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Nomenclature

Nomenclature

Cs Cynara Scolymus

PACK  Acorus calamus

Co initial concentration of MB (mg-L ™)

Ce final concentration of MB in the solution

C concentration of MB at time t (mgeL ™)

C the intercept of Intraparticle diffusion function

Cip the concentration at half-saturation (mg-L’l)

Ci concentrations at half saturation for the first active site (mgeL ™)
C, concentrations at half saturation for the second active site (mgeL ™)

Ebr biosorption energy (KJsmol ™)

Eint System internal energy (Jemol )

F, fraction of MB adsorbed at time t

G Gibbs free enthalpy (Jemol ™)

h Planck constant (Jes™)

Ks Boltzmann constant (J*K)

ky equilibrium rate constant of PFO equation (Lemin )

) equilibrium rate constant of PSO equation (Lemin )

Kor activity coefficient of Dubinin—Radushkevich isotherm (mol®*KJ ™)
Ke Freundlich constant (geL+smg)

Kig the rate constant of intraparticle diffusion(mgeg *emin %)
KL Langmuir constant (Lemg ")

Kn equilibrium rate constant of PNO equation (Lemin ")

Kr Redlich—Peterson (R—P) constant (Leg *)

Ks Sips constant (Lemg )

m mass of the mixture (g)

ms the exponent of the Sips model

MB methylene blue

n number of ions per site

ny number of ions per site for the first sites receptor

n, number of ions per site for the second sites receptor
nf Freundlich (R—P) constant




Nomenclature

no biosorption reaction order
N number of experimental points performed
Nm sites receptor density(mgeg %)

PFO pseudo-first-order
PSO pseudo-second-order
PNO pseudo-nth-order

Qe amount of dye adsorbed at equilibrium (mgeg ")
Q¢ quantity adsorbed at time t (mgsg ")
Qnm monolayer capacity of the adsorbent (mgeg )

Qi.mod model’s adsorbate adsorption capacity (mgeg *)

Qi.exp experimental adsorption capacity (mgeg %)

Sa Entropy (Jemol*K ™)

t time (min)

T temperature (K)

\/ volume of the mixture (L)

Zy Translation partition function per unit volume

Zgir translation partition function

aR constant of the Redlich—Peterson isotherm (Lemgeg ")
Br constant of the Redlich—Peterson isotherm

B, mathematical function of F,

constant related to the adsorption energy for Dubinin—Radushkevich

isotherm
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General introduction

General Introduction

Water is a vital resource for all organisms inhabiting the Earth, including humans, animals,
plants, and microorganisms. Water is utilized for various purposes, ranging from fundamental
ones like drinking and farming to more sophisticated applications in diverse industries. Due to its
uneven distribution worldwide, it poses significant political, economic, and geopolitical
challenges [1]. When utilized in various sectors or for household purposes, its emissions are

unregulated [2].

The primary contaminants in water primarily originate from human activities, which can be
categorized as local, punctual, accidental, diffuse, chronic, genetic, voluntary, involuntary, etc.
These activities include the release of chemicals, radioactive materials, metals, hydrocarbons,
pesticides, chemical fertilizers, phytosanitary products, detergents, organic materials, as well as
medicinal and cosmetic substances [3]. Urban areas contribute significantly to water pollution
due to the discharge of pollutants from residential areas and human activities. Certain pollutants,
such as phenols and their derivatives, dyes, and their degradation by-products, are known to have
carcinogenic and mutagenic effects. They can also disturb the hormonal system and induce

endocrine disruption [4].

The contaminants can be classified into three primary categories: inorganic, organometallic,

and organic [5].

» Inorganic or mineral pollutants refer to heavy metals and metalloids, including elements
such as Chromium (Cr), Arsenic (As), Iron (Fe), Cadmium (Cd), Lead (Pb), Manganese
(Mn), Selenium (Se), and others. They can also include anionic compounds such as

nitrates, fluorides, cyanides, and so on [6].

» Organometallic pollutants consist of complex compounds in which a metal ion is
chemically bonded to an organic group, such as methylmercury. The primary families
include organotins, organomagnesium, organolithium, organocoppers, cuprates,

organozinc, and organomercurials [7].

» Organic pollutants such as chlorophenols and dyes have very diverse effects which rely
on their type [8].

The pollution of aquatic habitats by organic substances, particularly synthetic dyes, is a severe
challenge for the environment and human health. In particular, azo dyes and their derivative

compounds cause severe toxicity with carcinogenic and genotoxic effects on aquatic life.
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Additionally, these contaminants are often not biodegradable. Daily, vast quantities of
wastewater containing colors and pigments from many industrial operations (paper, textiles, food
goods, etc.) are released into nature. As a result, these molecules find their way to water
resources, surface or underground, due to the ineffectiveness of standard wastewater treatment

processes [9].

Although each method has advantages and challenges, adsorption and POAs remain the most
used techniques in recent years due to their exceptional economic and environmental efficiency
and profitability [10]. These techniques can remove a wide range of persistent micropollutants,
such as synthetic dyes. One of the key advantages of the adsorption process is the versatility of
selecting the precursor. It can be utilized as an adsorbent or as a foundation for creating an
adsorbent. Based on the published research, a wide variety of adsorbents have been utilized, such
as activated carbon, clays, biosorbents, and zeolites [11]. Among the POAs, homogeneous and
heterogeneous Fenton processes appear to be practical, cost-effective, and easy to use, either on
their own (using only the oxidant and catalyst) or modified (strengthening the process with an

irradiation source such as UV light or microwaves) [12].
And so on; From this perspective, the essential purpose of this thesis involves two parts:

v' the first is to valorize local by-products through the development of innovative low-
cost adsorbent materials generated from agricultural and food waste for the
elimination of synthetic dyes, including in particular methylene blue in this work, the
prepared adsorbents must be subjected to certain specific characteristics, such as that
are available and easy to find, are non-toxic, and do not affect the operators' health,
with controllable preparation stages, a low-cost product, with high efficiency for water

discoloration, and, Easy to regenerate after an adsorption phase, etc.

v" The second objective is that NiFe,O4 can be combined with CuO as a new multi-
component nanocomposite material (CuO-NiFe,04), which will be designed to
catalyze H,0,, aiming to improve the decomposition efficiency of the latter under
neutral conditions as a Fenton process for the degradation of the same synthetic

methylene blue dyes used in the adsorption operation.

For the adsorption part, we are interested in the valorization of two local by-products, Acorus
calamus and Cynara scolymus. The adsorbents developed will be tested for their capacity in
powder form. and the results obtained during this PhD thesis will be presented under articles

forms in the fourth following chapters.
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In the introductory chapter, a bibliographic search will be carried out to properly establish the
problem of this thesis. In this area, we will first cover general information on the numerous types
of dyes, their classification based on various parameters, as well as the dangers associated with
their use. Research on the various methods of water decolorization will then be discussed, with
particular attention dedicated to the adsorption and Fenton process. Additionally, we will give
and discuss various sources of low-cost adsorbents (natural, industrial, and agricultural residues),

and a general overview of nanoparticle materials based on transition metal oxide.

The second and third chapters of this thesis will concentrate on applying the indicated
precursors. The first chapter proposes chemically processing the Acorus calamus using sulfuric
acid and then activating it with potassium permanganate to create a product suitable for water
treatment, while the second chapter considers applying Cynara scolymus as a direct powder. In
addition, the third chapter will use five physical statistical models, whereas the second will only

use three.

In the fourth chapter, CuO-NiFe,O4 nanoparticles have been produced with the hydrothermal
technique and employed for the H,O, activation for the removal of methylene bleu.

It should be emphasized that numerous characterization techniques will be applied to study
the properties of the created materials, such as Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), X-ray diffraction (XRD), as well as thermogravimetric
analysis (TGA). At the same time, their performance will be examined using the adsorption of
methylene blue, which works as a model with numerous characteristics that can influence its
adsorption, such as the beginning concentration of the dye, the contact time, the pH, temperature,
and ionic strength.

This work closes with a broad conclusion which highlights the key conclusions gained during

this study.
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1 Introduction

In this chapter, we will conduct a literature search to better comprehend the challenges of this
thesis. This section initially includes general information on the numerous types of dyes, their
classification according to various parameters, and the dangers associated with their use.
Subsequently, research into the many methods of water decolorization is discussed, of which
the adsorption and Fenton approaches are the most in-depth. In addition, numerous sources of
low-cost adsorbents (natural, industrial, and agricultural residues) are provided and explored,
as well as comparative tables of different powder precursors used in the literature and their

adsorption effectiveness with various contaminants.

2 synthetic dyes?

Colors, which are unsaturated aromatic chemicals, have special qualities such as color intensity,
solubility, and fastness. Dyes are coloring particles that are distinguishable from each other by
their chemical composition and that can be used to impart tints and tones to materials [1]. It is
usual for natural dyes to be manufactured on a small scale from naturally available materials
such as insects or plants. The English chemist, William Perkins, unintentionally discovered
synthetic colors [2].

3 Dyes categorization

There are several classifications for commercial dyes. It can be categorized using any
combination of structure, color, and application methods. Since the chemical structure system's
color nomenclature is so complicated [3], it is typically preferable to classify materials
according to their applications. The classification of dyes based on their chemical makeup is
shown in Table 1. Table 2 shows the purposeful distribution of dyes [4]. Apart from the
previously discussed aspects, dyes are categorized as cationic (which includes all basic dyes),
anionic (which includes direct, acidic, and reactive dyes), and nonionic (which includes
dispersed dyes) depending on the charge of their particles upon dissolution in an aqueous
application medium. Many industries utilize dyes, including textiles, paper, printing, carpets,
plastics, food, and cosmetics. Because these dyes are frequently disposed of in rivers and lakes

since they are also present permanently in industrial waste [5].
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Table 1: Classification of dyes according to their chemical composition [6].

Dyes class description Example

N
. \Y
It is composed of one or more C ‘N-@

Az0
azo groups -N=N-, which are the dyes
most widely employed in the textile business
0
Anthraquinone It is mainly composed of anthraquinone O‘O
molecules.
(o}
QO H
Indigoid These dyes make it possible to achieve O » O
a variety of tints, ranging from orange to turquoise ”
0
These are complex structures that are . '“-'=:.~)»"N§::,‘-- N -
based on a central metal atom \--N\C A
Phthalocyanine (for example (Fe, Cu, Pb, Co, Mg) N%\ " L.\N__/N
o \1 .-‘.L é'—
N P
(™D

Xanthene Compounds in this group are
extremely fluorescent. Fluorescein
is the most distinguishing o

component
Nitro and nitroso These dyes consist of a nitro group NO,
dyes. (-NO2) associated with an amine OH

or hydroxyl group.
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Table 2: Classification of dyes based on their applications [2].

Dyes class Application
Acid leather, Wool, silk, inks, nylon, and paper
Dispersive Polyamide, acrylic polyester, acetate, and plastics
Basic Inks, treated nylon paper, polyacrylonitrile, and polyester
Sulfurous Cotton and viscose polyamides and polyesters rarely silk
Reactive Wool, silk, cotton, and nylon
Direct Nylon, leather, rayon, paper, and cotton
Vat Wool and Cotton.
Mordant Wool, silk
Pigments Used in printing processes
4 Azo dyes

Azo dyes have one or more azo groups in their molecular structure (-N = N-). Most dyes now
used are in this category, which comprises more than 50% of global dye production. Different
types of azo dyes exist, such as basic, acidic, direct and reactive, dispersion, and mordant dyes
[7]. The reactivity of azo dyes is regulated by many circumstances. The type of the substituent
in the molecular structure is the first element. They are acidic (if the functional groups are
protonated), basic (deprotonated with a pair of free electrons on the nitrogen), or non-ionic
depending on the pH. Additionally, additional components influence the basicity of dyes; for
example, the presence of acceptor substituents in aromatic rings such as —CIl or -NO2 groups
diminishes the basicity of amino groups. If they contain extra acidic groups (hydroxyl, carboxyl,
or sulfonyl groups), azo dyes may also display amphoteric characteristics [8]. In the textile
industry, these dyes are used to give color to polyester, nylon, cellulose diacetate, triacetate,
and acrylic fibers. They are also found as additives in petroleum-based products and the
coloring of leather, paints, plastics, papers, wood, oils, cosmetics, pharmaceuticals, metals, and

meals.
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5 evaluation of health concerns connected with dyes

The study of the dangers for the coloring business is still in the development phase, and the
features of individual exposure to dyes are generally unknown. The presence of dye precursors
has been linked to bladder cancer [9]. Textile dyes that include aromatic amines can cause
damage to the DNA of cells, raising the risk of cancer. This is why several nations have
implemented guidelines for dyeing textiles. When azo dye is applied regularly, long-term
exposure results in a substantial quantity of absorbed amines that surpass the practically
acceptable dosage limit. Indeed, the colors used in textiles constitute a major health concern.
For example, the dye Acid Black 210 is used in dyeing cotton, leather, and wool. However,
according to a guideline from the Dutch Health Council, this dye is a human carcinogen that
can cause skin harm when inhaled or applied to the skin. Additionally, the use of food coloring
is closely associated with allergies, hyperactivity, irritability, and aggression, where many
people have had allergic reactions after eating and indications of irritation. cutaneous have been
observed [10].

5.1 Dyes-related allergies:

Since 1868, there have been documented instances of allergic reactions to natural dyes used in
garments. In 1884, following the commercialization of new synthetic colors, there were
numerous complaints of severe skin rashes related to wearing underpants. Nylon stockings were
marketed in the United States in 1940. Shortly after their introduction, incidents of dermatitis
related to nylon stockings were discovered; this ailment was first described as “nylon allergy."
However, a subsequent study found that the dermatitis was caused by dyes and not nylon.
According to Dobkevitch and Baer 24, eczema has been linked to cross-sensitivity between the
dispersion of yellow azo dye and the para-amino chemical p-phenylenediamine in nylon fabrics.
In addition, incidences of allergic contact dermatitis (ADC) have been documented. They were
detected in 1985 because they wore dark clothing, largely due to a contact reaction to other dyes
(blue 06, blue 124, etc.) [11].

5.2 Agquatic ecosystem toxicity

The color can influence the concentration and toxicity of heavy metals in fish. In addition to all
marine species, dyes represent major environmental difficulties since they enhance the toxicity
of aquatic life, disrupt the self-purification process, and alter the ecosystem's beauty. The
fundamental problem is that most synthetic colors resist light and oxidation. In this way, the

absorption of colors and pigments into garbage causes communal pollution, which impacts the
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aquatic ecosystem and the aesthetics of the environment. This is why dyes should be of

considerable concern, as they can cause various environmental hazards [12].

5.3 Various procedures for removing watercolor

Dye wastewater treatment methods, including fungal and bacterial decolorization methods, can
be divided into biological, chemical, and physical technologies. These methods have
advantages and drawbacks but are often limited due to high costs and disposal issues in the
textile and paper industries [13]. Due to the complex nature of effluents, there is currently no
single process capable of providing adequate treatment. In practice, a combination of different

processes is often used to achieve the desired water quality most economically [14].

Biological treatment is often the most economical alternative compared to other physical and
chemical processes [15]. Biodegradation methods such as fungal decolorization, microbial
degradation, microbial biomass adsorption, and bioremediation systems are commonly used to
treat industrial effluents. However, their application is often restricted due to technical
constraints, such as large land areas, sensitivity to diurnal variation, and the toxicity of some

chemicals [16].

Chemical methods include coagulation or flocculation combined with flotation and filtration,
precipitation-flocculation with Fe (11)/Ca (OH)z, electroflotation, electrokinetic coagulation,
conventional oxidation methods with oxidizing agents (ozone), irradiation, or electrochemical
processes. These chemical techniques are often expensive [17], and the accumulation of
concentrated sludge creates disposal problems. Advanced oxidation processes, based on the
generation of powerful oxidizing agents such as hydroxyl radicals, have been applied with

success for pollutant degradation but are costly and commercially unattractive [18].

Physical methods, such as membrane-filtration processes and adsorption techniques, have a
limited lifetime before membrane fouling occurs. Liquid-phase adsorption is one of the most
popular methods for removing pollutants from wastewater due to its high-quality treated
effluent and its superiority over other techniques for water re-use in terms of initial cost,
flexibility, simplicity of design, ease of operation, and insensitivity to toxic pollutants.

Adsorption also does not result in the formation of harmful substances [18].
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Figure 1. The methods most frequently employed to treat wastewater.

6 Adsorption technique

The term adsorption was first coined by Du Bois-Reymond, but Kayser first published it in
1881 to distinguish between gas condensation on the surface and gas adsorption. Adsorption is
a surface phenomenon during which molecules of a fluid (gas or liquid), termed adsorbate,
connect to the surface of a solid, called an adsorbent. By the surface of the solid, we mean the
external and internal surfaces created by the network of pores and cavities inside the adsorbent
[19].

6.1 Adsorption types

Gas-solid adsorption takes place at constant pressure and temperature from a thermodynamic
point of view and is generally accompanied by a reduction in enthalpy in the form of heat release
(the adsorption energy), whose order of magnitude makes it possible to distinguish between
two completely different forms of adsorption.

