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General Introduction 

 

Water is a vital resource for life on Earth. Approximately 78 % of the planet's surface is 

covered by water, mainly in the form of saltwater oceans, while only 2.5 % consists of usable 

freshwater. This limited availability makes it an indispensable element for all living 

organisms. However, increasing pollution due to industrialization and waste disposal 

threatens this precious resource. Industrial effluents contain various contaminants, including 

heavy metal ions, organic and inorganic compounds, aromatic substances, and dyes, posing 

significant risks to the environment and biodiversity. 

Numerous industries contribute to environmental pollution by producing waste, 

particularly in agriculture, textiles, and paint manufacturing. The use of pesticides, fertilizers, 

synthetic dyes, pigments, and heavy metals significantly impacts water quality and disrupts 

ecosystems, leading to serious environmental and health risks. Among the various pollutants, 

dyes represent a major concern. These chemical compounds, widely used in coloring plastics, 

textiles, and certain food products, can cause severe contamination when industrial 

wastewater is improperly treated before being released, endangering both ecosystems and 

human well-being. 

There are two main types of pollution sources: point sources and diffuse sources. Point 

sources originate from identifiable locations, such as factories, wastewater treatment plants, 

and septic systems, which discharge pollutants directly into water bodies. In contrast, diffuse 

sources are more challenging to pinpoint as they stem from widespread activities, including 

agricultural runoff carrying fertilizers and chemicals, waste from livestock, and discharges 

from construction sites and mines. Additionally, landfills can contribute to water 

contamination if pollutants seep into groundwater. This study focuses on a specific form of 

water pollution: wastewater released from textile dyeing industries. 

Wastewater from the textile industry poses a serious environmental and health concern, as 

it degrades aquatic ecosystems and threatens drinking water quality. Proper treatment is 

essential before its release into natural water bodies to minimize its harmful impact. 

Given the diversity and heterogeneity of their composition, treating textile wastewater 

requires the design of a comprehensive treatment process that ensures the removal of various 
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pollutants in successive stages. The preliminary step involves the removal of insoluble 

contaminants, followed by pollution reduction techniques that are typically implemented in 

the second stage. Due to the varied and complex nature of textile wastewater, an efficient 

treatment process must be designed to eliminate pollutants in successive stages. The initial 

phase focuses on removing insoluble contaminants, followed by pollution reduction 

techniques applied in the subsequent step. 

Wastewater treatment methods differ depending on the nature of the contaminants (metal 

ions, organic compounds, nanoparticles, or micrometer-sized particles), the treatment 

approach (continuous or batch), and the final form of waste produced (solid sludge, highly 

concentrated solutions, or pollutant-laden particles). These techniques are also selected based 

on pollutant concentration, solubility, and process cost. 

Typical wastewater treatment methods include physico-chemical processes (such as 

coagulation-flocculation), chemical treatments (like oxidation), biological approaches (where 

microorganisms break down pollutants), and adsorption. Among these, adsorption stands out 

for its simplicity and high efficiency. Its economic viability could be further improved by 

substituting conventional activated carbon with alternative, cost-effective adsorbents offering 

comparable or enhanced performance. 

The advancements in water treatment, including the development of innovative materials, 

enhanced laboratory techniques, and technological progress in various processes, have 

promoted the use of bioresources and the exploration of eco-friendly solutions such as bio-

adsorbents and bio-polymers. In this context, biomass emerges as a sustainable alternative to 

reduce the overuse of clays in wastewater purification. 

This thesis was conducted at the Laboratory of Chemical Process Engineering (LGPC) and 

the Laboratory of Molecular and Nanostructured Chemical Engineering (LCIMN). Its aim is 

to develop composite materials capable of adsorbing organic pollutants (dyes and others) that 

can be utilized in adsorption processes where the separation of adsorbate and adsorbent is 

more manageable. This work also aligns with ongoing efforts to develop methods and explore 

new, effective, and cost-efficient materials for wastewater treatment, building on previous 

research conducted at LGPC. 
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The use of bentonite in adsorption processes can present separation challenges due to its 

colloidal dispersion in water. So far, techniques such as centrifugation and spontaneous 

precipitation have been employed to address this issue. However, recent research suggests 

modifying bentonite with magnetic nanoparticles, such as iron oxide (Fe₃O₄), and 

encapsulating it in alginate to facilitate its recovery using a magnetic field. 

This thesis is divided into four parts. In Chapter I, we present the context of this work 

along with a literature review. We outline the materials and methods traditionally used for 

pollution treatment.  

Chapter II focuses on the preparation of the various materials used in this study. It details 

the experimental techniques implemented, the sample preparation protocols, and the 

mathematical models applied for the quantitative analysis of the obtained results. 

Additionally, it incorporates computational investigations to further understand the 

interactions between the adsorbents and pollutants, providing theoretical insights that 

complement the experimental findings.  

In Chapter III, we describe the chemical and physical characterization, along with the 

study of discontinuous adsorption on magnetic bentonite and magnetic bentonite beads using 

methylene blue as a model pollutant.  

Chapter IV focuses on the chemical and physical characterization and the study of 

discontinuous adsorption on organophilic magnetic bentonite and organophilic magnetic 

bentonite beads, again using methylene blue as a model pollutant. 

Finally, we present the conclusions of the study and the future prospects offered by the results 

obtained, particularly regarding the potential for using the adsorbent beads on a larger scale. 
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Thesis objective 

 

The development of new composite biomaterials is a key aspect of this research. The 

adsorbent matrices are designed either in powder form (such as magnetic bentonite or 

organophilic magnetic bentonite) or encapsulated in calcium alginate, a natural polymer that 

enables the formation of composite beads (magnetic bentonite beads and organophilic 

magnetic bentonite beads). By utilizing natural, renewable, and abundant resources, this work 

aims to create a material with a lower environmental footprint. In this study, bentonite-based 

adsorbents were first synthesized, then magnetized and encapsulated in alginate. 

 All the materials analyzed demonstrated remarkable efficiency in eliminating organic 

pollutants. However, their application is limited by the difficulty of separating small particles 

from the effluent after adsorption. The encapsulation of powdered adsorbents in alginate 

beads addresses this issue, as it prevents their dispersion in the effluent and facilitates their 

extraction. Throughout this study, we focused on mastering the preparation of all adsorbents 

and their encapsulation in calcium alginate.  

We also analyzed their physical and chemical properties and assessed their efficiency in 

adsorbing organic molecules. Specifically, we compared the adsorption capacities of our 

composite materials with those of other adsorbents developed from biomass by researchers. 

This study paves the way for potential applications in industrial wastewater treatment, 

providing a sustainable alternative to conventional methods. 
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CHAPTER I 

BIBLIOGRAPHICAL STUDY 

I.1. Problem 

 The imminent danger of water resource depletion is highly tangible and noticeable in many 

areas. While limited access to drinking water has historically affected developing nations, 

developed nations are now also experiencing its consequences. This is primarily due to factors 

such as population growth, global warming, the addition of new water uses, expansion of 

agriculture and industry, and disregard for fundamental regulations [1].   

 Furthermore, water accessibility continues to decrease due to pollution, leading to a 

deterioration in the quality of water reserves and current high water usage. Unaddressed 

industrial waste presents a crucial environmental problem due to its toxicity, inability to 

degrade naturally, and resistance to traditional treatment methods [2,3].  

The problem of water depollution has increased in importance, mainly due to the rising 

rigidity of drinking water constraints. Several sectors produce chemically inert contaminants 

that are challenging to break down using traditional treatment techniques. Consequently, there 

is a need for novel and more effective methods for controlling these discharges. 

To address this problem, the subject is suggested to integrate and combine innovative 

techniques for environmental control. In this context, adsorption is increasingly recognized as 

a very efficient and promising technique for advanced wastewater treatment [4]. Adsorption 

techniques are currently acknowledged as cost-effective and efficient solutions due to their 

inexpensiveness, efficacy, and accessibility [5,6]. The process involves the interactions 

between pollutant molecules and adsorbent surfaces, resulting in an effective and essential 

method for removing pollutants [7].   

I.2. Water pollution 

Pollution is the harmful degradation of the environment caused by the addition of elements 

that either are not found in nature or exist in minimal quantities in the environment as a 

whole. It perturbs the ecosystem and has severe implications for human health [8].  

Water pollution is a deterioration in water quality that makes its use dangerous for public 

health and irrigation and disrupts aquatic life. It affects surface water (rivers, lakes) and 

groundwater. It remains a major challenge, especially in developing countries that still need 

the technical and financial resources to incorporate new purification processes and where 
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water resources are less abundant [9]. 

Drinking water quality standards are becoming increasingly strict, and regulations are 

keeping pace with developments in analytical techniques to halt the spread of this pollution 

and reduce its consequences. The World Health Organization (WHO) regularly publishes 

guidelines on the quality of drinking water [10]. 

I.2.1. Sources of water pollution 

     Water pollution comes from various sources, including natural and human activities 

(domestic, agricultural, industrial, etc.). 

I.2.1.1. Natural pollution: Hazardous materials can occasionally end up in 

water due to natural occurrences rather than human effort. Particularly high quantities of 

heavy metals are produced when water decreases or dissolves mineral formations. The 

amount of air contaminants that precipitation brings to the earth also surpasses WHO 

guidelines. Volcanic eruptions and submarine hydrocarbon spills can also cause water 

pollution [11]. 

I.2.1.2. Domestic pollution: It covers household wastewater and water 

discharged by collective facilities (hospitals, shops, etc.). 

I.2.1.3. Agricultural pollution: It mainly concerns water-containing products 

from land applications (fertilizers, pesticides, etc.) [12]. 

            I.2.1.4. Industrial pollution: Several compounds have been identified as 

pollutants resulting from industrial activity [13]. 

 Dyes (textile industries...), 

 Pharmaceutical products (pharmaceutical industries, hospitals, etc.), 

 Hydrocarbons (oil industries, transport, etc.), 

 Heavy metals (tanneries, surface treatments, electroplating, metallurgy...), 

 Acids, bases, and various chemical products (chemical industries, tanneries...), 

 Organic materials and fats (slaughterhouses, food processing industries, etc.), 

 Radioactive materials (nuclear power plants, radioactive waste treatment, etc.). 
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I.2.2. Main types of water contamination 

Water pollution is caused by several toxic substances (contaminants) that are chemical or 

biological and can be pathogenic for humans. 

I.2.2.1. Chemical contamination: Chemical risk is linked to geological 

elements or contaminants resulting from human activities. Excessive fertilizer use 

contributes excess nitrogen and phosphorus to watercourses and groundwater. 

Pesticides are a major environmental problem [14].Heavy metals (lead, cadmium, 

mercury, manganese, etc.) are not biodegradable. They form a family of pollutants that 

are very dangerous for the animal kingdom. Plants absorb it, and during the food chain, 

they collect and concentrate [15]. 

I.2.2.2. Microbiological contamination: Water can contain pathogenic 

microorganisms such as bacteria and viruses. The primary sources of microbial 

contamination in aquatic resources are the discharges from water treatment plants and 

hospitals [16]. As a result, epidemics can develop, limiting the daily use of water [17]. 

The virulence of certain epidemics has shown that traditional disinfection, particularly 

chlorination, eliminates most pathogenic bacteria but sometimes has no effect on other 

resistant microbiological agents and generates dangerous by-products (chlorine gas, 

etc.) [18]. 

I.3. Different types of pollutants 

I.3.1. Heavy metals 

The inorganic elements known as natural heavy metals possess a density that exceeds 5 

g/cm3. The chemicals above can be identified in minute quantities across many environmental 

compartments. Once they exceed a predetermined critical threshold, they exhibit notable 

toxicity. Some metals (trace elements: Cu, Zn, Fe...) are necessary for the cellular metabolism 

of living organisms at very low concentrations. Above certain concentrations, however, they 

become toxic [19]. In contrast, certain elements, namely mercury, lead, chromium, arsenic, 

and cadmium, are widely acknowledged for their exceptionally high toxicity levels and lack 

of involvement in cellular metabolism, even when present in exceedingly low quantities. The 

generally uncontrolled discharge of heavy metals into the aquatic environment poses 

enormous environmental problems. The toxicity of these metals depends on their chemical 

form, degree of oxidation, concentration and rate of accumulation in the organism at each 

stage of the food chain [20]. 
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The Table I.1 below sets out the concentration limits for heavy metals permitting industrial 

liquid effluent discharges under Algerian regulations. 

Table I.1: Limit values for heavy metals [21]. 

Element Cd Cu Hg Pd Cr Ni Zn 

Limit value (ppm) 0,2 0,5 0,01 0,5 0,5 0,5 3 

 

I.3.2. Pesticides 

Pesticides are used to control animals and plants that pose a threat to human health, 

wildlife, and the environment [22]. Chemically speaking, several groups of pesticides can be 

distinguished, characterized by their different persistence [23]. Following their use in 

agriculture at excessive concentrations, pesticides are dispersed into the environment, mainly 

into natural waters. These compounds, which are persistent and toxic to living organisms, are 

then ingested and accumulated, contaminating the entire food chain [24]. They can cause 

cancer or malformations in newborn babies. They are poorly biodegradable and active at very 

low doses. Their use and rate of discharge into water are strictly regulated [25,26]. 

I.3.3. Pharmaceutical pollutants 

Pharmaceutical substances in the aquatic environment originate from various sources: 

 Hospital effluents, 

 Pharmaceutical industry effluents, 

 Veterinary treatments used for farm animals, 

 Contaminated urban water. 

The most common form of contamination of surface waters (rivers, lakes, etc.) comes from 

pharmaceutical substances discharged by hospitals and collected in urban wastewater 

treatment plants. Some poorly biodegradable substances escape biological treatment and are 

discharged into rivers [27]. 

I.3.4. Dyes 

Dyes are organic compounds, either natural or synthetic, that have the ability to 

permanently color the substrate they are applied to under specific conditions. The dye 

industry represents a significant economic market, as dyes are used in a variety of fields: 

 Textile, fur and leather industry - Plastics industry, 

 Building industry: paints and ceramics - Printing: inks and paper, 
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 Pharmaceutical industry - Cosmetics industry, 

 Food industry - Oil industry. 

The classification principles encountered for dyes are essentially based on their chemical 

structures and the techniques used for applying them to different substrates (textiles, paper, 

plastics, etc.): 

I.3.4.1. Chemical classification 

The classification of dyes based on their chemical structure is determined by the nature of 

the chromophore group. 

I.3.4.1.1 Azo dyes: In Figure I.1, the structural composition of the azo molecule 

is depicted. Azo dyes are distinguished by an azo bond (-N=N-) linking two benzene 

rings within the molecule. Due to its notable resistance to light, acids, bases, and air, 

this dye has extensive application within the textile sector [28]. The presence of these 

compounds in industrial effluents is dangerous, as they are toxic, carcinogenic, stable, 

highly resistant to biodegradation and recalcitrant to the usual treatments [29]. 

 

                  Figure I.1.  Structure of the azo molecule. 

 

I.3.4.1.2 Triphenylmethane dyes: Figure I.2 illustrates the structural 

composition of the triphenylmethane dye. Triphenylmethane is a derivative of methane, 

consisting of three phenyl rings attached to a central carbon atom. This hydrocarbon 

serves as a fundamental structure in many dyes. 

 

 

Figure I.2.  Structure of triphenylmethane dye. 
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I.3.4.1.3 Indigo dyes: The structure of indigo is shown in Figure I.3. Indigo 

dyes take their name from indigo. This compound is recognized as one of the oldest 

known dyes, along with purple, a dibromo-6,6-indigo derivative. Several derivatives of 

this dye have been synthesized by attaching substituents to the indigo molecule. The 

selenated, sulfurated and oxygenated homologs of indigo blue exhibit notable 

hypochromatic effects, with colors spanning from orange to turquoise. Indigo dyes are 

characterized by remarkable resistance to washing treatments, while lightfastness is 

average. They are used in textiles, pharmaceuticals, confectionery and medical 

diagnostics. 

 

        

 Figure I.3. Structure of indigo2-(1,3-dihydro-3-oxo-2H-indole-2-ylidene)-1,2-dihydro-3H-

indole-3-one (IUPAC name). 

 

I.3.4.1.4 Xanthene dyes: Figure I.4 shows the molecular structure of a xanthene 

dye. Xanthenes are organic compounds with a tricyclic structure. They are composed of 

a pyran ring flanked by two benzene rings. They are used in food, cosmetics, textiles, 

and printing dyes [30]. 

 

            Figure I.4.  Molecular structure of a xanthene dye. 

 

I.3.4.1.5 Anthraquinone dyes: The anthraquinones shown in Figure I.5 are 

derived from anthracene. The fundamental molecule in this group of dyes is 

anthraquinone, which has the chromophoric carbonyl group (>C═O) on a quinone ring. 

It occurs naturally in certain plants (borage, senna, aloe, rhubarb). These products are 

utiliezd to color polyester, acetate and cellulose triacetate fibres. 
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Figure I.5.  Anthraquinone molecule (9,10-dihydro-9,10-dioxoanthracein, 

anthracene derivative). 

