystal violet (CV),
congo red (CR) and methyl red (MR) dyes. Next, we will describe in detail the procedure for
the preparation of the selected pollutants, as well as the analysis tool used, namely UV-visible
spectroscopy. Subsequently, we will present the analytical methods used to characterize the
adsorbent materials, in particular Fourier transform infrared spectroscopy (FTIR), thermal
analysis (TGA/DTA), scanning electron microscopy (SEM) and the determination of the
isoelectric point. The analysis of adsorbents is of crucial importance in the understanding of
the mechanisms related to adsorption and in the evaluation of the influence of the

physicochemical properties of materials on the degradation efficiency of dyes.

I1.2. Materials and methods

11.2.1. Materials

All the chemicals used in this research, including CV, CR and MR with 99.99% purity,
H3PO4(85%), HC1(37%), NaOH(99%) , NaCl(99.9%) and ethanol (99%) were obtained from
Sigma Aldrich. The turnip leaves, pumpkin peels and pomegranate crusts were harvested in

the region of Setif, in Algeria.

11.2.2. Methods

I1.2.2.1. Preparation of adsorbents

Turnip leaves and pumpkin peels were collected in the Setif region. They have been
thoroughly washed with tap water, then rinsed with distilled water to remove impurities. After
washing, the samples were dried, then ground using a mortar until a fine powder was

obtained, designated under the name of turnip leaves (TL) and pumpkin peels (PP) .

A portion of this powder was then chemically activated by mixing with phosphoric acid
(HsPO4) at 1 M, according to a mass ratio of 1:1 (10 g of powder per 10 g of HsPO.). The
mixture was kept stirring in the open air for 24 hours. Subsequently, the material was washed

with distilled water until a neutral pH was reached, then dried at 60 °C. for 24 hours. Finally,
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it was ground again to obtain an activated fine powder, designated under the name of TLA

and APP. figures II.1 and I1.2 represent images of turnip leaves and pumpkin peel respectively

The pomegranate crusts (PC) were prepared according to the same procedure as that used for
turnip leaves and pumpkin peels. After drying and grinding, the powder obtained was
chemically activated using phosphoric acid (H3PO4) at 3 M, keeping the mixture stirring for

10 hours at room temperature.

The mixture was then washed several times with distilled water until neutral (pH = 7), then

dried in an oven at 100 ° C. for 24 hours.

After drying, the material was calcined in an oven at 450 °C. for 1 hour in order to complete
the activation. The final product, designated under the name of activated carbon based on
pomegranate crusts (APC), constitutes an adsorbent material. Figure I1.3 illustrates photos on

the crusts of pomegranates.

Figure I1.1. (A) The turnip leaves, (B) the powder of the raw turnip leaves TL, (C) the
activated turnip leaves TLA.

Figure I1.2. (A) The pumpkin peels, (B) the powder of the raw pumpkin peels PP, (C) the
activated pumpkin peels APP.
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Figure IL.3. (A) The pomegranate crusts, (B) the powder of the raw pomegranate crusts PC,
(C) the activated pomegranate crusts APC.

11.2.2.2. Preparation of adsorbates

In this research work, we used a cationic dye, crystal violet (CV), as well as two anionic dyes,
congo red (CR) and methyl red (MR), all obtained from the Sigma-Aldrich company. The
stock solutions of each dye were prepared by dissolving 1 g of dye in 1000 mL of distilled
water. The daughter solutions were then obtained by appropriate dilution of the mother

solutions.

The analysis of the various initial or residual concentrations of the CV, CR and MR solutions
was carried out using a UV-Visible spectrophotometer (Shimadzu UV-Vis 1700), at the
respective maximum wavelengths of 590, 500 and 520 nm. This device makes it possible to
directly measure the optical density (or absorbance) of each solution, which makes it possible
to determine the concentrations thanks to the Beer-Lambert law, which establishes a
proportionality relationship between the absorbance and the concentration of the analyzed
solution[1].The calibration curves of the CV, CR and MR dyes figure 11.4 were established by
measuring the absorption of the diluted solutions at the maximum absorption wavelength

specific to each of the dyes.
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Figure I1.4. Calibration curves of : (A) crystal violet, (B) congo red, (C) methyl red.

I1.3. Study of adsorption

Each adsorption experiment was carried out in a discontinuous system at ambient temperature
(25°C.) with stirring at 250 rpm. In addition to the effect of the adsorbent quality, we also
studied the effects of pH (between 2 and 12), dye concentration (3 — 1000 mg/l), contact time
(5-4320 min) and temperature (25, 30, 40 ° C) for pumpkin peels and pomegranate crusts and
(10,25,30,40 °C) for turnip leaves. In addition to experiments to study the effect of
temperature, the samples were separated from the adsorbent by centrifugation and then
analyzed using a UV-visible spectrophotometer (model UV-2401PC) . Determine the residual
concentration of dye in each suspension using the calibration curve previously established.

Equations (II.1), (I.2), and (II. 3) were used to calculate the adsorption capacity (in mg/g) at

the desired time (qt), at equilibrium (qe), as well as the percentage (R%) of elimination [2]:
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Removal percentage = % x100 (I.1)
(Ci-Ct) x V

q=—"— (I1.2)
(Ci-Ce) x V

o= (IL3)

where C; and C. ,C; are the starting and equilibrium concentrations, respectively expressed in
(mg/L), and m is the mass of the adsorbent expressed in (g). V is the volume of the solution

expressed in (L).

I1.4. Method of analysis

I1.4.1. UV-Visible (UV-Vis)

UV-Visible Spectrophotometry (UV-Vis) is an analytical technique widely used to study the
optical properties of solid materials. It plays an essential role in determining parameters such
as the band gap and the absorption coefficient [3]. This method consists in illuminating a
sample using monochromatic light, thus generating reflected rays and diffusely scattered rays
[4]. The latter are picked up by an integrating sphere, which redirects them unidirectionally
towards a detector, while the reflected rays are eliminated. The theory of diffuse reflectance,
developed by Kubelka and Munk in 1931, makes it possible to relate diffuse reflectance to the
absorption coefficient through the following equation[5] :

K_ (-Ry?

S ™ (11.4)

where k represents the absorption coefficient, S the diffusion coefficient, and R the diffuse

reflectance.

I1.5. Characterization methods

I1.5.1. The Brunauer, Emmet and Teller method (BET)
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The specific surface area values (SSA) were estimated from the nitrogen adsorption isotherms
by applying the BET equation (Brunauer-Emmett-Teller). The isotherms were generated
using the Micromeritics ASAP 2020 system. The samples underwent a degassing process at a

temperature of 120 °C. for a period of 1 hour before being measured.

I1.5.2. Fourier transform infrared (FTIR)

The infrared absorption spectra were recorded using a Fourier Transform Infrared (FTIR)
spectrometer (IRAffinity-1S; Shimadzu, Japan) with the potassium bromide (KBr) pellet
method, in the wavenumber range of 4000400 cm™. Infrared spectroscopy was employed to
analyze the chemical structure and identify functional groups present in both the raw materials
and the synthesized activated carbons. By comparing the spectra of the raw material with
those of the activated samples, the effects of chemical activation on the material's chemical

composition were evaluated[6].

I1.5.3. Scanning electron microscopy (SEM) analysis:

Scanning electron microscopy (SEM) is an analysis method that makes it possible to acquire
high-resolution images of the topography of samples based on the interactions between
electrons and matter. It offers the possibility of analyzing the surface of the adsorbent,
including its morphology: its shape, its general appearance, its porous structure, etc. These
characteristics are of paramount importance in understanding the adsorption process and the
interactions between the adsorbent and the adsorbate. This technique is widely used by many

researchers to characterize raw, modified, as well as post-adsorption materials[7].

Using the NEOSCOPE JEOL scanning electron microscope (model JCM-5000), SEM images
of the surface morphology of TL, TLA, PP, APP, PC and APC samples were obtained.

I1.5.4. X-ray diffractometry

X-ray diffraction (XRD) is an analysis technique based on the interaction of X-rays with
matter. It is widely used to characterize the structure of materials, including biomass. This
method makes it possible to determine whether the structure of the sample is crystalline or

amorphous, to evaluate its purity, as well as to measure the interlamellar distance[8].
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In this study, the XRD diffractograms were obtained using an X'VERT Pro analytical
diffractometer, over an angular range of 20 comprised between 10° and 60°, with a
measurement step of 0.02° and an acquisition time of 1 second per point. The radiation used

was the Ka radiation of copper, with a wavelength of A = 1.5406 A.

I1.5.5. Thermogravimetric analysis (TGA/DTG)

Thermogravimetric analysis (TGA) and its derivative (DTG) are thermal techniques for
studying the behavior of materials as a function of temperature. They make it possible in
particular to determine thermal properties such as degradation, melting and crystallization

temperatures, in particular for small molecules[9].

A gravimetric thermal analysis (TGA) was carried out using a SETSYS national Statistical
system, with a heating rate of 10 °C/min up to 1200 °C, in an air atmosphere, The use of the
derived DTG curve resulting from the thermogravimetric analysis (TGA) makes it possible to
determine more precisely the mass losses, by identifying in a more distinct way the

temperatures of beginning and end of the different stages of degradation [10].

I1.5.6. Determination of Point of Zero Charge, pHrzc

The point of zero charge pHpzc , corresponds to the pH at which the negative and positive
charges on the surface of the adsorbent are balanced. When the pH of the solution is higher
than the pHpzc the surface functional groups are predominantly deprotonated due to the
presence of OH™ ions. On the other hand, if the pH of the solution is lower than the pHpzc,

these groups are protonated under the effect of an excess of protons H'.

The determination of the Point of Zero Charge was carried out according to the method

described by B.K. Nandi [11].