6.1.1 Physical Adsorption

It is a physical type of adsorption that occurs when the forces that fix the adsorbate in a mono-
or multimolecular layer on the adsorbent's surface are of the same order as the van der Waals
forces. This type of adsorption is characterized by [20]:
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e Rapidity in achieving equilibrium (depending on temperature, concentration, and
pressure) between the adsorbed and fluid phases. If, sometimes, equilibrium is only
established after a more or less considerable time, it is accepted that this originates from
the fact that surface adsorption is accompanied by additional phenomena: dissolution of
the gas in the solids and capillary condensation in the pores and capillaries of the solid.
It is sometimes referred to as 'sorption';

e A reduction in adsorption capacity with increasing temperature; a heat of adsorption
substantially of the same order as the heat of liquefaction of the adsorbed gas;

e Relatively easy reversibility and lack of specificity [21].
6.1.2 Chemical Adsorption
It is chemical-type adsorption that occurs when chemical bonding forces (much stronger than
van der Waals forces) share or transfer electrons. As a result, there are ruptures and the
formation of chemical bonds on the surface between the reagent and the adsorbent's active sites
[22].
Chemisorption is characterized by:

e A slow equilibrium must be reached between the adsorbed phase and the flowing

medium.
e Heat generated during adsorption comparable to those of reactions (from 40 to 100
kJ/mole) roughly 10 times physical adsorption.

e A non-reversibility.
When conditions are right, chemical adsorption can often overlap with physical adsorption [23].
6.2 Principal adsorbents
Strictly speaking, all solids are adsorbents. However, only adsorbents with a suitable specific
surface area (surface area per unit mass) can be of practical interest. The most prevalent
industrial adsorbents are activated carbons, zeolites, silica gels, and activated aluminas.
6.2.1 Activated carbons
Activated carbons, derived from various carbonaceous materials such as wood, coal, coconut,
and petroleum residues, are widely used industrially as adsorbents. These carbons consist of
elementary graphite microcrystallites with a wide range of pores, ranging from micropores to
mesopores and macropores, formed through controlled carbonization processes [24].
6.2.2 Mineral adsorbents

Mineral adsorbents can exist naturally or synthesized [25].
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e Clays are aluminosilicates. These are natural materials, which are activated to have
better adsorbent capabilities.

e Zeolites are porous aluminosilicates formed from SiO4 and AlO4 chains. They have
ionic structures because of the aluminum atoms, which require an exchangeable cation
to compensate for negative charges. Cations obstruct micropores and interact with
adsorbed molecules, affecting adsorption properties. Modifications can enhance their
suitability for specific applications.

e Activated aluminas, produced through flash thermolysis of aluminum trihydroxide (Al
(OH)z), are porous, moderately polar, and highly hydrophilic adsorbents used for drying
due to their amorphous structure.

e Lesgels de silice (SiO2, nH20) peuvent étre obtenus par précipitation de silice en faisant
réagir une solution de silicate de sodium avec un acide minéral. Le gel obtenu est ensuite
lavé, séché et activé [26].

6.3 Adsorbents made from food and agricultural waste.

Much effort has been made to develop affordable and easily accessible adsorbents to remove
organic pollutants, including constituent residues. Most agricultural residues, such as fruits and
vegetable peels, are left without use [27], which makes them very promising as adsorbents due
to their physicochemical characteristics and affordability [28]. Adsorbents from food scraps
play an essential role in water treatment due to their ability to eliminate various organic
contaminations. Furthermore, with an increase in population, the demand and consumption of
food and fruits amounts to billions of tons per year; this involves significant production of fruit
waste such as peels, leaves, stems, seeds, shells, etc. [29]. In this way, by carrying out a mild
treatment, they can be used as adsorbents at a lower cost. In recent years, many scientists have
focused on exploring novel adsorbents based on natural materials which are alternatives to those

used.
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Table 3: Some agricultural waste utilized as a precursor for the manufacture of adsorbents.

Adsorbed
Prepared
Precursor Pollutant amount Reference
adsorbent
(mg/g)
Stipa
o Raw Congo red 7.93 [30]
Tenassicima
Pomegranate Raw Cd(I) 132.5 [31]
Corncob husk Biochar As (111) 50 [32]
Jackfruit peel Biochar Phosphate 7.95 [33]
Tea leaves Activated carbon Rhodamine B 757.6 [34]
Chemically
Banana peels o Mn (11) 5.73 [35]
modified
Date stones Activated carbon ~ Malachite green 98 [36]
Pistachio shells Raw Basic Blue 41 21.8 [37]
Cones of pinus Raw Congo Red 102.8 [38]

6.4 Factors influencing the adsorption phenomena
The adsorption balance between an adsorbent and an adsorbate is determined by several

parameters, the most important of which are listed below:

6.4.1 Effect of concentration

The dye's adsorption capacity can also be altered by its starting concentration. If the dye
concentration is insufficient, the dye adsorption may fail to reach the saturation phase, and the
adsorbent may be wasted. The dye's adsorption capacity increases with the initial concentration

until the free active sites on the adsorbent's surface are saturated [39].

6.4.2 Effect of pH

Solution pH often plays a key role in the adsorption of organic dyes, which might help
understand the adsorption mechanism. For example, when fixing dyes by electrostatic contact,
the pH of the dye solution plays an essential role in their adsorption. Maximum dye removal
occurs at the pH where the adsorbent has the greatest affinity for the dye molecules; the latter
can be detected using the isoelectric point. Thus, cationic dyes are attracted to negatively
charged adsorbents, while anionic dyes are attracted to positively charged adsorbents.

Furthermore, in other mechanisms (Van der Waal force, hydrogen bonding, or hydrophobic-
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hydrophobic interactions), the initial pH may not be as important, and adsorption may occur
across a larger pH range [40].

6.4.3 Effect of the specific surface

The specific surface area is a crucial measure of the adsorbent's sorption capacity. It denotes
the accessible surface area concerning the adsorbent's unit weight. However, this specific
surface area only represents a minimal portion of the total surface area available for adsorption.
This total surface area can be increased by grinding the solid mass, which further multiplies its
total porosity [41].

6.4.4 Effect of the temperature

Adsorption is an endothermic or exothermic event, depending on the adsorbent material and
the type of molecules adsorbed. Numerous adsorption enthalpy values are provided in the

literature, which attests to the variety of thermodynamic processes.

6.4.5 Effect of ionic force

lonic strength plays a vital function in regulating adsorption processes. Hydrophobic and
electrostatic interactions, hydrogen bonds, and surface functional group interactions between
adsorbents and dyes are the key drivers of dye adsorption [42]. However, ionic strength has a
complex and poorly understood effect on dye adsorption, as it can alter electrostatic and
hydrophobic interactions. Generally, ionic strength was closer to the real environment [43].

6.4.6 Effect of Contact Time

As the contact time rises, the dye removal rate increases to a certain amount. However, any
further increase in contact time will not affect adsorption due to the buildup of dye at the
accessible adsorption site on the adsorbent surface. At this point, the amount of free dye and
the amount of adsorbed dye are in dynamic equilibrium. The equilibrium time is the time
required to reach this phase, and the dye's adsorption capacity corresponds to the maximum

adsorption capacity [44].

7  Advanced oxidation processes (AOPs)

AOPs were first developed in the 1980s for the treatment of drinking water and were
subsequently widely employed for the treatment of different wastewater. AOPs largely rely on
highly reactive oxygen species (ROS) created by photocatalysis, electrochemistry, or peroxides,
which can activate the oxidation reaction in water to break down micropollutants and Kkill
microorganisms. For chemical oxidation-based AOPs, ozone (Os), hydrogen peroxide (H205),

and persulfate (PS) are the most often employed oxidant precursors. Various oxidant activation
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methods, including heat, ultraviolet, alkali, transition metals, and carbonaceous materials, have
been utilized to create ROS more efficiently. AOPs can be classified into two categories:

homogeneous and heterogeneous.

7.1 Homogeneous AOPs
homogeneous AOPs use Os, H202, and persulfate, including peroxydisulfate (PDS, S?0s %) and
peroxymonosulfate (PMS, HSOs -).

7.2 Ozone-based AOPs

With a high redox potential (EO = 2.1 V), ozone is a powerful oxidant capable of oxidizing
inorganic and organic compounds, as well as inactivating pathogens and ARB&Gs found in
water. Contaminants can be ozonated in two ways: by direct reactivity by the Oz molecule,
which reacts predominantly with the ionized and dissociated form of organic molecules, and by
indirect oxidation by the hydroxy radical (*OH), which is created from the O3 (Eq. (1)) to initiate
indiscriminate oxidation [45,46].

303 + H,0 — 2 « OH + 40, 1)
7.3  UV/H,0,and UV/PS

Conventional UV lamps' use of mercury has been widely employed for urban wastewater
treatment, which can successfully prevent cell replication by destroying their DNA. The
application of light-emitting diodes (LEDs) makes UV-C LEDs particularly promising for
water disinfection since they are significantly cheaper, smaller, lighter, and less fragile than
typical mercury vapor lamps. Single UV may efficiently degrade some organic pollutants but
at large doses (> 10, 000 mJ/cm2), such as the high abatement efficiency (>85%) of
sulfonamides, quinolones, NDMA, herbicides, and pesticides from water. However, it
displayed low removal capability for most CECs [47,48].

7.4 Photo Fenton and Fenton-like AOPs

Unlike activation strategies by energy supply (such as UV), transition metal ions, such as
ferrous ions (Fe?"), have the benefits of reduced energy use and greater activity. According to
the classic Fenton reaction, the activation of H,O; is explained by dissolving Fe?* in a solution
to create *OH (Eq. (2)). Activation of PMS and PDS by Fe?* is also effective [49].

F?* + HyH, > F3* + OH™ ++ OH (2)
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7.5 Heterogeneous Fenton-like process

The heterogeneous Fenton-like system appeared to eliminate or reduce the disadvantages that
accompany the application of the homogeneous system mentioned above. Several researchers
report quite a bit of work concerning the elimination of a wide range of micropollutants by the
heterogeneous Fenton-like process using materials based on transition metals such as iron and
copper [50,51].

The capacity of different iron-based minerals to degrade organic pollutants in the presence of
H202 or other oxidants has been relatively well studied in recent years. Among these
compounds, we can cite magnetite (FesOs: a mixture of Fe** and Fe3*), hematite (Fe,Os3),
goethite (FEOOH), zero-valent iron FeO, and composites containing iron, for example iron-
graphene.

The catalytic reaction in the presence of iron minerals is strongly influenced by the pH of the
medium. In particular, the dissolution of iron oxides at acidic pH can lead to homogeneous
Fenton-type reactions and affect the stability and durability of the catalysts.

Copper and copper-containing materials are the most studied catalysts after iron in the
discipline of green chemistry, because of their possibility of application in the heterogeneous
Fenton process in a wide pH range, and therefore, avoiding one of the major disadvantages of
the Fenton system (the pH limit).

Among the materials that appear as excellent catalysts in the oxidation processes of
micropollutants, specifically the heterogeneous Fenton process, we cite lamellar double

hydroxides and their derivatives.
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Chapter I1: Statistical physics modeling of azo dyes biosorption onto a modified
powder of Acorus calamus in a batch reactor.

1. Introduction

Water is the main raw material on our planet, for humans, animals, plants, and microorganisms.
Virtually all the vital phenomena of the biosphere are related to the availability of water. Water
pollution affecting rivers, seas, groundwater, and lakes is the result of the wastewater arising from
many industrial discharges repeatedly contaminated with diverse organic, inorganic, and volatile
compounds, such as benzene, toluene, phenol, heavy metals, suspended solids, etc[1]. This causes a
degradation of the ecosystem. Among the industries that use water in large quantities are the tanning
and textile industries, where it is used primarily for dyeing and finishing. These industries are one of
the main sources of huge pollution problems in the world due to their water polluted with toxic dyes,
even in small amounts. 100,000 varieties of textile dyes with annual production estimated at 7.105
metric tons are available on the world market; 30% of these dyes are used at more than 1000 tonnes
per year, and 90% of textile products are used at 100 tonnes per year or less [2, 3].2 to 20% of textile
dyes are diversified in liquid effluents during the dyeing process and can cause serious problems
because their presence in water, even in very small amounts, is very visible and indisputable[4, 5].
Industrial treatment waste containing this type of dye has a great interest. A vast variety of biological,
chemical, and physical techniques has been developed and tested in the treatment of effluents filled
with dyes, such as flocculation, precipitation, ion exchange, membrane filtration, irradiation, and
ozonation. However, the use of these processes is very costly and contributes to the creation of vast
volumes of sludge[2, 6]. Adsorption remains one of the most favorable methods for removing dyes,
due to its simplicity of realization.[7, 8].

The principle of the adsorption treatment is to trap the dyes with a solid material called adsorbent.
There are several solid materials in the literature (biosorbents, clays, zeolites, and activated carbon ...)
that can be used in water-bleaching processes. In recent years, Research has focused on the use of
cost-effective adsorbents, available locally, biodegradable absorbent made from natural sources[9]. In
this regard, biosorbents synthesized from lignocellulosic residues have been widely used as an
adsorbent to treat colored effluents, because of their very large porous structure, large surface area,
and high adsorption capacity. Among these adsorbents, we can mention among
others:datekernels[10],appleskin[11]olivekernels(10), peachkernels[13], corncobs[14],
coffeebeans[15], andcoffeegrounds[16, 17], Tea waste[18], bagasse[19], coconutshell[20], and
apricot kernels[21]fungi[22], algae[23],chitosan[24]bacteria[25], and in recen ttimes, Ash of Cassia
Fistula seeds[26], rice husk[27] , coconut shell and coal ash[28], Stipa tenassicima fibers[29], cones
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of Pinusbrutia[30], wild carob[31], LDHs[32], and acid treated Cupressus semperirens cones
pomegranate peel [33], and more recently,pectin from orange industry residues[34], polyacrylamide-
diatomite (PAA-D)[35], Fes04[36], chitosan vermiculite beads[37], Pseudoevernia furfuracea[8],
Orange Peel traited with H3sPO4[38], particle Ziziphus jujuba stones (BZJS1)[39].

Methylene blue is the most frequently used dye in cotton dyeing, wool, and silk. It causes difficulty
breathing when there is an inhalation, a burning sensation if swallowed by mouth, causes nausea [5].
In the present study, we were interested in the removal of methylene blue (BM) dye using a new
inexpensive and naturally abundant material Acorus collected from the Sahara of Algeria which is
considered to be a potential material for adsorption of cationic dyes. Moreover and to our knowledge,
no work has been reported in the literature on the use of this material for the elimination of dyes, it
was first treated with H,SO4 and then activated with KMnOs. The new material is called PACK and
subsequently shows its efficiency in the treatment of polluted water. Various experimental parameters
were analyzed such as pH, contact time, effect of mass, and effect of initial dye concentration. The
effect of temperature on the adsorption of the dye was also studied and the thermodynamic parameters

were determined.

2. Materials and methods

2.1. Materials

The Acorus calamus collected from the Sahara of Algeria is used as biosorbent support in this work.
The following chemical products were used, Methylene Blue (MB), H2SO4 (65%), KMnOQOs, and
humic acid. All of the chemicals mentioned are collected from Sigma-Aldrich

2.2. Preparation of dye solutions and concentration determination

Methylene Blue (MB), a typical cationic dye was selected as an adsorbent. Its chemical structure and

some of its properties are presented in Fig 1 and Table 1. It was obtained from ACROS with 99.99%
purity.
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Figure 1. Chemical structure of the methylene blue.

Working solutions were prepared by dilution of the stock solution with distilled water to yield the
appropriate concentrations. The pH of the solutions was changed by adding either 0.1 M HCI or 0.1
M NaOH solutions. Before use, all bottles and glassware were beforehand cleaned and then rinsed
with distilled water and oven-dried at 60°C. There residual dye concentrations were assessed by an
SP-8001 UV/vis Spectrophotometer of Axiom (Germany, Shimadzu).

Table 1: Chemical properties of Methylene Blue.

Formula weight  Solubility

Dye Classification Amax (NmM) Empirical formula ]
(g. mol™) in water
Methylene o
B Cationic dye 664 CisH1sN3CIS 320 >50g. L?
ue

2.3. Preparation of the adsorbent

Aquatic reeds of Sahara (Algeria) were dried at a temperature of about 40°C. This quantity was sieved
and crushed to obtain small grains, generally less than 2 mm. First treatment was carried out with a
mixture of sulfuric acid (65%) and the aquatic reeds powder with a ratio of (1g(powder):
20ml(H2S04)), the reaction mixture was stirred at a temperature of 70 °C for 5 hours. The powder was
filtered and washed several times with distilled water until purification and then dried in an oven
overnight at 80 °C. The resulting product was treated again with KMnO4 (1M) with a ratio of (1g
(powders) / 10 ml (KMnQgy)) at room temperature for 24 hours. The powders obtained are washed
until purification and then dried in an oven overnight at 80 °Cand by following the grinding and
storage step in desiccators for future use. The obtained product, namely powder of Acorus Calamus
KMnOs-activated, was abbreviated as PACK.
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2.4. Characterization of the adsorbent

2.4.1. Infrared spectroscopy (IRTF)

FTIR analysis enables us to determine the functional surface groups of our materials. This analysis
was conducted on a Spectrum Two-type infrared spectroscopy apparatus using the technique of high-
pressure KBr granules, the analysis was done over a wavelength range of 400-4000 cm™,

2.4.2. The Point of Zero Charge of PACK

The pHpzc (pH of the zero or no charge point) refers to the pH value at which the net charge on the
adsorbent surface is null. This parameter is very important in adsorption phenomena, especially when
electrostatic forces are involved in the mechanisms. A quick and simple protocol to determine the
pHpzc consists of placing ml of the distilled water in closed vials and adjusting the pH of each (values
between 2 and 12) by addition of NaOH (0.1M) or HCI (0.1M)solution.25 mg of PACK material was
added to each vial. The Suspension was agitated at room temperature for around 24 hours, and then
the final pH was determined.