 

I.3.4.1.6 Phthalocyanine dyes: A complex structure with a central metal atom 

characterizes phthalocyanines. They are obtained by reacting dicyanobenzene in the 

presence of a metal halide. They are mainly used in manufacturing inks, paint pigment, 

and dyeing textile fibres. For example, Figure I.6 shows the structure of copper 

phthalocyanine. 

 

Figure I.6.  Phthalocyanine structure: copper phthalocyanine. 

 

I.3.4.1.7 Nitrated and nitrosated dyes: The Figure I.7 shows the structure of a 

nitro and nitrosated dye molecule. Nitro and nitrosated dyes are characterized by a nitro 

group (-NO2) in the ortho position of an electron donor and possess a simple structure. 

These nitro compounds form the basis of anionic disperse dyes or pigments, limited to 

yellow and brown shades. These dyes are less widespread and of little industrial 

application. 
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Figure I.7.  Structure of a nitro and nitrosated dye molecule. 

 

I.3.4.2. Tinctorial classification 

Chemical classification interests dye manufacturers, but dyers prefer to classify dyes by 

field of application. This provides information on the dye's solubility in the dye bath, its 

affinity for the different fibers, and the type of fixation used. 

 

I.3.4.2.1 Acid or anionic dyes: Due to their sulfonate or carboxylate groups, 

these compounds are soluble in aqueous media and have one to four sulfonate groups. 

The dye-fibre affinity results from ionic bonds between the dye's sulfonate anions and 

the textile fibre's ammonium groups. They are used for dyeing polyamide, wool, silk, 

and acrylic fibres. The Figure I.8  shows an example of acid dyes (C.I. Acid red 27). 

 

  

    Figure I.8.  Acid dye (C.I. Acid red 27). 

 

I.3.4.2.2 Basic or cationic dyes: Basic or cationic dyes are salts derived from 

organic amines. They are soluble in water and form strong bonds between their cationic 

sites and the anionic sites of the fibres. Many basic dyes have a hazardous impact on the 

environment. This type of dye can be applied to cotton, polyamide, and modified 

polyester. Figure I.9 shows an example of cationic dyes (Methylene blue).   
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Figure I.9.  Basic dye (methylene blue). 

 

I.3.4.2.3 Developed or insoluble azo dyes: The Figure I.10 shows the structure 

of insoluble azo dyes. This type of dye is insoluble. It develops directly on the fiber 

through a coupling reaction between a diazotized base and a coupling agent. This class 

of dyes makes it possible to obtain very solid dyes on cellulose fibers. 

 

 

Figure I.10.  Insoluble azo dye. 

 

I.3.4.2.4 Vat dyes: This colorant is devoid of solubility in water. The activity 

occurs in two distinct phases. Following the alkaline reduction of the dye to generate a 

leuco derivative, a soluble form, and the dye is then re-oxidized in situ to its original 

insoluble form, enabling it to be associated with the fiber. Vat dyes are well-suited for 

coloring cellulose fibers, mainly cotton and animal fibers. Figure I.11 shows the 

structure of vat dye (Indigo). 
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Figure I.11.  Vat dye (Indigo). 

 

I.3.4.2.5 Reactive dyes: The particles are nominated according to their reactive 

chemical characteristics, specifically those of the triazine or vinyl sulfone type, 

guaranteeing a robust covalent attachment to the fibers. When dissolved, these 

substances include chromophore groups generally derived using the azo, anthraquinone, 

and phthalocyanine groups. Their specific uses involve coloring cotton, wool, and 

polyamides. A representative example of this family is shown in Figure I.12. 

 

 

 

Figure I.12.  Reactive dye (Reactive Black 5). 

 

I.3.4.2.6 Direct dyes: Figure I.13 shows the structure of a direct dye molecule. 

These colors are anionic and soluble in aqueous solutions. They adhere to fibers via 

feeble bonding, which accounts for their inadequate resistance to moist testing such as 
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water, washing, and sweat. These dyes are the most cost-effective for dyeing cellulose 

fibers like cotton. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.13.  Structure of a direct dye molecule. 

 

I.3.4.2.7 Mordant dyes: Mordant dyes are distinguished by the existence of 

functional groups that can undergo reactions with metal salts bound to the fibre 

following pre-treatment. The consequence is the creation of a highly compact and 

durable complex. Industrial dyeing predominantly utilizes dichromate-based salts; 

hence, their designation as chromium dyes. Figure I.14 shows the chemical structure of 

Mordant Violet 40 dye. 

 

 

Figure I.14.  Chemical structure of Mordant Violet 40 dye. 
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I.4. Textile industry effluents 

Interestingly, the textile business consumes more than 60% of the global dye production, 

necessitating large quantities of water for their dissolution. After their activities, they 

discharge large quantities of wastewater into aquatic environments without any restrictions or 

controls, generating severe water pollution. 

I.4.1. Toxicity of aquatic environments due to textile industry discharges 

The contamination of water resources by pollutants of various origins is a topical issue. In 

particular, effluents from the textile industry are a severe source of toxicity in aquatic 

environments. These settings are distinguished by vibrant hues, elevated pH levels, substantial 

suspended solids (SS), and elevated chemical oxygen demand (COD) [2]. Textile dyes are not 

biodegradable under aerobic conditions due to the complexity of their chemical structures, 

formed mainly of aromatic rings; this gives them a highly toxic and recalcitrant character 

[31]. Consequently, these organisms can endure for an extended period in these habitats, 

leading to significant disturbance to the inherent processes of plant and animal life, 

contamination of water sources utilized for agricultural irrigation (affecting the hygienic 

attributes of agricultural products, etc.). and severe harm to public health [32]. 

I.4.2. Environmental impacts and risks 

Environmental damage from the textile business mainly stems from the release of 

recalcitrant dyes and dyeing auxiliaries, including salts, surfactants, and organic acids, into 

water bodies. This is a significant contributor to pollution and eutrophication and poses a 

possible bioaccumulation risk that impacts humans via the food chain [33]. 

I.4.3. Legislation on textile waste 

Legislation requires textile effluents to be purified before discharge. This involves 

installing a balancing tank for partial reciprocal neutralization of the effluents. The effluent 

must then be treated in a pH-corrected treatment plant to eliminate the pollutant load in 

compliance with discharge standards [34]. The table below sets out the limit values of the 

parameters to be controlled for textile industry discharges by Algerian regulations. 
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Table I.2: Limit values for textile effluent discharge parameters [21]. 

Parameter Limit values 

Temperature (°C) 30 

pH 6,5 – 8,5 

BOD5 (mg/L)  150 

COD (mg/L) 250 

Settleable matter (mg/L) 0,4 

Undissolved matter (mg/L) 30 

Oxidability (mg/L) 100 

Permanganate (mg/L) 20 

 

I.5. Classic water treatment techniques 

Industrial effluent can be treated using various processes: physical, membrane, thermal, 

biological, or chemical. The choice of one or other of these processes depends on certain 

parameters, such as the flow rate, composition, and concentration of the effluent, the type of 

reuse, and the size of the installation. 

I.5.1. Physical treatments  

Particulate separation from treated water is achieved by physical processes, including 

settling, sedimentation, flocculation, filtration, flotation, extraction, and adsorption [35]. 

These techniques are based on simple, easily applicable principles that can be scaled up. 

However, they represent a simple displacement of pollution from one medium to another but 

can be coupled with a pollutant destruction process [36]. 

I.5.2. Membrane treatments 

These treatments are separation procedures that employ a membrane as the effective 

separating agent. An osmotic barrier is a physical obstruction that separates two 

compartments, allowing unwanted substances such as pollution, pathogens, and color 

molecules to be prevented and selectively flow through the filtered water. Operating requires 

driving power to elevate the pressure of the aqueous phase, which needs to be filtered. Several 

types of membranes are employed for wastewater treatment:  

 The pore widths of porous membranes for microfiltration range from 100 to 10,000 

nm; for ultrafiltration, they range from 1 to 100 nm; and for nanofiltration, they range 

from 0.1 to 1 nm.  
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 Dense membranes, such as ion exchange membranes and reverse osmosis membranes, 

notably for seawater desalting and ultra-pure water production [36]. 

I.5.3. Heat treatments 

Thermal treatments use high temperatures to break down organic molecules and mineralize 

them into CO2 and H2O. The thermal treatment most commonly used industrially is 

incineration. Therefore, these processes require large quantities of energy and should be 

limited to treating effluents rich in organic matter. The combustion of the latter offsets the 

energy required to vaporize the water. In addition, this type of treatment may require the 

installation of a device to treat the fumes emitted [37]. 

I.5.4. Biological treatments 

The presence of organic pollutants in water is a real danger, and their degradation by 

micro-organisms is the biological treatment ecosystems use to purify natural environments. 

These biological processes occur in two modes: aerobic treatment involves the presence of 

oxygen, while anaerobic treatment occurs in its absence. [38]. 

I.5.4.1. Aerobic treatment: Bacterial bed reactors, consisting of an activated 

sludge unit where bacteria break down pollutants in an aerated environment, are used 

for this purpose. After purification, sedimentation in a settling tank separates the sludge 

from the wastewater. Some sludge is recycled, while the surplus is discharged by 

pressing or centrifuging. This technique has long been a treatment method for many 

organic pollutants and has demonstrated its effectiveness for a category of textile 

discharges [38]. 

I.5.4.2. Anaerobic treatment: Anaerobic digestion of organic matter leads to 

mineralization without oxygen, producing CO2, CH4, and H2O. The method 

successfully addresses effluents, including significant organic waste, and requires a high 

chemical oxygen demand [39]. Effluent treatment facilities also use it to produce 

significant quantities of biogas, primarily methane [40].The efficacy of these biological 

mechanisms in reducing pollution is sometimes constrained, thereby necessitating the 

integration of other approaches to decrease the amount of pollutants. 
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I.5.5. Hybrid processes 

Every treatment technique has advantages and disadvantages. A single technique is 

unlikely to clean up an effluent containing pollutants from various sources. Combining 

several existing techniques enables the advantages of each to be fully exploited. Several 

methods have been developed to eliminate textile dyes, including ozonation combined with 

biological treatment [41], adsorption combined with photocatalysis for phenol removal [42], 

and applying photocatalysis with membrane processes for humic acids, dyes, and 4-

nitrophenol removal [43]. 

I.6. Pollution control method chosen for this study 

Pollutant removal methods vary according to the target substances (metal ions, organic 

substances), particle size, effluent removal mode (continuous or batch) and the final nature of 

the solutions and target substances (solid sludge, highly concentrated solutions, particles 

saturated with pollutants).  

Dye removal has been extensively studied using a various methods: biological (aerobic and 

anaerobic treatment) [44], physical including coagulation [45], ultrafiltration [46], 

photocatalysis [47], oxidation-reduction [48], biodegradation [49], electrochemical treatments 

[50] and others. Unfortunately, all these methods have a high cost, which has encouraged the 

use of adsorption, which appears to be cheaper, easier and more effective [4,7]. 

I.7. Adsorption 

Adsorption is a method through which a substance accumulates in an interface of two 

states, frequently consisting of gas and solid or liquid and solid. It originates in the forces of 

attraction between molecules, of varying nature and intensity, responsible for the cohesion of 

condensed phases, whether liquid or solid. A molecule that is more strongly attracted to the 

other molecules of two phases will find an energetically favorable position on the surface of 

the phase that attracts it most; which is known as the adsorbent, and the molecules that adhere 

to this surface are referred to as the adsorbate. Absorption occurs if the energetic or kinetic 

conditions permit the molecule to enter the absorbing phase [51]. This phenomenon results 

from the presence of unbalanced forces at the surface of the solid, leading to two types of 

adsorption: chemisorption and physisorption. 
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I.7.1. Chemical adsorption (chemisorption) 

In this type, one or more covalent or ionic chemical bonds are formed between the 

adsorbate and the adsorbent. Chemisorption is irreversible and leads to a modification of the 

adsorbed molecules. Except for molecules directly attached to the solid, these molecules 

cannot be collected on multiple monolayers [52]. The adsorption heat is relatively high, 

measured between 20 and 200 Kcal/mol. The proximity of the surface to the adsorbed 

molecule is far smaller than physisorption. Chemisorption is found in most reactions as an 

intermediate step in the catalytic reaction, and identifying and understanding the behavior of 

chemisorbed species is directly involved in understanding heterogeneous catalysis. 

Chemisorption is linked to local defects in the atomic structure of the solid, and the number of 

chemisorption sites is much smaller than that of physisorption [53]. 

I.7.2. Physical adsorption (physisorption) 

It occurs at low temperatures, with the molecules adsorbing on several layers, with heats of 

adsorption often below 20 Kcal/mol. Interactions between solute molecules and the solid 

surface are mediated by electrostatic forces resulting from interactions between the electronic 

clouds of particles and surface atoms. These long-range forces are of the Van der Walls type. 

Physisorption is rapid, reversible and does not modify the adsorbed molecules.  

Physisorption is of particular interest because it enables measurement of the adsorbing solid's 

specific surface area and the average pore diameter and distribution [53,54]. 

 

I.8. Adsorbents 

The adsorbents may be either inorganic or organic substances. They may have either 

natural or synthetic origins. Adsorbents may encapsulate minerals and/or functional groups 

(carbonyl, carboxyl, hydroxyl) on their surface. The adsorption properties of adsorbents are 

determined by the interactions between gases or liquids and the surface functional groups 

[55]. Therefore, adsorbents are immensely abundant. We shall focus on the materials that 

have been synthesized or prepared in this thesis work to avoid dispersing our views and 

discussing solely our interests. 

I.8.1. Clays 

The inexpensive cost and quantity of natural clays make them a widely used choice for 

adsorbent materials. Clay is a phrase that encompasses a rock formation, the raw material it 

produces, and a particle size range consisting of mineral particles with grain sizes smaller than 
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two micrometers (< 2 μm). The development of this feature is associated with the 

modification and hydrothermal conversion of ash derived from volcanic tuffs abundant in 

glass. The clay rocks created have a chemical composition that closely resembles the average 

composition of the Earth's surface. The composition comprises a minimum of 50% hydrated 

alumina silicates and a small selection of related minerals, including iron oxides, hydroxides, 

carbonates, quartz, and others. Clay-humus complexes are frequently found in association 

with organic materials. The Oranie region in western Algeria is home to the most substantial 

quantities of clay minerals with economic importance. The Maghnia (Hammam Boughrara) 

quarry is projected to have reserves of one million tonnes, while the Mostaganem (M'zila) 

quarry is predicted to have reserves of two million tones. 

I.8.1.1. Clay structure 

 A fundamental crystal lattice is formed by two crucial elements, silicon, and aluminum, 

surrounded by oxygen and hydroxyls. Aluminum is positioned at the center of an octahedron, 

while silicon is at the center of a tetrahedron. When multiple tetrahedra or octahedra are 

connected, they create a matching stratum (refer to Figure I.15): 

I.8.1.1.1 Tetrahedral layers: These are primarily siliceous SiO4. The thickness 

of the tetrahedron is 3 angstroms, with oxygen occupying the vertices and Si or Al 

occupying the core [56]. 

I.8.1.1.2 Octahedral layers: This is primarily aluminous Al (OH)6. Octahedra 

have a thickness of 4 angstroms, and their apices are filled by oxygen or hydroxyl 

atoms, while their centers are filled by either an aluminum atom or magnesium [56]. 

 The structure is termed dioctahedral when Al3+ or another trivalent 

metal ion occupies two of three cavities in the octahedral layer. 

 The trioctahedral structure [56] is formed when divalent metal ions fill 

all octahedral cavities. 

I.8.1.1.3 Interfoliar space: These structures can be either empty or filled with 

anhydrous or hydrated cations. Tetrahedral layers (Si4+, Al+2, Fe3+) and octahedral 

layers (Al3+, Mg2+, Fe2+, or Mg2+, Li+) can exhibit isomorphic substitutions. These 

swaps lead to a deficiency of positive charges, imparting a negative charge to the 

layers. The negative charge is offset by compensatory cations outside the thin sheet.  
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Figure I.15.  Schematic representation of bentonite structure [57]. 

 

I.8.1.2. Clay properties 

 Clay minerals are primary components of the Earth's crust. Their function is essential in 

several environmental domains, ranging from geology and pedology to water purification. 

Their traits arise from the inherent attributes of clays (such as chemical composition, 

structure, and morphology) and the physico-chemical processes in which they are present. 

The most crucial morphological features that define their influence on interface phenomena 

are their size, shape, and specific surface area [58]. Their formation relies on granulometry, 

mineralogical structure, and filler distribution. The granulometry of clays imparts 

characteristics akin to those of colloidal materials. When clays are structured into sheets and 

inter-foliar spaces of different sizes, they exhibit the following general features and 

properties: 
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 Clays exhibit the characteristic of adsorbing specific anions and cations and 

preserving them in a condition conducive to their exchange with other ions in a 

surrounding solution. The cation exchange capacity (CEC) is a crucial property 

pertaining to cations present in the interfoliar space and surface and contact 

cations. Monovalent and divalent cations (Li+, Na+, K+, Ca2+, or Mg2+) 

substitution capacity refers to the amount of cations that other cations may 

replace to offset the negative charge of 100 grams of clay. 