To determine the pHpzc of the adsorbents studied, 20 mL of distilled water were introduced
into a series of beakers, the initial pH of which was adjusted between 2 and 12 using solutions
of NaOH (0.1 M) or HCI (0.1 M). Then, 20 mg of each prepared adsorbent were added to each
beaker. The suspensions were stirred for 24 hours at ambient temperature, then the final pH of

each solution was measured[12].
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I1.6. Conclusion

In this chapter, the protocol of the experimental tests on the elimination of dyes by adsorption
on previously prepared biomass has been exposed. The specific polluting substances and the
adsorbent materials used, as well as the processes for their preparation, were exposed. In
addition, a detailed description of the various methods of material characterization has been

provided.
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Chapter II1: Enhanced bio-adsorbent derived from turnip leaves for crystal violet
removal in aqueous solutions: Experimental investigation, characterization, and machine
learning modeling

I11.1. Introduction

The manufacturing of textiles is one industry that grows as a result of science and technology
progressing more quickly[1]. These effluents pose a threat to human health and aquatic life,
and their release into collecting rivers undermines the sustainability of the
environment[2].Numerous studies highlight the harmful effects of colorants on the
environment, damaging aquatic ecosystems and lowering water quality. They are known for
their can crescent properties, genetic mutations, and potential skin issues like dermatitis,
allergies, and irritations.[3].one of these dyes is crystal violet that must be eliminated from
wastewater due to its toxicity to organisms and its non-biodegradable properties[4].
Adsorption has been identified as one of the most popular techniques for decontaminating
aquatic bodies since it is effective and versatile enough to be employed in a wide range of
situations. Adsorption is a commonly used process in industry, mostly for recovering
solvents, treating contaminated effluents with low concentrations of organic pollutants, and
purifying drinking water among other uses[5]. The selection of the adsorbent material and
process variable optimization are critical to the effectiveness of adsorption as a separation
process[6].Organic, synthetic, and organic materials derived from plants or animals can all be
used in the adsorption of organic contaminants. Plant-based materials can take many different
forms, such as cellulose from plants that resemble cotton, peanut bark, straw, hay, maize cobs,
and bark fibers[7]. The equilibrium of multicomponent adsorption presents intricacies owing
to the nonlinearity inherent in the relationships among dependent variables, alongside the
intricate interactions prevailing between the adsorbent and the adsorbate, which may manifest
as synergistic, antagonistic, or non-interacting phenomena[8].Chemical species undergo
simultaneous adsorption with varying degrees of competition, influenced by numerous
thermo-physicochemical and morphological parameters[9,10]. As a result, various theoretical
and empirical models have been proposed in literature to elucidate this phenomenon,
encompassing kinetics such as pseudo-first-order, pseudo-second-order, liquid film diffusion,
and isotherms such as competitive Langmuir, Freundlich, Temkin, Sips, and Elovich
models[11]. However, the application of these models is constrained due to their reliance on
restrictive assumptions concerning the physicochemical nature influencing the adsorption

system[12]. Consequently, the complexity of this process has prompted the utilization of
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machine learning algorithms as a potent tool, offering advantages over classical methods by
directly addressing nonlinear relationships derived from samples without prior knowledge of
the chemical or physical characteristics impacting the system[12,13]. Scholarly publications
have used a variety of machine learning approaches as complex mathematical techniques to
simulate the adsorption capacity of single and multicomponent adsorption systems. Support
vector machines (SVM) and artificial neural networks (ANN) are two examples of these
techniques[14,15]. In our study, which aims to adsorb the crystal violet (CV) present in an
aqueous solution, turnip leaves from local crops were selected as adsorbent material due to

their low cost and their high availability.

This chapter presents the results of the various CV adsorption tests, in particular the effect of
the adsorbent dose, pH, ionic strength, etc. It also includes the results relating to kinetics,
adsorption isotherms as well as thermodynamic parameters., To model the multicomponent
dynamic adsorption of this organic dye on our biosorbent, we adopted a hybrid approach
combining the SVM-Discriminate optimization method and the SVM-DA model. This

modeling is based on a rich and representative set of data.

Finally, a regeneration study of the adsorbent was carried out, followed by a comparison with

other biomasses capable of eliminating the violet crystal.

I11.2. Study of adsorption

The adsorption experiments were carried out in batch mode by mixing 20 mL of CV solution
of known concentration with 20 mg of adsorbent. The effects of adsorbent dosage (2-20 mg),
initial CV concentration (5-1000 mg/L), effect of pH (2-10), Effect of particle size(50, 63, 90
and 100 pm)and ionic strength(0.5 M to 3 M of NaCl), contact time (5-1440min) and
temperature (10-40 °C) on the adsorption of CV were studied under stirring at 250 rpm. After
adsorption, the biosorbent was separated by centrifugation. The solutions were centrifuged at
3000 rpm for 3 min using a centrifuge (SIGMA 2-16P, Germany). The supernatant fraction
was analyzed at a wavelength of 590nm using UV-visible spectrophotometer (Shimadzu
UV/Vis 1700, Japan).The removal percentage (R%) of the CV and the quantity adsorbed to
the surface of the TL and TLA (qt, (mg/g)) were determined using equations Chapter II [16]:
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I11.3. Results and discussion

II1.3.1. Characterization of TL and TLA

The BET method was used to calculate the area, namely for the TL and the TLA. The results
indicate specific surface area, of 0.9248 m?/g for TL, and 4.7386 m?*/g for TLA.

The spectra of the TL and TLA samples are shown in Figure III.1. The peaks in the region
(3283 cm!) were attributed to the hydroxyl (~OH) groups of alcohols, phenols, carboxylic
acids and water adsorbed on TL and TLA, confirming the presence of cellulose [17]. The
peaks at 2915 and 1410 cm™! were attributed to the CH stretching vibration of ~CHs— or —
CH>-[18]. The peak at 1028 cm ™! was attributed to the C—O-C and C—O stretching vibrations
or O—H bending vibrations in alcohols, phenols, and carboxyl groups[19]. the bands observed
at (1584 cm™!) were engendered by amide C=O and NH groups[20]. The peak at 600 cm™
corresponded to the C—N stretching vibration[21].
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Figure III.1. FTIR spectra of TL and TLA.

From the graph presented in Figure 111.2, The TL and TLA's pHpzc value were determined to
be 7.2 and 7.4 respectively. which means that the surface of TL and TLA was positively
charged when the solution's pH was lower than 7.2 and 7.4 and adversely charged when the

solution's pH was more than the 7.2 and 7.4.
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Figure 0.2. Isoelectric points of TL and TLA.

Figure II1.3 shows the SEM micrographs of the raw focus the surface of the leaf fibers, while
Figure II1.4 shows the surface of the turnip leaves after activation. The images clearly show
the surface roughness and varied morphology of turnip greens, which are made of fibers.
Natural cellulose fibers are multicellular, with lignin and hemicellulose binding together a
bundle of individual cells. After the chemical treatment was completed, the cellulose
microfibrils in the raw fibers separated from each other and the majority of lignin and

hemicellulose were removed, as shown in Figure I11.4[23].
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Figure II1.3. Scanning electron micrographs of the raw surface of the turnip leaves (TL).
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Figure I11.4. Scanning electron micrographs of the surface of turnip leaves activated (TLA)
with H3POs.

The results of the analysis by X-ray diffraction (XRD) of the turnip leaves before and after
treatment are presented in Figure III.5. The diffractograms revealed an amorphous structure
for the two samples, indicating that the treatment with orthophosphoric acid did not alter their
crystalline organization. Figure IIL.5 also showed a large and intense peak around 26 = 22°
and 43°, indicating the presence of dehydrated cellulose and hemicelluloses. The amorphous
nature of the structure was confirmed by the presence of lignin and hemicellulose, identified

by a low intensity peak[22].
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Figure IIL.5. XRD data of treated and raw Turnip leaves.
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The results of the thermogravimetric analysis (TGA) provide information about the
temperature range at which the sample remains stable or becomes unstable. Figure II1.6
illustrates the thermogravimetric analysis of the TL and TLA samples, carried out in a
temperature range between 30 and 1200 °C. It is apparent from this figure that the two
samples present similar results, characterized by four distinct steps. The first phase, extending
from 30 to 150°C, led to a 10% decrease in the mass of the samples, mainly due to the loss of
surface water. The second phase, between 150 and 230°C, corresponded to an equilibrium
phase without significant loss of mass. Then, the third stage, between 230 and 365°C. was
characterized by a significant loss of mass of about 77%, probably due to the release of

gaseous compounds (CO2, CHa, CO, H:) or to the degradation of hemicelluloses[22].
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Figure II1.6. Thermogravimetric analysis of TL and TLA.
I1.3.2. Effect of experimental conditions

I11.3.2.1. Effect of adsorbent dosage

The results obtained from the adsorbent dosage experiment are expressed in the Figure I11.7
.This figure shows that the adsorption efficiency increased from 41.32% to 92.60% and 49.7%
to 97.5% of TL and TLA respectively when the dose of adsorbent increased froml to 14 mg.
After 20 mg, it gradually began to stabilize. on the other hand, the maximum adsorption
capacity decreased sharply as the mass of the adsorbent increases from 1 mg to 14mg, then
gradually up to 20 mg, at which point it approached a practically constant mass. At low doses
of Biosorbent, the pigment CV cations easily access to the adsorption sites of the biosorbent,
leadin to a rapid increase in the amount adsorbed with the mass of the biosorbent. Beyond this

mass, the number of sites becomes occupied [23].
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Figure I1L.7. Effect of the dose of leaf waste from turnips on the amount and percentage of

crystal violet dye absorbed.

111.3.2.2. Effect of initial concentration

Figure II1.8 shows the results of the initial concentration of TL and TLA effect at 25 ° C with
a working range of (5 - 1000 mg / 1) and we have drawn the adsorbed amount and the yield as
a function of the initial concentration. There is a decrease in the yield from 86% to 39% and
86.81% to 46.54% of TL and TLA respectively with the increase in the concentration of CV
due to occupation of the active sites of TL and TLA. This result could be explained by the
deficiency of active sites necessary to support the high initial concentration of the dyes. At

low concentrations, the adsorption sites absorbed the available solute more quickly[17] .
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Figure I1L.8. Effect of initial concentration of CV by TL(a) and TLA(b).
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I11.3.2.3. Effect of pH

To evaluate the effect of the pH, suspensions were prepared by dissolving 20 mg of powder in
20 mL of a CV dye solution at a concentration of 100 mg/L. After adjusting the pH between 2
and 9 using HCI or NaOH solutions (1 M) and stirring the mixture, the determination of the
supernatant was carried out under the same conditions, as previously. Figure I11.9, illustrating
the variation in the percentage of elimination as a function of the pH, highlights the influence
of the initial pH. A low yield is observed for very low pH values compared to pHpzc, probably
due to the repulsion force between the positively charged material and the cationic dye CV.
The percentage of elimination (R%) increased gradually with the pH until reaching a
maximum at the natural pH of 7. This increase is explained by the increase in the negative
charges at the surface of TL and TLA, due to the rise in pH. The increased presence of

negative charges on the surface of the biosorbent then favors the adsorption of the cationic

dye CV at pH = 7[24].
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Figure I11.9. Effect of pH of TL and TLA.
I11.3.2.4. Effect of particle size

The Effect of particle size was carried out by varying the size of the TL and TLA particles
(50, 63, 90 and 100 pm), with 20 mg of product and 20 mL of CV solution (100 mg/L) at 25
°C. Figure III.10 represents the percentage of elimination as a function of the NaCl

concentration.
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It was found that the adsorbed quantity (Qads) decreased as the particle size increased. In
reality, a decrease in the size of the particles leads to an increase in their specific surface area,
which favors the adsorption process. On the other hand, larger particles have a smaller

specific surface area, which restricts the adsorption process.
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Figure II1.10. Effect of particle size.
I11.3.2.5. Effect of ionic strength

The influence of the ionic strength was analyzed using NaCl as the reference electrolyte. The

study was carried out by varying the NaCl concentrations from 0.5 to 3 mol/L.

a salt, namely sodium chloride (NaCl), was used in this research. The graph presented in
Figure III.11 shows how the adsorption of the CV on TL and TLA varies as a function of the
salt concentration, which varied from 0.5 M to 3 M. An increase in the adsorption of the CV
can be observed as the salt concentration increased, with slight variations depending on the
nature of the salt. Consequently, the increase in the ionic strength led to a significant increase
in the adsorption capacity of the CV on TL and TLA. This phenomenon can be explained by
the creation of charges on the upper surface of our materials by NaCl which promotes

adsorption[25].
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Figure II1.11. Effect of ionic strength.