2.4.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) of PACK biosorbent before biosorption was visualized using
Hitachi S-3000 N SEM at 10 kV and various magnifications, 500 and 20,000. From the SEM, it is
possible to see the topography surface of our material.

2.5. Adsorption studies

2.5.1. Adsorption kinetics

The effect of the contact time on the adsorption of methylene blue (MB) on the material considered
in this study at the natural pH, of 6.5. Experiments were performed, adding a given amount of
biosorbent (50 mg) in 200 ml of dye solutions of known concentrations (100 and 150 mg/L) in two
conical flasks (500 ml) with continuous stirring (250 rpm) at 25 + 2°C. After withdrawing samples at
fixed time intervals and centrifugation, the supernatants were analyzed for residual MB. The amount
of dye adsorbed Q: (mg/g) at time t, was calculated according to Eq. 1.

(Co — Ct)V
m

Qt = (1)

Where Co and C; (mg/L) are the dye concentrations in the solution at the beginning and after time t,

V (L) and m (g) are respectively the volume of the solution and the mass of dry biosorbent.
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2.5.2. Kinetics modeling

Kinetics provides information on the adsorption process and the type of solute migration from the
liquid phase to the solid phase. For this purpose, some models were considered to fit experimental
data, the pseudo-first-order, pseudo-second-order (PSO) (PFO)[40, 41], and pseudo-n*order
(PNO)[42, 43], Table 2 describes the models' formulas and their parameters.

Table 2: Adsorption kinetics models used in this work and their parameters.

Kinetics models  Equation Parameters

Qe (Mg g} and Q: (mg g?) refer to the
Pseudo-first order Q, = th_ ok ) amount of dye adsorbed at equilibrium

and at time t (min) respectively.

ki(L mint) is the equilibrium rate

constant of the pseudo-first-order

equation

k2(L min) is the equilibrium rate

Pseudo-second k,Q,’t constant of the pseudo-second-order
order C1+k,Qut equation

kn is a constant and n is the biosorption

Q,=Q, -[(n-1)k t+Q,

Pseudo-n™order reaction order

2.5.3. Adsorption isotherms

The adsorption isotherm is a representative characteristic of the thermodynamic equilibrium between
the adsorbent and the adsorbate [29]. It is very useful for understanding the adsorption mechanism; it
gives information about the affinity, the binding energy between the adsorbate and the adsorbent, and
about the adsorption capacity. A series of Erlenmeyer flasks (50 ml) placed on a multi-station
magnetic stirrer shaken at 250 rpm and loaded with 50 ml of MB with different concentrations (in the
range 50 to 1100 mg L™?).25 mg of the PACK material was added to each Erlenmeyer; the mixture
was stirred for 24 hours, and the process was repeated for two temperatures 20 and 30 °C. Adsorption
capacity Q. (mg.gt) was calculated based on Eq. (2).
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(CO B Ce )V
m

Qe = )

Where Co and Ct (mg/L) are the dye concentrations in the solution at the beginning and after time t
respectively, V (L) is the solution volume, and m (g) is the dry adsorbent mass.

2.5.4. Isotherm modeling

Mathematical modeling of isotherms provides a relationship between solute concentration in solution
and adsorbed quantity per unit mass of adsorbent[44]. The two most commonly used two-parameter
models are the Langmuir Freundlich and Dubinin Radushkevich (D-R) models. However, to go a little
further in the understanding of adsorption mechanisms, three-parameter models like the Sips model
and the Redlich-Petrson model were also considered. Table 3 describes these isotherm models and

their parameters.
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Table 3: Adsorption isotherm models adopted in this work and their parameters.

Isotherm Equation Parameters

Qe (mg g is the amount of MB adsorbed per
unit mass of adsorbent

Ce. (mg L Hthe equilibrium dye concentration
Q. _ K
Qm 1+ KLCe

Langmuir in solution
Qm(mg g?) is the monolayer capacity of the
adsorbent

KL the Langmuir constant

Krand nt are empirical constants indicative of
Freundlich Q. =K. C" sorption capacity and sorption intensity.

respectively

Q.  (KLC)" Ks (L mg?) the Sips constant

Sips Qn  1+(KsC)™  m the exponent of the Sips model
kr(L g-}) is the Redlich—Peterson (R-P)

k,C isotherm constant

e

Redlich-Peterson T+ agC." ar (L mg™)is also having a constant unit of

Bris an exponent

Qor is the capacity of the adsorbent (mg/qg)
Kpr is the activity coefficient (mol? KJ?)

_ : 2
Dubinin- Qe= Qorexp(-kor€™) £ The biosorption energy ( kJ mol™), (Epr=

Radushkevich (2Kor) )
€ stands for constant related to the biosorption

energy(e = RTIn (1 +1/Ce))
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2.6. Statistical physics

In an attempt to understand the adsorption phenomenon using statistical physics processing, the
following hypotheses were assumed. It was considered that a variable amount of solute molecules
were adsorbed on interstitial Nm sites imposed on the adsorbent (unit mass). Solute molecule (A)
adsorption reaction at an interstitial site (S) must include a stoichiometric coefficient n according to
the following reaction[45]:

nA + S AnS 3)
Depending on the value of n, two different ways of adsorption of the solute on the adsorbent can be
distinguished. If n is less than 1, only a fraction of solute molecules are adsorbed; it consists in multi-
anchorage adsorption. In the second case, if n is greater than 1, it is an interstitial site filled with more
than one molecule; this case corresponds to multi-molecular adsorption[46].

Statistical physical simulation is used in this study to explain the adsorption of MB in the PACK
material. For a system placed under specified physical conditions, we used the large canonical
partition function z ;. which describes the microscopic state:

Zge = Z'Nl- e F(=emWN; (4)
Where Ni is the receptor site occupation state, pu is the chemical potential, €i is the receptor site
adsorption energy, and p is defined as 1/kBT (where T is the absolute temperature and kB is the
Boltzmann constant).

The MB adsorption isotherms are simulated by three different models of statistical physics, monolayer

single-energy, monolayer two-energy, and double-layer two-energy models[45].

The three models are summarized in the following table (Table 4).
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Table 4: Grand canonical partition function and equation of the three models of statistical physics

Model  Grand canonical partition function Equation
1 . — n.Nm
Zgc = z 1 + efe+N; Qe 1+(cé/z)n
N;=0.1 e
2 Zge = (1 + eﬁ(81+u))N1m Qe = n1.Nml. . n2.Nm2

c1 ni Cc2 n2
1+(ce) 1+(c2)

+ (1 + eBlerw)em

_ B(e+p) 2B(e+N =n.Ny. — n
ch—Zl+e et 4 gpETINm 1+(£) +2.(C_C2)z

In model 1, it is assumed that the adsorption of the dye takes place by a monolayer single-energy
model[47]. The receptor sites can interact with several dye molecules. The quantity adsorbed Qe as a
function of Ce is given by Eq.3 in the Table 4[48].

Where the parameter n represents the number of MB molecules captured per active site of PACK, the
density of the adsorbent receptor sites is Nm and the concentration at half-saturation is Cyy.

In model 2, monolayer two-energy, the adsorption of MB is assumed on two different sites of PACK
with two different energies, E1 for the first site and E2 for the second site. The receptor sites can
interact with a variable number of MB molecules, n1 with the first site (type one) and n2 with the
second site (type two). The evolution of Qe as a function of Ce is given by Eq. 4 in Table 4. Where
Nm1 and Nm2 are the first and the second type densities of adsorbent receptor sites respectively, Cy
and C; are the concentration at half-saturation of the first and of the second receptor site.

For model 3, it is a double-layer two-energy, E: for the first layer and E> for the second layer, with
mention of the second layer having less energy than the first[49]. From this, the quantity Q. adsorbed
as a function of Ce is given by Eq.5 in Table 4[50].

Where C; and C; are the concentrations of the first and second layers at half-saturation, respectively.
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2.7. Statistical assessment of equilibrium parameters

Evaluation of nonlinear adsorption isotherms by the error function (Ferror) represented by Eq.5 was
conducted. This function allows to compare the experimental data point by point with those obtained
by the adjusted model. Models with a low Feror Value are the most appropriate for describing the

experimental behavior:

. a 1 Qi,mod o Qi,exp
I:error - \/le( P _ 1)[ Qi’exp ) (5)

Where Qimod IS the adsorption capacity by the adsorbent provided by the model; Qiexp is the

experimental adsorption capacity, and P is the number of experimental points performed[51].

2.8. Parameters governing adsorption phenomena

2.8.1. The effect of initial pH on adsorption of MB on PACK

The pH is a very important factor in the adsorption phenomenon. The surface charge and the
distribution of ions of the material may change significantly with pH. The effect of pH on the
adsorption of MB on PACK has been studied at different initial pH (in the range 3 to 12). The
Solutions were adjusted with HCI (1 M) and NaOH (1 M) to the desired values. The initial
concentration of MB was 160 mg/l (stock). The other parameters, such as the volume of the stirring
tank, temperature, stirring speed, and adsorbate masse were V =50ml, T = 25 + 2°C, stirring speed =
250 rpm, mpack = 25mg.

2.8.2. The effect of humic acid on the adsorption

Textile wastewater, as it is known contains variable concentrations of organic and inorganic ions,
mainly cations and anions such as nitrates, chlorides, sulfates, carbonates, and hydrogeno-
carbonates.In this part, the effect of humic acid on adsorption was examined to better understand the
effect of his ions on the adsorption of the MB on the adsorbent. Indeed, humic acids are found in
nature in significant quantities. Therefore, different humic acid quantities (5, 20, 30, and 50 mg) were
added to 50 ml of a solution of MB at 800 mg/L in the presence of 25 mg of adsorbent. After stirring
until the equilibrium time the results obtained were compared to the result of adsorption without humic

acid.
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2.8.3. Effect of the biosorbent dose on biosorption

The ratio of biosorbent-solution is an important factor in assessing the biosorption capacity of the
material biosorbent. To discover the impact of the initial dose of PACK biosorbent on the MB dye, a
range of doses between 10, 20, 30, 50, and 100 mg of adsorbent was examined in the 400 mg/ L initial
solution of the MB dye.

3. Result and discussions

3.1. Characterization of adsorbents

3.1.1. Infrared spectroscopy (FT-IR) interpretation of PACK material

The FT-IR spectrum of the PACK material before adsorption (Fig. 2) gives certain absorption bands
that can be defined by the following functional groups. a broad absorption band of about 3600—-3000
cm™ which signifies the vibration of elongation of hydrogen from hydroxyl groups -OH (phenol
alcohols, or carbonyls) It can also correspond to the vibration of elongation of the —OH groups of
cellulose (lignin and pectin). Another band at 2360 cm™ may correspond to the presence of a = N-H
bond. The characteristic bands betwin1640 cm™ and 1530 cm™ can be identified as the carboxylic
group bonding ionic (COO-) elongation vibrations and can be assigned to the C=C aromatic
stretching. The characteristic band at 1380 cm™ can be related to the C-H and O-H deformation
vibration in hydroxyls, phenols, methyl, and olefins. In the comparison between the two FT-IR spectra
before and after adsorption, similar peaks of different intensities were observed with the appearance
of new peaks such as:

At 1321 cm?, a characteristic band attributed to the valence vibrations of the aliphatic C-H groups
existing in the structure of the MB. The peek at 1120 cm™ corresponds to the mode of vibration and
elongation of the aromatic groups C-H existing in the structure of the MB, another band at 665 cm™
may correspond to the presence of a C-S bond existing in the structure of the MB. These peaks

confirmed the adsorption of MB onto the PACK material.
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Figure 2. FT-IR spectrum of the PACK before and after adsorption of BM.
3.1.2. The Point of Zero Charge
From the graph presented in Fig. 3, the pHpzc of adsorbate was equal to 8.3, which means that the
surface of PACK was positively charged when the pH of the solution was lower than 8.3 and

negatively charged when the pH of the solution was higher than 8.3.
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Figure 3. Isoelectric points of PACK (V=50 ml, T=25 + 2 °C, stirring speed = 250 rpm, mpack = 25 mg).
3.1.3 Scanning electron microscopy (SEM)

It can be seen in the SEM surface images of PACK in Fig. 4. Images extracts obtained at a one and
ten-micron-meter scale showed a heterogeneous surface morphology composed of many cavities
(micro-pores) of different sizes. This irregular morphology of the material can facilitate the sorption
of MB, and for this, we can assume that the PACK material represented an appropriate morphological

profile for the adsorption of the dyes[52].
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Figure 4. SEM captures of PACK

3.2. Kinetics analysis

Two initial concentrations 100 and 150 mg/L were considered. As expected, the adsorption capacity
of PACK increased with the increase of the initial dye concentrations. As shown in Figure 5, the
biosorption increases rapidly during the first 90 minutes, before reaching equilibrium, for both
concentrations cited below. According to adsorption kinetics, more information on the adsorption
mechanism (adsorbent/adsorbate) or in another way the transfer of a solute from the liquid phase to
the solid phase can be provided. For this purpose, several kinetic models, namely the pseudo-first
kinetic model (PFO), pseudo-second-order model (PSO), and pseudo-n™ order model (PNO)were
applied to explain the adsorption mechanism. Fig.5 and Table 5 show the parameters obtained with
the different kinetic models for the adsorption of MB onto the PACK material. It can be seen from
this table, that all models accurately fitted the experimental data, leading to coefficients of correlation
between 0.95 and 0.997; however, the values of the coefficients of correlation given by the PSO model

were slightly lower than those given by PFO and PNO (Table 5).
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Figure 5. Kinetics data (symbol) of MB adsorption onto PACK and modeling data (lines) by PFO,
PSO, and P™"O with different initial concentrations. (V =200 ml, T = 25 + 2 °C, stirring speed =
250 rpm, mpack = 50 mg).

In addition, theoretically calculated Qt (373.87mg/g and 604.37mg/g) values from the PNO model
agree very well with the experimental Qt (374mg/g and 547 mg/g)values, for both 100 and 150 mg/L,
respectively, if compared to those obtained by both PFO and PSO models. Moreover, the rate
constants (K1, K2, and Kn) for all models, declined in a significant way with an increased initial MB
concentration from 100 to 150 mg/L. Furthermore, the coefficient n of the PNO goes from 1.31 t0 2.5
for both concentrations 100 and 150 mg/L respectively. This result let’s say that the order of the
reaction is greater than 2 when the concentration is equal to 150 mg/L. In summary, according to the
modeling results, it can be considered that experimental data were most accurately fitted in this order

PNO-PFO-PSO models.
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Table 5: Kinetic parameters and correlation coefficients for nonlinear regression of PFO PSO and
PNO maodels for the adsorption of MB onto PACK at room temperature.