 Although small, clays possess a significant specific surface area, which is the 

combined total of their external and internal surface areas. This characteristic is 

a crucial factor in accurately characterizing clays. Undoubtedly, the number of 

distinct surfaces increases as the soil becomes finer. 

 In general, all clays can absorb water between the layers of their structure, 

resulting in fluctuations in their volumes and thus causing swelling. Swelling 

minerals exhibit a fundamental inter-foliar region measuring 10 Å. This distance 

changes based on the level of hydration. The thickness required for 

incorporating a layer of water around the inter-foliar cation is approximately 

12.5 Å, whereas it is roughly 15 Å for two layers. These hydration processes 

result in a significant volume increase of up to 95%. Additionally, clay minerals, 

such as fibrous clays, have absorbed water but do not exhibit swelling 

characteristics. 

I.8.1.3. Organophilic clays 

The adsorption characteristics of clay minerals can be emproved by modifying them, 

increasing their usefulness as natural materials. These physicochemical or thermally-based 

alterations mainly involve ionic exchange with organic or inorganic cations, grafting of 

organic molecules, acid activation, calcination, and other similar processes. When cationic 

surface-active molecules are grafted onto clays, the original hydrophilic nature of the clay is 

converted into a hydrophobic and organophilic state, and the basal distance of the clay 

mineral also increases. The surfactant structure's characteristics determine the organophilic 

clay's basal distance and grow proportionally with its size. Molecular surfactants are surface-

active compounds that consist of a hydrophilic polar head and an apolar aliphatic chain. The 

exchange reaction involves the substitution of the cation by the polar head of the surfactant, 

resulting in the surfactant settling in the inter-foliar region and rendering the clay 
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organophilic. The characteristics of the polar head exhibit variability. The composition may 

consist of ammonium or phosphonium cations ref [59]. 

I.8.2. Alginate 

Brown algae and bacteria synthesize polysaccharide alginate. Stanford independently 

identified, isolated, and obtained a patent for alginic acid in 1881. As a structural element of 

marine brown algae, the polysaccharide is known to make up to 40% of the solid content and 

is primarily synthesized in the intercellular mucilage. Alginate extraction from seaweed 

depends on the solubility of the polymer alginic acid in water. Polymer: Alginic acid is 

aqueous and insoluble but is soluble in monovalent cation salts like sodium (Na+) or 

potassium (K+). Consequently, pH variations allow for its purification and separation from 

other constituents [60]. Figure I.16 shows an example of sodium alginate production from 

algae. 

 

 

 

Figure I.16.  Production of sodium (calcium) alginate from seaweed. 
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I.8.2.1 Alginate structure 

Among the exopolysaccharides are alginates. ß-D-mannuronic acid (M) and α-L-guluronic 

acid (G) are monomers of linear binary copolymers, alginates, which are connected by β-(1-4) 

and α-(1-4) glycosidic linkages. The M and G units are organized into blocks, creating 

recurring sequences that lend the alginate chains their characteristics. 

In Figure I.17, these blocks are shown to create homopolymeric regions consisting of M 

motifs (referred to as M blocks), G motifs (referred to as G blocks), or regions of alternating 

structure (referred to as MG blocks). Substances can be separated via partial hydrolysis 

followed by fractionation. 

 

Figure I.17.  Representation of the chemical structure of alginate. (a) The ß-Dmannuronic 

acid conformation acid (M) and the conformation of α-L-guluronic acid (G). (b) the 

composition of alginate blocks with G-block, M-block and MG-block [61]. 

 

I.8.2.2 Physico-chemical properties of sodium alginate 

I.8.2.2.1 Solubility of sodium alginate: The solubility of alginate in water is 

limited by three critical factors: the pH of the solution influences alginate solubilization. 

Phase separation or hydrogel formation can occur if the pH of the alginate-containing 

solution is equal to or less than the pKa of mannuronic acid (pKa = 3.38) or guluronic 

acid (pKa = 3.65). Alginates' sensitivity to solution pH is influenced by numerous 

factors, including molar mass, chemical makeup, and block sequence. Alginates with 
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increasing alternating sections (MG blocks) will undergo precipitation at lower pH 

levels than alginates with more uniform blocks (poly-M and poly-G).   

 The solubility of alginate in aqueous media is controlled by the ionic 

strength of the solvent, which has a significant impact known as the 

"salting-out" effect.   

 The solubility of alginate is notably affected by the concentration of 

gelling cations in the solvent [62]. 

I.8.2.2.2 Gelation of alginate: The physical characteristics of alginate were 

primarily identified during the 1960 and 1970. A distinguishing feature of alginate, 

unlike other gelling polysaccharides, is its capacity to form gels with divalent cations. 

Furthermore, the sol-gel transition of the material is unaffected by changes in 

temperature.   

The gel formation process is facilitated by the contacts among G-blocks, which conjoin 

to create robust cross-links when divalent cations are present. MG blocks, along with G 

blocks, also contribute to the formation of weak junctions. In consequence, alginates 

with a high G concentration form more robust gels. The sequence of decreasing affinity 

for divalent ions by alginates is as follows: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > 

Mn. The basis for this interaction is the "egg-box" model [63], where each divalent ion 

can interact with two neighboring G residues or those from two opposing chains. 

Undoubtedly, Ca+2 is the predominant cation employed in alginate gel production 

(Figure I.18). 
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Figure I.18.  Ionotropic gelation of alginate. Egg-box model [64]. 

 

An internal gelling technique and a diffusion technique are the two fundamental 

approaches for gelling alginate. 

An internal gelling technique involves the controlled release of calcium ions from a 

calcium source that is initially present inside the alginate (a mixture of CaCO3 in the 

alginate solution, which releases Ca2+ ions by chemical reaction). 

Within the external diffusion procedure, calcium ions are transported into the alginate 

solution from an unbounded reservoir (a little amount of alginate is submerged in a bath 

that contains a calcium salt). Due to its very fast gelation kinetics, this technique is 

commonly employed to immobilize biological active components in a gel bead. In 

general, the viscosity of a substance rises quickly with both the concentration and length 

of the molecules, and falls quickly with rising temperature [65]. 
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I.9. Composite materials 

Adsorption materials derived from clay have been extensively investigated for their 

application in wastewater treatment. Despite their effective adsorption of organic and 

inorganic contaminants, the particle size of these materials (ranging from nanometres to 

micrometers) is a constraint on their application in pollution control systems. Furthermore, 

these finely fragmented substances show challenges in their separation during an adsorption 

procedure. Therefore, shaping these materials to achieve larger aggregates and consistent 

particle size is a crucial and almost essential stage in their industrial application. An 

economical and eco-friendly method for immobilizing a substance in a hydrogel matrix while 

preserving its adsorption characteristics is encapsulating a material in a polymer matrix 

(alginate). Gel beads of consistent size provide benefits in terms of their enriched 

concentration of active constituents and their convenient application in both continuous and 

discontinuous systems. Composite materials can be retrieved via straightforward separation 

and regenerated following use and saturation. These composite materials significantly 

decrease operational expenses. 

I.10. Magnetism in water treatment 

Regardless of their high adsorption capability, the challenge of retrieving these adsorbents 

charged with pollutants persists. The objective of this study is to synthesize magnetic 

adsorbents, which we refer to as "mag sorbents." Undoubtedly, the integrated magnetic and 

adsorbing characteristics within a single material present a fascinating challenge that can 

address the issues associated with retrieving pollutant adsorbents. 

The use of magnetic materials in water treatment could overcome some limitations of 

existing techniques. Specifically, membrane separation is a very efficient technique, but its 

vulnerability lies in the occurrence of blockage. Conversely, increasingly effective 

membrane-based techniques are being developed. Nanofiltration, for instance, in the case of 

drinking water treatment plants, is a very efficient technique. However, it is also prohibitively 

expensive. The residue produced after physicochemical and biological treatment also presents 

challenges in terms of preservation. Regarding adsorbents, activated carbon is presently the 

most efficient, but it is expensive and challenging to retrieve, resulting in material wastage. 

Incorporating magnetism into water treatment procedures has the potential to expedite the 

separation of waste from effluent, a current unsolved issue [66].The fundamental concept of 

magnetic separation in pollution control is the introduction of magnetic particles into the 
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medium, which adsorb different contaminants (whether organic or inorganic) and are then 

lifted by applying a magnetic field gradient. 

Magnetic separation has a long history, with the earliest endeavors in this domain dating 

back to 1905. This technique was employed in ore processing to eliminate magnetic 

impurities by attracting them with an external magnetic field gradient using electromagnets 

[67] Advancing this approach has resulted in incorporating iron oxide particles into water 

with high concentrations of heavy metals. These particles function as solid centers around 

which the oxides of the cations that need to be separated undergo condensation. The magnetic 

particles and their impurities are subsequently retrieved using magnets [68]. This approach is 

straightforward and efficient but limited to metal cations that can form precipitates within iron 

oxide. 

Increasingly, academic scholars are focusing on developing magnetic adsorbents with 

exceptional performance. Maghemite γ-Fe2O3 and magnetite Fe3O4, readily synthesized by 

alkaline coprecipitation, are particularly well-known magnetic iron oxides. They are capable 

of use independently.  

The interaction between nanoparticles and biopolymers is a topic of extensive study. It is 

possible to incorporate nanoparticles into the biopolymer matrix. Materials such alginate [69] 

and chitosan [70,71] integrated with magnetic nanoparticles have been synthesized for the 

purpose of dye elimination. Metallurgical removal using magnetic alginate beads [72,73]. 

Biopolymers can be biopolymerized onto magnetic particle surfaces. To absorb metals and/or 

organic contaminants, magnetic nanoparticles have been modified by grafting chitosan, 

alginate, and cellulose onto them [74].  

Therefore, research on green adsorbents is currently flourishing in academia. The research 

on magnetic adsorbents is limited but has recently experienced remarkable growth. 

Nevertheless, the magnetic materials employed suffer from inadequate control. The 

specialized knowledge of the Chemical Process Engineering Laboratory in this domain has 

proven valuable to us in achieving proficiency in synthesizing magnetic adsorbents. 
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I.11. Previous work on the removal of organic pollutants by adsorption 

In 2009, Hong et al., studied the impact of temperature on the adsorption of methylene 

blue by bentonite. The adsorption data analysis revealed that the Redlich-Peterson model was 

the best fit. Adsorption was endothermic and spontaneous, as indicated by thermodynamic 

parameters. 

In 2011, Hao et al., examined the impact of adsorbent dose, initial dye concentration, pH 

and magnetic field on methylene blue adsorption. Optimal conditions included a pH of 7 to 8 

and an adsorbent dose of 1 g/L. The magnetic field inhanced the adsorption coefficient of the 

Freundlich model by 49% and increased the rate constant of the pseudo-second order by 

143%, thereby enhancing the adsorption capacity of the organic bentonite. 

In 2013, Auta et al., explored the use of a composite of modified clay ball (MBC) and 

chitosan (MBC-CH) for methylene blue (MB) adsorption in a fixed bed column. The results 

showed that MBC-CH has a high adsorption capacity (142 mg/g) compared with MBC (70 

mg/g). Adsorption is influenced by the initial dye concentration, the height of the adsorbent 

layer and the influent flow rate. MBC-CH retains a good adsorption capacity even after 

several regeneration cycles, making it effective and durable for decontaminating water by 

adsorption of cationic dyes. 

In 2013, Hashem et al., studied the adsorption of methylene blue using an Fe3O4/bentonite 

nanocomposite. Their research showed that the adsorption capacity improved with longer 

contact time and initial pH, but decreased with adsorbent mass. The adsorbent followed the 

Langmuir model well, reaching a maximal adsorption capacity of 1600 mg/g, making it a 

promising candidate for the removal of methylene blue in wastewater treatment. 

In 2014, Lou et al., studied the adsorption of methylene blue onto a bentonite magnetized 

with Fe3O4 nanoparticles. The method used is rapid and economical. The results show that 

adsorption follows a pseudo-second-order model, reaching equilibrium in 20 minutes. The 

adsorbent has a high adsorption capacity and can be easily regenerated by gamma irradiation, 

making it promising for the treatment of colored wastewater. 

In 2015, Benhouria et al., evaluated the effectiveness of three types of adsorbent materials 

for removing methylene blue from aqueous solutions: alginate-bentonite beads, alginate-

activated carbon beads, and alginate-bentonite-activated carbon (ABA) beads. The results 

showed that the ABA beads had a maximal adsorption capacity of 756.97 mg/g at 30°C. 

Adsorption followed the pseudo-second-order kinetic model, indicating a chemisorption 
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process, and the equilibrium data were well fitted to the Freundlich model. ABA beads 

showed promise for the removal of cationic dyes. 

In 2016, Belhouchat et al., prepared a composite of activated organic bentonite (AOBent) 

and sodium alginate (SA) by intercalating the alginate into the bentonite and cross-linking the 

alginate with hydrochloric acid. This innovative, cost-effective material was tested for 

removing cationic and anionic dyes (methylene blue and methyl orange). The results showed 

that this composite is promising for removing these dyes, with easy use in environmentally-

friendly treatment processes.  

In 2016, Gomri et al., studied the adsorption of the dye Acid Blue 80 (AB80) from 

aqueous solutions utilizing chemically changed bentonites. Bentonite in its raw state was 

transformed into sodium bentonite (NaB) and subsequently activated by acid treatment with 

sulphuric acid to produce a sample (ANaB) with altered adsorption characteristics. A study 

was conducted to evaluate the impact of carbon chain length on AB80 adsorption by 

substituting the NaB and ANaB samples with alkyl trimethylammonium bromides. The 

results showed that chemical modifications and carbon chain length significantly influence the 

adsorption efficiency of the dye. 

In 2016, Djebri et al., prepared composite beads of alginate and activated organoclay to 

remove m ethylene blue. The beads achieved a maximal adsorption capacity of 799.43 mg/g 

and show good performance in an endothermic and spontaneous process. They remain 

effective after several regeneration cycles, making them economical for wastewater treatment. 

In 2016, Zhang et al., prepared magnetic bentonite composites modified with γ-Fe2O3 

nanoparticles. These composites, representing ferromagnetic characteristics, demonstrated a 

very high adsorption capacity for methylene blue, reaching a removal rate of 99.99%. The 

adsorption was studied and confirmed to be mainly electrostatic in nature. 

In 2017, Nasrullah et al., developed carbon-activated alginate beads for the removal of 

methylene blue. These beads exhibited a maximum adsorption capacity of 230 mg/g. 

Adsorption followed a pseudo-second-order pattern and fitted the Freundlich model well, 

indicating that these beads are both effective and economical for treating cationic dyes. 

In 2018, Garmia et al., explored the use of organo-bentonite/alginate composites in bead 

form for the removal of 2,4-dichlorophenol (2,4DCP) from aqueous solutions. Bentonite 

underwent modification using cationic surfactants, followed by encapsulation with calcium 

alginate to form composite adsorbent beads. This study demonstrated that the adsorption of 
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2,4DCP exhibited pseudo-second-order kinetics. The Langmuir isotherm model, suggesting 

the presence of homogenous monolayer adsorption, best matched the data. The composite 

beads showed a significant adsorption capacity, ranging from 142 to 391 mg/g, depending on 

the model. 

In 2018, Aichour et al., prepared low-cost biodegradable adsorbents from lemon peels 

activated with phosphoric acid (ALP) and encapsulated in alginate to form beads (ALP/A). 

These materials were characterized by FTIR, SEM and pHpzc. They were tested for the 

removal of methylene blue (MB) in aqueous solutions. The results showed a very high 

maximum adsorption capacity of 841.1 mg/g at 24°C. Removal efficiency was maintained at 

80.5% and 70% after six adsorption-desorption cycles, using HCl solution or water 

respectively as desorption agents. 

In 2018, Boukhalfa et al., synthesized magnetic alginate beads, with and without 

functionalized carbon nanotubes, for methylene blue adsorption. The functionalized beads 

showed improved adsorption capacity and high stability over a wide pH range. They fitted the 

Freundlich model well and showed good reusability, making them suitable for large-scale use. 

In 2019, Alvarez-Torrellas et al., studied the adsorption of methylene blue (MB) on novel 

adsorbent beads composed of alginate (A), maghemite nanoparticles (γ-Fe₂O₃) and 

functionalized multiwall carbon nanotubes (f-CNTs). The time required to reach adsorption 

equilibrium was estimated at 48 hours. The results revealed that adsorption is spontaneous 

and endothermic. The A/γ-Fe₂O₃/f-CNT composites showed stable performance after at least 

six cycles of use and be easily separated from water thanks to their magnetic property. 

In 2019, Aichour et al., studied the adsorption of methylene blue (MB) dye on unmodified 

citrus peels (UCP) and citrus peels encapsulated with calcium alginate (UCP/A). The results 

showed that the encapsulated peels had a significantly higher adsorption capacity for 

removing the dye from wastewater. The encapsulated citrus peels showed a significantly 

higher adsorption capacity compared with non-encapsulated peels. 