II1.3.3. Kinetics of adsorption

Three concentrations (5, 10, 50 mg / 1) were used to study the effect of the CV contact time on
TL and TLA at pH 7 and at ambient temperature with a mass of 20 mg. According to Figure
III.12, adsorption occurs rapidly during the first 30 minutes of contact and then gradually
increases until equilibrium is reached in about 120 minutes for TLA and 150 minutes for TL.
The rapid absorption at the first stage has been attributed to the availability of free adsorption
sites on the surface of the bioadsorbent, These sites gradually become saturated And this is
what explains the stability [26].In addition, it is observed that the amount of adsorbed TLA is
greater than that of TL because the chemical activation has increased the surface of the hole,
thus the adsorption capacity. Four kinetic models, the pseudo-first-order (PFO), the pseudo-
second-order (PSO), Elovich kinetics, and intraparticle diffusion models.have been researched
in order to completely comprehend the adsorption phenomena and the ratio of
adsorbate/adsorbent. The parameters of the referenced models are illustrated in Table III.1
and Table I11.2. According to the high values of R? for TLA and TL (0.984-0.996 and 0.984-
0.998 respectively) and the low values of X? (0.005-2.46 and 0.016-0.101), the adsorption of
CV on TLA and TL is well described by the pseudo-second-order kinetic model in the range
of concentrations studied, compared to the pseudo-first-order model (R? of 0.982- 0.992 and
0.935-0.983) and X? of (0.016-0.129 and 0.076-2.31) for the two adsorbents. In addition, the
adsorption capacities calculated (q _cal) by this model are close to the experimental values
(q_exp). The rate constants ki and k» are also very dependent on the concentration of the CV,

decreasing when the initial concentration Cy increases. A similar kinetic behavior has been
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observed for CV adsorption in other studies[27-29]. Elovich modeling, with an R? value of
0.914-0.941 for TLA and 0.997-0.968 for TL, supports the kinetic modeling data [30]. The

intraparticle diffusion model was also used to verify the effect of the resistance to mass
transfer on the binding of the CV to the adsorbents[31]. The plot of qt vs v/t in Figure IT1.13
even describes two steps: the first is the continuous diffusion of CV in the adsorbents at/t<8
for TLA and /t<6 for TL, and the second is the continuous diffusion (adsorption) at8<v/t<16
for TLA and for TL is 6 <+/t<17. In addition, the graph in Figure III.13 does not go through

the origin (C (mg / g) is not zero),indicating that the diffusion was not only a speed

determination process[32].
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Table III.1. Kinetic model parameters of TL.

‘ C0 (mg/L) 5 10 50
ge,exp(mg/g) 4.16 8.98 34.43
Pseudo-first-order
ge (mg/g) 3.97 8.43 33.30
ki (min™") 0.107 0.208 0.138
R? 0.983 0.935 0.972
x? 0.07622 0.33007 2.31656
Pseudo-second-order model
ge (mg/g) 4.44 9.38 39.02
k2(g/mg-min) 0.044 0.042 0.006
R? 0.986 0.984 0.998
x? 0.016 0.076 0.101
Elovich
o (mg/g.min) 21.19 19.97 136.75
B (mg/g) 2.17 1.50 0.30
R? 0.979 0.997 0.968
x? 0.024 0.014 2.63
Intraparticular diffusion model
Stepl Step2 Stepl Step2 Stepl Step2
K3(mg/g-min®?) 0.348 0.030 0.415 0.095 3.05 0.211
C 1.56 3.68 5.52 7.52 14.10 31.19
R? 0.987 0.585 0.951 0.902 0.939 0.988
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Table II1.2. Kinetic model parameters of TLA.

C0 (mg/L) 5 10 50
ge,exp(mg/g) 4.53 9.56 39.14
Pseudo-first-order
ge (mg/g) 4.44 9.38 39.02
ki (min™") 0.114 0.081 0.055
R? 0.989 0.992 0.999
x? 0.016 0.061 0.129
Pseudo-second-order model
ge (mg/g) 4.69 10.05 42
k2(g/mg-min) 0.041 0.012 0.001
R? 0.996 0.993 0.984
x? 0.005 0.048 2.46
Elovich
a (mg/g.min) 33.54 10.52 11.52
B (mg/g) 2.03 0.742 0.141
R? 0.941 0.934 0.924
x? 0.091 0.513 11.91
Intraparticular diffusion model

Step1 Step2 Step1 Step2 Stepl Step2
K3(mg/g-min®)  0.482 0.027 1.248 0.081 6.246 0.322
C 1.440 4.14 1.320 8.37 1.64 34.51
R? 0.844 0.646 0.899 0.678 0.982 0.600

I11.3.4. Adsorption isotherms

The pigment fixation data on turnip leaves are processed using the nonlinear Langmuir and

Freundlich equation[33]. The purpose of these equations is to validate the model in which

adsorption occurs and to be able to draw conclusions about the maximum adsorption capacity

and the affinity of the adsorbent for the adsorbent. Figure II.14 shows the expected

adjustment curve of the isothermal model, which was recorded to show how temperature
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affects the process of biosorption of crystal violet on the surface of TLA and TL. It is noticed
that the shape of the isotherm is of type L according to the classification of Limousin et al
[34]. this isotherm demonstrates that, particularly at low concentrations, CV has a
considerable affinity for the TLA and TL surface., The table III.3 and table II1.4 also includes
the calculated isothermal parameters. The tests were carried out with CV concentrations

ranging from 5 to 1000 mg / L and at 25 °C[35].

111.3.4.1. The Langmuir isotherm

To estimate the maximum adsorption capacity which corresponds to a complete monolayer
coverage of the surface of TLA and TL by the CV, the Langmuir isothermal model was
selected[36].

In comparison to the Freundlich R?adj value, the Langmuir model's R?adj for TLA and TL
(0.987-0.995) is superior. Furthermore, the K1 values of TLA and TL, which fall between 0
and 1, are 0.005 and 0.0048, respectively, and show that the two biosorbents have done a
decent job of adsorbing the CV[37].

111.3.4.2. The Freundlich isotherm

The adsorbates absorption intensity on the adsorbent surface was estimated using the

Freundlich model[38].

The weak correlation with the Freundlich model assumes that multilayers are formed at high
concentrations of CV. The type and intensity of the adsorption process both affect the
parameter n, which gives information about the adsorption force. The adsorption is physical
and advantageous when the value of kr (16,75 for TLA and 12,52 for TL) is greater than 1
and the value of 1/n (1/n=0.549 for TL and 1/n=0,531 for TLA) less than 1,and what is

achieved in our case [39].

I11.3.4.3. Sips isotherm

The Sips model is a three-parameter model derived from the combination of Langmuir and
Freundlich isotherms. He provided the best estimates for the adsorption of crystal violet (CV),
making it possible to conclude that CV adsorption occurs in a heterogeneous system. This

model takes into account a heterogeneity factor (ns= 1,071 for TLA and ns= 0,852 for TL )
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and avoids the limitation of the Freundlich isotherm, which is not capable of predicting the

formation of monolayers[40].

the Langmuir and Sips models represent values of (qm) respectively of (577.24, 621.76mg/g)
for TLA (521.05, 635.54 mg/g) for TL. all these results show that our bio-adsorbents have the

ability to eliminate micropollutants.
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Figure II1.14. CV adsorption isotherm on raw and activated turnip leaves (a) and (b).

Table II1.3. Isotherm model parameters of TL.

Two-parameter isotherm models Three-parameter isotherm models

Langmuir Freundlich Sips
gm=521.05 Kr=12.52 gm= 635.54
K= 0.0048 n=1.82 ks=0.007 n =0.852
R*=0.995 R*>=0.989 R*= 0.996
x? =85.11 x% =215.20 x%= 66.64
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Table III. 4. Isotherm model parameters of TLA.

Two-parameter isotherm models Three-parameter isotherm models

Langmuir Freundlich Sips

qm= 577.24 Kr=16.75 gm=621.76

K= 0.005 n=1.88 ks=0.007 ns=1.071
R*=0.87 R*=0.997 R*= 0.990

x? =332.7 x% =177.49 x? = 251.46

II1.3.5. Adsorption thermodynamics

Thermodynamic characteristics, such as changes in Gibbs free energy (AG), enthalpy (AH),
and entropy (AS), they are investigated and shown in the table III.5 and table II1.6, and they
are extrapolated from the plot of In (K¢) vs 1/T Figure III.15. in order to comprehend the

nature and viability of the adsorption procss[38], were determined by using the following

equations:
AG = — RT InKc III.1
AG®° = AH° — TAS° 1.2

Ky is the Langmuir equilibrium parameter, converted from unit (L/mg) to unit (L/mol)
According to the formula (18)[41-42]:
ki, (L /mol) =k (L /mg) * 1000 (mg/ g) * Madsorbate (g /mol) I11.4

where Magsorbate(g/mol) is the molecular weight of the CV contaminant (407.979g/mol).
Subsequently, the dimensionless adsorption equilibrium constant (K¢) is estimated as
Conforming to formula (19)[41-43]:

Kc = ki, (L/ mol) * Cref(mol/ L) * 1/Y IIL.5
Based on the ionic strength, the activity coefficient is denoted by 7y, and the molar
concentration of the reference state is indicated by Crr. It is widely acknowledged in the

standard method that the concentration of the adsorbate or pollutant in the reference state is
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1 M, or Crer= 1 mol/L[43-45].
R: universal gas constant (8.314 J/mol K); and T: absolute temperature (K).

The negative value of AG indicates that the adsorption of CV on the TLA and TL is a
spontaneous process. The negative AH values confirmed the exothermic character of the
adsorption process, The AH values are relatively low less than 40 kJ-mol™!, which suggests
that the adsorption has a physical effect[46]. Although AS is positive, this suggests that the
turbulence at the solid-solution interface is reduced. This decrease in the adsorption capacity

may be due to a decrease in the strength of the hydrogen bond or to a degradation of the bio

sorbent[32].

TL

Infk )= 3038,775*(1/T)+4,2613
1464 RP=0986

o 18,2
v
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1T (kK1)

Figure III.15. Thermodynamic of TL and TLA.

Table II1.5. Thermodynamic parameters of TL.

Temperature AH° (kJ.mol™)

(K)
283 -25.26

298
303
313

T T T
0,0032 0,0033 0,0034

15,6

15,4 o

15,0 1
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In(k.)= 2488,77(1/T)+6,75099
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AS° (J.mol.K1)

AG® (kJ.mol ™)



Chapter II1: Enhanced bio-adsorbent derived from turnip leaves for crystal violet
removal in aqueous solutions: Experimental investigation, characterization, and machine
learning modeling

Table I1.6. Thermodynamic parameters of TLA.

Temperature AHC (kJ.mol')  AS° (J.moll.K!) AG° (kJ.mol!) R?
(K)
283 -20.69 56.12 -36.576 0.987
298 -37.4179
303 -37.6986
313 -38.2599

I11.3.6. Adsorption mechanism

Understanding the adsorption mechanism or the ratio of adsorbate to adsorbent is crucial. The
adsorbent in our case is turnip leaves, which contains cellulose, hemicellulose, lignin, and
other minor elements. The CV is a cationic dye, meaning it carries positive charges. The FTIR
spectrum confirms that cellulose and hemicellulose comprise the majority of functional
groups, such as hydroxyl and carboxyl. The absorption process was carried out at pH > pHpzc,
where the CV+ cations and the negative surface charge interact mainly electrostatically.
Figure II1.16 shows the many methods that have been suggested. The following processes are

involved in the mechanism for removing CV via TL and TLA adsorption:

(1) Transfer of the dye from the solution to the adsorbent surface.