Material Model Parameters 100 150
Qexp 374 o947
Qe 368.88 528.05
PFO K1 0.153 0.093
R? 0.994 0.9494
Qe 391.46 572.70
PACK PSO K2*10* 6.94 2.60
R? 0.989 0.986
Qe 373.87 604.37
Kn 0.029 1.16E-05
PNO n 131 2.50
R? 0.997 0.986

3.3. Isotherm analysis

Adsorption isotherm is very important both theoretically and practically to optimize the adsorption
system design for the elimination of MB by the material used; the corresponding results are shown in
Fig.6. The two isotherms showed an L-type appearance (Langmuir type). The L shape of the
adsorption isotherms means that there is no strong competition between the solvent and the adsorbent
to occupy the adsorption sites; consequently, the affinity between the adsorbate and the adsorbent is
relatively high. This was confirmed by the modeling of the adsorption isotherms (the affinity between
the adsorbent and the adsorbate increases when the value of the K constant decreases). The maximum
values of the adsorption capacity at equilibrium were1285.34 mg/g and 1528.02 mg/g for the two
temperatures 20 and 30 °C, respectively. According to the results obtained, there was a positive
temperature effect on the adsorption of MB-PACK. To properly define the sorption process for the
elimination of dyes from the effluent, the most appropriate correlation for the equilibrium data should

be determined.
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Figure 6. Experimental data (points) of MB adsorption onto PACK. Modeling Data (lines) by

Langmuir, Freundlich, Sips, Redlich-Peterson, and D-R models models at different temperatures.
(Stirring speed= 250 rpm, pH=6.5)
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Isotherm models cited in Table 3 were used and the fitting was carried out using the Marquard-
Levenberg program. It is clear that the adsorption capacity increased with increasing equilibrium
concentration of MB and reached saturation progressively for all tested models. In the case of the two-
parameter models, both Langmuir and Dubinin-Radushkevich isotherm models are the most
appropriate to describe experimental data. The calculated parameters are provided in Table 6 and their
graph is shown in Fig.6. It can be seen from Table 6, that the values of the coefficient of determination,
R?, obtained for Langmuir and Dubinin-Radushkevich(D-R) were closer to 1.00 than the Freundlich
model. This indicates that there is strong positive evidence that the biosorption of methylene blue
molecules onto PACK follows the adsorption of methylene blue molecules localized without
adsorbate-adsorbent interaction[53]. The adsorption capacity for Langmuir and Dubinin-
Radushkevich (D-R) (Table 6) using nonlinear regression was found to increase from 1219.83 mg/g
to 1522.34 mg/g and from 1096.76 mg/g to 1419.95 mg/g for Langmuir and Dubinin-Radushkevich
(D-R) respectively, namely close to those found experimentally for an increase in temperatures from
20to 30 °C. The biosorption constant, Ki; increases and decreases respectively from 256 L/mg to 219
L/mg, respectively using the Langmuir model as temperatures varied from 20 to 30 °C. Besides, from
Table 6, it can be evaluated that the adsorption behavior of MB on PACK fitted very well with the
Langmuir isotherm model, better than the Freundlich model as reflected by the correlation coefficients
and the Ferror Of the experimental data. On the other hand, the three-parameter models, R-P, and Sips
Egs. were also applied to examine the adsorption of MB. The calculated isotherm parameters and
their corresponding coefficient of determination R? values are also shown in Table 6. The high values
of R? and the low values of Ferror for the the R-P model suggest the applicability of this model to
represent the equilibrium sorption of MB on PACK in comparison with the sips model. Several
studies showed that the R-P isotherm was more accurate than the Langmuir and Freundlich isotherms
as it contains three unknown parameters. Indeed, the Langmuir and Freundlich isotherms can result
from the R-P isotherm, since forr = 1, the R-P Eq. becomes the Langmuir isotherm and for Br =0, it
is closer to the FreundlichEg.Otherwise, the Sips model is a combination of Langmuir and Freundlich
models. From this and Table 6, it is very understood that the adsorption capacity obtained from the
Langmuir, Sips, and R-P Eqs could be more realistic than that from the Freundlich Egq. Moreover,
the Redlich—Peterson (R—P) model was close to the Sips and Langmuir isotherm in the range of studied

temperatures (when m and 3 value approach 1).
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The isotherm constant ar decreased with temperature; while inversely, the Br exponent increased with
temperature. From Table 6, we can note that Br values were close to unity (i.e., the data could
preferably be fitted with the Langmuir model). Finally Regarding the statistic parameters given by
Ferror and R?, it can be noted that the R-P model was the most suitable to describe experimental data
owing to its low Feror and the high R2, compared to the other models in the range of temperatures
considered. Also, The Dubinin-Radushkevich (D-R) isotherm model, provides us with more
information about whether the adsorption process is physical or chemical depending on its measured
Epr parameter (if the Epr value is between 8-16 KJmol™ the adsorption process is a chemisorption
process and is a physisorption process if Epr< 8 KJ mol)[54]. As mentioned, Epr is independent of
temperature, it depends on the nature of the adsorbate-adsorbent couple[55]. From the D-R model, the
sorption energy Epr is 0.65 KJ mol™. It is within the range of values for physical adsorption reactions.
This result suggests that the biosorption process of the MB dye onto PACK biosorbent is physical in
nature because the biosorption energy is less than 8 KJ mol™.
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Table 6. Langmuir. Freundlich. Sips, Redlich-Peterson (R-P), and Dubinin-Radushkevich (D-R)

constants for the adsorption of MB onto PACK

product parameters 20°C 30°C
Qexp(Mg/g) 1285.34  1528.02
Qm(mg/g) 1219.23  1522.34
Langmuir KL (L/mg)x 103 0.256 0.219
Ferror 0.365 0.926
R? 0.949 0.992
1/n 0.22 0.24
Freundlich Ke(mg/g)(L/Img)¥™ 38159  414.21
Ferror 0.857 0.950
R? 0.843 0.877
Qm(mg/g) 1176.18  1502.57
PACK Ks (L/mg) 0299 0235
m 1.26 1.08
Ferror 0.471 0.329
R? 0.948 0.992
kr(L/g) 341.261 343.545
or (L/ mg) 0.325 0.238
Redlich-Peterson Br 0.969 0.989
Ferror 0.386 0.322
R? 0.9477 0.991
Qor(Mg/g) 1096.76  1419.95
Kpr*10° 0.77 1.20
Radushkevich R? 0.983 0.988

3.4. Statistical physics

According to the results obtained by the three statistical models used in this study (Fig.7), it seems

that the two-energy monolayer model has the best modeling results according to the R? values obtained
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(Table 7) for the two temperatures tested (20 and 30 °C). The two other models were therefore not

further considered in the interpretations of the different parameters since they gave lower R? values.

Table 7: Results of calculations of the various anchoring parameters

Model 1 Model 2 Model 3
20°C 30°C 20°C 30°C 20°C 30°C
n 1.262 1.079 n1 1.775 3.553 n 1.26 1.078
Nm 031.99 139280 Nml 548.26 101.82 Nm 932.48 1392.73
Cuw2 3.3464 4.259 C1 2.433 1.289 C1 3.347 4.259

R2 0.9778 0.9966 n2 1.957 1.025 Cz 732.22 753.18
Nm: 173.94 114687 R* 09778 0.9966
C. 11386  8.326
RZ  0.9873 0.9996
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Figure 7. Simulation of statistical physics models, monolayer single-energy (Model 1), monolayer
two-energy (Model 2), and Double-layer two-energy (Model 3).

51

——
| —



Chapter I1: Statistical physics modeling of azo dyes biosorption onto a modified
powder of Acorus calamus in a batch reactor.

3.4.1 Steric parameters ni and Nmi
The steric parameters n; and n of the two-energy monolayer model are very useful in proposing an
adsorption mechanism for the MB dye on the adsorbent. Three cases are possible concerning the value
of n. The value n can be less than 0.5, 0.5<n <1, and in the last case n> 1. In the case where 0.5 <n
<1, the molecules of the solute can orient themselves on the surface of the adsorbate in two different
ways, parallel and non-parallel with a certain centering for each type of orientation. The case where n
< 0.5 corresponds to adsorption where the molecules of the solute are oriented in a parallel way on
the surface of the adsorbent. n> 1 shows that the molecules are anchored vertically on a site, leading
to an aggregation. It is noted that the anchoring of the molecule on the adsorbent depends on its size,
its structure, and also on its charge. The results of calculations of the various anchoring parameters
are summarized in Table 7. It should be observed from Table 7 that at a temperature equal to 20 °C
the value of n was= 1.775, namely between n = 1 (only one molecule is anchored at one site) and n=2
(two molecules are anchored at one site). The following Eqg. (6) was considered to measure the
percentage of MB molecules with a mono anchorage, (noted with X), and with two anchorage (noted
with (1-X)).

n=Xx1+(1-X)x2 (8)
for the first n (n1=1.775) It was found that 22.5% of the sites (type one) were occupied by one
molecule, and the rest of the sites were occupied by two molecules (77.5%)[56]. Regarding the second
n (n2=1.957) at 293 K, it was found that 4.3% of the sites (type two) were occupied by one molecule,
while the majority of the sites were occupied by two molecules (95.7%).
The values of n; increased from 1.775 for 20 °C to nl1 = 3.553 °C for 30 °C, showing that the
arrangement of the MB molecules on the surface of the adsorbent was affected by the temperature. It
can easily be concluded that when the temperature increases, the number of molecules adsorbed per
site decreases. On the contrary, the n2 values decreased from 1.956 for 20 °C to n, = 1.025 for 30 °C.
This shows that the percentage of sites (type two) that anchor two molecules decreased from 95.7%
to 2.5%. This can be due to an increase in temperature that eliminates the bindings between MB dey
molecules. It should be noted that this observation deserves further study concerning the different
functions existing on the surface of the adsorbent material capable of creating an interaction or
anchoring, since the sites ni and nz are not physically defined, which complicates the conclusion. It
can be noticed that n: increases and n» decreases when the temperature increases; showing, an

exchange or a compromise between the sites n1 and n2 concerning the adsorbed molecules when the
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temperature varies. Concerning the Nmi parameters, is defined as the number of receptor sites
occupied at saturation throughout adsorption, Nm1 is the number of receptors of the type one sites
occupied and Nm2 is the number of receptors of the type two sites occupied. From Table 7. It can be
noted that the increase in temperature caused a decrease in the first type of density Nm1 and an
increase in the second type Nm2. Note that each density for each different site varied with an inverse
trend compared to the number of MB products captured the reduction in the number of MB molecules
captured per site created free space for the PACK biosorbent that contributed to the adsorption
producing an increase in the number of anchorages (n’ = 1 / n), followed by an increase in density
Nmi.

3.5. Study of the effect of the parameters governing adsorption

3.5.1. The effect of pH

In Fig.8, the influence of the initial pH is shown. We have observed a very low adsorbed quantity for
a very low pH range compared to pHpzc and this may be due to the repulsion force between the
positively charged material and the MB cationic dye. The adsorbed quantity is increased as the pH is
increased towards pHpzc until the maximum adsorbed quantity is obtained in a natural solution ph (ph
= 6.5). This increase can be explained by the increase in the negative charges on the PACK surface
by the increase in pH. The availability of negative charges on the PACK biosorbent surface makes the
cationic dye MB adsorption better and more suitable [38]. Above the natural pH, there is a color
change of the solution from blue to green color, associated with a maximum wavelength change from
664 nm to 570 nm with the emergence of the wavelength of the MB color. This color alteration can
be attributed to secondary chemical reactions in the pH range above the natural pH between the MB

dye and the PACK modifying material, and that caused the changes in the MB dye's ionic character.
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Figure 8. pH effect of MB adsorption onto PACK (V =50 ml, T =25 + 2 °C, stirring speed = 250
rpm, Mmpack = 25 mg).

3.5.2. The effect of the temperature
25 mg of PACK adsorbent was added to 50 ml of an MB solution at a concentration of 800 mg/Lat
the natural pH. The suspension was stirred for the equilibrium time. The protocol was repeated at 20,
30 and 40 ° C. To determine whether the adsorption process of the dye is endothermic or exothermic,
the effect of temperature (20, 30, and 40 ° C) on the adsorption of MB on PACK has been examined.
Figure 9 shows that the adsorption capacity increased with increasing temperature.
As the temperature increases, it is usual for the viscosity of the solution to decrease, thus increasing
mobility for the dye as well, and thus an increase in penetration MB molécules through the pores of
the PACK. At the same time, there could be more chemical interaction between the adsorbate and the
surface of the bisorbent[57, 58]. Tan et al [59]reported a similar pattern in the adsorption of MB on
activated oil palm fiber carbon.
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Figure 9. Temperature effect of MB adsorption onto PACK (V =50 ml, stirring speed = 250 rpm,

Mpack = 25 mg).

3.5.3. The humic acid effect

According to the results obtained and compared to the maximum quantity adsorbed for a concentration
of 400 mg/L of MB in the absence of humic acid (total elimination), there was a stable negative effect
for each addition of different amounts of humic acid. This result can be explained by the adsorption
competition between the cations of the component humic acid in the solution and the MB dye on the
PACK material. The adsorption competition between cations of the component humic acid in the
solution and the MB dye on the PACK material may explain this result. However, Fig. 10
demonstrates the ability of the PACK to maintain high MB removal at high ionic strength. Therefore,
Textile wastewater treatment, which may include this group of compounds, may be effective with this

material.
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Figure 10. effect of humic acid on adsorption of MB on PACK material
3.5.4. The Effect of the biosorbent dose on biosorption
Figure 11 demonstrates the effect of the adsorbent Dosage on the adsorption capacity of BM dye.
This figure indicates that the rise in the mass of the adsorbent contributes to a reduction in the
adsorption capacity per unit mass of the adsorbent, but at the same time to an increase in the rate of
biosorption, so a greater removal of the pollutant. This can be due to an increase in the available

surface area and an increase in the number of active sites on the surface of the PACK material[8].

Figure 11. The effect of biosorbent dosage on the biosorption of MB onto PACK.
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3.6. Desorption study

To determine the recovery rates of the PACK product, the desorption of the adsorbed MB dye after
adsorption was carried out in three different solution media of 0.1 M HCI, 0.1 M NaOH, and 0.1 M
ethanol, and the results are shown in Figure 12. After experiments of the adsorption of MB at an
initial concentration of 400 mg/L, the solid phases (PACK) were separated from the solution and
placed in the three solutions of HCI, NaOH, and ethanol and stirred until reached the equilibrium time
for the desorption. At equilibrium, the quantities of MB desorbed in the three solutions were
determined using spectrophotometry. Using an HCI acid solution the amount of desorption of the MB
dye was recovered at the highest rate (52.88%) unlike the other two solutions. It is probably related
to the breakage of the physical bonds (van der Waals) between the MB dye and the PACK product at
low pH. However, nearly half of the adsorbed dye has not been retrieved. This may be due to the loss
of the amount of absorbent material during the transition from the absorption process to the desorption
process and also to the possibility that the dye that has been diffused into the particle or chemically

bound has not been fully recovered[37].
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Figure 12: Recovery percent of various solvents for desorption of MB dye onto PACK. (Co =400
mg /L, m= 0.05 g, contact time: 24 h, temperature: 25 °C).
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3.7. Proposed mechanism of adsorption of MB on PACK material

Based on the findings of the isoelectric point, the pH effect, the FT-IR analysis, and the results of the
D.K isotherm model. The adsorption mechanism of MB on the PACK is supposed to be globally
guided by electrostatic interactions (physical adsorption) Between the adsorbent which becomes
negatively charged Each time we switch from the acid pH to its pHz and the positively charged dye,
by weak hydrogen bonds between the nitrogen atoms present in the molecules of MB and the hydrogen
atoms in the functional groups available on the surface of the adsorbent, and also with cation
exchange. In addition and according to the analysis result of the FTIR, a n-x interaction can also occur
in the process of biosorption MB_PACK, the MB dye is a polycyclic aromatic compound therefore
contains several benzene rings, Benzene rings were also confirmed in the biosorbent with FT-IR
analysis which revealed the presence of a C = C aromatic stretch. As these benzene rings are electron-
rich areas, they can produce a donor-acceptor stacking interaction between MB and PACK. The
description of the MB biosorption process is shown in Figure 13.

Mm -7 interaction
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Figure 13: Mechanism of interaction MB dye with PACK in aqueous solution
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3.8. Comparison of the maximum adsorption capacity of MB dye on certain adsorbents

The comparison of the maximum adsorption capacity of some adsorbents on methylene blue is
displayed in Table 8. It should be noted that the adsorption capacity of the modified powder of Acorus
calamus on MB appeared to be greater than that of other adsorbents, including activated carbon. The
potential of PACK, an easily available and low-cost material, to be used as an alternative biosorbent
material for the removal of a dye, MB, from aqueous solutions was therefore confirmed.

Table 8. Comparison of maximum monolayer adsorption of MB on some adsorbent in

the literature

Adsorbent Adsorption Capacity (mg/g) [References
Bentonite (alginate beads) 2024 [60]
PACK 1500 This study
Ziziphus jujuba stones (BZJS1) (alginate beads) 737.13 [39]
pectin from orange industry residues (alginate beads 398.40 [34]
graphene oxide 357.14 [61]
OP-H3PO4 307.63 [38]
Palm fiber-activated carbon 278 [59]
Activated carbon from Mangosteen fruit peel 230 [62]
Wild carob-activated carbon 218 [63]
Chitosan flakes-activated carbon 144 [64]
Fe304 particle 20.40 [65]
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3.9. Thermodynamic analysis

Thermodynamic parameters reflect the possibility and the spontaneity of a biosorption process.
Parameters such as the free energy change (AG), the enthalpy change (AH), and the entropy change
(AS) can be estimated from the variations of the equilibrium constants with the temperature.

The free enthalpy change of the biosorption reaction is given using Eq. 9 as reported by Milonjic[30]:
AG’ = —RTIn(poKc) 9)
Where AG® is the free energy change (kJ.mol™?), R the universal gas constant (8.31J.mol"*K™), T is
the absolute temperature (K), Kc the thermodynamic equilibrium constant (L.g?) and p the water

density (g.LY).

AH° and AS° Values of the biosorption mechanism were calculated from Van't Hoff Egs.10, and 11:

AH® AS°
In(pK.)=- + 10
c) RT R (10)
Q
K.==¢& 11
=g (11)

AH and AS can be then deduced from the slope (AH/R) and the intercept (AS/R) of the plot of

In (pKc) versus 1/T.