In 2019, Ravi et al., developed an alginate bead system encapsulating bentonite for 

efficient removal of methylene blue. The synthesized beads exhibited high adsorption 

capacity and were characterized by various techniques. Adsorption was spontaneous and 

exothermic, combining surface adsorption and intra-particle diffusion. The system maintained 

a high removal efficiency after several cycles of use, offering a recyclable and effective 

solution for treating contaminants. 
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In 2020, Baouch et al., studied the structural evolution of bentonites modified with 

different bromide fillers for dye adsorption. They evaluated the adsorption efficiency of 

methylene blue, red Bezathren and blue Telon on these modified clays using batch 

experiments. Equilibrium data were analyzed using Langmuir and Freundlich isotherm 

models, with the Langmuir isotherm model proving to be the most suitable. The maximum 

adsorption capacities calculated according to Langmuir increased with the addition of 

surfactant, and the adsorption process was judged endothermic in all cases. 

In 2020, Aichour et al., developed a hybrid composite based on activated bentonite and 

alginate for the adsorption of textile dyes such as methylene blue and crystal violet. The 

composite showed a high adsorption capacity and homogeneous adsorption. It also 

demonstrated good regeneration capacity, making it a promising candidate for wastewater 

treatment. 

In 2021, Shikuku et al., studied Kaolinite clay modified with magnetic magnetite 

nanoparticles (Fe₃O₄@MC) to improve its methylene blue (MB) adsorption capacity from 

synthetic wastewater. The modification was carried out by co-precipitation with ferrous and 

ferric ions. The results showed that MB adsorption on unmodified clay was best described by 

the Fowler-Guggenheim isotherm, while adsorption on Fe₃O₄@MC was better represented by 

the Freundlich model. The rise in BET specific surface area led to an improvement in the 

maximum adsorption capacity, both theoretically and experimentally. 

In 2021, Is et al., synthesized magnetic nanocomposites based on montmorillonite and iron 

oxide using a hydrothermal method. These nanocomposites showed good copper adsorption 

capacity and easy separation due to their magnetic properties. The adsorption followed a 

pseudo-second-order kinetic model and was well described by the Langmuir model. The 

nanocomposites also demonstrated chemical stability after several cycles of use. 

In 2022, Daas et al., studied the adsorption of methylene blue (MB) onto organophilic clay 

modified with a neutral amine and a silica source, creating materials called PCHs. The 

adsorbents prepared showed a high affinity for MB, with maximal adsorption capacities of 

274 and 361 mg/g. Langmuir and Freundlich models were used to analyze the experimental 

data, and the adsorption mechanism was attributed to hydrophobic-hydrophobic interactions. 

These results are significant for the selection of the most effective materials for water 

treatment. 



Chapter I                                                                                                                BIBLIOGRAPHICAL STUDY 
 

34 
 

In 2022, Sun et al., studied the removal of methylene blue (MB) from water using a 

composite of sodium alginate and bentonite (Ben). The bentonite was encapsulated in cobalt 

alginate (CA) displacement reaction with cobalt chloride, and the composite was prepared as 

CA/Ben aerogel by freeze-drying. The CA/Ben aerogel showed an adsorption capacity of 

258.92 mg/g for MB. This material is recyclable, environmentally friendly and easy to 

prepare, making it promising for large-scale application in water treatment to remove dyes. 

In 2023, Belbel et al., examined the adsorption of methylene blue (MB) using bentonite 

modified with two surfactants: hexadecyl(trimethyl)azanium bromide (CTAB) and 1-butyl-3-

methylimidazolium chloride (BMIMCI). The maximum adsorption capacities were 47.186 

mg/g for CTAB-modified bentonite and 42.28 mg/g for BMIMCI-modified bentonite, 

according to the Langmuir model. The study showed that modified Algerian bentonite could 

effectively remove methylene blue from aqueous solutions. 

In 2023, Ibrahim et al., studied the removal of methylene blue from aqueous solutions 

using Iraqi bentonite clay and the UV-Vis technique. Their research showed that this 

bentonite enables effective removal of the dye, achieving an adsorption efficiency of up to 

99.39% at 25°C. This study proposes the use of bentonite clay as a practical, economical and 

effective technology for treating wastewater.  

In 2023, Abutaleb et al., studied the decontamination of water contaminated by methylene 

blue using a nanocomposite based on Fe3O4, multiwall carbon nanotubes (MWCNTs) and 

bentonite. This nanocomposite, characterized by a high specific surface area of 204.01 m2/g, 

showed an adsorption capacity of 48.2 mg/g according to the Redlich-Peterson model. The 

kinetic data corresponded to the pseudo-first-order and pseudo-second-order models. 

Adsorption was determined to be non-spontaneous and endothermic, indicating that this 

nanocomposite is promising for water treatment. 

In 2024, Chaabna et al., developed a new magnetic composite material for the removal of 

methylene blue (MB) from water. This composite, prepared chemically from bentonite and 

iron salts, showed a high adsorption capacity of 82.2 mg/g and a MB removal efficiency of 

100%. The results indicate that magnetic bentonite is an effective and practical solution for 

decontaminating water by adsorption. 

In 2024, Hamad et al., synthesized and characterized activated bentonite clay (ABC) 

adsorbents for the efficient removal of methylene blue (MB) from aqueous solutions. 

Activated with 16 M sodium hydroxide, these adsorbents showed an impressive adsorption 
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capacity of 22,131 mg/g. This research represents a major advance in water treatment, 

proposing an innovative method for the elimination of MB and contributing to the 

development of sustainable solutions for water treatment. 

In 2024, Azriel et al., examined the use of natural bentonite to remove dyes from textile 

wastewater. The results showed a maximum dye removal efficiency of 91.25% with an initial 

concentration of 10%, an adsorbent weight of 20 g, and a contact time of 60 minutes. They 

noted that a longer contact time increased removal efficiency and adsorption capacity, while a 

higher quantity of adsorbent reduced the concentration of dyes in the wastewater. This 

treatment considerably improved water quality, meeting environmental standards and 

regulations. 

In 2024, Mohd Nizam et al., studied the use of a bentonite-based magnetic composite for 

removing dyes from textile effluents. The results showed that the composite had a saturation 

magnetization of 9.2 emu/g and a high crystalline structure. In adsorption tests, the composite 

removed 100% of methylene blue (MB) from aqueous solutions with maximum capacity, 

confirming the composite's effectiveness and ecological potential for removing dyes from 

water. 
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CHAPTER II  

MATERIALS AND METHODS  

II.1. Introduction 

This chapter provides an overview of the reagents used in the study, the different synthesis 

procedures for the materials under investigation, the analytical methods employed to identify 

and comprehend the adsorbent materials, the experimental procedures used for the methylene 

blue adsorption experiments on the adsorbents in a batch system, and the modeling of the 

various systems examined.   

 

II.2. Reagents and precursor material 

As indicated in Table II.1, the reagents employed in this work are of analytical quality and 

were utilized without initial purification. Solutions were formulated using distilled water. 

Table II.1: Chemical reagents used in this study. 

Reagents Chemical formula Supplier purity 

Sodium hydroxide NaOH Sigma Aldrich >99 % 

Hydrochloric acid HCl Sigma Aldrich 37 % 

Sodium alginate C6H7NaO6 Sigma Aldrich >99 % 

Methylene blue C16H18ClN3S Sigma Aldrich 98 % 

Calcium chloride dihydrate CaCl2 ⋅2 H2O Honeywell >99 % 

Iron (II) heptahydrate FeSO4-7 H2O Biochem chemopharma >99 % 

Iron (III) hexahydrate FeCl3-6 H2O Biochem chemopharma >99 % 

Hexadecyltrimethylammonium 

bromide 

C19H42BrN Sigma Life Science ≥98% 

 

The clay used in this study is an Algerian bentonite from the Maghnia deposit in western 

Algeria. Its chemical composition is given in Table II.2. 
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Table II.2: Chemical analysis of the natural bentonite used (% by weight) [1]. 

Chemical 

composition 

SiO2 Al2O3 MgO MnO K2O CaO Fe2O3 Na2O TiO2 loss of 

ignition 

% 56,8 18,5 3,7 0,03 1,4 0,5 2,9 1,6 0,1 13,6 

 

II.3. The adsorbate used in this study  

We were interested in a cationic dye, methylene blue, in this work. The choice was made 

on two bases: the strong presence of molecules in wastewater and the ease of their dosage in 

water. 

II.3.1. Methylene blue 

Methylene blue (MB) is the most commonly used cationic dye in different fields such as 

chemistry, medicine, dentistry and the dye industry for dyeing cotton, wood and paper [2].  

It is used as a model organic contaminant due to its molecular structure stable [3]. The use 

of this compound includes: 

 A vital dye, it colours specific histological structures. 

 It accelerates the reduction of methemoglobins. 

 An antiseptic, an antirheumatic [4]. 

 An optical limiter combined with a polymer protects the eyes against intense lasers. 

Toxicological data reveal that the use of methylene blue has no danger linked to using this 

product as medicine [5], as long as the dose does not exceed 7 mg/kg. 

Methylene blue is not highly dangerous but still hurts living organisms through its long-

term presence in water. It can cause chest pain, dyspnea, anxiety, tremors, hypertension, and 

even discolouration of the skin if the dose is too high (MB physical-chemical properties are 

shown in Table II.3. 
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Table II.3: Physical and chemical properties of methylene blue. 

Properties 

Chemical name Chloride tetramethyl thionine Blue Basic 9 

Family Basic colouring 

 

 

Chemical structure 

 

Molecular weight (g/mol) 319.85 

Chemical formula C16H18ClN3S 

Solubility in water 40 g/L at T = 25°C 

Melting point (°C) 180 

pKa 3.8 

λ max (nm) 664 

 

II.4. Synthesis of bentonite-based magnetic materials 

II.4.1. Purification of bentonite 

Before synthesizing magnetic clay materials, it was necessary to purify the bentonite. To 

achieve this, 20 g of bentonite clay was thoroughly rinsed in 1000 ml of distilled water, 

subjected to centrifugation at 6000 rpm for 15 min, and then dried in an oven at 60 ◦C for 24 h 

and crushed into a uniform powder known as Bent. 

II.4.2. Synthesis of organophilic bentonite 

One form of organophilic treatment is the exchange of cations. In cationic clays, cations in 

the inter-foliar space have been replaced by cations with a long alkyl chain. Its carbon 

framework enhances the organophilic clay's attraction to organic compounds. Furthermore, 

since these cations are far more significant than the alkali ions initially present, they occupy 

more space and separate the sheets. The interfoliar space that can be accessed is more critical, 

and the electrostatic coupling between sheets diminishes [6]. 

The exchange capacity was saturated to 100 % of the CEC by alkyl ammoniums. Initial 

cations, particularly (H+), were exchanged by surfactant cations. 

For the exchange, we used Hexadecyltrimethylammonium bromide (HDTMAB) as alkyl 

ammonium: C19H42NBr (denoted: C16). 
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The assumed cation exchange capacity (CEC) for synthesizing organophilic bentonite is 

120 meq/100 g. The protocol for intercalation is as follows: 8.34 mL of hydrochloric acid 

(HCl 1N) is added to an Erlenmeyer flask. This acid solution is heated to 80 °C with moderate 

stirring to prevent foaming. When the temperature stabilizes, 4.37 g of C16 is introduced for 

ionization. After 3 hours of stirring at 80°C, the alkyl ammonium salt dissolves and ionizes. 

Then, 10 g of bentonite is added. After 3 hours of cation exchange, the samples were washed 

several times with distilled water until all bromide ions were removed (confirmed by a 

negative silver nitrate test). The samples are then dried at 80°C in an oven for 24 hours, 

ground, and stored until use. The synthesized organophilic bentonite is referred to as Bent-

organo. 

II.4.3. Synthesis of magnetic bentonite and magnetic organophilic bentonite 

This part of the project aims to develop a magnetic composite material capable of 

adsorbing pollutant organic molecules for magnetic separation. It is part of a drive to develop 

innovative effluent decontamination methods. The system consists of magnetic nanoparticles 

and purified bentonite (organophilic bentonite). 

Magnetic bentonite (MBent) and magnetic organophilic bentonite (MBent-organo) were 

synthesized by the reverse coprecipitation method described in the literature [7–9]. Which 

requires the mixing until total dissolution of 30 mL FeCl3-6H2O (8.106 g) and FeSO4-7 H2O 

(4.167 g); this mixture was added dropwise in a sodium hydroxide solution (40 mL, 3. 2 g) at 

65 ◦C and kept under stirring for 30 min at pH =11 after washing with distilled water. Next, it 

was dispersed in 300 mL of water. Then, a quantity of 6 g of Bent (Bent-organo) was 

introduced into the solution containing the magnetic nanoparticles with a stirring speed of 450 

rpm for 6 h; the results were separated by centrifugation and, after that, rinsed with water until 

a pH of 6 was achieved. The generated particles were desiccated in a 60°C oven, then ground 

and stored until used and absorbed. 

 

II.5. Synthesis of composite beads 

Based on the extrusion method, we successfully synthesized magnetic bentonite alginate 

beads (MBent-A beads) and magnetic organophilic bentonite alginate beads (MBent-

organo-A beads). The process began by dissolving 2 g of sodium alginate in 100 mL of 

distilled water under continuous mechanical agitation for 3 hours, resulting in a homogeneous 

mixture. Subsequently, 2 g of MBent (MBent-organo) was incorporated into the mixture and 

agitated for 24 hours. The encapsulated material was then introduced dropwise into a 100 mL 
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solution of 4% CaCl2⋅2H2O, which served as a cross-linking agent, leading to the 

instantaneous formation of beads, as noted in reference [10]. The bead mixture was left under 

agitation overnight and washed with distilled water to neutralize the pH to 7. Post-washing, 

the beads were dried at room temperature, resulting in the observed size reduction. This 

methodology proved effective for bead synthesis, with the drying step inducing irreversible 

structural changes that inhibit the beads from re-swelling to their pre-dried size upon 

rehydration. Figure II.1 shows a schematic illustration of Magnetic Alginate Beads Synthesis 

pathway. 

 

Figure II.1.  Schematic illustration of Magnetic Alginate Beads Synthesis pathway. 

 

II.6. Characterization techniques 

Several characterization techniques, described in more detail below, were used in this work. 

II.6.1. Fourier-transform infrared spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectroscopy is a method of analysis dependent on the 

absorption of infrared radiation by the sample under analysis. Detecting the characteristic 

vibrations of chemical bonds between two atoms enables the analysis of chemical functions. 

Each chemical function has a specific vibrational wavelength value, which depends on the 

nature of the chemical elements, their intramolecular arrangement, and their intermolecular 

interaction. 
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Suppose the energy of the incident beam (i.e., its wavelength) is close to the vibrational 

energy of the molecule. In that case, the latter will absorb the radiation, and we can then 

measure the decrease in intensity, reflected or transmitted. The infrared range extends from 

4,000 to 400 cm-1 and corresponds to the energy range of molecule vibrations. 

Not all vibrations give rise to absorption, as this also depends on the molecule's geometry, 

particularly its symmetry. For a given geometry, group theory can be used to determine which 

vibration modes are active in the infrared. 

Functional groups of studied and synthesized materials were examined by FTIR apparatus 

type spectrophotometer Shimadzu-8400 Japan, considering the KBr disc method in the 400–

4000 cm-1 (Ferhat Abbas Setif 1 University, Algeria). 

 

II.6.2. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a structural analysis technique used to identify the structure and 

purity of crystallized materials. Finely ground solid samples are mounted on suitable sample 

holders and then subjected to a monochromatic X-ray beam CuKα (λ = 0,1545 nm) to be 

diffracted by the reticular planes of the crystalline phase. 

The crystalline structure was analyzed using a Bruker D8 Advance diffractometer. The 

XRD patterns were acquired for 2ϴ angles ranging from 4 to 70◦, with 0.03◦ steps (University 

of Strasbourg, France). 

 

II.6.3. Scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDS) 

Scanning electron microscopy (SEM) is an innovative image analysis method that delivers 

high-resolution images of the surface of a sample by examining the interaction between 

electrons and the material. This method enables in-depth analysis of the adsorbent's surface 

characteristics, including its morphology, texture, and pore structure [11,12], and provides 

information on its chemical composition. The morphology and chemical composition of 

adsorbents can also be studied using energy-dispersive X-ray spectroscopy (EDS). 

Understanding these surface characteristics is crucial to elucidating the adsorption process and 

examining the interactions between adsorbent and adsorbate.  

In this investigation, scanning electron microscopy (SEM) examinations were carried out 

using an EDS spectrometer/SEM scanning electron microscope JEOL-JSM-7001 (Ferhat 

Abbas Setif 1 University, Algeria). 

 

 



Chapter II                                                                                                            MATERIALS AND METHODS 

 

42 
 

II.6.4. Point of zero charge (pHpzc) 

The pHpzc, also known as the zero point of charge pH, is the specific pH value at which 

the total charge on the surface of the adsorbent molecules equals zero. This coefficient is 

essential for comprehending adsorption processes, especially in electrostatic forces [13].  