(i1)  Diffusion of the dye through the interface to the adsorbent surface

(i11)  Adsorption of the dye at the TL and TLA surface, which means that two

mechanisms may be responsible:

e Electrostatic interactions: (1) between the positively charged nitrogen atoms on the
CV and the negatively charged deprotonated carboxylate anions of TLA and TL; and
(2) between the hydrogen atoms and the density of delocalized electrons of the CV's
aromatic rings.

e The hydrogen atoms on the surface and the hydrogen in the hydroxyl groups of BSW
form hydrogen bonds [27,37].

e An interaction of the n- type can also manifest itself during the process of adsorption
of CV dye with TL and TLA. The CV dye is a polycyclic aromatic compound
containing several benzene rings. The FT-IR analysis of the biosorbent confirmed the

presence of C=C aromatic stretches, indicating the presence of these benzene rings.
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Moreover, due to the fact that these benzene rings are electronically rich regions, they
are capable of generating donor-acceptor stacking interactions with CV, TL and TLA.

Figure II1.17 illustrates the CV biosorption process.

Cation exchange

nt-rt interaction leaves Electrostatic
attraction
O
/ \
S i
A e—S

Ql Hydrogen bonding

Figure II1.16. The mechanism of interaction between the CV and turnip leaves.

TL---COOH &—— TL---CO00~ +H*

TL---CO0~ + CV te——— TL---COOCV

Figure II1.17. Explanatory Shema on the exchange of ions between the dye and the hydrogen.

I11.3.7. Desorption and regeneration studies

The results of the TLA regeneration tests Figure III.18 demonstrate remarkable reuse
efficiency, with the possibility of repeating the adsorption cycles more than 4 times without

observing a significant decrease in the adsorption yield. Indeed, a decrease in adsorption is
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observed from 3.51 to 10% between the first and the fourth cycles, which suggests a slightly

increased efficiency for TLA.
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Figure 0.18. Regeneration of TLA after adsorption of CV.

I11.3.8. Comparison of the adsorption capacities of the different adsorbents used for the
removal of CV dyes.

The maximum adsorption capacity is a property that measures the effectiveness of an
adsorbent in adsorbing organic pollutants. Because there is a rising need for inexpensive
adsorbents with large adsorption capacities, in this study we compared the maximum
adsorption capacities of the different biomass which eliminates the CV, Table III.7 displays

the comparison's findings.
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Table II1.7. Comparison of maximum monolayer adsorption capacity on various adsorbents.

Adsorbent Dose adsorbent Vadsorbat Concentration Qmax Equilibrium = Reference
(mg/l) (ml) (mg/1) (mg/ g) time (min)

Cedar cones 2500 100 50 13.64 Not given [47]

Arundo donax L. 4400 Not given 100 19.60 60 [48]

Pinus bark lg 50 20 32.78 120 [49]

powder

Papaya seeds 12000 50 50 85.90 60 [50]

powder

Almond shells 5000 40 30 12.2 90 [51]

(AS)

Raw turnip 1000 20 10 635.54 180 This work

leaves

Activated turnip 1000 20 10 621.76 120 This work

leaves

in the event that the crystal violet dye is retained. When compared to other comparable

adsorbents, the Raw turnip leaves TL biomass has a higher adsorption capability[52].

I1.3.9. Optimization of Support Vector Regression Model using Dragonfly Algorithm

The support vector regression (SVR) model was optimized using the Dragonfly algorithm to
fine-tune its hyperparameters within their specified ranges. The Dragonfly algorithm, coded
with 50 search agents and a maximum of 100 iterations, was employed to explore the
hyperparameter space efficiently.

The optimization process aimed to identify the optimal combination of hyperparameters
that minimizes the error of the SVR model while maximizing its predictive performance. The
hyperparameters considered in the optimization included the penalty parameter C, sigma (o),
the size of the insensitive zone (¢), and the choice of kernel function (Gaussian RBF, linear,

and polynomial).
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Figure I11.19. Visual representation of the optimization process, showcasing the convergence
of the Dragonfly algorithm towards the optimal solution over successive iterations.

After conducting multiple iterations, the best result was achieved at the 86th iteration, as
depicted in Figure II1.19. This iteration yielded the optimal set of hyperparameters that
resulted in the highest accuracy and lowest error for the SVR model. Table II1.8 presents the

results of the hyperparameter optimization process conducted using the Dragonfly algorithm

for the support vector regression model.

Table II1.8. Hyperparameters Results.

Penalty _ Size of the Quantity of
Sigma Kernel
Hyperparameter parameter insensitive ‘ support
o function
cC>0 zone (&) vectors
Gaussian
Optimal Value 2.0e+05 2.3233 1.1684 RBF 109

The results of correlation and additional metrics for the support vector regression model are

summarized in Table II1.9. These metrics provide insights into the performance and accuracy
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of the support vector regression model on the training set, testing set, and the entire dataset.
The Root Mean Square Error (RMSE) indicates the average deviation between the predicted
and actual values, while the determination coefficient (R?) represents the proportion of the

variance in the dependent variable that is predictable from the independent variables.

Table I11.8. Performance statistic criteria.
Data RMSE | R? r b slop
Train | 0.97338 | 0.9999 | 0.9999 | 0.2065 | 0.9995

Test | 1.0809 | 0.9977 | 0.9989 | 0.0973 | 0.9910
All | 0.99565 | 0.9998 | 0.9999 | 0.15197 | 0.9995

Additionally, the correlation coefficient (r) illustrates the strength and direction of the linear
relationship between the predicted and actual values. The parameters 'b' and 'slope' describe

the intercept and slope of the regression line, respectively.

The high values of R? and correlation coefficients demonstrate the excellent fit of the support

vector regression model to the data, both in the training and testing phases. see Figure I11.20.
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Figure II1.20. -a- Correlation between actual and predict of all data, -b- Correlation between
actual and predict of test data.
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Figure II1.20 illustrates the correlation between the actual and predicted data obtained from
the support vector regression model. This plot provides a visual representation of the
relationship between the observed values and the model's predictions. A strong correlation
between the actual and predicted data points indicates the efficiency of the regression model

in capturing the underlying patterns in the dataset.

I11.3.10. Model Deployment in Graphical User Interface (GUI)

The developed support vector regression model has been successfully deployed into a user-
friendly Graphical User Interface (GUI), allowing for intuitive and accessible interaction with
the predictive tool. Leveraging the capabilities of modern software development, the GUI
provides a seamless platform for users to input their data and obtain predictions based on the
trained model. Through the GUI, users can easily navigate through the various functionalities,

including data input, model prediction, and result visualization

p—
] MATLAB App - = >
Turnip Leaves
= Not Actived
v Actived
Weight (mg) | 1 | ‘ RUN
Initial
concentration (e} (mg/L) | 10 |
Dose of
leaf waste {nag/L) | so | 793
Time (miu) | 180 | Quantity Absorbed
Final concentration | 6.035 |

Figure II1.21. Graphical User Interface (GUI) of DA_SVM model.

I11.4. Conclusion

Raw and activated turnip leaves, an inexpensive and readily available biomass, have
proven to be very effective in removing crystal violet from aqueous solutions. the
optimal mass of TL and TLA is 20 mg, the maximum adsorption capacity was 635.54
mg/g for TL and 621.76mg /g for TLA. The mathematical modeling of the adsorption
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isotherms has established that the Sips model is adequate to accurately represent the
adsorption data for TL and TLA. The kinetic results were consistent with the pseudo-
second-order model for TLA and TL. In addition, it has been found that intraparticular
transport is the main factor governing the adsorption kinetics of the dye studied. The
negative values of AG, AH and AS indicate that the adsorption process is spontaneous
and favorable, the exothermic nature of the adsorption process and that there is a
random decrease during adsorption. The developed DA-SVM model demonstrates
versatility for the prediction of adsorption capacity in various systems of ternary
pollutants, including heavy metals, dyes, pharmaceuticals, hydrocarbons, as well as
organic and inorganic materials, relevant for water treatment and purification. To
facilitate its practical use, a unique graphical interface based on MATLAB has been
developed, using the parameters of the optimal model for accurate prediction of
responses. In our study, a significantly elevated ESRM of 1.0809 mg/g was observed.
turnip leaves are feasible, effective, and economical. in addition, this adsorbent is a

promising candidate for wastewater treatment.
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adsorbent for congo red removal from aqueous solutions

IV.1. Introduction

Water polluted with a variety of contaminants, such as toxic heavy metals and dyes, can lead
to harmful consequences for human health[1]. Azo dyes, such as congo red, represent one of
the main categories of synthetic dyes. Their use is widespread in the textile sector due to their
advantageous characteristics, such as a wide range of colors, good resistance to fading and
low energy consumption during dyeing operations. These dyes may contain one or more azo
chromophore groups (-N=N-) as well as aromatic rings. Their stability in the face of light and
aggressive chemical environments is attributed to their m-conjugated bonds and their
molecular resonance[2,3]. Every year, a quantity of up to 10”8 tons of dyes is manufactured
on a global scale, of which 60 to 70% are azo dyes. This intensive use leads to the production
of a large amount of wastewater containing azo compounds. The congo red azoic dye causes
particular concern due to the presence of aromatic amine groups in its structure, recognized
for their carcinogenic potential. The stability of its aromatic structure gives this dye
resistance to natural degradation, which contributes to its persistence in the environment and
leads to adverse consequences on aquatic fauna and flora[4,5]. Thus, the treatment of water
contaminated with the Congo Red dye is essential to mitigate its environmental and health
impacts. Adsorption represents one of the most effective methods to eliminate this

contaminant[6].

This chapter analyzes the various factors that impact the adsorption process of congo red (CR)
by the biosorbents APP (activated pumpkin peels) and PP (pumpkin peels), particularly
highlighting the impact of the amount of adsorbent, the initial concentration of the dye and the
pH of the solution. The analysis of the adsorption capacity of these materials with respect to
CR was carried out with the aim of evaluating their effectiveness as sustainable substitutes for
conventional adsorbents.[7]. The produced materials were analysed utilising various
techniques, including FTIR, XRD, SEM, TGA/DTA, and isoelectric point determination. The
kinetics of adsorption have been examined and modelled by several methodologies, including
pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich models, and intraparticle
diffusion. Models were chosen for their simplicity and relevance to the examined adsorption
process [8]. The results of the adsorption isotherms of CR were analyzed using the classical
models of Langmuir, Freundlich and Sips. This analysis aimed to elucidate the nature of the

interaction mechanisms between the dyes and the prepared biomass[9].
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IV.2. Results and Discussions

I1V.2.1. Characterization of the PP and APP

The FTIR spectra of the PP and activated PPA from pumpkin peels are displayed in Figure

IV.1.showing very similar spectra for the two samples, The pyridine group's olefinic = CH—

1

groups can be recognized by the band at 1457 cm™', while the —C—N stretching vibrations are

linked to the band at 1381 cm™ '[10].Similarly, the combination of elongation and distortion of
the water molecule adsorbed on the surface produced the bands of H-O—H deformation
(bending) seen in the 1950 cm™!