In general, change in free energy values between —20 and 0 kJ mol™ is reported for physisorption,
while these values are in a range of —400 to —80 kJ mol ™ for chemisorption processes [63, 66].
Table 9 gives the calculation of the thermodynamic parameters. The value obtained for the free energy
is about -20 KJ/mol for our material in the range of temperature from 20 to 40°C indicating that
adsorption took place physically[63]. This result confirms the one found with the Dubinin-
Radushkevich (D-R) model. Increased randomness at the interface of the solid solution during the

biosorption MB on biosorbent was demonstrated by the positive value of entropy change.

60

——
| —



Chapter I1: Statistical physics modeling of azo dyes biosorption onto a modified
powder of Acorus calamus in a batch reactor.

Table 9: The calculation of the thermodynamic parameters

Température (K) Kc (L/g) AH°(KJ/mol.) AS°(J/mol.K) AG°(KJ/mol.)
293 6.36 54.703 250.72 21.32
303 14.60 -24.14
313 26.65 -26.65

4. Conclusion

New material was obtained by physical treatment from a low-cost and abundant biosorbent, powder
of Acoruscalamus, with H.SOsand KMnOs, denoted by PACK material, this material had a high
maximum experimental capacity, 1285.34 and 1528.02 mg/g at 20 °C and 30 °C, respectively.
Isotherm models with two and three parameters, namely Langmuir, Freundlich, Redlich-Peterson, and
Sipswere applied to fit experimental data. Redlich-Peterson isotherms indicated a better fit compared
to the Langmuir, Freundlich, and Sips isotherm models. According to the results of the kinetic
modeling of adsorption of MB onto the PACK material, the pseudo-n™ order model has a better
adjustment of the experimental results, if compared to both pseudo-first and pseudo-second-order
kinetics models. As per the R? values obtained from the simulation of the results with the three
advanced models, monolayer single-energy, monolayer two-energy, and double-layer two-energy
models as statistical physics models, the two-energy monolayer model led to the best result of the
processes of MB adsorption onto the PACK material. For this result, we can assume that the
adsorption of MB on PACK exists on two different sites in energy (type one and two), each site can
interact with a variable number of MB molecules (n), nl interacts with type one and n2 with type two.
According to this study, the promising potential of the PACK material, a very abundant material,

easily obtainable, and renewable, for removing basic dyes from agqueous solution was demonstrated.
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Chapter I11: Experimental and Theoretical Study of Methylene Blue Adsorption on a New
Raw Material, Cynara Scolymus—A Statistical Physics Assessment

1 Introduction

Throughout the world, many industries, such as the cosmetic, food, and paper industries, use
dyes in large quantities. Most of these dyes are used in the textile industry [1] for their chemical
stability and ease of synthesis. The global coloring production is more than 7 x 10° tons per year,
with Azo coloration accounting for 60 to 70% of the total [2]. However, there are serious envi-
ronmental problems with the use of these synthetic dyes. These industrial aqueous effluents may
include tinctorial effluents, which may contain chemicals that are toxic to microbial populations

as well as toxic or carcinogenic to humans or animals [3].

Methylene blue is not known to be very dangerous, but it can have a variety of side effects.
It can cause short periods of fast or difficult breathing if inhaled. Swallowing by mouth causes a

burning sensation and may cause gastritis, diarrhea, nausea, and vomiting [4].

Several physical, chemical, and biological methods have been introduced to remove this
type of dye, such as flocculation, electro flocculation, membrane filtration, liquid—liquid extrac-
tion, irradiation, coagulation, ion exchange, advanced oxidation, ozonation, and electrochemical
destruction [5]. However, due to the high cost of these processes and their limited capacity to

adapt to a wide range of dye wastewater, their use is somewhat limited [6].

Consequently, due to its advantages and ease of use, adsorption remains the most used
method in recent years [7]. Several materials, including activated carbon and synthetic clay, are
used as adsorbents support in this method. The problem with these materials is the high cost of
preparation. For this reason, several researchers are trying to find new materials to lower the

preparation cost.

Because of their abundance in nature and the simplicity of their transformation into effective
adsorbents, biosorbents attract a lot of attention [8]. For instance, lignocellulosic materials (bio-
sorbents) have been proposed for the treatment of colored effluents, such as orange peel [7], cone
of Pinusbrutia [1], Stipatenacissima [2] and its fibers [9], cupuassu shell [10], Saw dust and
neem bark [11], raw pomegranate [12], Phragmitesaustralis [13], green macro alga [14], and

Acorus calamus [15].
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Artichoke, or Cynara Scolymus, is a vegetable of the Asteraceae family largely consumed in
the Mediterranean regions. The edible section of the plant is the flower, known as the head,
which is protected by leaf sheaths called bracts [16]. The Cynara Scolymus canning industry
produces solid waste, primarily the stems and external bracts of the flowers, which make up 60—
80% of the total Cynara Scolymus flowers and are unfit for human consumption, and it is gener-
ally disposed of as cattle feed or green manure [17]. Recently, this artichoke residue biomass has
been investigated for potential use as a bioactive adsorbent precursor in a few research works
[18,19].

The adsorption of methylene blue onto such adsorbents was estimated using classical mod-
els (i.e., Langmuir, Freundlich, Redlich—-Peterson (RP), Sips, and Dubinin—Radushkevich iso-
therms) at equilibrium, and the parameters of these models can provide information on the classi-
fication of active sites and elimination capability without inspecting the absorption mechanism
of methylene blue [20,21].

In this study, we employed novel physical models developed based on the grand canonical
ensemble to relate the macroscopic features of molecules with the adsorption properties of mate-
rials [22,23]. These statistical thermodynamics-based models allow for the estimation of parame-
ters such as the removed amount at saturation (Qe), the number of adsorbed ions per active site
(n), the density of receptor sites (Nm), and the uptake energy (E). All of the parameters were
evaluated as a function of the temperature, resulting in a more detailed description of the adsorb-

ate—adsorbent adsorption system [24].

The physical parameters collected from the simulation using these models allow us to de-
scribe the adsorption process at a molecular level if the adsorbate characteristics, adsorbent po-
rosity, and surface charge are well characterized. Langmuir’s model, for example, indicates that
the adsorption site accepts one molecule of adsorbate, while physical models indicate that the
acceptor site can accept n molecules of the adsorbate [25,26]. In recent years, numerous re-
searchers have employed these physical models to describe the adsorption mechanism of their
adsorbent materials, such as; porous heterostructured MXene/biomass activated carbon compo-
sites [27], lignin-based activated carbon [28], carbon foam hybrid aerogels [29], organo-
sepiolite[30], Alginate/Carbon-based Films [31], cocoa shell [32], bone char [33], Acorus cala-
mus [15], and Binary Mixture of Forest Waste Biopolymer [34].
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To our current knowledge, the understanding of the interaction mechanism between Cynara
Scolymus (Cs) direct powder and MB ions remains limited, particularly with regard to utilizing
advanced physical models for studying this interaction. Hence, the primary objective of this
study is to significantly enhance our understanding by achieving the following key objectives:
(@) Assess the adsorption capacity of Cynara Scolymus direct powder (Cs) for the effective up-
take of MB from aqueous solutions. This investigation will provide valuable insights into the
potential of Cs powder as a viable adsorbent for removing MB contaminants. (b) Explore the
adsorption properties of MB uptake at various temperatures (298 K, 303 K, and 313 K) using a
range of equilibrium equations. By examining the temperature dependence of MB adsorption, we
can gain a deeper understanding of the thermodynamics and Kinetics of the adsorption process.
(c) Analyze the adsorption process by considering classical models, such as Langmuir, Freun-
dlich, Redlich—Peterson (RP), Sips, and Dubinin—Radushkevich isotherms. By applying these
well-established models, we can evaluate the adsorption behavior of MB onto the Cs material
and compare it with existing literature. (d) Obtain a comprehensive understanding of the under-
lying mechanism of MB adsorption onto the Cs material by employing statistical physics. This
approach will allow us to delve into the microscopic details of the adsorption process and gain
insights into the molecular interactions between Cs and MB ions. (e) Define the adsorption phe-
nomena in macroscopic terms by utilizing thermodynamic functions. This analysis will enable us
to characterize the energetics and spontaneity of the adsorption process and provide valuable
information on the feasibility and stability of MB adsorption onto Cs. It is worth noting that the
preparation of Cs direct powder will be a straightforward and cost-effective procedure, ensuring
the practicality and applicability of this material for potential environmental remediation applica-

tions.

2 Materials and Methods

This research contributes to sustainability in several ways. Firstly, it aims to evaluate the ad-
sorption capacity of Cs direct powder to effectively remove MB from aqueous solutions. By un-
derstanding the adsorption properties of Cs, this study can provide valuable insights into its po-
tential as a viable adsorbent for removing contaminants like MB. Developing efficient adsorption
materials can contribute to water decontamination and the preservation of water resource quality.
Additionally, this research explores the adsorption properties of MB at different temperatures

using a range of equilibrium equations.
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This analysis will improve our understanding of the thermodynamics and kinetics of the MB
adsorption process, enabling the optimization of operating conditions for more efficient and en-
ergy-saving adsorption processes, thus contributing to the sustainability of water decontamina-
tion processes. In this study, classical models such as Langmuir, Freundlich, Redlich—Peterson
(RP), Sips, and Dubinin—Radushkevich have been employed to analyze the adsorption process of
MB onto Cs. These established models allow for the evaluation of the adsorption behavior and
its comparison with existing literature. This evaluation of adsorption models will provide a better
understanding of the interactions between Cs and MB ions, facilitating the design of more effi-
cient and sustainable adsorption materials. Furthermore, this research adopts a statistical physics
approach to gain a comprehensive understanding of the underlying mechanism of MB adsorption
onto Cs. By studying the microscopic details of the adsorption process, researchers can gather
insights into the molecular interactions between Cs and MB ions. This in-depth knowledge can
be utilized to improve the design of more selective and specific adsorption materials, promoting
more efficient and sustainable resource utilization. Finally, this research utilizes thermodynamic
functions to characterize the adsorption phenomena on a macroscopic scale. The analysis of
thermodynamic properties allows for the determination of the energetics and spontaneity of the
MB adsorption process, providing valuable information on the feasibility and stability of MB
adsorption onto Cs. This information is crucial for evaluating the practical applicability of Cs as
an adsorbent in environmental remediation applications, thereby contributing to the sustainable
utilization of resources and environmental preservation.

This research provides in-depth knowledge of the adsorption mechanisms of MB onto Cs di-
rect powder. By improving our understanding of adsorption processes and optimizing adsorption
materials, this study contributes to sustainability by advancing water decontamination practices,

promoting efficient resource utilization, and preserving the environment.

2.1 Materials
The Cynara Scolymus biomass (external bracts) waste used in this research was collected af-

ter consumption. Hydrochloric acid (HCI) with 35% (w/w), Sodium hydroxide (NaOH) with 98.8
% (w/w), sodium chloride (NaCl) with 95% (w/w), and humic acid (HA) with 99.9% (w/w) were
obtained from Sigma—Aldrich.
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2.2 Adsorbent Preparation
Cynara Scolymus residue wastes were passed through several stages of crushing, washing

drying, grinding, and sieving to produce the final product powder (Cs) used in this work.

Large quantities of collected Cynara Scolymus were ground, washed multiple times with tap
water and then distilled water to remove unwanted impurities, dried in an oven at around 333 K,
and finally ground to a uniform powder. The particle sizes utilized in the adsorption tests were
selectively separated with sieves with mesh widths ranging from 0.3 to 0.5 mm. The finished
powder was kept in a desiccator until needed.

2.3 Effluent Preparation (MB)
Bis-(dimethylamino)-3.7 phenazathionium chloride, or methylene blue as it is commonly

named, and containing an ammonium base, was in the form of a dark green powder. Its crude
chemical formula is C16H1sCIN3S with a molar mass of 319.85 gemol ' and solubility of 4 geL""
at 293 K. All the MB solutions used in this work were prepared from the stock solution at a con-
centration of 1 geL~!. All the glassware was washed with distilled water and dried in an oven at
323 K before being used. HCI and NaOH were used to adjust the pH to the desired value. The
absorbance of each residual concentration was determined using a UV-vis spectrophotometer
SP-8001 from Axiom (Frankfurt, Germany, Shimadzu).

2.4 Characterization of the Adsorbent
Various characterization techniques were used in this study and are detailed below.

FTIR analysis allows the determination of functional material surface groups. Infra-red
spectroscopy was performed on natural and loaded Cs with MB dye (Cs-MB) using the Fourier
Transform Infrared spectrometer (FTIR) model IRAffinity-1S from Shimadzu (Nakagyo-Ku,
Japan), employing a high-pressure KBr disc technique in the band of 4000 to 400 cm ™,

Additionally, the Cs material fine powder was analyzed using a PW3071/xx diffractometer
operating at 45 KV and 35 mA with a copper anticathode emitting Ka radiation (A = 1.5405 A).
The XRD graphs were made with a step of 0.02° and a time step of 6.985 s/step throughout a 20
angle range of 4 to 90°.
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Scanning electron microscopy (SEM) of the Cs product before biosorption was visualized
using the JCM-5000 NeoScope TM from Jeol (Tokyo, Japan) to examine the morphological fea-
tures of the Cs biosorbent.

To evaluate the thermal characteristics of the Cs material, a thermogravimetric examination
was performed in the temperature range of 303 to 1053 K using an SDT Q600 V20.9 Build 20
thermal gravimetric from TA Instruments (New Castle, Delaware, USA).

Finally, electrostatic interactions with a material surface are among the most important fac-
tors in deciding on the functionality and compatibility between the adsorbent and the adsorbate
to give an idea of the adsorption mechanism. To determine the pHp,c of our materials, a very
simple protocol was considered. A series of suspensions: biosorbent (10 mg)/distilled water (10
mL) stirred for 24 h, each with a different initial pH (range 2 to 12), and the final pH was meas-
ured. The results are graphically represented (when ApH = 0, the pHpz point equals the pHi).

2.5 Effect of the Initial pH
A factor that plays a very important role in the adsorption phenomenon is pH, which can al-

ter the surface function and the distribution of anions and cations of any material.

To test the effect of this parameter, in each 25 mL Erlenmeyer flask, 10 mL of a methylene
blue solution at 250 mgeL™' was mixed with 10 mg of Cs. Every suspension was adjusted to a
given initial pH (range of 2.4 to 12).

At room temperature, the mixture was stirred for 24 h at a speed of 250 ppm. The suspen-
sion was centrifuged, and the final concentration of the filter was measured by UV.

2.6 Effect of Humic Acid and NaCl
Textile wastewater is known to contain inorganic and organic ions in varying concentra-

tions, mainly cations and anions such as chlorides, nitrates, hydrogen, sulfates, and carbonates.
Consequently, and to get information on the effect of these ions on the retention process of MB
dye by the Cs material, NaCl and humic acid (HA) have been considered as test ions.

A small amount of NaCl (0.1 M) was added to 10 mL of MB and 10 mg of biosorbent for
different concentrations of MB dye (from 50 to 800 mgeL™'). The mixture was stirred until the
equilibrium time, and then the suspension was separated and analyzed. The same protocol was
repeated with the second HA ion (0.1 M).
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2.7 Study of Adsorption

2.7.1 Adsorption Kinetics
The following experiment was performed on three different MB concentrations (50. 100,

and 200 mgsL"). In a 50 mL Erlenemayer series, at optimal pH (pH chosen in the section: pH
Influence) and ambient temperature, 20 mg of adsorbent was introduced into 20 mL of MB dye
solution. The mixture was stirred for a given time at a speed of 250 rpm on stir plates. Then, the
centrifugation of each suspension was centrifuged, and the absorbance was measured to deter-

mine the residual MB. The adsorbed quantity was calculated using the following Equation:

(Co —Ct)V
m

Qt = 1)

where Q is the quantity adsorbed, Co is the initial concentration of MB, C: is the final concentra-

tion of MB, V is the volume of the mixture, and m is the mass of the mixture.

2.7.2 Kinetic Modeling
Some kinetic models such as pseudo-first-order, pseudo-second-order [35], and Pseudo-n'"-

order [36] were used. Their Equation and parameter are listed in Table 1.
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Table 1. Equations of PFO, PSO, and PNO models for nonlinear regression of Kinetic adsorp-

tion data.
Kinetics Model Number Equation
Pseudo-first order 2) Q¢ = Qe(1—e™)
2
Pseudo-second order 3 Q= &
1+ k,Qet
1
Pseudo-n"order 4 Q; = Q. — [(no — Dkt + QM0 V]i=no
Intraparticle diffusion (5) Qr =kigt"?+C
6
(6) Ft=&=1——2e—ﬁt
Boyd Qe T
7) By = —0.4977 —In(1 — F)

The intraparticle diffusion model and the Boyd model were considered to evaluate the diffu-

sion mechanism and the rate control step.