A simple and efficient technique may be employed to calculate the pHpzc: A volume of 20 

mL of purified water is introduced into Erlenmeyer flasks that hold 20 mg of the adsorbent 

targeted for characterization. Adjustments are made to the pH of each suspension by adding 

NaOH or HCl solutions (0.1 M) within the range of 2 to 12. The suspensions are then 

subjected to agitation at ambient temperature for 24 hours for powder adsorbents and 48 hours 

for bead-type adsorbents. A final pH is then determined [14]. 

The data is graphed using the equation ΔpH = pH_final - pH_initial vs pH_initial. The point 

at which the curve intersects with the axis traveling through zero describes the isoelectric 

point. pHPZC is a good indicator of functional groups' chemical and electronic properties [15]. 

 

II.7. Dosage of solutions 

II.7.1. Dosage Methods 

The various concentrations of the solutions used and the equilibrium concentrations were 

determined by analysis using a UV-visible spectrophotometer (Shimadzu Spectrophotometer 

UV/Vis 1800) at maximum wavelength. (λmax) for methylene blue of 664 nm at natural pH. 

This allows direct measurement of the optical densities of each solution, giving access to the 

different concentrations using Beer-Lambert's law, which shows a proportional relationship 

between absorbance and the concentration of the solution to be analyzed. 

 Beer-Lambert's law 

The proportion of light incident through a transparent medium is independent of the 

intensity of the light. Lambert's law is expressed by Eq. (1): 

𝑇 =
𝐼

𝐼0
  (1) 

Where: 

 I0, intensity of incident light;  

 I, intensity of transmitted light (I always less than I0);  

 T, transmittance, often expressed in %. 
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Moreover, according to Beer, light adsorption is directly proportional to the concentration 

of the medium. Combining these two laws gives the relationship between absorbance A (or 

optical density) and transmittance T Eq. (2). 

𝐴 = log
𝐼

𝐼0
= − log 𝑇 =  𝜀𝑙𝑐  (2) 

Where: 

 A is the absorbance (unitless); 

 ε is the molar extinction adsorption coefficient (dm3/Mole. Cm); 

 𝑙 is the length of the cell or light path (cm); 

 c is the molar concentration of adsorbing species (mol/dm3). 

 

II.7.2. Preparing the calibration solution 

To plot the methylene blue calibration curve, we have prepared a concentrated stock 

solution (10 mg/L) from which we prepare a series of known concentrations of 1 to 9 mg/L 

(by successive dilutions) at solution pH. These will be analyzed by UV-visible spectroscopy, 

which gives the variation in OD as a function of concentration C0 (mg/L) of the aqueous 

methylene blue solutions. We plot the variation in optical density as a function of 

concentration on the calibration curve. We obtain a straight line with a correlation coefficient 

greater than 0.999. This line, which obeys Beer-Lambert's law, will be used to determine the 

unknown concentrations of the solutions after adsorption. The calibration curve is shown in 

Figure II.2. 

 

 

 

 

 

 

 



Chapter II                                                                                                            MATERIALS AND METHODS 

 

44 
 

 

               Figure II.2.  Methylene Blue calibration curves at solution pH. 

 

II.8. Adsorption study 

Several parameters were found affecting the adsorption process, such as medium pH value, 

the dosage of adsorbent, adsorbate concentration, temperature, and even structural properties 

of the adsorbent [16]. Hence, all required experiments were performed to investigate our 

material adsorption behavior. 

Based on Eqs. (3−5), evaluations of the absorbed quantity of MB dye Qt (mg/g) at time t 

(min), equilibrium Qe (mg/g), and percentage removal (R %) were measured. 

 

𝑄𝑡 =
 (𝐶0 − 𝐶𝑡 ) 𝑉

𝑚
  (3) 

𝑄𝑒 =
 (𝐶0 − 𝐶𝑒 ) 𝑉

𝑚
  (4) 

𝑅 (%) =
𝐶0 − 𝐶𝑒

𝐶0
∗ 100  (5) 
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Where: 

 m is the weight of the adsorbent (g); 

 V is the volume of the solution (mL); 

 C0, Ct, and Ce are the initial, any-time, and equilibrium concentrations (mg/L).  

 

II.8.1. Effect of solution pH on adsorption 

The adsorption capacity of an absorbent material is typically dependent on the pH value of 

the solution because of its essential effect on the degree of ionization and dissociation of the 

absorbate as well as surface charge characteristics [17]. Investigating the pH effect can help 

improve our understanding of the adsorption mechanism in this situation. Therefore, a fixed 

sample dosage of 20 mg, a constant initial concentration of MB of 200 mg/L, and a 

temperature of 25 °C were used to study the effect of initial pH on MB adsorption on powder 

and bead adsorbents from 2 to 12. The pH was adjusted with 0.1 M HCl or 0.1 M NaOH 

solutions. 

 

II.8.2. Effect of adsorbent dose 

The absorbent dosage effect was evaluated from 10 to 150 mg/L in solutions with pH 6.4. 

In these experiments, the masses of adsorbents with 20 mL of 200 mg/L of methylene blue 

were mixed at T = 25 °C and stirring speed = 250 rpm. After shaking, the adsorbed amount 

was measured (mg/g). 

 

II.8.3. The effect of temperature and thermodynamic parameters 

Increasing temperature is known to increase the diffusion rate of adsorbate molecules 

through the outer boundary layer and into the pores of the adsorbent particles due to the 

decrease in solution viscosity [18]. A change in temperature causes a change in the 

adsorbent's adsorption capacity by changing the adsorbate particles' energies [19]. 

The influence of temperature a was carried out at different temperatures:  

15, 25, 30 and 40 °C for MBent and MBent-A beads adsorbents, and at 20, 30 and 40°C for 

MBent-organo and MBent-organo-A beads adsorbents separately in solutions with pH 6.4. 

In these experiments, 20 mg of M-Bent (or MBent-A beads, MBent-organo and MBent-

organo-A beads) with 20 mL of 200 mg/L of methylene blue were mixed. After shaking, the 

adsorbed amount was measured (mg/g). 

The study of the effect of temperature provides access to the calculation of the 

thermodynamic parameters of the adsorption process, namely the standard free Gibbs energy 
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(ΔG°, kJ mol−1), the standard enthalpy (ΔH°, kJ mol−1), and the standard entropy (ΔS°, kJ 

mol−1 K−1) were calculated using the thermodynamic equations Eqs. (6−8): 

 

ΔG° =  ΔH° − 𝑇ΔS°  (6) 

ΔG° = −𝑅𝑇 𝑙𝑛𝐾𝐶 (7) 

𝐿𝑜𝑔 (
1000 × 𝑄𝑒

𝐶𝑒
) =

−𝛥𝐻°

2.303 × 𝑅𝑇
+

𝛥𝑆°

2.303 × 𝑅𝑇
 (8) 

Where: 

 Qe is the amount of MB adsorbed per unit mass of samples (mg/g); 

 Ce is the equilibrium concentration (mg/L); 

 R is the universal gas constant (8.314 J/mol K); 

 T is the temperature in Kelvin. 

 

ΔG°: This represents the Gibbs free energy. Its negative value means that the reaction is 

thermodynamically possible. 

ΔH°: Represents the standard enthalpy expressing the interaction energy between the 

molecules and the adsorbing surface. A negative value of ΔH° implies that the adsorption 

process is exothermic, and a positive value indicates that the adsorption process is 

endothermic. 

ΔS°: Represents entropy. It measures order or disorder at the solid-liquid interface and 

expresses the solute's affinity for the adsorbent. 

Plotting the curve Log (1000×qe Ce) = f (1/T) is used to determine ΔH° (slope of the line) 

and ΔS° (y-intercept). 

 

II.8.4. Adsorption kinetics 

The adsorption kinetics follow the decrease in the adsorbate concentration in the solution 

as a function of the contact time. The study of kinetics adsorption was carried out to 

determine the adsorbate's fixed quantities since the adsorbent-adsorbate was brought into 

contact until equilibrium. Therefore, the adsorption kinetics is defined by the evolution of the 

quantity adsorbed as a function of the contact time between the adsorbent and adsorbate. The 

kinetic study of the adsorption process is of considerable practical interest. It provides 
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information on the adsorption mechanism and the mode of transfer of solutes from the liquid 

phase (adsorbate) to the solid phase (adsorbent). 

 The Kinetic studies were performed under conditions of T = 25 °C, pH = 6.4 with 

contact times 0-360 min for the MBent and MBent-organo adsorbents using a 

volume V = 20 mL of MB solution and adsorbent mass W =20 mg for each time in 

the initial concentration's domain 20 to 250 mg/L for the MBent and 50 to 150 

mg/L for MBent-organo. 

 The Kinetic studies were performed under conditions of T = 25 °C, pH = 6.4 with 

contact times 0 to 48 h for the MBent-A beads and MBent-organo-A beads 

adsorbents using a volume V = 20 mL of MB solution and adsorbent mass W =20 

mg for each time in the initial concentration's domain 20 to 250 mg/L for the 

MBent-A beads and 50 to 150 mg/L for MBent-organo-A beads. 

 

II.8.5. Kinetic modeling 

Several models can be applied to explain the mechanisms that enter into the fixation of 

adsorbates on the adsorbents and evaluate the kinetic parameters of adsorption. Among the 

best-known and most used models to describe the mechanism of adsorption in the liquid 

phase, we retain three models: the pseudo-first-order model, the pseudo-second-order model, 

and the intraparticle diffusion model. Pseudo first-order and pseudo second-order kinetics 

models were applied to determine the adsorption rate and adsorption mechanism, which were 

expressed in Eq. (9) and Eq. (10) [20,21]. Intraparticle diffusion model was applied to study 

adsorption mechanism from the perspective of dye molecular diffusion, the model was shown 

as Eq. (11) [22]: 

𝑄𝑡 = 𝑄𝑒(1 − 𝑒𝑥𝑝−𝑘1∗𝑡)  (9) 

𝑄𝑡 =
𝑄𝑒

2𝑘2𝑡

1 + 𝑄𝑒𝑘𝑒𝑡
  (10) 

𝑄𝑡 = 𝐾𝑖𝑑 ∗ 𝑡0.5 + 𝐶 (11) 

Where: 

 Qe and Qt are the amounts of methylene blue adsorbed (mg/g) at equilibrium and at time t 

(min); 

 k1(min-1) rate constant of the first-order kinetic model;  

 k2(g/ mg min) rate constant of the second-order kinetic model; 
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 Kid (mg/g min1/2) is the intraparticle diffusion rate constant; 

 C is the intercept. 

 

II.8.6. Adsorption isotherms 

The adsorption isotherm illustrates, at a fixed temperature, the amount of solution adsorbed 

by an adsorbent as an indicator of the liquid is a state of equilibrium concentration in the 

solution. The evaluation of the isotherms of adsorption is essential for elucidating the 

interactions between solution and adsorbent, and determining the capacity for adsorption of an 

adsorbent is crucial for the development of the adsorption system. 

 The isotherms studies were performed under conditions of pH = 6.4, T = 15 °C, 

contact times 24 h for MBent and 48 h for MBent-A beads adsorbents using a 

volume V = 20 mL of MB solution and adsorbent mass W = 20 mg for each initial 

concentration's domain 60 to 500 mg/L for the MBent and 50 to 1500 mg/L for 

MBent-A beads. Then, the temperature was adjusted to 25°C, 30 °C and 40 °C, 

and repeated the above operation. 

 The isotherms studies were performed under conditions of pH = 6.4, T = 20 °C, 

contact times 24 h for MBent-organo and 48 h for MBent-organo-A beads 

adsorbents using a volume V = 20 mL of MB solution and adsorbent mass W = 20 

mg for each initial concentration's domain 60 to 500 mg/L for the MBent-organo 

and 50 to 1500 mg/L for MBent-organo-A beads. Then, the temperature was 

adjusted to 30 °C and 40 °C, and repeated the above operation. 

 

II.8.7. Isotherm modeling 

Langmuir and Freundlich models are the common adsorption isotherm models to 

characterize the interaction between adsorbents and adsorbates. For the Langmuir model, it 

assumed that the adsorption was monolayer and the adsorption energy was constant. For the 

Freundlich model, it assumed that the adsorption occurred on a heterogeneous system with 

various adsorption affinity [23]. The Langmuir model was expressed as Eq. (12) [24] and its 

basic characteristics could be expressed by a dimensionless constant RL which was called the 
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separation factor defined by the Eq. (13) [25], To determine whether the dye adsorption on the 

adsorbent is favorable or not, one can utilize the separation factor (RL) of the Langmuir 

model (unfavorable if RL > 1, linear if RL = 1, favorable if 0 < RL < 1, or irreversible if RL = 

0). Furthermore, the Freundlich model was shown by Eq. (14) [26]:  

𝑄𝑒 =
𝑄𝑚 ∗ 𝐾𝐿 ∗ 𝐶𝑒

1 + 𝐾𝐿 ∗ 𝐶𝑒
  (12) 

𝑅𝐿 =
1

1 + 𝐾𝐿 ∗ 𝐶0
  (13) 

𝑄𝑒 = 𝐾𝑓 × 𝐶𝑒

1

𝑛  (14) 

Where: 

 Qe (mg/g) liquid concentration of MB adsorbed at equilibrium; 

 Qm (mg/g) Langmuir maximum adsorption capacity;  

 KL (L/mg) the Langmuir constant;  

 Ce (mg/L) equilibrium concentration of MB; 

 RL The Langmuir model's separation factor;  

 C0 initial concentration of MB; 

 Kf ((mg/g) (L/mg)1/n) the Freundlich constant;  

 n the adsorption intensity. 

 

II.8.8. Statistical physics model 

The Langmuir model, which we demonstrated in the previous section, supposes that each 

site can attach to a single molecule while ignoring lateral interactions between molecules that 

have been adsorbed. The statistical physics model predicts that each site can take in n 

molecules [27], as shown by Eqs. (15 and 16): 

 

𝑄𝑒 =
𝑛 × 𝐷𝑚

1 + (
𝐶1/2

𝐶𝑒
)

𝑛  (15) 

𝑁𝑠𝑎𝑡 = 𝑛 × 𝐷𝑚  (16) 
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Where: 

 Qe (mg/g) liquid concentration of MB adsorbed at equilibrium; 

 n number of MB molecules adsorbed on the adsorbents surface per functional group; 

 Dm (mg/g) the density of adsorbents functional groups engaged in dye adsorption; 

 C1/2 (mg/L) represents the equivalent half-saturation concentration; 

 Ce (mg/L) equilibrium concentration of MB; 

 Nsat (mg/g) is the MB adsorbed at saturation. 

 

II.8.9. Error analysis 

To choose the model that best fits experimental data, error functions R2 (correlation 

coefficient) have been calculated using the non-linear regression method utilizing Eq. (17) 

The Origin software (version 2008) [28]. 

𝑅2 = 1 −
∑ (𝑄𝑒,𝑡𝑒.𝑒𝑥𝑝.𝑛  −  𝑄𝑒,𝑡.𝑐𝑎𝑙.𝑛)

2
 𝑛

𝑛=1

∑ (𝑄𝑒,𝑡.𝑒𝑥𝑝.𝑛  −  𝑄𝑒,𝑡.𝑒𝑥𝑝.𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)

2
 𝑛

𝑛=1

  (17) 

Where: 

 Qt, exp /Qt,cal represent the experimental /calculated adsorption capacity at a given time;  

 Qe, exp /Qe.cal represent the experimental /calculated adsorption capacity at equilibrium;  

 n indicates the number of observations. 
 

 

II.8.10. Regeneration and reusability studies 

Achieving efficient regeneration is one of the objectives of researchers, as well as 

minimizing processing costs for subsequent industrial applications [29]. The ability to 

regenerate and reuse adsorbents has significant implications in various industries. The 

regeneration method depends on the adsorbent type and the adsorbates' nature [29]. 

In this context, the possibility of reusing MBent-A beads and MBent-organo-A 

beads after being used for dye pollutant removal has been investigated in this work. 50 mg of 

adsorbent beads was added in a solution containing 50 mL volume MB with a concentration 

of 100 mg/L at pH (6.4). Under 48 h agitation time till the equilibrium state, distilled water 

was used to clean the beads many times and was kept to dry at room temperature. Afterward, 

in an acidic solution pH=2, the dried beads were introduced for desorption of MB for 48 h 
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[30]. This method was repeated five cycles of adsorption-desorption. On the other hand, 

regeneration efficiency was estimated based on Eq. (18) [31]. 

𝑅 (%) =
𝑚𝑑𝑒𝑠 

𝑚𝑎𝑑𝑠
× 100  (18) 

Where: 

 mdes (mg) and mads (mg) are the amounts of methylene blue adsorbed and desorbed, 

respectively.  

 

II.9. Computational investigations 

The Material Studio software facilitated molecular dynamics (MD) simulations to assess 

the interaction energy between MB dye and the adsorbent model, comprising three distinct 

systems: Fe3O4 nanoparticle, Bentonite surface, and Alginate molecule. In the initial 

construction of the simulation box, MB molecules were strategically placed along side the 

three components to explore inherent interactions, with a primary focus on MB and the 

constituents of the adsorbent surface [32–35]—optimization of the initial box geometry aimed 

to relax the entire molecular system. Subsequently, the box underwent NVT dynamics for 

approximately 2000 picoseconds (using a 1 femtosecond time step) at a temperature of 298 

Kelvin, employing the COMPASS force field. Following the NVT dynamics, a second MD 

simulation was carried out using the NPT thermodynamic ensemble for 20,000 picoseconds 

(with a 1 femtosecond time step) at 298 Kelvin. This phase involved another round of 

geometric optimization, and the energies of the resulting conformations were computed. The 

conformation with the lowest energy was selected as the model for subsequent analysis.  