2850 and 2932 cm™! is the aliphatic vibration sof the elongation CH[12].The peaks at 1044 cm’
1

range[11].The main cause of the two absorption bands at

correspond to the C-O stretching vibrations of the carboxylic, phenolic and alcoholic
groups, Additionally, this band confirms the lignin structure of APP and PP[13].. peaks
denoting 2300, 2373, and 2150 cm™' indicate the alkyne groups' C stretching
vibration[ 14].This figure also shows changes in the intensity of some peaks, the displacement
of others, and the disappearance of some, suggesting that the PP's surface has been modified
by the orthophosphoric acid treatment, most likely due to widespread oxidation that formed

oxygenated acid complexes.

e ————
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Figure IV.1. FTIR spectra of PP and APP.

Figure IV.1 and Figure IV.2 shows the structure and morphology of our biomass, Raw and

activated. We can see that the surface looks quite neglected with irregular shapes and a large
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amount of compacted organic matter. Propose a relatively dense structure. These particles
seem to have spherical structures. Such zones may consist of fragments of an intact organic
matrix or of non-biodegradable components of the block. there are well-defined micropores or
mesopores can be seen. Which indicates that it is a raw (inactive) biomass in operation. on the
other hand, the activated biomass surface is more porous and better organized due to the

chemical treatment with H3PO4[15].

5 Im

VAc-High PGeta, ORVA & ¥7/10/2023% 014201

Figure IV.4. Scanning electron micrographs of the Activated surface of the pumpkin peel
(APP).

Figure IV.5 illustrates the X-ray diffraction patterns (XRD) of the raw biomass (PP) and the
biomass activated with H;PO4 (APP). The two materials share a similar structure, which is
distinguished by its amorphous character. This configuration is characterized by two wide
peaks observed at approximately 23° and 43°, which suggests the presence of compounds

possessing an aromatic structure.
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Figure IV.6. XRD data of PP, APP.

The thermogravimetric study (TGA) of (PP) and (APP) was carried out over a temperature
range extending from 10 to 1200 °C., as illustrated in Figure IV.7. The graphs obtained show
that the two materials undergo desorption of water molecules as well as degradation of
volatile compounds in the temperature range from 30 to 220° C for PP and APP [16]. Both
materials have good thermal stability in the first heating steps, with mass losses of about 10%
for PP and APP. The second stage of degradation, observed between 220 and 380 ° C., is
characterized by a significant loss of mass, attributable mainly to the thermal decomposition
of the cellulose[17]. The last degradation step (380 °C. until the end of the analysis) is
manifested by the rupture of the C-O and C-H bonds, accompanied by the transformation of
the carbon residue formed previously. This process probably corresponds to the
decomposition of the remaining aromatic structures and the partial graphitization of the

material[18].
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Figure IV.8. Thermogravimetric analysis of PP and APP.
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The adsorption of the anionic dye such as congo red occurred at pH<pHpzc, the biomasses
used in this experiment had a pHpzc of 4.1 of APP and 3.6 of PP, as shown in Figure IV.9.
This indicates that when the pH of the medium is lower than pHpzc, the surface of the
adsorbent is positively charged which promotes electrostatic attraction with the anions of the
dye therefore facilitating adsorption on the other hand when the pH is higher than pHpzc the
adsorbent is negatively charged, which causes a repulsion between the surface and the anions

of the RC which reduces the adsorption[19].
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Figure IV.10. Isoelectric points of PP and APP.
IV.2.2. Adsorption experiments results

1V.2.2.1. Effect of adsorbent dosage

The adsorbent dosage significantly impacts the adsorption process, as it establishes the
adsorption capability for a specific quantity of adsorbent Figure IV.7. Generally, an increase
in the quantity of adsorbent results in a greater availability of sorption sites on the surface,
hence enhancing the percentage of dye removal[20].The impact of different doses of
adsorbent on the elimination % was examined using six 20 mL samples, each containing a
solution of congo red at a concentration of 10 mg/L .Amounts of adsorbent ranging from 200
to 2800 mg/1 for PP and from 200 to 2500 mg/l for APP were included in each sample. The
solutions were then stirred for 24hours. After stirring, the samples were filtered and examined
by a UV-Visible spectrophotometer to determine the percentage of removal of the dye. When
the dosage is increased from 200 mg / L to 2500 mg / L for the two adsorbents, as shown in

Figure IV.7, the percentage of adsorption for the PP increases from 26.73% to
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82.83% and for the PPA from 65.35% to 93.39% with a decrease in the amount adsorbed for
the PP from 33.41 to 7.39 mg/g and from 81.72 to 9.33 mg/g for the APP due to of the
decrease in active sites. After reaching this value, stabilization is observed. One possible
explanation is that the surface of the adsorbent is already saturated with dye
molecules[21].Thus, the ideal adsorbent dosage for subsequent experiments was 2500 mg/L,

which resulted in high adsorption while maintaining a high elimination rate.

40 9( 90
-
I -
L so4{ X
— sy - 8( \ .
2 10 ’*"‘Re :_6 704 \ " —_
S 30 4 - »—R%) = o \ | ra— 9
E 0¥ E = \ - Ry [ 70 =
# > 1 \ S

8 25 g g \ 0 &
. 0.8 T 5 ]
O] o @ T \ 8
£ 204 E £ \ 0
(=] ® 2 40 \ 7]
7] W 0= 2 T * =
° [ ©
®© 15 < ] \ 2
— s < 304
c Ve £ © =
3 e 4 & 3 0 &
E 101 * - E 20 T [ o0
< P~ < \k*_\*

54 d 10 TTT—

0 T T T T T T 0 ¥ T T T T

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500
PP (mg/l) APP (mg/l)

Figure I1V.11. Effect of the dose of PP and APP on the elimination of CR.

1V.2.2.2. Effect of initial concentration

The impact of the dye concentration on the adsorption of CR by PP and APP was examined.
By adjusting the initial dye concentration from 3 to 1000 mg / L and by studying the
relationship between the amount of dye adsorbed and the initial CR concentration as shown in
Figure IV.8. observing that when the initial CR concentration was increased from 3 to 450 mg
/ L for PP and from 3 to 400 mg/L for APP, the adsorbed amount (Qads) increased from 2.63
to 205.28 mg / g for PP and from 2.89 to 282.83 mg / g for APP. A greater adsorption is
finally made possible by this increase in the initial dye concentration, because of the

strengthening of the driving force and the decrease in the resistance between the aqueous and
solid phases[22].
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Figure IV.12. Effect of concentration of PP (a), APP (b)
1vV.2.2.3. Effect of PH

The adsorption of the dye particles was examined over a pH range of 2 to 12, revealing a peak
at pH 5, with an elimination efficiency of 91.47% for PP and 97.85% for APP Figure IV.13
At this pH, a robust electrostatic interaction exists between the positively charged surface of
the adsorbent and the anionic dye. As the pH of the system increases, the amount of
negatively charged sites increases, while the amount of positively charged sites decreases. In
addition, the reduction in the adsorption of CR at alkaline pH is attributed to the abundant
presence of OH™ ions, which compete with the coloring anions for the adsorption sites[19].
Comparable results have been documented with the adsorption of CR on orange peel waste

[23]and activated carbon [24].
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Figure IV.14. Effect of pH of PP, APP
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IV.2.3. Kinetic Study

The adsorption kinetics as a function of time were evaluated in this work using discontinuous
adsorption tests carried out at a pH of 5. Congo red (CR) at three initial concentrations of 3.5
and 10 mg/L was tested. 50 mL of each solution were brought into contact with a constant
amount of 125 mg of adsorbent at ambient temperature (25 + 2 °C.). the adsorption rate of CR
dye on PP and APP materials has been examined Figure IV.15 [25]. In all the tests, rapid
adsorption was observed during the 3 hours and 5 hours for APP and PP respectively,
explained by the high availability of active sites on the surface of the APP at the beginning of
the process compared to that of PP, due to chemical activation by H3PO4, which improved the
specific surface of the biomass[26]. An equilibrium was established after this period, which
made the adsorption process constant. Because the remains of active sites are difficult to
complete, After the contact time, PP and APP achieved CR elimination rates of 86.79% and
95.59%, with qadgs reaching 8.14 and 9.07 mg/g, respectively. The pseudo-1st order , the
pseudo-2nd t order, the Elovich and the models of intra-particle diffusion (table 1.5) were used
to adjust the adsorption kinetic data[27].The parameters obtained for these kinetic models are
presented in Table IV.1.The adjustment of the experimental data to the kinetic models
indicates that the pseudo-second-order (PSO) model has a higher coefficient of determination
(R?) than those of the pseudo-first-order (PFO) and Elovich models. In addition, the modeling
curves generated with the pseudo-second-order model have a higher nonlinear adjustment
compared to the PFO and Elovich models (Figure IV.10). These observations indicate that the
mechanism of adsorption of Congo red (CR) on PP and App particles seems to follow a
pseudo-second-order kinetic process. Therefore, the results suggest that the adsorption of the
dye by our biomass is essentially due to a chemical process[28]. On the curves presented in
Figure IV.11, three distinct steps have been identified for the different concentrations
analyzed. The first step corresponds to the transport of the dye (CR) from the solution to the
surface of the bioadsorbents. The second step is linked to the diffusion of the dye inside the
pores of the adsorbent. Finally, the third step represents the equilibrium phase, during which
the intraparticular diffusion slows down, due to the low residual concentration of the
adsorbate in the aqueous solution. Moreover, the straight lines coming from the curves of
Figure IV.11 do not pass through the origin for all concentrations, which indicates that

intraparticular diffusion is not the limiting step of the adsorption process[29].
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Table IV.1. Kinetic model parameters of PP.

C0 (mg/L) 3 5 10
qe.exp(mg/g) 2.60 4.27 8.14
Pseudo-first-order
qe (mg/g) 2.40 4.04 8.10
k1 (min™) 0.078 0.052 0.025
R? 0.88041 0.92644 0.9616
x? 0.06161 0.11763 0.32256
Pseudo-second-order model
qe (mg/g) 2.53 4.26 8.57
k2(g/mg-min) 0.052 0.019 0.004
R? 0.96435 0.98233 0.95654
x? 0.01837 0.02825 0.36509
Elovich
a (mg/g.min) 89.97 17.11 2.30
B (mg/g) 5.11 2.54 0.95
R? 0.93548 0.90669 0.82936
x? 0.03324 0.1492 1.43348
Intraparticular diffusion model

Stepl | Step2 | Step3 | Stepl | Step2 Step3 Stepl | Step2 | Step3
K3(mg/g-min®%) 0.013 | 0.064 | 0.001 |0.029 |0.138 0.001 0.05 |0.21 0.001
C 0.79 1039 |0.97 1.19 | 0.37 1.64 235 1030 |3.32
R? 0.847 | 0.957 |0.167 | 0.988 | 0.995 0.087 | 0.937 |0.847 | 0.556
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Table I'V.2. Kinetic model parameters of APP.