2.7.3 Isotherm Adsorption

The capacity of adsorbents to adsorb the different components of a mixture is the most criti-
cal factor in the efficiency of most adsorption processes. Therefore, it is important to have a clear
understanding of the properties of the adsorbent-adsorbate equilibrium. For planning and scaling
precisely the adsorption process, three isotherms were performed at the three temperatures (T =
298, 303.313 K) by the protocol outlined below.

For each Erlenemayer (25 mL), 10 g of adsorbent was added to 10 mL of MB of variable
concentration solution at the optimal pH. The mixture was stirred at 250 ppm up to equilibrium.

A wide range of MB concentrations was used (from 50 to 800 mgeL ™).

The adsorbed quantity was determined using Equation (8).

(CO — Ce )V
m

Q. = (8)

where Qe is the quantity adsorbed, Co is the initial concentration of MB, Ce is the final concentra-

tion of MB in the solution, V is the volume of the mixture, and m is the mass of the mixture.

76

—
| —



Chapter I11: Experimental and Theoretical Study of Methylene Blue Adsorption on a New
Raw Material, Cynara Scolymus—A Statistical Physics Assessment

2.7.4 Isotherm modeling
Mathematical simulations were carried out to evaluate accurately the interaction between the

Cs and the MB dye.

2.7.4.1 Classical Models
Three models, each with a two-parameter equation, Langmuir, Freundlich, and Dubinin—

Radushkevich [37], and two models, each with a three-parameter equation, Redlich—Peterson
[38] and Sips [39], are the most widely used models in the literature to describe the nonlinear
equilibrium at a constant temperature between the adsorbed pollutant (Qe) and the rest of the

pollutant in solution (Ce). Table 2 shows the equations and parameters of such models.

Table 2. Langmuir, Freundlich, Dubinin—-Radushkevich, Redlich—Peterson (R-P), and Sips

equations and Equation.

Isotherme Model Number Equation
. Qe KLce
Langmuir 9 = ___="€
] ®) Qnm 1+K.Ce
Freundlich (10) Q. = KgCUnf
K C ms
Sips (1) Qe (RsCo)™
Qm 1+ (KsCe)™
. krCe
Redlich—Peterson (12) Qe=—"—4
1+ (XRCe R
L. A Q = Q e(_kDRSZ)
Dubinin—Radushkevich (13) ¢ "

1
with: € = RTIn (1 + (—))
Ce

2.7.4.2 Advanced Statistical Physics Models for Analyzing the Experimental Results of
Adsorption Isotherm of MB on Cs

To better understand the mechanism of MB adsorption on Cs, advanced adsorption models

were considered to confirm the results obtained using classical models, as well as to provide

more information on the behavior of the adsorbent-adsorbate system [40].

Five advanced models were selected for this analysis. These models are briefly represented
in Table 3.
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Table 3. The Advanced statistical physics models AM1, AM2, AM3, AM4, and AMb.

Model Num Equation Ref
.N
Single-energy Q. = %0 == 1 Cm -
single-layer (14) 1+ ( é/2> 1+ ( é/z) [38]
model (AM1) € €
Double-energy Q. = n1-Nm11-1 f2- Nmzn
: C\™ C,\ "2
single-layer (15) 1+ (C—) 1+ (C—) [39]
model (AM 2) € ¢
() +2(c)”
Single-energy Q0. = 0N Ciy2 "\Cy2
double-layer (1) ¢ ™ C. \" C. \2" [20]
1+ (g) +(c3)
model (AM 3) Cy/21 Ci/2
C n C 2n
Double-energy Q. =n.N (C_j) +2'(C_;)
double-layer (17) e m.l N (&)n N (&)2“ [21]
model (AM 4) ¢ C;

N .Fl(ce) + FZ(Ce) + F3(Ce) + F4(Ce)

G(Ce)
With
2n n 2n
(@) @@
Fl(ce) = ) (Ce)n) + Ce n
¢, (1_(c_1) )
n n nN,
o BB
2\ e n
&)
Finitemultilayer
(18) n n (nN,) [39]
A e B @@
3\ e n
(1-@))
n (2n) (nNy)
@@ (-
F3(Ce)—
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2.7.5 Statistical Assessment of Equilibrium Parameters
The average percentage errors APE (%) function, represented by Equation (19), was used to

evaluate nonlinear adsorption curves of kinetics and isotherms. This function allows comparing
experimental data to the adjusted model’s results point by point. The models with the lowest
APE (%) values are the best for describing the experimental behavior.

N | Qi.mod-Qi.exp |

s lgimo
APE(%) = ———3=  x 100 (19)

where Qi.mod is the model’s adsorption capacity, Qi.exp is the experimental adsorption capaci-
ty, and N is the number of experimental points performed [40].

3 Results and Discussion

3.1 Adsorbent Characterization
The FTIR analysis was utilized to determine the functional groups existing on the Cynara

Scolymus surface (Cs) material before and after the adsorption of MB color (Cs-MB). The ac-

quired results are depicted in Figure la.

Broadband between 3700 and 3000 cm™' demonstrated that the surface of Cs contains a
greater amount of alcoholic and phenolic —OH functional groups than cellulose, Pectin, and lig-
nin in powder of leaf structure [41]. The peak at 2939 cm™! correlated to the methyl group’s C-H
stretching bond [42]. The peak at 1745 cm™! corresponded to the bending of the C=0 functional
group found in quinones and lactones. The sharp peak at 1648 cm™' was associated with the
bending vibrations of C=0 derived from a carboxylic acid [43]. The peak at 1429 cm™' was as-
signed to the carboxylate functional group (COO"). The peak at 1256 cm™! was associated with
the bending modes of the ligands O-C-H, C—C-H, and C-O-H. A prominent band of about
1036 cm™! verified the presence of the functional group C—O—C in the cellulose and lignin mole-
cules of Cs [44]. These functional groups on the Cs surface could serve as active sites for cation-
ic dye adsorption. Figure 1a illustrates the changes in FTIR spectra caused by dye adsorption.
There was a considerable drop in the strength of the C—H and C-O-C peaks at 2939 cm™! and

1036 cm™!, respectively, which could be due to MB adsorption onto Cs adsorbent [7].
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Figure 1. Cynara Scolymus (Cs) Characterization (a) FTIR spectrum, (b) XRD shape, (c) Ther-
mogravimetric analysis, (d) isoelectric point.

Figure 1b depicts the XRD pattern for Cs. As can be seen, the sample diffraction pattern had
two planes at approximately 15° and 21°26. The plane (0 0 2) of cellulose | was responsible for a
high-intensity peak near 21.5° at 20. The plane (1 0 1) of cellulose I, which was near 15.5°, ex-
hibited significantly less diffraction and overlap. This could be due to the comparatively large
concentrations of lignin and hemicellulose in natural lignocellulose Cs. which contribute to its

amorphous nature [44,45].
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The thermogravimetric analysis (TGA) results are displayed in Figure 1c. Thermal analysis
revealed two regions; the first suggested that the Cs biomass lost weight between 35 and 230 °C
as a result of moisture evaporation. The second zone was 230-400 °C and demonstrated the

greatest weight loss due to hemicellulose and cellulose degradation. The final weight reduction

was at 450 °C, which was entirely due to lignin degradation [46].

From Figure 1d, the pHpzc of the Cs substance was 6.55. Therefore, above this value, the sur-
face of this material was negatively charged by the excess of OH™ anions, and the surface was

positively charged below this value by the excess of H*cations[47].

Figure 2. SEM images (e) before and (f) after adsorption.
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Figure 2el-e3 show SEM surface images of the Cs product before adsorption on a scale of
10, 20, and 50 pum, respectively, and Figure 2f1-f3 after adsorption. Figure 2el-e3 revealed a
heterogeneous surface structure with many cavities of varying sizes. As a result of the irregular
morphology of the material, we can deduce that the Cs material represented a suitable morpho-
logical profile for dye adsorption. After adsorption and from Figure 2f1-f3, the coverage of the
adsorbent surface (Cs) due to the adsorption of adsorbate molecules (MB), presumably leading
to the formation of a monolayer of adsorbate molecules on the adsorbent surface, is visible from
the formation of a white spreading layer (molecular cloud) of uniform thickness and coverage
[48].

3.2 Effect of the Initial pH on Adsorption of MB with Cs
The pH impact of the aqueous solution on MB adsorption on Cs material is shown in Figure

3, which shows a very weak adsorbed quantity for a very low pH range (pH < pHpzc). This may
be due to the repulsion force between the positively charged Cs product and the MB cationic
dye. The adsorption capacity increased significantly as the pH of the solution increased as a re-
sult of an increase in negative charges (OH"ions) [49] on the Cs surface as the pH increased. At
pH 10, the maximum capacity was reached. This confirms that electrostatic interaction plays a
significant role in MB adsorption on Cs. We observed a decrease in the adsorbed amount of MB
between 10 and 12 pH as a result of the modification of the MB structure in this interval, where
the maximum wavelength decreases from 654 to about 550 nm. By these findings, a pH of 10

was considered thereafter.
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Figure 3. The effect of initial pH on adsorption of MB with Cs (m =10 mg, V =10 mL, pH =
10, stirring = 250 ppm, Tambient).

3.3 Influence of Humic Acid (HA) and NaCl on Adsorption of MB on Cs

In the presence of NaCl, the quantity adsorbed (Q¢) decreased from a maximum value of 203
mgeg ' to 180 mgeg'. As shown in Figure 4, the competitiveness of adhesion onto adsorbent
between MB cationic molecules and the Na* cations of the inorganic salt was most likely the
reason for this decrease.

In the presence of HA, there was a slight rise in the amount of adsorbed MB (Figure 4), and
the amount adsorbed (Qe) increased from 203 mgsg ' to 210 mgeg . It can be said that there is
no effect of HA in the MB adsorption process. There are two possible explanations for this re-
sult: the first is that HA interacts directly with the MB [50], and the second is that HA can create

other active sites on the adsorbent Cs where the MB molecules can be captured.
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Figure 4. Influence of NaCl and humic acid (HA) on the discoloration of MB solutions by Cs
(m =10 mg, V = 10 mL, stirring = 250 ppm, pH = 10, Tambient).

3.4  Kinetics Analysis

From the graph presented in Figure 5, the studied material showed three phases of adsorp-

tion kinetics:

The first phase displays a higher removal rate of MB due to vacant adsorbent sites and the
large concentration gradient at the beginning of the process. A slower adsorption rate when the
solute is adsorbed owing to decreased adsorption sites and gradient concentration in the second
phase. The third phase is the saturation or equilibrium step, where there are no more accessible
adsorption sites; the beginning of this step is indicated by the equilibrium time, and it was equal

to 120 min in our case.
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Figure 5. Representative curve of experimental adsorption kinetics of MB on Cs material (m =
10 mg, V =10 mL, stirring = 250 ppm, pH = 10, Tambient).

There was also an increase in the quantity adsorbed when the initial concentration of MB in-

creased due to the driving forces, which increased with the initial concentration [51,52].

The Boyds equation was applied to determine the actual control phase. If the plots describe
linear simulation for the Boyd model line crossing the origin, then the control phase is the intra-
particle diffusion step. If not, the adsorption process is controlled by the film diffusion step [49].
From Figure 6, the Bvs t curves were not linear and did not cross the origin, suggesting that the

film diffusion step controlled the adsorption process [53,54].
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Figure 6. The curves representative of linear simulation of MB adsorption on Cs using the Boyd

model.

Figure 7 illustrates the results of the nonlinear regression of the PFO, PSO, and PNO equa-
tions, and the corresponding parameters are collected in Table 4. At the initial stages and for the
three concentrations (50, 100, and 150 mgeL™!), the PFO-derived curves are above the experi-
mental adsorption data (less than 60 min). On the contrary, they are lower than the experimental
data for the final stage of adsorption. The same observation holds for the PSO-derived curves
with a slight difference in the initial stage time (less than 100 min). As a result, there exists an
order n other than 1 and 2 that provides the lowest deviation throughout the adsorption process
[32], as shown by the PNO-derived curves that have the least deviation from the experimental
data and confirmed through the values of the correlation coefficients R? and the average percent-
age errors APE (%) given in Table 4. The pseudo-nth-order kinetic model accurately fitted the
experimental data and outperformed the pseudo-first and pseudo-second-order equations. The
order of adsorption reaction n was found to be between 4.97, 4.365, and 8.04 for 50, 100, and
150 mg+L ! concentrations, respectively. All these results are clearly proved with the two Figures
8 and 9, digital photographic images of a series of adsorption of MB with Cs material and UV-

Visible spectrophotometer adsorption of MB for each time interval.
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Figure 7. The curves representative of nonlinear simulation of the pseudo-first-order (PFO),
pseudo-second-order (PSO), and pseudo-nth-order kinetic models (PNO).

Figure 8. Sequence of digital photographs proving MB adsorption with Cs material.
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Figure 9. UV-Visible spectrophotometer sorption of MB for each time interval.
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Table 4. Parameters of Kinetic for nonlinear regression of PFO, PSO, and PNO models for the

adsorption of MB on Cs.

Models Parameters 50 mgeL! 100 mgeL! 150 mgeL!
Qexp 52.5 87.92 147.61
Qe 50.68 82.98 133.75
PFO K1 1.044 0.58 0.461
R? 0.985 0.939 0.865
APE (%) 2.664 5.973 9.474
Qe 51.43 85.88 140.42
Kz x 10% 0.055 0.011 0.0046
PSO
R? 0.994 0.982 0.947
APE (%) 1.657 5.714 5.795
Qe 55.46 96.89 203.56
Kn 1.073 x 10°° 8.38 x 1077 2.49 x 10716
PNO no 4.97 4.365 8.04
R? 0.999 0.998 0.994
APE (%) 0.328 0.889 1.851

3.5 Isotherms Analysis
Figure 10 illustrates the MB dye adsorption isotherm on Cs. The adsorption capacity in-

creased with the initial dye concentration until equilibrium was reached. The adsorption ability
of MB on Cs decreased as the temperature increased (the adsorption amounts at temperatures of
298, 303, and 313 K were 203.33, 192.188, and 179.38 mgeg !, respectively). These results sug-
gest an exothermic MB-Cs adsorption mechanism [51,55,56].
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Figure 10. Experimental isotherms of MB adsorption onto Cs. (m = 10 mg, V = 10 mL, stirring
= 250 ppm, pH=10, T ambient).

3.5.1 Classical Models

Figure 11 depicts the nonlinear regression findings of the five models Langmuir, Freundlich,
Dubinin—Radushkevich (D-R), Redlich—Peterson (R-P), and Sips, and Table 5 provides the fit-
ting parameters as well as the average percentage of errors APE (%) for each. By comparing the
R? and APE% values, the Redlich—Peterson isotherm model gave the best result of adjusting the
MB adsorption on the Cs adsorbent. Because of the three parameters involved in the R—P model,
Several studies [51,55] have shown its relevance in describing the adsorption process. It can be
noted that the Freundlich and Langmuir isotherms can be derived from the R—P isotherm based
on the br value. It becomes the Langmuir isotherm when br = 1 and the Freundlich isotherm for
br = 0. The br values were very close to unity for the three temperatures tested, indicating that
the R—P model was close to the Langmuir model in our adsorption case.

The E values obtained from the Dubinin—Radushkevich (D-R) model were <8.0 kJemol !,
confirming the physical nature of the MB adsorption onto the Cs material at all examined tem-

peratures.

The five traditional models considered are insufficient to construct the MB uptake dynamic,
and so theoretical treatment via advanced models appears to be a required tool to support the

setup/management of the MB-Cs interaction.
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Figure 11. Result of fitting isotherms data of MB adsorption onto Cs with Langmuir, Freundlich,
D— —R, Redlich—Peterson (R-P), and Sips.
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Table 5. Langmuir, Freundlich, D-R, Redlich-Peterson (R-P), and Sips parameters for the ad-

sorption of MB onto Cs.

Models Parameters 298 K 303K 313K
Qe(mgeg™) 203.333 192.187 179.380
Qm(mgeg™) 217.075 213.012 208.577

Langmuir KL (Lemg™) 0.0579 0.04155 0.0272
R? 0.911 0.990 0.994

APE (%) 12.143 3.506 2.707

nf 4.499 3.7136 3.078

Ke (mgeg ™) (L/mg)¥" 62.16 45.219 31.38

Freundlich

R? 0.926 0.866 0.899

APE (%) 9.569 15.586 12.618

Qm(mgeg™) 294.691 208.441 197.356

Ks(Lemg ™) 0.0248 0.04314 0.031

Sips ms 0.4714 1.0793 1.1606
R? 0.949 0.989 0.996

APE (%) 7.645 3.908 1.994

kr(L*g ") 181.46 7.294 4.637

Br 2.496 0.022 0.011

Redlish—Peterson

R? 0.926 0.993 0.999

APE (%) 7.544 3.187 1.224

Qm(mgeg™) 189.969 184.75 168.348

E (kJsmol™) 3.927 2.967 2.7048

D-R

R? 0.869 0.832 0.819

APE (%) 10.614 18.477 17.246
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3.5.2 Advanced Statistical Physics Models
The simulation of the experimental isotherm data was performed using the software
ORIGIN (version 2018) (Figure 12). The choice of the most relevant model(s) for understanding

the MB adsorption process onto the Cs material depended on the APE (%) values and correlation
coefficient RZgiven in Table 6.