To delve deeper into the properties of the adsorption system and their interactions, the 

chosen model underwent further optimization using the DFT M06-2X functional [36] and the 

TZVP basis set [37–40], facilitated by the Turbomole software [41–46]. The investigation 

also incorporated an intricate analysis of non-covalent interactions (NCI) within a three-

dimensional framework using approaches such as Reduced Density Gradient (RDG) and the 

Quantum Theory of Atoms in Molecules (QTAIM) [47–50].  

The RDG analysis relies on electron densities (ρ) and reduced density gradients 

(RDGs), mathematically described by the Eq. (19): 

𝑠 =
1

2(3𝜋2)1/3

|𝛻𝜌|

𝜌4/3
   (19) 
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Here, ρ represents the electron density, and ∇ρ represents its initial derivative. This approach 

effectively identifies van der Waals and weak non-covalent interactions, including hydrogen 

bonds and steric repulsions, which become significant at specific distances and can 

significantly influence the system [51–53].  

The computational tool Multiwfn was employed to conduct NCI analyses based on the 

RDG and identify weak interactions within the system [54]. RDG plots and QTAIM maps 

were retrieved and visualized using the Visual Molecular Dynamics (VMD) interface [55]. 

Additionally, color scatter plots of the components were generated using gnuplot [56]. These 

sophisticated computational techniques facilitated a comprehensive analysis of weak 

interactions within the investigated system. 
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CHAPTER III 

CHARACTERIZATION AND STUDY OF THE ADSORPTION OF 

METHYLENE BLUE BY MAGNETIC BENTONITE AND MAGNETIC 

BENTONITE BEADS 

III.1. Introduction 

In this chapter, which will be divided into three parts, we will study, in a discontinuous 

system, the adsorption of methylene blue (MB) on magnetic bentonite and magnetic bentonite 

beads. 

In the first part, we will interpret the characterization results of the materials prepared 

during this study to better identify their textural, morphological, and physicochemical 

properties. The methods used include Fourier transform infrared spectroscopy (FTIR), X-ray 

diffraction (XRD), scanning electron microscopy (SEM)/energy-dispersive X-ray 

spectroscopy (EDS), and the determination of isoelectric points (pHpzc). 

In the second part, we will analyze the experimental results of the adsorption process for 

each adsorbent. This includes the impact of pH, adsorbent dosage, temperature, and 

thermodynamic adsorption parameters, as well as the effect of the initial adsorbate 

concentration. We will also examine adsorption kinetics to determine the contact time 

required to reach equilibrium, along with adsorption isotherms characteristic of each 

adsorbent-adsorbate system. 

In the third part, we will focus on the theoretical study of adsorption on magnetic bentonite 

beads. Molecular modeling computations will be performed using DFT, AIM, FMO, MEP, 

RDG, and QTAIM analysis to gain deeper insight into the adsorption mechanism at the 

molecular level. 

 

III.2. Characterization 

III.2.1. Fourier-transform infrared spectroscopy 

Bent, MBent, Alginate and MBent-A beads spectrums are depicted in Figure III.1 to follow 

the functional groups of Bentonite raw material before and after modification. The broadband 

appeared at 3442 cm-1 for the Bent spectrum and is assigned to OH hydroxy group stretching 

vibrations. In addition, 1637 cm-1 may be referred to as H-O-H deformation. The peak that 

appeared at 1031 cm-1 is Si-O, whereas those shown at 530 cm-1 and 463 cm-1 are assigned to 

the deformation of Al-O-Si and Si-O-Si.  
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In the MBent spectrum, the broad, intense absorption peak at around 3423 cm-1 

corresponds to the HO-H vibration of water molecules absorbed on the silicate surface. In 

contrast, the peak at 3619 cm-1 is due to the O-H stretching vibration of silanol groups (Si-

OH) [1]. The peak at 1637 cm-1 is attributed to the bending HO-H bonding of water molecules 

retained in the silicate matrix. The strong band at 1031 cm-1 and the band at 792 cm-1 

represent the tetrahedral sheet's Si-O-Si groups. In addition, the absorption bands at 637.91, 

567.08 and 463 cm-1 can observe the presence of magnetite nanoparticles. These bands result 

from splitting the first vibration band at 570 cm-1 corresponding to the Fe-O bond of bulk 

magnetite [2] and the shift of the second vibration band of the Fe-O bond of bulk magnetite to 

a higher wave spectrum [3].  

Alginate's structure is well-known in the literature [4]. Their characteristic functional 

groups are well observed: 3423 cm-1 is also attributed to OH hydroxy group stretching 

vibrations, whereas 2929 cm-1 this peak is attributed to C-H vibration. Additionally, 1127 cm-

1 is due to the C-O of the ether group. Moreover, 1031 cm-1 is the C-O of the alcoholic group, 

whereas the peaks located at 1617 and 1419 cm-1 are attributed to the asymmetric and 

symmetric stretching vibration of the carboxylate group.   

The spectrum of MBent-A exhibits bands located at 3437, 2929,1617, 1426, and 463cm-1, 

which bears a resemblance to the bands observed in both alginate and Bentonite which 

indicates the modification of Bentonite with alginate noteworthy a noticeable peak appeared 

at 572 cm-1 referred to Fe-O vibration which due to nanoparticles Fe3O4 [3]. 

 

 

Figure III.1. FTIR spectrum of Bent, MBent, Alginate and MBent-A beads. 



Chapter III         CHARACTERIZATION AND STUDY OF THE ADSORPTION OF METHYLENE BLUE BY 

MAGNETIC BENTONITE AND MAGNETIC BENTONITE BEADS 

 

55 
 

III.2.2. X-ray diffraction 

X-ray diffraction characteristic of Bent, M-Bent and MBent-A bead's is shown in Figure 

III.2. The XRD study shows peaks of diffraction in both illustrations at 2θ = 7.24°, 19.9°, and 

26.7°, which correspond to the Bentonite's (0 0 1), (1 1 0), and (2 1 0) planes, respectively [5]. 

The seven different peaks that appear at 2θ = 20.1°, 30.2°, 35.7°, 43.1°, 53.9°, 57.2°, and 

63.1° can be indexed by the (1 1 1) (2 0 0), (3 1 1), (4 0 0), (4 2 2), and (5 1 1) planes 

according to the magnetic crystalline phase. The Fe3O4-NPs incorporated in the M-Bent and 

MBent-A bead's structure verify the presence of the Fe3O4 cubic structure (01-075-0449 

JCPD standard) [6,7] and show that the crystallinity nature was maintained throughout the 

whole synthesis. The relative intensity and peak locations are in agreement with the magnetite 

theoretical pattern. 

 

 

Figure III.2. XRD curve of Bent, MBent, and MBent-A beads. 

III.2.3. Scanning electron microscopy /energy-dispersive X-ray spectroscopy 

The SEM images of Bent, M-Bent and MBent-A beads are shown in in Figure III.3 (a,b 

and c), respectively. in Figure III.3 (a), it is evident that the majority of particles show 

heterogeneity and porosity of the microstructure of Bentonite. Comparing in Figure III.3 (a) to 

in Figure III.3 (b), aggregation of Fe3O4 nanoparticles as well as several individual Fe3O4 

nanoparticles with nano-size were seen on the surface of bentonite. Fe3O4 nanoparticles 

indicate that M-Bent is a magnetic adsorbent, and the porous structure of the Fe3O4 

aggregation indicates that the presence of Fe3O4 around the bentonite surface has no negative 
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effect on the interaction between MB and bentonite. The SEM image in Figure III.3 (c) 

illustrates a single MBent-A beads with a nearly spherical shape, indicative of successful 

beads formation By comparing the electron microscope (EDS) results represented in the 

tables inside Figure III.3 (a,b and c), the atomic percentage of iron has increased from1.8 % to 

14.4 %, verifying the presence of additional Fe3O4 nanoparticles on the surface of bentonite 

and indicating that Bentonite and iron nanoparticle have been smoothly incorporated into the 

composition of M-Bent. After encapsulation of magnetic bentonite with alginate, the atomic 

percentage of iron is reduced from 14.4 % to 2.28 %, which explains the influence of alginate 

on the atomic percentage of iron, but the beads retain their magnetic properties [8]. 

 

a)                                                                                                        

 
b) 
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c) 

 

Figure III.3. SEM images and EDS curves (a) of Bent, (b) of M-Bent and (c) of MBent-A 

beads.  

 

III.2.4. Point of zero charge  

The zero charge pHpzc for both M-Bent and MBent-A beads was ascertained and is shown 

in Figure III.4. The pH at the point of zero charge (pHpzc) signifies the pH level at which the 

surface charge of the material is neutral, indicating an absence of net charge. This is essential 

for comprehending the adsorption process and the interactions between the adsorbent and 

adsorbate. For M-Bent (Figure III.3 (a)), the pH at the point of zero charge (pHpzc) is 8.41. At 

pH levels below 8.41, the surface of M-Bent is positively charged, and at pH values over 

8.41, it becomes negatively charged. The curve illustrating the disparity between the starting 

pH (pH𝑖) and the final pH (pH𝑓) clearly intersects the pH axis at 8.41, therefore validating the 

zero-charge point, MBent-A beads Figure III.3 (b) demonstrate a reduced pHpzc of 7.70. At 

pH levels below 7.70, the MBent-A beads possess a positive surface charge, but at pH values 

over 7.70, they exhibit a negative surface charge [9]. The curve's intersection with the pH axis 

at this value signifies the zero-charge point for MBent-A [10]. 
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a) b) 

  
 

Figure III.4. Zero charge pH (pHpzc) point (a) of M-Bent and (b) of MBent-A beads. 

In summary, the pH point of zero charge (pHpzc) values for both materials show minor 

variations, with M-Bent presenting a higher pHpzc (8.41) in contrast to MBent-A (7.70). This 

indicates that the MBent-A beads possess a neutral surface charge at a lower pH relative to 

M-Bent, potentially affecting their adsorption characteristics across different pH conditions. 

 

III.3. Adsorption parameters experimental results 

III.3.1. pH parameter impact 

a) b) 

  
 

Figure III.5. Effect of pH (a) of M-Bent and (b) of MBent-A beads (Initial MB dye 

concentration = 200 mg/L, V = 20 ml, W= 20 mg, T = 25 ◦C  and stirring speed = 250rpm). 
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The influence of pH on the adsorption capacity (Qads) for both M-Bent and MBent-A 

beads is seen in Figure III.5. In the case of M-Bent (Figure III.5 (a)), the adsorption capacity 

exhibits a progressive increase with rising pH, especially beyond pH = 4. The adsorption 

maxima occur between pH 6 and 8, after which stabilization ensues, demonstrating a little pH 

dependence at higher levels. The adsorption behavior of MBent-A beads (Figure III.5 (b)) 

exhibits a pronounced rise in adsorption capacity until pH = 4, after which the capacity levels 

off over the subsequent pH range. This indicates that while both materials provide excellent 

adsorption at elevated pH levels, MBent-A beads exhibit a more significant pH dependence at 

reduced pH, subsequently followed by stability. The findings suggest that MBent-A beads 

exhibit a more robust initial contact with the adsorbate at low pH relative to M-Bent; 

nonetheless, both materials attain comparable adsorption effectiveness at elevated pH levels 

[11]. 

 

III.3.2. Dosage absorbent parameter impact 

a) b) 

  
 

 

  

Figure III.6. Effect of dosage adsorbent (a) of M-Bent and (b) of MBent-A beads (Initial MB 

dye concentration = 200 mg/L, V = 20 ml, T = 25 ◦C and stirring speed = 250rpm). 

 

Figure III.6 illustrates the impact of adsorbent dosage on the adsorption capacity (Qads) 

and Methylene Blue (MB) removal percentage of both M-Bent and MBent-A beads. The 

adsorption capacity of M-Bent (Figure III.6 (a)) experiences a substantial decrease as the 

adsorbent dosage increases, with a precipitous drop initially and a gradual decline thereafter. 

This behavior can be attributed to the availability and saturation of active sites on the surface 

of the adsorbent. At lower dosages, the active sites are readily available, allowing for high 
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adsorption capacity per unit mass. However, as the adsorbent dosage increases, the total 

number of available sites increases, but the ratio of adsorbate molecules to available active 

sites decreases, leading to lower adsorption efficiency per gram of adsorbent. Conversely, the 

MB removal percentage experiences a rapid increase, culminating in a nearly 100% removal 

rate at approximately 40 mg of adsorbent, after which it remains consistent. This suggests that 

despite the decrease in adsorption capacity per unit mass, the total number of active sites 

becomes sufficient to achieve near-complete MB removal as the dosage increases. Similarly, 

the adsorption capacity of MBent-A beads (Figure III.6 (b)) exhibits a significant decline with 

increasing adsorbent dosage, a trend that can also be explained by the saturation of active 

sites. [12] have observed that this behavior is consistent with the results of comparable 

studies, in which the MB removal percentage increases rapidly and reaches a plateau at 40 

mg, where it is nearly 100 %. These findings demonstrate that, despite the decrease in 

adsorption capacity per unit mass as adsorbent dosage increases, both materials effectively 

remove MB, attaining near-complete removal at modest dosages. MBent-A beads, however, 

exhibit a higher maximal adsorption capacity than M-Bent, likely due to a greater number of 

active sites or stronger interactions between the dye molecules and the surface of the 

adsorbent [13]. 

III.3.3. Temperature parameter impact and thermodynamic adsorption parameters  

   a) b) 

  
Figure III.7. Regression of the thermodynamic parameters on the MB adsorption onto (a) of 

M-Bent and (b) of MBent-A beads. 

Figure III.7 illustrates the thermodynamic behavior of the adsorption process, depicting the 

regression of the thermodynamic parameters for the adsorption of Methylene Blue (MB) onto 

M-Bent and MBent-A beads.  
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Figure III.7 (a), despiting the adsorption onto M-Bent, adsorption increases with 

temperature, indicating an endothermic process. This is confirmed by the positive ΔH° value 

in Table III.1, meaning that the system absorbs heat to facilitate MB adsorption. Additionally, 

the positive ΔS° value indicates an increase in disorder at the solid-liquid interface, 

suggesting that MB molecules are more randomly distributed on the adsorbent surface after 

adsorption. The negative Gibbs free energy (ΔG°) values at all temperatures confirm that the 

process is spontaneous, with spontaneity increasing as temperature rises, which is 

characteristic of an endothermic reaction [14]. 

 

Table III.1. Thermodynamic properties of MB adsorption on M-Bent. 

T (K) 𝚫𝐇 ° (kJ/mol) 𝚫𝐒°(J/mol-1K) 𝚫𝐆° (kJ/mol) 

288 

13.78 112.71 

-18.68 

298 -19.81 

303 -20.37 

313 -21.50 

 

On the other hand, Figure III.7 (b), illustrating the adsorption of MB onto MBent-A beads, 

highlights an exothermic process, as evidenced by the negative ΔH° values in Table III.2. 

Adsorption decreases with increasing temperature, meaning that the system releases heat, 

making the process more favorable at lower temperatures. The positive ΔS° value also reflects 

an increase in disorder. The negative ΔG° values confirm that adsorption is 

thermodynamically favorable at all studied temperatures, although the decrease in ΔG° with 

rising temperature indicates lower spontaneity at higher temperatures [15]. 

Table III.2. Thermodynamic properties of MB adsorption on MBent-A beads. 

T (K) 𝚫𝐇 ° (kJ/mol) 𝚫𝐒°(J/mol-1K) 𝚫𝐆° (kJ/mol) 

288 

-4.59 41.23 

-16.47 

298 -16.88 

303 -17.08 

313 -17.50 
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Thus, adsorption on M-Bent is an endothermic process, requiring an energy input [16] and 

leading to a significant increase in disorder at the solid-liquid interface. In contrast, adsorption 

on MBent-A is an exothermic process, favored at lower temperatures and accompanied by a 

more moderate change in entropy. 

III.3.4. MB initial concentration and contact time parameters influence  

   a) b) 

  
 

 

  

Figure III.8. Initial dye concentration and non-linear fitting of pseudo-first-order and pseudo-

second-order model (a) of M-Bent and (b) of MBent-A beads  

(V = 20 ml, W = 20 mg, T = 25 ◦C and stirring speed = 250rpm). 

 

The analysis of the acquired curves demonstrates the influence of the initial MB dye 

concentration, as seen in Figure III.8 (a and b), with concentrations evaluated from 20 to 250 

mg/L for M-Bent and 15 to 240 mg/L for MBent-A beads. 