C0 (mg/L) 3 5 10
qe.exp(mg/g) 2.86 4.73 9.07
Pseudo-first-order
qe (mg/g) 2.77 4.51 8.92
k1 (min™) 0.072 0.043 0.039
R? 0.87728 0.8494 0.97444
x? 0.0798 0.30987 0.233
Pseudo-second-order model
qe (mg/g) 2.87 4.72 9.37
k2(g/mg-min) 0.0453 0.0151 0.0062
R? 0.94902 0.93467 0.9745
x? 0.03315 0.13443 0.25035
Elovich
a (mg/g.min) 312.77 14.37 12.74
B (mg/g) 5.06 2.28 1.077
R? 0.89393 0.8932 0.81619
x? 0.06897 0.21976 1.67579
Intraparticular diffusion model
Stepl Step2 | Step3 Stepl | Step2 | Step3 Stepl | Step2 | Step3
K3(mg/g-min | 0.267 0.057 |-0.0003 | 0.583 | 0.223 | -0.0004 | 1.12 | 0.303 | 0.0004
0.5)
C 0.67 2.11 2.9 0.43 1.69 | 4.78 -0.38 |4.97 |9.05
R? 0.978 0.928 | 0.037 0.986 | 0.937 |0.0029 | 0.554 | 0.994 | -0.08

IV.2.4. Isotherm Study

The link between the residual concentration of congo red (CR) in aqueous solution and the

adsorption capacity of PP and APP materials was investigated by examining the adsorption

isotherms for a range of CR concentrations, from 5 to 1000 mg/L. These investigations used a

pH of 5, a dosage of 20 mg/L of APP and PP, and a three-hour contact period [30]. The
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nonlinear regression models from Langmuir, Freundlich, and sips were used to examine the
isothermal adsorption data at various temperatures (25, 30, and 40 °C). (Table 1.6) provides an

overview of the equations related to these models.

The curves of adsorption isotherms of CR on PP and APP materials are shown in Figure
IV.18. According to the Giles classification, the L-shape shows a significant affinity between

the dye and the surface of the adsorbents, especially at low concentrations.

The nonlinear adaptations of the Freundlich, Langmuir and Sips models are also shown in
Figure 1V.19, with the respective parameters grouped in Table IV.3. The quality of the
adjustments was evaluated using the correlation coefficients R? and the values of the error y?.
Based on the high coefficients of determination (R?) and the low values of the chi-squared
coefficient (x?), it has been demonstrated that the Sips model was the most appropriate to

describe the phenomenon of adsorption of CR on PP and APP.

revealing that this process takes place in a heterogeneous system. Unlike the Freundlich
isotherm, which has a major limitation by not making it possible to predict the formation of
monolayers, the Sips model offers a more complete and adapted approach to characterize this
adsorption phenomenon. Thus, it makes it possible to better understand the mechanisms
involved, in particular the heterogeneity of the adsorbent surface. The maximum adsorption
capacities according to the Sips model are 265.52mg/g for PP and 698.20 mg/g for APP. On
the other hand, the values estimated by the Langmuir model are 277.49mg/g for PP and
569.15 mg/g for APP.

In addition, the values of the separation coefficient (R.) obtained from the Langmuir model,
as well as the values of the parameter 1/n from the Freundlich model (which translates the
adsorption intensity), suggest that the adsorption of Congo red on PP and APP is favorable
and of a physical type[31].
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Figure 1V.20. Nonlinear compounds of Langmuir, Frendlich and Sips for the kinetics of
adsorption of CR by PP (a) and APP (b).

Table IV 4. Isotherm model parameters of PP.

Two-parameter isotherm models Three-parameter isotherm models

Langmuir Freundlich Sips
qm=277.49 Kr=21.42 gm= 265.52

K;= 0.013 n=2.57 ks=0.009 ns=0.892
R*=0.99713 R*=0.94787 R*= 0.99763

x? =27.20577 x% =493.32913 x%=22.44537

Tableau IV.5. Isotherm model parameters of APP.

Two-parameter isotherm models Three-parameter isotherm models

Langmuir Freundlich Sips

gm= 569.15 Kr=27.77 gm = 698.20
K;=0.009 n=2.14 ks=0.015 ns=1.26
R*=0.99462 R*=0.9838 R*=0.99751
x* =163.15876 x? =491.2459 x? =75.42641
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IV.2.5. Adsorption Thermodynamics

The Van't Hoff plot Figure IV.21 relating to the adsorption of the CR dye was obtained from
the equations described in Chapter I [32]. The thermodynamic parameters Table IV.6 and
Table IV.6 indicate a negative enthalpy (AH® = -68.1 kJ.mol'1, -106,3 kJ.mol'1) and a
negative entropy change (AS = -103.3 J-mol 1-K~, -226.05 J-mol"1-K") for PP and APP
respectively. The values of AH® are negative, which indicates that the adsorption of CR on the
two samples is an exothermic process, favored at low temperature. Moreover, the chemical
nature of this adsorption is confirmed by the values of AH®, greater than 40 KJ/mol. the

reduction of the disorder at the solid-solution interface is also suggested by these results.[33].

Moreover, the negative values of the Gibbs free energy (AG) confirm the spontaneous
character of the adsorption. The decrease in AG with the increase in temperature indicates that

the adsorption becomes more favorable at high temperature.

25
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Figure IV.22. Thermodynamic of PP and APP.
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Table IV.7. Thermodynamic parameters of PP.

Temperature AH° AS° AG®

(K) (kJ.mol ") (J.mol'L.K ) (kJ.mol")

298 -68.1 -103.3 -37.310405 0.996
303 -36.79369

313 -35.76026

Table I'V.8. Thermodynamic parameters of APP.

Temperature AH° AS° AG®

(K) (kJ.mol ") (J.mol'L.K7) (kJ.mol")

298 -106.3 -226.05 -39.020761 0.999
303 -37.890473

313 -35.629896

IV.3. Conclusion

The study highlights the potential of pumpkin peels as an effective precursor in the
elimination of congo red (CR) from aqueous solutions. The experimental data concerning the
adsorption kinetics were examined using different models, among which the pseudo-second-
order model (PSO) proved to be the most appropriate to characterize the phenomenon. In
addition, the analysis carried out using the intraparticular diffusion model indicates that
diffusion through the boundary layer (film) is not the step that limits adsorption. The Sips
model is more suitable for describing the adsorption isotherms, revealing that this process
takes place in a heterogeneous system on PP and APP surfaces. Thermodynamic analysis
reveals that adsorption is a spontaneous and exothermic phenomenon, These results indicate
that the use of pumpkin peels could constitute an economical and ecological solution for

wastewater treatment.
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Chapter V: Characterization and application of pomegranate crusts as an alternative adsorbent
for the removal of methyl red from aqueous solutions

V.1. Introduction
The increasing development of science and technology is accompanied by a significant

industrial expansion, especially in the textile production sector [1]. The discharge of effluents
from this industry into waterways has harmful effects on aquatic life, human health, as well as
a negative impact on environmental sustainability [2]. Methyl red is an azo dye commonly
used in textile dyeing [3]. This dye contains an azo group (-N=N-) linked to an aromatic
nucleus, forming a chromophore characteristic of synthetic dyes [4]. It is particularly reactive

in textile dyeing processes.

Methyl red is highly toxic to living organisms due to the difficulty of its degradation in liquid
effluents. If inhaled or swallowed, it can cause irritation to the skin, eyes and digestive
system. It is also recognized as mutagenic, toxic for cell division (mitotoxic), and potentially
carcinogenic [5]. Its non-biodegradable nature, combined with its toxicity, makes it

imperative to dispose of industrial wastewater [6].

Adsorption is recognized as one of the most effective methods for water purification, due to
its simplicity of implementation, its easy design and its low cost [7]. Various materials have
been explored as adsorbents to remove methyl red from aquatic environments. Among these

materials are in particular zeolite [8], activated carbon [9], biomass [10] as well as biochar

[11].

The objective of this study is to develop economical adsorbents from pomegranate crustal
waste, with the aim of obtaining an effective material applicable to the treatment of
wastewater, in particular for the decolorization of effluents from the textile industry. In this
context, methyl red (MR) was used as a model dye (adsorbate), while pomegranate crusts, in
the crude state (PC) and after chemical activation with phosphoric acid (APC), served as

adsorbents. The method of preparation of these materials is detailed in Chapter II.

In this chapter, we have characterized the prepared materials (PC and APC) by various
analytical techniques, in particular X-ray diffraction (XRD), infrared spectroscopy (FTIR) and
the determination of the isoelectric point. These analyses made it possible to study their
physicochemical properties, such as their crystal structure, their functional groups and their

surface charge.

Moreover, the effectiveness of PC and APC for the elimination of methyl red in solution was

evaluated according to several experimental parameters :
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Initial concentration of the dye, powder mass of the pomegranate crusts, pH of the solution,

Contact time and Temperature.

In addition, the adsorption mechanisms were analyzed using kinetic and isothermal models, in

order to understand the dynamics of the process and the adsorbate-adsorbent interactions.

V.2. Results and discussions

V.2.1. Characterization of the PC and APC

Infrared (IR) spectrometry analysis of activated pomegranate crusts (APC) with phosphoric
acid Figure V.1 reveals various specific bands corresponding to the functional groups present
in the functionalized carbonaceous materials. The wide band centered around 3387 cm ! is
characteristic of the elongation of the O-H bonds, which suggests the presence of hydroxyl
groups or water adsorbed on the surface [12]. The intense band at 1620 cm ! is attributed to
the stretching of the aromatic C=C bonds or the conjugated carbonyl groups (C=0O) present in
the degraded lignocellulosic structures following activation [13,14]. The band observed at
864 cm! is associated with out-of-plane vibrations of aromatic C-H bonds, indicating the
presence of substituted aromatic rings, as frequently observed in activated carbons derived
from plant materials [15]. In addition, the possible presence of phosphate groups (P—O—-C or
P=0) originating from activation with phosphoric acid is usually identified by bands located
between 1100 and 900 cm ! [16]. All these observations in infrared spectroscopy confirm the
chemical transformation of the surface of the pomegranate crusts following activation, as well

as the incorporation of polar groups favoring adsorption.

AP C

L 1 L 1 1 N L L
24000 3500 3000 2500 2000 1500 1000 500

vwavenumber cm™’?

Figure V.2. FTIR spectra of APC and PC.
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The zero charge point, denoted pHpzc, corresponds to the pH where the surface charge density
of the cations (positive ions) is equal to that of the anions (negative ions), thus leading to a
surface neutrality. This parameter is of paramount importance, since the efficiency of many
adsorption processes is closely related to pH. The values of the pHpzc for the APC was
measured at 6.5, as indicated in Figure V.2. These data reveal that the adsorbent surface
charge is positive at pH values below the pHpzc, and becomes negative beyond this threshold.
Therefore, the adsorption capacity of anionic dyes such as methyl red (MR) is higher at pHs
below 6.5, thus promoting the maximum electrostatic interaction between the dye molecules

and the positively charged surface[17].
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Figure V.3. Isoelectric points of PC and APC.
V.2.2. Adsorption experiments results

V.2.2.1. Effect of adsorbent dosage

The impact of the adsorbent dose (APC and PC) was examined by modifying the doses from
0 to 1500 mg/L to evaluate its effect on the elimination of methyl red (RM). The studies were
carried out with an initial MR concentration of 5 mg/L at a pH of 5. The results obtained are
illustrated in Figure V.3.The results indicate an increase in the removal rate of pollutants
depending on the amount of bioadsorbent used. This improvement is due to the increase in
the contact area between the adsorbent and the adsorbate, which favors the availability of
active sites for adsorption [18]. A thorough analysis of the data showed that the maximum
adsorption efficiency of methyl red is obtained with APC at a dose of 300 mg / 1, and 500 mg
/1 for PC, with an adsorbed amount of 15.25 and 3.89 mg / g respectively and an elimination

rate of 91.5% and 39.2% which confirms that the chemical activation increased the specific
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surface of APC. Beyond these values, no significant improvement in the efficiency was

observed, which suggests a saturation of the available active sites or a phenomenon of

overlapping of the particles.