The best advanced statistical physics model for fitting the MB adsorption onto the Cs adsor-

bent was found to be the AM2 (double-energy single-layer model), which was therefore consid-
ered thereafter.
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Figure 12. Result of fitting isotherms data of MB adsorption onto Cs with AM1, AM2, AM3,
AM4, and AM5 models.
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Table 6. Values of the estimated parameters of models AM1, AM2, AM3, AM4, and AM5 of

the MB-Cs adsorption process.

Models Parameters T=298K T=303K T=313K
n 0.471 1.079 1.161
Nm 624.728 193.109 170.044
AM1 Cue 40.359 23.182 32.839
R? 0.949 0.989 0.996
APE (%) 7.646 3.908 1.995
N 0.129 0.610 6.833
n2 1.444 1.676 2.036
Nm1 360.902 59.874 8.5241
AM2 Nm2 112.073 95.507 61.579
Ci 2419 x 10°% 9.807 x 1013 9.851
C: 26.414 30.566 51.191
R? 0.99218 0.99781 0.99994
APE (%) 1.354960 0.766527 0.096792
n 0.374 0.811 0.867
Nm 382.960 130.008 115.298
AM3 Cip 35.781 23.896 33.782
R? 0.95233 0.99038 0.99675
APE (%) 7.527145 3.706916 1.792957
n 0.363 0.76608 0.81213
Nm 394.458 137.7444 123.15063
AMA Ci 45.7492 30.3144 43.7831
C. 35.848 23.911 33.791
R? 0.94044 0.98802 0.99596
APE (%) 7.519079 3.701431 1.805403
n 0.717 0.779 1.986
N2 3.842 4,176 1.334
Ci 1.229 x 107! 0.835 9.879
AM5 C 27.059 31.696 58.628
Nm 61,556 49,993 39,537
R? 0.99421 0.99812 0.9999
APE (%) 1.405965 0.8529428 0.17386
(o]
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3.5.3 Steric and Energetic Parameters
The physicochemical parameters governing the interaction between MB ions and the Cs ma-
terial were calculated and intensively interpreted according to the AM2 model in the following

sections.

3.5.3.1. n. Nm. and Qads Steric Parameter Interpretation

The n value can be used to determine the geometric position (vertical or horizontal) and
mechanism (multi—ionic or multimolecular) of the trapped MB ions on the Cs adsorbent surface.
When n is less than 1, the adsorbed molecule adopts a parallel (horizontal) orientation with a
multi-docking mode. When n is more than 1, the adsorbed molecules are anchored in a non-
parallel (vertical) orientation with a multimolecular mode [21,23,39]. Figure 13a depicts n; and
N2 as the temperature goes up from 298 to 313 K, and the obtained values of these parameters are
shown in Table 6. The n1 was found to be 0.129, 0.610, and 6.833, while the n, values were
1.444, 1.675, and 2.036 at 298, 303, and 313 K, respectively.
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Figure 13. The evolution of (a) n, (b) Nm, and (c) Qe as a function of temperature for MB-Cs

adsorption.

At 298 and 303 K, the MB-Cs interaction revealed a horizontal orientation and multi—
docking mechanism for the n;. The adsorbed MB behavior was changed to vertical positioning
and multimolecular mode by increasing the solution temperature to 313 K. The second parame-
ter, nz, displayed a vertical setting and multimolecular mode for the three temperatures. When the
temperature increases, the two parameters ny and nz increase [54,57], as illustrated in Figure 13a.
This result demonstrated that the chemical behavior of the MB molecules in solution was the
same and that the two parameters, n; and n2, were aggregated but to different degrees (lower de-
gree for the second parameter, ny). This behavior could be related to the enhanced thermal agita-
tion, which may have resulted in thermal collisions between the MB molecules, increasing the

number of captured MB molecules per site.

Figure 13b shows the density (Nm) of the receptor site as a function of temperature. The den-
sity of the Cs receptor sites Nm1 and Nm2 was reduced as the temperature increased. This evolu-
tion is connected to an increase in the number of trapped molecules n1 and n2 per site as the tem-

perature increases (the tendency to aggregation) [38,58].

The total saturation adsorption amount (Qeg) is affected by the number of captured molecules
per site and the density of receptor sites (Qei = Nmi % ni), and the total Qe is the sum of Qei, this

value measures the ability of the Cs surface ability to retain the MB molecules.

The total amount of saturation adsorption (Qe) was plotted as a function of temperature in
Figure 13c, showing that this parameter was significantly affected by the temperature alteration.

97

—
| —



Chapter I11: Experimental and Theoretical Study of Methylene Blue Adsorption on a New
Raw Material, Cynara Scolymus—A Statistical Physics Assessment

Indeed, when the temperature rose, the amount adsorbed decreased due to exothermic adsorp-

tion, as is usual in classical adsorption phenomena.

3.5.3.2. Energetic (E) Parameter Interpretation

The energetic interaction (E) between the MB ions and the Cs surface was calculated using

the following equations [59]:

_El

Cl = CSMeﬁ (20)
—E,
CZ = CSMeﬁ (21)

where C; and C; are the half-saturation concentrations, and Csw is the adsorbate (MB) solubility.

This solubility was considered to remain constant at all adsorption temperatures for simplici-

ty [52]. The solubility was assumed to be constant at all adsorption temperatures.

According to Table 6, the C1 concentrations at the two temperatures, 298 and 303 K, were
found to be relatively low, resulting in inconsistent E1 values. In this instance, we chose to inter-

pret the energy according to the last temperature (313 K) [52].

For 313 K, the calculated energies were —2.345 kJsmol ! for the first type of energy (E1) and
—6.633 kJemol 'for the second type of energy (Ez). It was discovered that the first energy was
lower than the second, demonstrating that the free active sites of the first type were the most
prevalent. Moreover, the calculated energy values were low and <40 kJ/mol [47]. As a result,
MB adsorption on the Cs adsorbent corresponds to a physical process with the expected exist-

ence of a van der Waals interaction or hydrogen bonding.

3.5.4 Thermodynamicynamic Function Study
To conduct a thermodynamic investigation of the MB adsorption mechanism on the Cs ma-

terials, the advanced double-energy single-layer model (AM2) could be used to calculate ther-

modynamic parameters, including entropy, Gibbs free enthalpy, and internal energy [20,21,60].
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3.5.4.1 Entropy
The adsorption process can provide useful information on the order and/or disorder of the

adsorbed ions (MB) on the Cs-material through the examination of configurational entropy (i.e.,
the degree of regularity of the adsorption system). The entropy variation of the second, advanced
model as a function of the adsorbate equilibrium concentration is given in Table 7 by Equation
(22) [61,62].

The theoretical entropy calculation is displayed in Figure 14a as a function of the MB con-
centration at various temperatures. As can be shown, entropy behaves very differently according
to the MB concentration. Before reaching half-saturation (C12 > C), the entropy increased, indi-
cating a disordered state until it reached a maximum value (Figure 14a). At low MB concentra-
tions, this random state was indicated by the existence of more active sites on the Cs composite
that are suited for MB ion adsorption. On the other hand, the entropy increased with increasing
MB concentration (C12 < C), indicating an ordered state [63]. The rise in this order state was
associated with a decrease in the number of accessible active sites on the Cs material adsorbent
[38,64].
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Figure 14. (a) Entropy, (b) free enthalpy, and (c) internal energy evolution as a function of con-

centration for MB absorption by Cs adsorbent at various temperatures.

3.5.4.2 Free Gibbs Enthalpy
The free Gibbs enthalpy was determined using Equation (23), stated in Table 7, based on the

AM2.

The Gibbs free enthalpy was plotted as a function of the adsorbate concentration at various
temperatures for the Cs adsorbent (Figure 14b). As shown in Figure 14b, the Gibbs free energy
was negative, showing the spontaneous nature of the adsorption process. Additionally, the feasi-
bility of the adsorption process was reduced as the temperature increased due to the decrease in
the free enthalpy [64,65].
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Table 7. Entropy, free enthalpy, and internal energy function according to the AM2 model.

Function Num Equation
C C
s, Co\m n;In (C—l) Co\"2 n,ln (—2
Entro (22) 2 =N, |In( 14 (== +——— Ny |In{1+(=2) J+———=2
Py K C Nim C
B AN LA
Ce Ce
C
Gibbs f 6= KsThn ;) D
1DDS Tree \ >1\nqm >2\n,m
enthalpy
3
e _ Z tr __ 2mtmKgT /2
With: Z, = =% —( th)
C C C C
In(z%) + nymIn(E) In(7%) + namIn(E)
Internal energy  (24) Eint = KgT|[Njs—— C €+ Npg—~ c €
1+ (gHmm 1+ (g2)nem
e e

3.5.4.3 Internal Energy
Internal energy can be considered to evaluate all forms of energy provided to the MB ad-

sorption system. Equation (24) in Table 7 gives the general form of the internal energy [66]. The
estimates for this thermodynamic parameter are shown in Figure 14c. The internal energy values

were all negative, showing that the MB adsorption systems happened spontaneously [37].

3.6 Comparison of Adsorption Capacity with Literature
To prove the effectiveness of Cynara Scolymus powder as a low-cost biosorbent for MB re-

moval, it is essential to compare its adsorption capacity with that of other low-cost adsorbents. In
this study, we compared the adsorption capacity of Cs with other adsorbents reported by various
researchers. Numerous studies have been conducted to investigate MB removal from water using
different types of adsorbents modified with various chemical agents. The Qmax of these adsor-
bents is listed in Table 8. The data presented in Table 8 demonstrate that certain materials, such
as Acorus calamus (PACK) and Ziziphus jujuba (BZJS), exhibit higher adsorption capacities
than Cynara Scolymus (Cs) powder. It is important to note that PACK is a modified material
treated with H2SO4 and subsequently with KMnO4, while BZJS is a material modified with
H3PO4 and encapsulated with alginate. These results highlight the relatively low production cost
of Cs compared to the aforementioned materials. Furthermore, it is worth noting that the direct

powder form of Cs has a significantly higher maximum adsorption capacity compared to Cynara
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Scolymus activated carbon (ACE@CSNB), as indicated in the table. This finding emphasizes the

effectiveness and cost-efficiency of Cs as a support material for methylene blue disposal.

Overall, the comparison of Cs with other low-cost adsorbents demonstrates its potential as a

promising biosorbent for efficient MB removal.

Table 8. Comparison of maximum methylene blue adsorption on some literature adsorbents.

Adsorbent Material Qmax (mg/g) Reference
PACK 1500 [15]
BZJS1 737.13 [67]
Pectin from orange industry residues in
398.40 [68]
alginate beads form
Cynara Scolymus Powder (Cs) 203.333 This work
Carboxymethyl cellulose/carboxylated graphene
] Y y ) Y arep 183.23 [69]
oxide composite microbeads
Ziziphus jujuba (PZJS) 160.85 [67]
ACE@CSNB 15 [70]

4  Conclusions

The natural powder of Cynara Scolymus (Cs) was used as an adsorbent in this investigation
to remove methylene blue ions (MB). The ideal pH for removing MB color was determined to be

10, which resulted in the greatest amount of adsorption.

The Cs material had a maximum experimental adsorption capacity of 203.333, 192.187, and
179.380 mgeg ! at 298, 303, and 313 K, respectively. Langmuir, Freundlich, Redlich-Peterson
(R-P), Sips, and Dubinin—Radushkevich (D-R) were used as classical models to describe exper-
imental results. The Redlich—Peterson (R-P) equation provided the best fit for the adsorption
data without elucidating the process of MB absorption. Five statistical physics models (AM1,
AM2, AM3, AM4, and AM5) were considered to better explain the interaction between the MB
ions and the Cs active sites. The steric, energetic, and thermodynamic parameters resulting from
the double-energy single-layer model that gave the appropriate fit of the MB—Cs interaction were

thoroughly interpreted. The MB adsorption on the Cs composite was mediated by multi—docking
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and multimolecular modes. The receptor’s site density (Nm) decreased with increasing solution
temperature for both Nm1 and Nm2. Adsorption energies were estimated to be negative and <40
kJemol™!, indicating exothermic and physical processes. As the temperature dropped, Qe in-
creased, confirming the exothermic nature of the uptake processes. Entropy, Gibbs free enthalpy,
and internal energy indicated that MB adsorption onto the novel Cs adsorbent was possible and

spontaneous.
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1 Introduction

Water pollution is a major global issue due to dangerous pollutants in our water sources. To address
this problem, various conventional methods, including adsorption, coagulation [1], membrane
treatments [2], and biological, physical, and chemical processes [3], have been employed to
mitigate the impact of these harmful compounds in wastewater [4]. Nevertheless, all the previously
suggested treatments suffer from the significant drawback of transferring pollutants from one

phase to another instead of eliminating them [5].

Advanced oxidative processes (AOPs) based on highly reactive oxygen species (ROS) have been
presented as an innovative and efficient strategy for the breakdown of antibiotics in wastewater.
In 1894, H. J. [6] Fenton first reported the Fenton reaction. Under severe acid conditions, he ob-
served the partial oxidation of tartaric acid into dihydroxymaleic acid in the presence of Fe?* and
H20.. Since then, the Fenton reaction has been applied to process wastewater, including organic
and biological contaminants [7]. However, the problems of the Fenton reaction mainly include the
following aspects: incomplete pollutant mineralization; narrow pH range for obtaining the highest
rate; waste of H.O, for molecular oxygen production; low degradation rate for some chemicals;
instability of the dissolved iron catalyst, which prevents their widespread application for
wastewater treatment [8]. To alleviate the deficiency in homogeneous Fenton reactions, ultraviolet
(UV) and ultrasonic (US) have been employed to increase the activation of H202. Although UV
and US have substantially increased the beneficial effect, energy consumption is an inherent ob-
stacle [9]. The heterogeneous Fenton reaction aims to broaden the practical operating pH range
and limit the formation of the by-product iron mud. Considering its vast and practical use, the
heterogenous Fenton reaction offers a viable alternative to H.O: activation [10].

Spinel ferrites with narrow bandgaps have attracted considerable attention among various
photocatalysts and Fenton catalysts due to their stability and outstanding magnetic characteristics.
NiFe204, an inexpensive material with good magnetic properties and a narrow bandgap (2 eV),
has received much attention in the photocatalytic treatment of pollutants [11]. NiFe2O4 has been
shown to react with H2O> to create *OH, which can show better performance under the Fenton
process. Improving its catalytic performance remains a challenge. It is suggested that the

combination of NiFe.O4 with metal oxides could be an effective strategy [12].

Due to its favorable physical and chemical properties, cupric oxide (CuO) is an important p-type
metal oxide semiconductor with a narrow bandgap in the region of 1.2 to 2.2 eV that has been

widely used in solar cells, catalysis [13], magnetic storage, and other applications. Cu+ and Cu?*
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in copper oxides can also react with H,O2 as a Fenton reaction, producing *OH and 0%,
respectively. However, the CuO catalyst has some drawbacks such as its low stability as well as

the high capacity of its charge carriers to recombine.

Whether NiFe2Os could be mixed with CuO indicated above, a novel multicomponent
nanocomposite material (NiFe.O4-CuQ) will be constructed to catalyze H20,, targeted to improve

the decomposition efficiency of H.O2 under variable conditions [14].

In this chapter, a new catalyst based on NiFe204-CuQ nanoparticles has been produced and initially
employed for the H.O> activation. The usual dye methylene blue was selected as the target

pollutant.

2  Experimental

2.1.1 Chemicals and reagents

Metal nitrates, iron (I1) nitrate nonahydrate (Fe (NOz)3.9H20) (99.99%), nickel (II) nitrate
hexahydrate (Ni (NOs3)2.6H20) (99.9%), nitrate copper (Il) trihydrate (Cu (NO3)2.3H20)
(99.99%), hydrogen peroxide (H20), and polyethylene glycol (PEG). It was bought from Sigma-
Aldrich.

2.2 Synthesis of catalysts

2.2.1 Synthesis of CuO

150 ml of 0.1 M Cu (NO3)2.3H20 solution will be sonicated for 2 h. Then, sodium hydroxide
solution (2.2 M) will be added until the pH of the solution reaches 10, followed by stirring for 1
h. The residue will be washed with water after filtration in the next step. Finally, the dried product
(80 C, 3 h) will be calcined at 450 °C for 2 h.

2.2.2 Synthesis of NiFe204

2 mmol of Ni (NO3)2.6H20, 4 mmol of Fe (NO3)3.9H,0 (the Ni?+/Fe3+ molar ratio was 1/2), and
5 g of PEG (Poly Ethylene Glycol) in 20 ml of aqueous alcohol 50% will be added to 100 ml of
water. PEG will be added to obtain a small homogeneous particle size; after 10 min of stirring, the
aqueous NaOH solution will be successively added drop by drop with continuous stirring until the
pH reaches 11. Then the precursor solution will be treated by sonication for 30 min and transferred
to a stainless-steel hydrothermal reactor for 12 hours of hydrothermal treatment at 190 °C. It will
then be cooled to room temperature. The resulting product will be collected by centrifugation,
washed several times with deionized water and ethanol, and then dried under a vacuum. The last

step will be calcination at 300 -C for 2 hours.
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2.2.3 Synthesis of NiFe204-CuO

A specific quantity of CuO (synthesized) was added with a CuO/Nife2O4 molar ratio of 1 to the
previous mixture before the reaction in the autoclave and stirred for 30 min. The rest of the
procedure will be the same as in Section (1.2.2). The last step will be calcination at 300 -C for 2

hours.