An increased starting dye concentration resulted in a greater adsorption capability. For M-

Bent Figure III.8 (a), at a dosage of 20 mg/L, the adsorption capacity was around 15 mg/g, 

while at 250 mg/L, it was around 160 mg/g. This phenomenon may be attributed to the 

prevalence of vacant active sites in the early phases of adsorption. At reduced MB dye 

concentrations (20 mg/L), equilibrium was attained rapidly, in around 25 minutes, but at 

elevated concentrations (250 mg/L), equilibrium was achieved more gradually, in about 100 

minutes. At high concentrations, this may result from the gradual saturation of active sites, 

impeding the equilibrium process [17].  

A same pattern is seen with MBent-A beads (Figure III.8 (b)). At a low concentration of 15 

mg/L, the adsorption capacity achieved around 10 mg/g, with equilibrium established after 
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roughly 20 minutes. At a concentration of 240 mg/L, the adsorption capacity attained roughly 

215 mg/g, with equilibrium established after about 600 minutes (10 hours). This indicates that 

at elevated concentrations, the diffusion of solute molecules into the adsorbent's matrix is 

impeded, extending the adsorption duration. An increase in the initial MB concentration 

enhances adsorption capacity but delays equilibrium attainment, possibly owing to accelerated 

saturation of active sites and reduced diffusion through the adsorbent. The equilibrium period 

for methylene blue adsorption on MBent-A beads is around 10 hours at elevated 

concentrations. 

 

III.3.5. Kinetic modeling 

Kinetic parameters were derived through non-linear regression analysis and are presented 

in Table III.3 and 4. The experimental data for M-Bent (Table III.3) demonstrates a strong 

correlation with the pseudo-second-order model, as evidenced by the high R2 values, which 

range from 0.992 to 0.999. The equilibrium adsorption capacity qe for MB increases from 

20.06 mg/g to 162.02 mg/g as the initial concentration increases from 20 mg/L to 250 mg/L.  

For the MBent-A beads (Table III.4), the pseudo-second-order model demonstrates a 

strong fit, with R² values ranging from 0.989 to 0.999. The equilibrium adsorption capacity qe 

for MB significantly increases from 14.90 mg/g at an initial concentration of 15 mg/L to 

235.03 mg/g at 240 mg/L. The results indicate a higher adsorption capacity at increased initial 

dye concentrations for both M-Bent and MBent-A, suggesting a greater availability of active 

sites during the initial stages of adsorption. 

The high determination coefficient (R2) values, which range from 0.992 to 0.999 in Table 

III.3, indicate that the pseudo-second-order kinetic model effectively describes the adsorption 

of MB dye on M-Bent within the examined concentration range. The pseudo-first-order model 

demonstrated R2 values between 0.963 and 0.996, suggesting a less accurate fit to the 

experimental data. The rate constants k1 and k2 are significantly affected by the initial 

concentrations of MB dye. The k1 values decline from 36.29.10-2 L/min at 20 mg/L to 

21.76.10-2 L/min at 250 mg/L for the pseudo-first-order model. In a similar manner, the 

values of k2 decrease from 53.39.10-3 g/mg min at a concentration of 20 mg/L to 2.500.10-3 

g/mg min at a concentration of 250 mg/L. The observed decrease in rate constants with 

increasing initial concentration C0 indicates slower adsorption kinetics at elevated 

concentrations, likely resulting from the saturation of available active sites [18] 
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Table III.3. Kinetic parameters for MB adsorption onto M-Bent at 25 ℃. 

C0 

(mg/L) 

qexp 

(mg/g) 

 Pseudo-first-order  Pseudo-second-order 

 Kl ×102 

(L/min) 

qcal 

(mg/g) 

R2  K2 ×103 

(g/mg min) 

qcal 

(mg/g) 

R2 

20 19.89  36.29 19.74 0.996  53.39 20.06 0.999 

60 59.87  30.76 59.23 0.989  12.59 60.51 0.998 

100 99.88  21.15 98.34 0.980  4.140 101.58 0.997 

150 121.37  21.12 117.08 0.964  3.190 121.55 0.995 

200 140.71  24.73 134.03 0.963  3.420 138. 64 0.992 

250 163.09  21.76 156.25 0.967  2.500 162.02 0.996 

 

The high determination coefficient (R2) values, ranging from 0.989 to 0.999 as presented in 

Table III.4, indicate that the pseudo-second-order kinetic model effectively describes the 

adsorption of MB dye on MBent-A beads within the studied concentration range. The pseudo-

first-order model demonstrated R2 values between 0.984 and 0.994, suggesting a marginally 

less accurate fit to the experimental data. The rate constants k1 and k2 are significantly 

affected by the initial concentrations of MB dye. The k1 values decline from 14.75.10-3 L/min 

at 15 mg/L to 9.80.10-3 L/min at 240 mg/L for the pseudo-first-order model. In the case of the 

pseudo-second-order model, the values of k2 decrease from 13.80.10-4 g/mg min at a 

concentration of 15 mg/L to 0.555.10-4 g/mg min at 240 mg/L. The observed decrease in rate 

constants with increasing initial concentration (𝐶0) suggests a slower adsorption process at 

elevated concentrations, likely attributable to the diminished availability of active sites as 

saturation occurs [19]. 
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Table III.4. Kinetic parameters for MB adsorption onto MBent-A beads composite at 25 ℃. 

C0 

(mg/L) 

qexp 

(mg/g) 

 Pseudo-first-order  Pseudo-second-order 

 Kl ×103 

(L/min) 

qcal 

(mg/g) 

R2  K2 ×104 

(g/mg min) 

qcal (mg/g) R2 

15 14.71  14.75 14.03 0.987  13.80 14.90 0.991 

50 47.64  20.86 45. 67 0.984  6.303 48.08 0.999 

100 92.34  23.44 89.71 0.984  3.838 93. 65 0.989 

150 141.95  11.87 138.06 0.994  1.111 147.55 0.994 

190 180.36  11.41 174.98 0.989  0.836 187.27 0.992 

240 224.47  9.80 218.27 0.993  0.555 235.03 0.994 

 

The adsorption of Methylene Blue (MB) onto M-Bent and MBent-A beads was examined 

using the intra-particle diffusion model, as seen in Figure III.9. Figure III.9 (a) illustrates the 

adsorption capacity Qt as a function of the square root of time (𝑡0.5) for M-Bent at different 

starting MB concentrations, spanning from 20 to 250 mg/L. As the starting concentration 

rises, the adsorption capacity correspondingly increases. The curves demonstrate a multi-stage 

pattern, indicating that the adsorption process transpires in many stages. The plateau seen in 

the last phases of the curves indicates that adsorption equilibrium has been attained. Figure 

III.9 (b) illustrates the intra-particle diffusion of MB onto MBent-A beads at concentrations 

ranging from 15 to 240 mg/L. The adsorption process, similar to Figure III.9 (a), adheres to a 

multi-stage mechanism. In this instance, the adsorption capabilities are much greater than 

those of M-Bent, demonstrating that MBent-A beads possess enhanced adsorption efficacy. 

This indicates that MBent-A has a superior affinity for MB molecules, resulting in enhanced 

adsorption at equilibrium [20]. 
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   a) b) 

   

 

  

Figure III.9. plots of the intra-particle diffusion model on the MB adsorption onto (a) 

of M-Bent and (b) of MBent-A beads (V = 20 ml, W = 20 mg, T = 25 ◦C  

and stirring speed = 250rpm). 

The plots of the intraparticle diffusion model, illustrated in Figure III.9 (a and b), 

demonstrated a non-linear segment throughout all time intervals, which can be categorized 

into two distinct stages. This result can be attributed to variations in mass transfer rates 

throughout the adsorption process. The initial stage indicates rapid adsorption attributed to the 

abundance of active sites, succeeded by a slower second stage, presumably influenced by the 

intraparticle diffusion of the adsorbate into the pores of the adsorbent. Table III.5, indicates 

that the values for kid1 exceed those of kid2, and both kid1 and kid2 values rise with the initial 

concentration of MB on M-Bent. The observed result is due to the high availability of active 

sites at the onset of the adsorption process, resulting in a swift increase in adsorption during 

the initial phase. 

Table III.5. Intraparticle diffusion parameters for MB adsorption onto M-Bent 

C0 (mg/L)  Intraparticle diffusion model 

Parameters  Step 1  Step 2 

 kid1               Ci1 R2  kid2 Ci2 R2 

20  0.827 15.34 0.838  0.006 19.81 0.398 

60  3.278 41.49 0.983  0.007 59.98 0.185 

100  7.874 53.58 0.991  0.025 99.48 0.031 

150  7.317 69. 62 0.961  0.471 113.8 0.785 

200  7.043 88.30 0.957  0.947 124.9 0.793 

250  10.11 93.04 0.961  0.825 149.0 0.752 
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Table III.6 also demonstrates a similar trend in the adsorption of MB onto MBent-A beads. 

The values for kid1 consistently exceed those of kid2, with both exhibiting an increase 

corresponding to the initial concentration. The increased adsorption capacity observed may 

result from structural modifications in MBent-A beads, which enhance the accessibility of 

active sites and improve adsorption efficiency at elevated concentrations [21].  

The rapid initial stage in both scenarios is associated with external surface adsorption, 

whereas the slower second stage pertains to intraparticle diffusion.  

 

Table III.6. Intraparticle diffusion parameters for MB adsorption onto MBent-A beads 

composite. 

C0 (mg/L)    Intraparticle diffusion model 

Parameters   Step 1   Step 2 

 kid1 Ci1 R2  kid2 Ci2 R2 

15  1.013 0.168 0.927  0.046 12.41 0.901 

50  2.896 5.565 0.903  0.084 43.33 0.895 

100  7.626 2.599 0.877  0.149 85.01 0.783 

150  10.22 11.24 0.971  0.346 125.5 0.747 

190  12.45 11.71 0.956  0.465 158.0 0.677 

240  15.45 23.11 0.980  0.653 193.5 0.715 

 

The findings validate that MBent-A beads has higher efficacy in MB removal owing to its 

improved diffusion properties and increased adsorption capacity at equilibrium. 

 

III.3.6. Isotherm modeling 

a) b) 
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c) d) 

  
Figure III.10. Adsorption isotherms for MB adsorption onto M-Bent composite at 15, 25, 30, 

and 40 ℃ (V = 20 ml, W = 20 mg and stirring speed = 250rpm). 

 

An analysis of the adsorption isotherms for M-Bent composite at temperatures of 15, 25, 

30, and 40 °C provides insights into the interaction between the MB molecule and the 

adsorbent surface (Figure III.10). The experimental data were analyzed using the Langmuir 

and Freundlich models to elucidate the adsorption process under varying temperature 

conditions. 

     The Langmuir isotherm, which represents monolayer adsorption on a uniform surface, 

demonstrates a strong fit at all temperatures. The Langmuir maximum adsorption capacity qm 

increases from 144.28 mg/g at 15 °C to 190.06 mg/g at 40 °C, as shown in Table III.7, 

demonstrating a significant enhancement in the adsorption capacity of the M-Bent composite 

with increasing temperature. The Langmuir constant KL, while variable, indicates that the 

adsorption affinity remains relatively stable, with a significant increase observed at 40 °C. 

The RL separation factor values, which range from 0.0009 to 0.013 across various 

temperatures, suggest that the adsorption process is favorable under all conditions. The 

Freundlich isotherm, representing multilayer adsorption on a heterogeneous surface, 

demonstrates a less accurate fit, especially at lower temperatures, as evidenced by the lower 

R² values relative to the Langmuir model. The Freundlich constant Kf increases with 

temperature, indicating a greater adsorption capacity at elevated temperatures. The 1/n values, 

consistently below 1 across all temperatures, indicate favorable adsorption; nonetheless, the 

Langmuir model is more effective in representing the overall adsorption behavior of MB onto 

the M-Bent composite. 
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Table III.7. Isotherms parameters for MB adsorption onto M-Bent 

at 15, 25, 30 and 40 °C. 

  Temperatures 

Models Parameters 15 °C 25 °C 30 °C 40 °C 

Langmuir qm (mg/g) 144.28 156.12 162.47 190.06 

KL(L/mg) 2.132 1.396 1.304 1.884 

R2 0.930 0.947 0.950 0.915 

RL (Min-Max) 0.008 – 0.001 0.012 - 0.001 0.013- 0.002 0.009 – 0.0009 

Freundlich Kf ((mg/g) (L/ g)1/n) 88.19 91.64 94.39 104.49 

1/n 0.098 0.104 0.105 0.119 

R2 0.83 0.823 0.817 0.908 

Statistic 

physics 

 

N 2.337 2.419 2.467 0.463 

Dm (mg/g) 61.180 63.651 64. 674 460.09 

Nsat (mg/g) 142.98 153.97 159.55 213.02 

C½ (mg/L) 0.4896 0.698 0.714 1.0999 

R2 0.954 0.953 0.945 0.975 

 

The analysis across varying temperatures elucidates the adsorption behavior of MB 

molecules onto the MBent composite, indicating that adsorption capacity enhances with rising 

temperature. The process is accurately represented by the Langmuir isotherm, suggesting 

predominant monolayer adsorption [22]. 
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a) b) 

  
c) d) 

  
Figure III.11. Adsorption isotherms for MB adsorption onto MBent-A beads composite at 

15, 25, 30, and 40 ℃ (V = 20 ml, W = 20 mg and stirring speed = 250rpm). 

 

The examination of the adsorption isotherms for MB on MBent-A beads at temperatures of 

15, 25, 30, and 40 °C (Figure III.11) elucidates the interaction between the MB molecule and 

the adsorbent surface. The experimental data were analyzed through the Langmuir and 

Freundlich models to elucidate the adsorption process at varying temperatures. The Langmuir 

isotherm, which characterizes monolayer adsorption on a uniform surface, demonstrates a 

robust fit across all temperatures. Table III.8 illustrates that the Langmuir maximum 

adsorption capacity, qm, exhibits a slight decrease with rising temperature, from 774.32 mg/g 

at 15 °C to 745.25 mg/g at 40 °C, indicating a minor reduction in adsorption efficiency as 

temperature increases. The Langmuir constant KL demonstrates a decreasing affinity with 

increasing temperature, varying from 0.0419 L/mg at 15 °C to 0.0172 L/mg at 40 °C. The RL 

separation factor values range from 0.015 to 0.534 across the temperatures, suggesting that 

the adsorption process is favorable under all tested conditions. Conversely, the Freundlich 
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isotherm, indicative of multilayer adsorption on a heterogeneous surface, demonstrates a 

poorer fit, as shown by lower 𝑅² values relative to the Langmuir model, especially at reduced 

temperatures. Table III.8 illustrates that the Freundlich constant Kf decreases from 145.12 

mg/g at 15 °C to 87.912 mg/g at 40 °C. The 1/n values, remaining below 1 at all temperatures, 

indicate that adsorption is favorable.  

 

Table III.8. Isotherms parameters for MB adsorption onto MBent-A beads at 15, 25, 30 and 

40 °C. 

  Temperatures 

Models Parameters 15 °C 25 °C 30 °C 40 °C 

Langmuir qm (mg/g) 774.32 755.17 751.89 745.25 

KL(L/mg) 0.0419 0.0394 0.0261 0.0172 

R2 0.986 0.995 0.985 0.980 

RL (Min-Max) 0.015 - 0.292 0.016 - 0.317 0.025 - 0.393 0.037 - 0.534 

Freundlich Kf ((mg/g) (L/ g)1/n) 145.12 135.05 114.84 87.912 

1/n 0.2652 0.269 0.294 0.325 

R2 0.866 0.879 0.852 0.859 

Statistic 

physics 

 

N 1.089 1.103 1.254 1.322 

Dm (mg/g) 697.76 670. 62 564.92 519. 639 

Nsat (mg/g) 757.77 739. 69 708.41 686.96 

C½ (mg/L) 22.23 23.53 32.41 46.397 

R2 0.985 0.997 0.989 0.988 

 

The Langmuir model more accurately represents the overall adsorption behavior of MB on 

MBent-A beads, particularly at elevated temperatures. 
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III.3.7. Statistical physics model 

The examination of adsorption isotherms for MB on MBent and MBent-A beads through 

the statistical physics model provides significant insights into the interaction between MB 

molecules and the adsorbent surface. 

The statistical physics model for MBent indicates that the maximum adsorption density Dm 

increases from 61.18 mg/g at 15 °C to 64.674 mg/g at 30 °C, followed by a significant rise to 

460.09 mg/g at 40 °C. The saturation number Nsat increases from 142.98 mg/g to 213.02 mg/g 

with temperature, signifying enhanced adsorption capacity. The C1/2 value, indicative of the 

concentration required to occupy half of the adsorption sites, rises from 0.4896 mg/L at 15 °C 

to 1.0999 mg/L at 40 °C, demonstrating that increased concentrations are necessary at higher 

temperatures. The quantity of adsorption sites per molecule N is consistent from 15 °C to 30 

°C, but showing a significant decline at 40 °C. The 𝑅² values, ranging from 0.945 to 0.975, 

indicate a strong model fit [23].  