25

*—qe 38 » - - -
— 20 \ o 304 X

& —*—qge

25 \ [ u— R%) 80

ARerﬁovaIA efﬁc‘iency(%‘)

Amount Adsorbed,ge(mg/g
Amount Adsorbed,ge(mg/g)
~
Removal efficiency(%)

" 4 —
o{ # 1 ] B

——

0 200 400 600 800 1000 1200 1400 1600 6
PC(mg/l)

T T T T T T T T
200 400 600 800 1000 1200 1400 1600
APC(mg/l)

Figure V 4. Effect of the dose of PC and APC on the elimination of MR.

V.2.2.2. Effect of initial concentration

The initial concentration of the pollutant (MR) is a crucial factor that influences the
elimination rate. To evaluate its impact, various concentrations of MR were experimented
with: 4, 5, 10, 15 and 20 mg/L. For each test, a quantity of 50 mL of dye solution was used,
with an APC concentration fixed at 300 mg/L and PC at 500 mg/L. The experiments were
carried out under optimal conditions, with a pH of 5, a temperature of 24 °C. and a contact
time of 48 hours. Figure V.4 depicts the correlation between the initial concentration of the
pollutant (MR) and the adsorption capacity (Qe) of the examined adsorbent. The adsorption
capacity is shown to increase with the initial concentration of the adsorbate. This
phenomenon can be elucidated by an elevated frequency of successful collisions between the
adsorbate molecules and the active sites of the adsorbent, hence promoting enhanced
adsorption. The results indicate that this capacity attains a threshold at a concentration of 5

mg/L of MR, with a maximum adsorbed amount (Qads) of approximately 15.25 mg/g for
APC and 3.89 mg/g for PC [10].
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Figure V.5. Effect of initial concentration of MR by PC (a) and APC (b).

V.2.2.3. Effect of pH

The influence of the pH, covering a range of values from 2 to 9, on the process of elimination
of methyl red in solution was examined according to the following experimental parameters:
an initial dye concentration of 5 mg/L, adsorbent concentrations of 300 mg/L for APC and
500 mg/L for PC, at a temperature maintained at 25 + 2 ° C., with a contact time of 24 hours.
The pH plays a crucial role in the adsorption phenomenon, by impacting both the surface
charge of the adsorbent and the ionic speciation of the adsorbate. Figure V.5 shows the
impacts of pH on the removal rate of the pollutant[19]. An increase in the yield of elimination
of methyl red was observed with the increase in pH. This disparity in behavior can be
attributed largely to the nature of the dyes used, in this case methyl red which is an anionic
dye. Due to the high pH negative charge of PC and APC, their surfaces favor the electrostatic
attraction of cationic species such as methylene blue, while repelling anionic species such as
methyl red. The dye chosen for this study has a variety of functional groups (-NHz, -chs) and
aromatic rings that can interact with the adsorbent material. These interactions can
encompass hydrogen bonds, electrostatic forces, as well as n—n interactions between the
aromatic rings of the dye and the graphitic structures of the PCA. These interactions have
been frequently documented in the scientific literature dealing with the adsorption of dyes on

activated carbons derived from lignocellulosic biomass[20].
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V.2.3. Kinetic Study

Three concentrations of MR (5, 10 and 20 mg/L) were used in order to study the influence of
the contact time on the PC and APC adsorbents, at a pH of 5 and at ambient temperature, with
respective doses of 500 mg/L for PC and 300 mg/L for APC. In order to evaluate the
adsorption rate of MR at the APC surface and PC , Three kinetic models have been applied:
the pseudo-first-order model, the pseudo-second-order model and the Elovich model (Table
I.5). The adjustment of the experimental data to the nonlinear shapes of these models is
presented in Figure V.6, while the corresponding kinetic parameters are grouped in Table V.1
and Table V.2 [21]. For the APC adsorbent, the pseudo-second-order kinetic model (PSO) has
a better correlation coefficient (R?) than the pseudo-first-order (PFO) and Elovich models.
This result indicates that the adsorption of MR on APC mainly follows the PSO kinetic
model, suggesting a mechanism dominated by chemisorptions [22,23]. On the other hand, for
the PC, the Elovich model displays R? values greater than 0.95, which indicates that the
adsorption is mainly governed by a chemisorption process on heterogeneous sites. Figure V.7
shows the linear plots of the intraparticle diffusion model for the APC and PC adsorbents.
Three distinct phases can be observed: phase I, phase II and phase III, which suggests that
adsorption takes place in three successive diffusion steps. These phases could correspond
respectively to an electrostatic attraction, a diffusion in the macropores, then a diffusion in the

micropores [22].
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Table V.1. Kinetic model parameters of PC.

C0 (mg/L) 5 10 20
qe,exp(mg/g) 3.8224 5.3282 6.7954
Pseudo-first-order
ge (mg/g) 3.66 5.13 6.46
ki (min™") 0.03 0.02 0.02
R? 0.79542 0.92309 0.92419
x> 0.17577 0.15596 0.27635
Pseudo-second-order model
qe (mg/g) 3.92 5.60 7.14
k2(g/mg-min) 0.012 0.007 0.004
R? 0.88822 0.97538 0.97963
x2 0.09604 0.04992 0.07426
Elovich
a (mg/g.min) 0.940 0.828 0.768
B (mg/g) 1.67 1.08 0.80
R? 0.96476 0.98191 0.99221
x2 0.03027 0.03669 0.02838
Intraparticular diffusion model
Stepl  Step2  Step3 Stepl  Step2  Step3  Stepl Step2  Step3
K;(mg/g-min®%)  0.020 0.003 0 0.042 0.004 0 0.055 0.008 O
C 1.45 2.93 3.82 1.49 4.11 5.32 1.622 4.36 6.79
R? 0.9409 0.5879 -- 0.9316 0.9285 -- 0,8501 0.9285 --
Table V.2 Kinetic model parameters of APC
C0 (mg/L) 5 10 20
ge,exp(mg/g) 15.25 28.44 44.78
Pseudo-first-order
ge (mg/g) 14.55 27.63 44.73
ki (min™") 0.06 0.05 0.05
R? 0.85894 0.93103 0.99323
x2 1.29247 2.73902 0.9503
Pseudo-second-order model
qe (mg/g) 15.71 30.00 49.04
k2(g/mg-min) 0.006 0.002 0.001
R? 0.97893 0.98942 0.95005
x2 0.19308 0.42008 7.01572
Elovich
o (mg/g.min) 10.54 11.87 13.11
B (mg/g) 0.44 0.21 0.12
R? 0.9546 0.93784 0.81354
x2 0.41599 2.46829 26.19083
Intraparticular diffusion model
Stepl  Step2  Step3 Stepl  Step2  Step3  Stepl Step2  Step3
Ki(mg/g-min®%)  0.24  0.09 0.009 0.49 0.17 0.018 1.30 0.47 0.01
C 54  8.67 12.94 8.23 16 24.2 424 2217 41.67
R? 0.9285 0.9977 0.6244 0.9285 0.9835 0.5522 0.8656 0.9493 0,6107
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V.2.4. Isotherm Study

The adsorption isotherms provide essential information on the nature of the interactions
between the adsorbate and the surface of the adsorbent[24]. In this study, we evaluated the

mechanisms of MR absorption on APC and PC by applying three theoretical models:

Langmuir (for homogeneous surfaces), Freundlich (for heterogeneous surfaces) and Sips
(hybrid model combining the two approaches). As illustrated in Figure V.8, Table V.3 and
table V.4, The values of the separation factor Ry, calculated for different initial concentrations
of dye MR, are between 0 and 1, which indicates a favorable adsorption on the PC and APC
adsorbents. The adjustment of the isotherms by a nonlinear analysis using the Microcal Origin

2018 software highlights distinct adsorption mechanisms :

For the PC: the Langmuir model (R? = 0.9989 ; X?=0.001) provides the best fit compared to
the Sips and Freundlich models, suggesting a monolayer adsorption on a homogeneous
surface. The maximum adsorption capacity (qm) reaches 7.39 mg/g. For APC: the Sips model
(R? =0.996; X*=0.67), which combines the characteristics of the Langmuir and Freundlich
models, fits best to the data, indicating adsorption on a heterogeneous surface. The maximum
adsorption capacity (qm) is 55.74 mg/g[25]. These results underline the high efficiency of
APC for the elimination of dyes, with adsorption mechanisms influenced by the molecular

structure of the compounds.
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Figure V.9. Nonlinear modeling of MR adsorption isotherms by PC (a), APC (b).
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Table V.3. Isotherm model parameters of PC

Two-parameter isotherm models Three-parameter isotherm models

Langmuir Freundlich Sips

gm=7.39 Kr =275 gm =17.44

Ki=0.361 n=3.26 ks=0.363 ns=1.015
R>=10.9891 R =0.96584 R%=0.99839

x% =0.00187 x*> = 0.5882 x> =0.00277

Table V 4. Isotherm model parameters of APC.

Two-parameter isotherm models Three-parameter isotherm models

Langmuir Freundlich Sips

gn= 52.31 Kr=22.60 gm =55.74

K;=0.879 n=2.55 ks=0.764  ns=1.10
R*=10.99641 R*=10.95344 R?>=0.99669
x% = 0.73269 x* =9.1416 x> =0.67717

V.2.5. Adsorption Thermodynamics.

The thermodynamic study of the adsorption process involves key parameters such as the

Gibbs free energy change (AG®), the enthalpy change (AH®) and the entropy change (AS °).

Figure V.9 shows the linear relationship between 1/T and In Kc, obtained from the Van't Hoff
equation. The thermodynamic parameters derived from this analysis are grouped in Table V.5
and table V.6. The enthalpy values (AH®) are : -66.99 kJ.mol-1 for PC and -64.05 kJ.mol-1
for APC These negative values confirm that the adsorption of methyl red on these adsorbents
is an exothermic process, releasing energy during the attachment of the molecules[26]. In
addition, The negative value of AS ° confirms a chemisorption, where the dye molecules lose
their disorder by fixing in an oriented manner on the surface, possibly with an organized
displacement of the water molecules. The negative Gibbs free energy values (AG°)

demonstrate the spontaneous nature of the process at the optimum temperature of 298 K. In
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particular, the increasing negativity of AG ° with increasing temperature indicates an
increased favorability of the process at higher temperatures.These thermodynamic results
collectively suggest that, although adsorption occurs spontaneously in the studied temperature
range, the process becomes even more favorable as the temperature increases, despite its
exothermic character[27,28]. These findings collectively confirm that the dye molecules form
strong chemical bonds with the APC and PC surfaces, resulting in an efficient and

thermodynamically favorable removal process.
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Figure V.10. Thermodynamic of PC and APC.
Table V.5. Thermodynamic parameters of PC.

Temperature AH® (kJ.mol!) | AS° (J.mol'K")  AG® (kJ.mol ™)

298 -66.99 -118.55 31650878 | 0.996
303 -31.06709
313 -29.881514

Table V.6. Thermodynamic parameters of APC.