2.3 Analysis

Catalytic degradation studies were conducted in 200-mL conical flasks. The conical flasks
containing the aqueous solution were agitated on a reciprocating shaker at 250 rpm and 303 K at
pH 3 in the dark. The MB solution at a defined concentration was added to deionized water to
reach the necessary initial concentration, and then the specific dose of sonicated nanoparticles was
put into the solution. The resultant mixture was agitated for a certain interval to preserve the
adsorption/desorption balance between the catalyst and the contaminant before adding the
oxidizing solution. Samples taken at different time intervals were combined with 20 pL of
methanol to deactivate the H.O> solution, then immediately filtered through centrifuges before
being evaluated using a visible UV spectrophotometer type Shimadzu Spectrophotometer UV Vis
1700.

2.4 Characterization of catalysts
The crystal phase of the produced materials was determined using an X-ray diffractometer
(Smartlab9, Rigaku, Japan).
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3  Results and discussion

3.1 Characterization of CuO-Nife2O4nanoparticles
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Figurel. X-ray diffraction pattern of (a) CuO, (b) NiFe20s4, (c) NiFe204-CuO nanocomposites.

X-ray diffraction (XRD) was utilized to examine the characteristics and compositions of peaks and
phases. Various techniques, including the analysis of XRD patterns, have been employed to
comprehensively examine metal oxides, ferrites, and nanocomposite materials. Figure 1 (a, b, c)
illustrates the configurations of CuO, NiFe204, ferrite nanoparticles, and NiFe204-CuO

composite materials.

Figure 1(a) illustrates the presence of peaks corresponding to the CuO crystallographic planes
(100), (111), and (002), indicating the successful formation of a monoclinic structure. XRD data
and peaks closely correspond with the details from the JCPDS card (961011195), which specifies
the lattice parameters as a = 4.6700 A, b = 3.4300 A, and ¢ = 5.1200 A. No additional phases are
observed in Fig. 1(a), indicating high purity and exceptional crystal growth, as evidenced by sharp
and well-defined peaks. Figure 1(b) depicts the XRD pattern of synthesized NiFe204
nanoparticles. The X-ray analysis verifies the existence of diffraction peaks associated with the
(220), (311), (400), (511), (400), and (533) crystallographic planes, signifying a cubic structure.
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In Figure. 1(c), the XRD pattern of NiFe20s-CuO nanocomposite reveals distinct peaks
corresponding to the (220), (311), (400), (511), (422), (533), and (400) crystallographic planes, all
indicative of a cubic system. The observed data aligns with the information provided by ICDS 01—
070-6496 files. Additionally, the formation of new phases, notably the (111) and (202) peaks
associated with CuQ, is attributable to the ceramic technique adopted, the sintering temperature,
and the reaction between the components. By utilizing established formulae, various structural
characteristics were determined by the examination of the X-ray diffraction pattern. For CuO,
NiFe204, and the NiFe>0s-CuO nanocomposite, the calculations involved the use of interplanar

distance (d), lattice constant, and Bragg's angle [15].
a=dvh?+k?+12 1)

In the X-ray patterns, the major peaks were attributed to the (311) plane of NiFe>O4 nanoparticles
and the (110) plane of CuO. The particle size (D) was estimated using Scherrer’s equation, repre-

sented by Eq. (2):

0,91
- BcosO (2)

Table 1 contains the values for the crystallite size (D) and lattice value.

Table 1 Lattice parameters and Values of crystallite size (D)

Composition T Temp. °C 2 2Theta® F WHM? D nm ('Eit:s‘;‘;m A
a=4.670
Cuo 450 38.729 0.291 29.44 b = 3.430
¢=5.120
NiFe; O, 300 35.662 1.25 6.9 a= 8.341
NiFe;0/CuO 600 35.747 0.414 20.18 a= 8.321

3.2 Catalytic oxidation of MB by CuO, NiFe204, and, NiFe204-CuO

o] m—a—w 4 1,01 —

SN e~ — —
~— o

0,8 - 0,8

0,6 4 0,6

CiC,
cic,

0,4 4 0,4

—=— 130 mM —=— NiFe,0,-CuO|
024 —e— 80 mM 0,24 e Cuo
—4—30mM —4— NiFe,0,

0,0

0 20 40 60 80 100 120 140 160 180 200 0 10 20 30 40
t(min) t(min)

Figure 2. (a) only NiFe204, CuO, NiFe204-CuO; (b) only H202(30, 80, 130 mM).
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Chapter IV: enhancement of H202 decomposition through the combined
action of CuO-NiFe204 nanoparticles for methylene blue degradation

Several systems, H2O> alone, NiFe>O4, alone, CuO alone, NiFe,O4-CuO alone, NiFe,04/ H2O2,
CuO/ H20,, and NiFe204-CuO/ H20, were tested for the removal of MB.

In the absence of H2O», about 4.5%, 6.0%, and 8.0% reduction of MB were determined after 30
minutes due to the adsorption effect of NiFe204, CuO, and CuO- NiFe204 nanoparticles figl. (a).
For this, the catalyst/pollutant mixture will remain agitated for 40 minutes to ensure the removal

of the adsorbed quantity before adding H20,.

1,0 H 1,0 -
0,9
0.8+ 0,8
0,7
0,6 0,6
° Q
8 UD 05
0,44 0,4
0,3
—=— NiFe,0,-CuO —=— NiFe,0,-Cu0
0,2 —e—Cuo 0,24 e CuO
—A— NiFe,0, —4— NiFe,0,
0,1
0,0 T T T T T 0,0 T T T T T T T T
0 50 100 150 200 250 -50 0 50 100 150 200 250 300 350
t(min) t(min)
11 11
- ®
101 ©) 10 —=— NiFe,0,+130mM

—e— NiFe,0,+80mM
—a— NiFe,0,+25mM

—=— NiFe,0,-CuO|
024 |-e-Cuo 0.2
4 NiFe,0,

c') 5'0 160 1%0 2<')0 2éo 360 -50 EI) 5'0 1('30 1%0 zc')o zéo 360 3éo
t(min) t(min)
Figure 3. (c) NiFe;04, CuO, NiFe204-CuO+H202(30mM) ; (d) NiFe;04, CuO, NiFe;04-
CuO+H202(80mM) ; (e) NiFe204, CuO, NiFe;04-CuO+H202(130mM) ; (f)CuO, NiFe20s-
CuO+H202(30, 80, 130mM).

Figure 3. (c) demonstrates MB deterioration of 20%, 20%, and 30%; Figure 3. (d) 25%, 35%,
50%; and Figure 3. (e) 40%, 55%, and 80%, respectively, NiFe;O4/H202, CuO/H20,, NiFe2Os-
CuO /H20, in approximately 300 min for all mixes. From these offers, the NiFe20s-CuO

complex gives a better degradation for the MB pollutant compared to the NiFe>O4 or CuO alone.
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Chapter IV: enhancement of H202 decomposition through the combined
action of CuO-NiFe204 nanoparticles for methylene blue degradation

The effect of the H.O> dose is remarkable in Figure 3. (f), the concentration of H2O> increases
the degradation of MB; this result shows the good performance of the complex for the

decomposition of H20..

3.3 ldentification of the reaction mechanism
According to the aforementioned experimental data, the probable mechanism for the activation of

H202 on the NiFe>04-CuO catalyst was hypothesized as summarized by Eqgs. (1) (14).

Firstly, H,O> was initially associated with CuO-NiFe204 catalyst, then Fe (111) and Cu (II) were
reduced to Fe (II) and Cu(I), while Ni (II) was oxidized to Ni (III), then some ROS like *OOH,
*OH and +O% were produced. Then, the generated Fe (1), Cu(l), and Ni (1) would continue to
react with H20,, while *OOH and *OH were released into the solution (Egs. (4, 6, 8)). Furthermore,
0% could react with H20 and *OOH to produce *OOH and O (Egs. (9-10)).

The results suggested that there existed a synergistic interaction between CuO and NiFe20a.
Finally, the produced *O?/*OH/O, would attack the MB molecule, which was responsible for the
MB breakdown.

Fe(Ill) + H,0, — Fe (II) +« OOH + H* (3)
Fe(ll) + H,0, — Fe (II) ++ OH + OH™ 4)
Ni(Il) + H,0, — Ni (III) ++ OH + OH™ (5)
Ni(1ll) + H,0, — Ni(Il) ++ OOH + OH™ (6)
Cu(Il) + H,0, = Cu (I) ++ OH 4+ 03 (7)
Cu(l) + H,0, = Cu (II) ++ OH (8)

* 03 + H,0 -+ O0OH + OH™ 9)

¢ 03 +¢ 00H —» 0, + OOH™ (10)
Ni(IID) + Fe(I) - Ni (II) + Fe(lID) (11)
Fe(111) + Cu(l) - Cu (II) + Fe(ID) (12)
Ni(III) + Cu(I) — Cu (II) + Ni(II) (13)
¢0; +¢OH + 0, + MB = H,0 + CO, + Byproducts (14)
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Chapter IV: enhancement of H202 decomposition through the combined
action of CuO-NiFe204 nanoparticles for methylene blue degradation

4  Conclusion

In this study, magnetic NiFe2Os-CuO nanoparticles with low cost and environmental friendliness
were produced by the hydrothermal method and then utilized as a Fenton-like catalyst to activate
H>0> to degrade MB. The prepared NiFe.O4-CuO nanoparticles demonstrated a good aptitude for
MB degradation. Under the ideal circumstances (200 g/L catalyst, 130 mM H»O>, and 200 mg/L
MB), 80% removal efficiency was achieved within 300 minutes. According to multiple experiment
evaluations, *O%*/«OH/O, was created in the NiFe204-CuO/H,0; system.
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General conclusion and prospects

The key objective of this work was to synthesize new materials using simple and inexpensive
methods and to emphasize the potential of the materials synthesized for the depollution of
wastewater effluents. To examine this potential, numerous experiments (such as material
characterization, parameter effects, kinetics, and equilibrium studies) were done. Three major
ingredients were created and used in two separate processing procedures. Acorus calamus, with
the acronym PACK, and Cynara scolymus, with the abbreviation Cs, are used as precursor
powders for the treatment of methylene blue via adsorption methods. The NiFe204-CuO spinel-
oxide complex is employed in the treatment of methylene blue via Fenton heterogeneous

processes.

The methylene blue adsorption was carried out on a natural material powder of Acorus calamus
treated firstly with H,SO,4 and then activated by KMnOy in the first chapter. Fourier transform
infrared (FT-IR) spectroscopy, pHpzc analysis, and SEM micrograph were carried out to
characterize the material. The results obtained related to adsorption Kkinetics, adsorption
isotherms, thermodynamics, and ionic strength were analyzed to explain the adsorption mode of
MB onto PACK. This result shows that sorption kinetics followed a pseudo-nth-order model.
Among the tested isotherm models, the R-P isotherm was considered to be the most relevant to
describe MB sorption onto PACK. From the Advanced statistical physics models data, and based
on the R? values obtained, the mono-layer two-energy model was found to be the most suitable to
describe the MB adsorption onto the PACK material. From this, the adsorption of MB was
assumed on two different sites of PACK with two different energies, E; for the first site and E;
for the second site. These two different receptor sites can interact with a variable number of MB
molecules (n), n; with the first type of sites and n, with the second type of sites. The sorption
capacity of this material was about 1500 mg/g at 30 °C. The potential of PACK, a readily
available material to use as an alternative biosorbent material to eliminate the MB color from

aqueous solutions, was therefore confirmed.

In the third chapter, methylene blue (MB) adsorption was performed on a natural material
powder of Cynara scolymus as a new inexpensive adsorbent. The maximum experimental
adsorption capacity of the Cs material was 203.333, 192.187, and 179.380 mgeg~* at 298, 303,
and 313 K, respectively. The correlation coefficients (R?) and average percentage errors APE (%)
values for the kinetic and isotherms models indicated that the adsorption kinetics followed a
pseudo-nth order model and that the traditional isotherm model Redlich—Peterson (R—P) correctly

described the experimental data obtained at 298, 303, and 313 K, respectively. The steric,

( ]
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General conclusion and prospects

energetic, and thermodynamic characteristics of the most relevant advanced model (double-
energy single-layer model (AM 2)) were analyzed in detail. The number of active sites for the
first receptors (n1) was determined to be 0.129, 0.610, and 6.833, whereas the number of second
active sites (ny) was determined to be 1.444, 1.675, and 2.036 at 298, 303, and 313 K,
respectively. This indicated the presence of both multi-docking and multimolecular modes for
the first style of MB ions (n1), while only a multimolecular mode for the second style of MB ions
(n2). Thermodynamic characteristics demonstrated that MB adsorption onto the Cs adsorbent is

spontaneous and feasible.

In the fourth chapter, the hydrothermal approach produced low-cost and environmentally
friendly NiFe204-CuO nanoparticles. They were then utilized as a Fenton-type catalyst to
activate H,O, and degrade MB. The produced NiFe,O4-CuO nanoparticles exhibited their
capacity to effectively destroy MB. Under optimum conditions (200 g/L catalyst, 130 mM
H202,and 200 mg/L MB), a removal efficiency of 80% was obtained in 300 minutes.
According to several experimental assessments, the generation of *O,/*OH/O, was detected in
the CuO-MnFe204/H202 system.

Future applications prospects
To enhance this study, additional work is necessary:
For the adsorption processes
e Encapsulation of the powder product for easy use and regeneration.

e Study concrete solutions about the evolution of contaminants after the adsorption or
regeneration stages.
e Find a more efficient method to produce adsorbents in large quantities quickly.

For the Fenton processes

e Study of the mineralization of the polluting molecule (determination of by-products and
TOC).

e Determination of metal concentrations in solutions at the end of treatment to prove that

the processes are not subject to secondary pollution.

e Tests on real discharges are recommended to study the effects of interferents on the

performance of each process.
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Abstract

This thesis focuses on the synthesis of novel materials suitable for water treatment using two
distinct methods: adsorption and Fenton. The adsorption treatment was initially tested using two
novel absorbents, Acorus calamus and Cynara scolymus. These absorbents were first treated
with sulfuric acid and then activated with potassium permanganate in the case of Acorus
calamus. For Cynara scolymus, it was used directly in powder form to prepare the adsorbents.
The produced materials were thoroughly characterized using several techniques, including XRD,
FTIR, TGA, and SEM. In addition, the study focused on applying the acquired materials as
adsorbents in a batch system to remove the basic dye, methylene blue (MB). The study
investigated the kinetics of adsorption, equilibrium behavior, and the impact of several
parameters, including pH, contact time, initial concentration, ionic strength, and temperature.
Consequently, we achieved high levels of adsorption capacity. Furthermore, Fenton's processes
demonstrate the efficacy of a novel nanomaterial, NiFe,O4-CuO, in water treatment. Specifically,
it is confirmed that this nanomaterial serves as an effective activator for H,O..

Keywords: Adsorption, Acorus calamus, Cynara scolymus, methylene blue (MB), batch system,
Fenton, NiFe;O4-CuO, H,0,

Résumé

Cette these se concentre sur la synthese de nouveaux matériaux adaptés au traitement de I'eau en
utilisant deux méthodes distinctes : l'adsorption et le Fenton. Le traitement par adsorption a été
initialement testé en utilisant deux nouveaux absorbants, Acorus calamus et Cynara scolymus.
Ces absorbants ont d'abord été traités a l'acide sulfurique puis activés au permanganate de
potassium dans le cas d'Acorus calamus. Pour Cynara scolymus, il a été utilisé directement sous
forme de poudre pour préparer les adsorbants. Les matériaux produits ont été soigneusement
caractérisés a l'aide de plusieurs techniques, notamment XRD, FTIR, TGA et SEM. De plus,
I’étude s’est concentrée sur I’application des matériaux acquis comme adsorbants dans un
systeme discontinu pour éliminer le colorant basique, le bleu de méthylene (MB). L'étude a
étudié la cinétique d'adsorption, le comportement a I'équilibre et I'impact de plusieurs
paramétres, notamment le pH, le temps de contact, la concentration initiale, la force ionique et la
température. Par conséquent, nous avons atteint des niveaux élevés de capacité d’adsorption. De
plus, les procédés de Fenton demontrent I'efficacité d'un nouveau nanomatériau, NiFe,O4-CuO,
dans le traitement de I'eau. Plus précisément, il est confirmé que ce nanomatériau agit comme un
activateur efficace du H,0,.

Mots clés : Adsorption, Acorus calamus, Cynara scolymus, bleu de méthyléne (MB), systéme
batch, Fenton, NiFe;O4-CuO, H,0,
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