Temperature AH° (kJ.mol!) | AS° (J.mol'X!)  AG® (kJ.mol ")

)

298 -64.05 -81.65 -39.726304 0.988
303 -39.318045

313 -38.501527
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V.3. Conclusion

In this study, the adsorption of methyl red (MR) on adsorbents derived from biomass of
pomegranate crusts, whether crude (PC) or chemically activated (APC), was examined. The
interactions between the dye in aqueous solution and the adsorbents were studied, and a
thorough characterization of the materials was carried out using the FTIR, XRD, TGA/DTA
techniques, as well as by determining the zero charge point (pHpzc).The characterization
results revealed significant structural differences between the two adsorbents. The FTIR and
XRD analyses revealed that the thermal and chemical treatment leads to the rupture of
chemical bonds, a loss of mass and the formation of clusters, thus modifying the structure of
the materials. These structural modifications, induced by chemical activation, allowed an
improvement in the adsorption properties, reinforcing the efficiency of the PCA in the
elimination of dyes. The point of zero charge was determined to be 6.5 for the APC. The
adsorption of the MR showed a progressive increase over time, reaching equilibrium after 3
hours for the APC and 5 hours for the PC. The maximum adsorption capacity was observed
with APC, reaching 44.78 mg/L, which is attributed to its higher specific surface area. The
optimal adsorption conditions were obtained at a pH of 5 and a temperature of 25 °C. Under
these conditions, a maximum yield of 91.5% was recorded with an initial MR concentration
of 5 mg/L, an adsorbent dose of 300 mg/L for PCA and 500 mg/L for PC. However, lower
adsorption capacities have been observed under certain experimental conditions, probably due
to unfavorable electrostatic interactions between the negatively charged surface of the
adsorbent and the anionic nature of the dye. The thermodynamic study revealed that the
adsorption of MR is an exothermic process of the chemisorption type, as indicated by the
negative values of the enthalpy (AH°). In addition, the negative values of the Gibbs free
energy (AG °) confirm the spontaneity of the process. Thus, pomegranate crusts, in particular
after chemical activation, prove to be very effective adsorbents for the elimination of methyl

red.
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General conclusion and prospects

The industry consumes considerable amounts of water. Industrial discharges, loaded with
dyes and highly toxic and poorly biodegradable organic compounds, seriously disturb aquatic
ecosystems. The treatment of effluents containing dyes is therefore crucial to preserve the
environment. In addition, the search for inexpensive, locally available and effective materials
could offer an alternative to commercial activated carbon for the removal of dyes from
contaminated water. Developing new efficient, ecological, renewable and economical

adsorbents remains a major challenge in the field of water treatment.

In this study, we used inexpensive plant biomass: turnip leaves (TL), pumpkin peels (PP) and
pomegranate crusts (PC). These materials were used in the raw state and chemically activated,
for the removal of crystal violet (CV), congo red (CR) and methyl red (MR) from aqueous
solutions. We have developed a chemical activation protocol using phosphoric acid (H3POs),
leading to the formation of activated biomass (TLA, APP and APC). the APC was calcined at

450°C to obtain activated carbon.

The selected biomasses were characterized using various analytical techniques, including
Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and thermogravimetric analysis (TGA/DTG). The physicochemical

characterization of these materials yielded the following results:

Fourier transform infrared spectroscopy (FTIR) revealed that the adsorbents tested present a
great diversity of functional groups (-OH, C=C, C-C, C=C and C-H), capable of interacting
with the CV, CR and MR dyes in solution. The images obtained by scanning electron
microscopy (SEM) revealed the presence of numerous cavities, testifying to the development
of a porous structure. The surface of the activated biomass appears more porous and better
organized, thanks to the chemical treatment with H3PO4. The X-ray diffraction (XRD) shows
an amorphous structure for all the samples, whether they are raw or activated, indicating that
the treatment with orthophosphoric acid has not modified their crystalline organization. The
thermogravimetric study (TGA) of PP and APP shows a good initial thermal stability,
followed by several successive degradation steps, linked to the loss of water, to the
decomposition of the cellulose, then to the transformation of the residual carbon structures.
Finally, the determination of the pH at the zero charge point (pHpzc) showed values below 7,

reflecting the slightly acidic nature of the surface of the materials.

114



General conclusion and prospects

However, the following conclusions have been drawn from the results obtained during tests

carried out with synthetic solutions in distilled water:

>

Our results demonstrate that an increase in the adsorbent mass leads to an
improvement in the dye removal yields, reaching up to 90%.

The results of the study of the effect of the initial concentration of CV, CR and MR
demonstrate a significant influence of the concentration of dyes on the bleaching
efficiency. In accordance with expectations, the higher the initial concentration of
pollutants, the more the decolorization process is slowed down.

The study of the influence of the pH has shown that the adsorption of the CV, CR and
MR dyes strongly depends on the pH of the solution, with high elimination rates,
exceeding 80%, in particular for the CV dye.

The best fit of the experimental data was obtained with a high correlation coefficient
(R?) and a low chi-squared value (¥%). The pseudo-second-order kinetic model proved
to be the most suitable for describing the dynamic adsorption process on TL, TLA, PP,
APP and APC powders, while Elovich's model offered a good description of the
behavior of the PC adsorbent.

The thermodynamic analysis revealed that the adsorption of the CV, CR and MR dyes
on the TL (turnip leaves), PP (pumpkin peel) and PC (pomegranate crusts) biomass, as
well as on their activated forms (TLA, PPA, PCA), had a spontaneous (AG < 0) and
exothermic (AH < 0) character. These results confirm the thermodynamic feasibility of
the adsorption process.

The absorption properties at equilibrium of the different adsorbents (TL, TLA, PP,
APP, PC and APC) were evaluated by modeling the absorption isotherms of CV, CR
and MR dyes. The results revealed that :

e For the TL, TLA, PP, APP and APC adsorbents, the Sips model presented
the best fit to the experimental data, with maximum respective adsorption
capacities of : 635.54 mg/g (TL), 621.76 mg/g (TLA), 265.52 mg/g (PP),
698.20 mg/g (APP) et 55.74 mg/g (APC). indicating adsorption on a
heterogeneous surface

e Regarding the PC material, the Langmuir model proved to be more suitable,
presenting a maximum adsorption capacity of 7.39 mg/g, suggesting a

monolayer adsorption on a homogeneous surface.
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This thesis has resulted in the development of new bio-based adsorbents with remarkable
performances for the simultaneous elimination of cationic (Crystal Violet) and anionic dyes
(Congo Red, Methyl Red). The high adsorption capacities, the reproducibility of the results
and the low cost of the materials developed confirm their potential for industrial applications

in the treatment of polluted water.
Prospects

» To evaluate the effectiveness of adsorbents for the elimination of other priority
contaminants, in particular heavy metals (Pb2*, Cd2*, Hg2") and pharmaceutical
residues (antibiotics, anti-inflammatories, hormones).

» Synthesize new adsorbent composites (for example based on conductive polymers or
nanomaterials) and evaluate their performance in systems: Unicomponent (selective
adsorption of a single contaminant), Binary (competition between two simultaneous

pollutants).
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Abstract

This thesis focused on the valorization of local plant biomass, in the raw state and after chemical treatment with H3POs, as
economic and ecological adsorbents for the treatment of water contaminated with toxic dyes. Turnip leaves (TL and TLA)
were used for the elimination of crystal violet CV, pumpkin peels (PP and APP) for congo red CR, and pomegranate crusts
(PC and APC) for methyl red MR. The prepared adsorbents are characterized by several methods such as: XRD, textural
analysis by, FTIR, TGA / DTG and SEM. The adsorbents were subjected to various elimination tests for crystal violet (CV),
congo red (CR) and methyl red (MR) dyes under different experimental conditions: contact time, temperature, pH, initial dye
concentration and adsorbent dose. The adsorption of the dyes by the different materials increases with the contact time. The
pseudo-second-order kinetic model proved to be the most suitable for describing the dynamic adsorption process on TL, TLA,
PP, APP and APC powders, while Elovich's model described the behavior of the PC adsorbent well. Regarding the
adsorption isotherm, the Sips model showed the best fit for TL, TLA, PP, APP and APC. On the other hand, for the PC
material, it is the Langmuir model which has proved to be the most suitable, with maximum adsorption capacities (q_max) of
635.54 mg/g, 621.76 mg/g, 265.52 mg/g, 698.20 mg/g, 55.74 mg/g and 7.39 mg/g respectively. Thermodynamic studies have
demonstrated that the process of adsorption of dyes (CV, CR, MR) on our biomass is spontaneous and exothermic.

In conclusion, this study demonstrated that agricultural waste constitutes effective adsorbents for the elimination of anionic
(CR, MR) and cationic (CV) dyes, thus offering a promising solution for the treatment of contaminated industrial water. It
should be emphasized that the biomasses chemically activated with Hspos have adsorption performances superior to those of
the crude biomasses.

Keywords: Adsorption; Turnip leaves; pumpkin peels; pomegranate crusts; organic dyes; Chemical activation; phosphoric
acid H3POs4.

Résumé

Cette thése a porté sur la valorisation de la biomasse végétale locale, a I'état brut et aprés traitement chimique au H3POs
comme adsorbants économiques et écologiques pour le traitement des eaux contaminées par des colorants toxiques. Des
feuilles de navet (TL et TLA) ont été utilisées pour 1'élimination du CV cristal violet, des écorces de citrouille (PP et APP)
pour le CR rouge congo et des croites de grenade (PC et APC) pour le MR rouge méthyle. Les adsorbants préparés sont
caractérisés par plusieurs méthodes telles que: DRX, analyse texturale par, FTIR, TGA / DTG et SEM. Les adsorbants ont été
soumis a divers tests d'élimination des colorants cristal violet (CV), rouge congo (CR) et rouge méthyle (MR) dans
différentes conditions expérimentales: temps de contact, température, pH, concentration initiale en colorant et dose
d'adsorbant. L'adsorption des colorants par les différents matériaux augmente avec le temps de contact. Le modéle cinétique
de pseudo-second ordre s'est avéré le plus approprié pour décrire le processus d'adsorption dynamique sur les poudres TL,
TLA, PP, APP et APC, tandis que le modéle d'Elovich décrivait bien le comportement de 1'adsorbant PC. En ce qui concerne
l'isotherme d'adsorption, le modéle Sips a montré le meilleur ajustement pour TL, TLA, PP, APP et APC. En revanche, pour
le matériau PC, c'est le modele de Langmuir qui s'est avéré le plus adapté, avec des capacités d'adsorption maximales (q_max)
de 635,54 mg/g, 621,76 mg/g, 265,52 mg/g, 698,20 mg/g, 55,74 mg/g et 7,39 mg/g respectivement. Des études
thermodynamiques ont démontré que le processus d'adsorption des colorants (CV, CR, MR) sur notre biomasse est spontané
et exothermique.

En conclusion, cette étude a démontré que les déchets agricoles constituent des adsorbants efficaces pour 1'¢limination des
colorants anioniques (CR, MR) et cationiques (CV), offrant ainsi une solution prometteuse pour le traitement des eaux
industrielles contaminées. Il convient de souligner que les biomasses activées chimiquement avec H3;POs4 ont des
performances d'adsorption supérieures a celles des biomasses brutes.

Mots clés: Adsorption; Feuilles de navet; Pelures de citrouille; crotites de grenade; colorants organiques; Activation
chimique; acide phosphorique H3POs.
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