The maximum adsorption density Dₘ declines from 697.76 mg/g at lower temperatures to 

519.639 mg/g at higher temperatures, suggesting a diminished capacity for MB adsorption 

with increasing temperature. The saturation number Nₛₐₜ decreases from 757.77 mg/g to 

686.96 mg/g, indicating a reduction in adsorption capacity. The C₁/₂ values exhibit a notable 

increase from 22.23 mg/L to 46.397 mg/L, indicating that greater concentrations of MB are 

required to occupy half of the adsorption sites at higher temperatures. The model 

demonstrates robustness, as evidenced by R² values between 0.985 and 0.997, which indicate 

a strong correlation with the experimental data. This analysis highlights the intricate 

relationship between temperature and MB adsorption on M-Bent-A beads, providing critical 

insights for the optimization of adsorption processes. 
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III.3.8. Regeneration study 

The regeneration and reuse of adsorbents are critical in adsorption processes, providing 

both economic and environmental advantages across various applications [24]. Over time, 

adsorbents can become saturated with adsorbates, leading to a reduction in their adsorption 

capacity. Regeneration involves the removal of adsorbates from the adsorbent's surface, 

restoring its effectiveness and extending its lifespan. Various regeneration methods are used 

for this purpose [25]. Figure III.12 shows promising results, demonstrating that MBent-A 

beads can be reused over five cycles, with efficiency decreasing only slightly from 98.54 % to 

90.60 %, indicating their notable cost-effectiveness. 

 

 

Figure III.12. Regeneration of MBent-A beads composite after adsorption of MB (initial MB 

dye concentration = 100 mg/L, T = 25 ℃, V = 50 mL, W = 50 mg and stirring speed = 250 

rpm).  

 

III.4. Molecular modeling computations 

For example, we conducted molecular modeling to investigate the adsorption of methylene 

blue (MB) onto magnetic bentonite beads. By applying density functional theory (DFT) and 

the Atoms in Molecules (AIM) approach alongside other computational methods, this 

combined theoretical and experimental framework enabled a comprehensive interpretation of 

the data, refining and validating the proposed concepts. 
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To assess the reactivity and electronic properties of the MB molecule, we analyzed Frontier 

Molecular Orbitals (FMO), Molecular Electrostatic Potential (MEP), and Mulliken charge 

distribution. This evaluation was based on the energy levels of the Highest Occupied 

Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). 

Additionally, we performed Reduced Density Gradient (RDG) and Quantum Theory of 

Atoms in Molecules (QTAIM) analyses to explore non-covalent interactions and the 

underlying mechanism governing the interaction between MB and the adsorbent. The QTAIM 

analysis provided valuable insights into these interactions, clarifying the nature and strength 

of the intermolecular forces involved. This significantly deepened our fundamental 

understanding of intermolecular interactions within the system. 

 

III.4.1. Optimized structures and FMO analysis  

III.4.1.1. Methylene Bleu Dye 

In this investigation, DFT calculations have been performed to unravel the intricate 

interplay between the removal of the cationic dye MB and its molecular structure and its 

adsorption onto the surface of the composite material. Our exploration commenced by 

subjecting the MB dye to a comprehensive quantum analysis, focusing on its electronic 

properties. Figure III.13 illustrates key aspects, including (a) the Highest Occupied Molecular 

Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) orbitals, (b) molecular 

electrostatic potential maps, and ((c) and (d)) Mulliken atomic charge maps with associated 

distributions.  

The MB molecule, known for its preference towards high-energy conformers, highlights its 

predominantly polar organic nature. This heightened polarization index is a crucial 

contributor to the exceptional efficiency observed in MB removal through biosorption 

[26,27].  

Delving into molecular electronic properties, the spotlight is on the HOMO and LUMO 

orbitals. The energy values of HOMO (EHOMO) and LUMO (ELUMO) play pivotal roles, 

conveying the molecule's ability to donate or accept electrons. Higher EHOMO values indicate a 

greater propensity for electron donation, while lower ELUMO values signify reduced 

receptiveness. The chemical stability of MB is intricately linked to its energy gap (Eg), 

representing the difference between HOMO and LUMO energy levels. A relatively narrow Eg 

of 2.428 eV emphasizes MB's high reactivity, rendering it exceptionally amenable to 

adsorption on a substrate's surface [26]. 
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Figure III.13. LUMO, HOMO orbitals (a), Molecular electrostatic potential maps (b), and 

Mulliken charges distributions (c and d) of the MB dye molecule. 

Figure III.13 (a) provides a detailed exploration of HOMO and LUMO orbitals, revealing a 

distribution pattern across the molecular structure. This distribution, influenced by lone 

electron pairs at the nitrogen atom and delocalized π electrons within phenyl groups, signifies 

an electron conjugation effect. Figure III.13 (b) showcases the electrophilic reactivity of the 

MB cationic dye through a blue (positive) field, indicating its ability to interact with 

bioadsorbent surfaces by sharing free electrons. Examining Mulliken atomic charges in Figure 

III.13 ((c) and (d)), N heteroatoms within the MB molecule emerge as primary centers of 

negativity, underscoring their pivotal role in the adsorption and retention processes during 

MB remediation.  
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III.4.1.2. MB adsorption system onto composite's surface 

In Figure III.14 (a), a visually compelling representation unveils the optimized adsorption 

system featuring MBent-A beads, a composite comprising a bentonite@Fe3O4@Alginate 

complex with MB dye molecules. Employing the DFT M06-2X functional and TZVP basis 

set, this representation provides meticulous insight into the dynamic interaction between MB 

and the diverse components of the adsorbent.  

The theoretical exploration of the adsorption process is noteworthy, reinforcing that the 

MB adsorption system exhibits a highly promising configuration for efficient adsorption. 

Furthermore, Figure III.14 (b) enhances our comprehension of the MB adsorption system by 

presenting a 3D molecular structure coupled with charge density distributions. In this detailed 

visualization, the red region denotes negative "hydrogen acceptor" surfaces, the blue area 

signifies positive "hydrogen donor" surfaces, and the green region represents neutral "non-

polar" system surfaces. These charge density distributions are pivotal in designing efficient 

adsorption systems, especially for applications like wastewater treatment. It is crucial to note 

that the MB molecule can manifest in various forms within the adsorption system. It can be 

attached to alginate, bound to Fe3O4 nanoparticles, or affixed to the bentonite surface. This 

versatility in attachment modes further accentuates the adaptability and potential applications 

of the MB adsorption system. Beyond advancing our understanding of adsorption processes, 

these findings hold significant promise for developing practical and efficient adsorption 

systems across various applications. Essentially, this analysis not only deepens our 

comprehension of the electronic properties of the MB molecule, showcasing its versatility as 

both an electron donor and acceptor with heightened reactivity, but also positions it as an 

excellent candidate for adsorption on diverse surfaces. This includes those utilized in 

biocomposite-based adsorption systems, providing a solid foundation for advancing the field 

and addressing real-world challenges. 
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a) 

 

b) 
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Figure III.14. The optimized structure (a), COSMO-RS charge distribution (b) of the 

adsorption system of MB dye onto the composite's surface. 

III.4.2. Non-covalent interaction (NCI) analysis 

In Figure III.15, we present an insightful Non-covalent Interaction (NCI) analysis of the 

MB dye (Figure III.15 (a)) and the adsorbed MB on the adsorption system (Figure III.15 (b)). 

This analysis employs the reduced density gradient (RDG), a function of sign 𝜆2 × ρ, where ρ 

represents electron density and 𝜆2 corresponds to the largest eigenvalue of the Hessian matrix, 

providing a nuanced understanding of electron density variations near critical points [28,29]. 

The color-coded regions in the analysis offer invaluable insights into the non-covalent 

interactions governing the MB molecule's interaction with the adsorbent material. The green 

regions in the analysis represent van der Waals (VDW) interactions, known for their relatively 

weak but widespread influence across the system and characterized by low electron densities. 

Simultaneously, red regions denote repulsive interactions primarily localized within cyclic 

structures, originating from steric effects. These repulsive forces result from clashes in 

MB Dye 

Bentonite  

Alginate 

MB Dye 

MB Dye 

Fe3O4 
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molecular configurations due to spatial constraints, with steric effects playing a minor role 

compared to VDW interactions [30–32].  

 

a) Methylene Bleu  

 

 

 

b) Adsorption System   

 

 

 

Figure III.15.   The RDG scatter plots (upper) and NCI plots (bottom) isosurface (s = 0.5 

a.u.) of MB dye (a) and the adsorbed MB dye onto composite's surface (b). 

Figure III.15 (b) vividly illustrates the intriguing blue spots in our NCI analysis, indicative 

of hydrogen bonding—a phenomenon recognized for its robust interactions characterized by 

high electron density. Remarkably, at an RDG level of 0.5, these distinct blue spots 

underscore the occurrence of hydrogen bonding forces during the MB adsorption onto the 

adsorbent material. This critical observation accentuates the significance of hydrogen bonding 

in the complex dynamics of MB adsorption. Crucially, it is imperative to emphasize the 
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diverse forms of attachment that the MB molecule exhibits within the adsorption system. 

Whether tethered to alginate, bonded to Fe3O4 nanoparticles, or adhered to the bentonite 

surface, each distinct form of attachment contributes to the nuanced nature of non-covalent 

interactions. This multi-faceted attachment framework introduces an additional layer of 

complexity to our NCI analysis, enriching our understanding of the intricate intermolecular 

forces. Our exhaustive RDG analysis yields a compelling conclusion—despite their relatively 

weaker nature, VDW forces and H-bonding dominate the MB adsorption process on the 

adsorbent. This underscores the paramount importance of VDW interactions in this system, 

with steric effects playing a comparatively minor role.  

Consequently, our NCI analysis unveils a clear and nuanced portrayal of the MB 

adsorption process. Predominantly governed by VDW interactions, with steric effects 

assuming a minor role, and the appearance of H-bonding forces at the RDG level of 0.5, these 

findings provide invaluable insights into the driving forces orchestrating the MB adsorption 

process. This contribution significantly deepens our understanding of the intricate interactions 

dictating the success of MB adsorption, opening avenues for breakthroughs in designing 

highly effective adsorption systems tailored for wastewater treatment applications. 

 

III.4.3. Quantum theory of atoms in molecules (QTAIM) analysis 

The QTAIM analysis, visually represented in Figure III.16 and presented comprehensively 

in Table III.9 unveils the intricate nature of chemical bonds formed during the interaction of 

MB with the MBent-A beads adsorbent represented by Fe3O4@Bentonite@Alginate 

composite. This analysis serves as a crucial tool for dissecting the strengths and 

characteristics of these bonds, offering a nuanced perspective on each MB interaction 

segment. Notably, the QTAIM results bring forth the inherent diversity in the strength of 

chemical bonds, showcasing unique features such as differences in electron density and 

Laplacian values. Understanding the strength of a bond is pivotal for comprehending its 

behavior, and the metrics provided in Table III.9 offer valuable insights into this aspect. This 

novel visualization method effectively captures interactions, including H-bonding and VdW 

forces, between the MB dye molecules and the surface of MBent-A beads.  
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Adsorption system  

 

a) 

 
b) 

 
c) 

 

d) 

 

Keys:   Bond CPs  Ring CPs  Cage CPs 

 

Figure III.16. Molecular graphical representation using QTAIM for the adsorption of MB 

Dye system onto the composite surface. 

Analyzing Figure III.16 and delving into the details presented in Table III.9, a granular 

insight emerges into the topological characteristics of interaction sites at selected Bond 

Critical Points (BCPs) within the MB adsorption system on the composite. In the MB@Fe3O4 

segment (Figure III.16 (a and b)), specific BCPs involving S, O, and Fe exhibit distinct 

characteristics. The negative values of ∇2ρ(r) and |V(r)|/G(r) suggest attractive forces, while 

positive values of V(r) and H(r) signify predominantly closed-shell interactions. This 

observation provides a detailed understanding of the forces governing the MB@Fe3O4 

d 

c 
a b 



Chapter III         CHARACTERIZATION AND STUDY OF THE ADSORPTION OF METHYLENE BLUE BY 

MAGNETIC BENTONITE AND MAGNETIC BENTONITE BEADS 

 

81 
 

interaction, crucial for assessing its stability and efficiency. Figure III.16 (c) sheds light on the 

MB@Bentonite section, where hydrogen (H), carbon (C), and silicon (Si) BCPs reveal 

intricate intermolecular characteristics. Pronounced negative values in ∇2ρ(r) and |V(r)|/G(r) 

indicate attractive forces, with the presence of hydrogen bonding at specific BCPs, such as 

928(H) -- 455(H) and 603(Si) -- 40(O), evident from large negative H(r) values. Moving on to 

the MB@Alginate interactions showcased in Figure III.16 (d), a spectrum of interactions 

involving H, O, N, C, and S BCPs is observed. Negative ∇2ρ(r) and |V(r)|/G(r) values indicate 

attractive forces, with notable hydrogen bonding at BCPs 1204(O) -- 363(O) and 631(C) -- 

430(C). The negative values in H(r) emphasize closed-shell interactions, contributing 

significantly to the stability of the adsorption system [32,33].  
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Table III.9.  Topological features of interaction sites (in atomic units) at selected bond 

critical points (BCPs). 

BCP X − Y ρ(r) ∇2ρ(r) V(r) G(r) |V(r)|/G(r) H(r) 

MB@Fe3O4 

728 423(S ) -- 268(O ) 0.005601 0.018387 -0.003350 0.003973 0.843107 0.000623 

833 444(H ) -- 260(Fe) 0.002207 0.007255 -0.001266 0.001540 0.821948 0.000274 

1106 467(C ) -- 249(O ) 0.003256 0.012012 -0.001516 0.002260 0.671026 0.000743 

MB@Bentonite 

928 455(H ) -- 247(H ) 0.031459 0.063783 -0.023821 0.019883 1.198036 -0.003938 

914 459(H ) -- 142(O ) 0.018226 0.061577 -0.015054 0.015224 0.988812 0.000170 

752 434(C ) -- 198(O ) 0.012581 0.042090 -0.008656 0.009589 0.902668 0.000933 

691 423(S ) -- 72(O ) 0.009106 0.027834 -0.006571 0.006765 0.971327 0.000194 

707 438(C ) -- 237(H ) 0.017476 0.052136 -0.011157 0.012095 0.922402 0.000939 

603 66(Si) -- 40(O ) 0.076577 0.245381 -0.109579 0.085462 1.282196 -0.024117 

502 235(H ) -- 445(H ) 0.008960 0.033613 -0.005434 0.006918 0.785383 0.001485 

541 435(C ) -- 124(O ) 0.012362 0.043106 -0.008771 0.009774 0.897375 0.001003 

510 449(H ) -- 138(O ) 0.012273 0.040888 -0.009771 0.009997 0.977456 0.000225 

512 53(O ) -- 451(H ) 0.012748 0.039103 -0.009876 0.009826 1.005117 -0.000050 

MB@Alginate 

1152 365(H ) -- 407(H ) 0.000463 0.001486 -0.000122 0.000247 0.493517 0.000125 

1204 363(O ) -- 408(H ) 0.014124 0.055922 -0.010878 0.012429 0.875172 0.001552 

1274 345(H ) -- 388(N ) 0.000964 0.003477 -0.000339 0.000604 0.560781 0.000265 

1399 391(C ) -- 336(O ) 0.002561 0.009905 -0.001364 0.001920 0.710459 0.000556 

1482 335(H ) -- 385(S ) 0.000396 0.001645 -0.000154 0.000283 0.544524 0.000129 

1527 395(C ) -- 333(H ) 0.001523 0.005762 -0.000638 0.001039 0.613813 0.000401 

1644 415(H ) -- 324(O ) 0.000214 0.001268 -0.000045 0.000181 0.247028 0.000136 

1933 385(S ) -- 311(H ) 0.000224 0.000964 -0.000071 0.000156 0.455060 0.000085 

1934 406(H ) -- 313(H ) 0.000015 0.000062 -0.000004 0.000010 0.447590 0.000006 

521 437(C ) -- 138(O ) 0.006683 0.022938 -0.004014 0.004874 0.823495 0.000860 

618 433(C ) -- 43(O ) 0.008604 0.025419 -0.005471 0.005913 0.925255 0.000442 

543 135(O ) -- 426(N ) 0.002223 0.010544 -0.001324 0.001980 0.668868 0.000656 

631 430(C ) -- 40(O ) 0.017083 0.068471 -0.013119 0.015118 0.867736 0.002000 

 

Therefore, QTAIM analysis elucidates the bonding dynamics in the MB adsorption 

system on MBent-A beads, highlighting the presence of hydrogen bonding, attractive forces, 
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and closed-shell interactions at critical points. These findings deepen our understanding of the 

adsorption mechanism, underpinning the system's stability and efficiency, especially for 

wastewater treatment applications. 

 

III.5. Conclusion 

In this chapter, we studied the adsorption of methylene blue (MB) onto magnetic bentonite 

(M-Bent) and magnetic bentonite beads (MBent-A). The first part focused on characterizing 

both adsorbents using techniques such as FTIR, X-ray diffraction (XRD), scanning electron 

microscopy (SEM/EDS), and the determination of the point of zero charge (pHpzc) to better 

understand their textural and physicochemical properties. 

The second part examined the adsorption parameters, including the effects of pH, 

adsorbent dosage, temperature, and initial concentration. Adsorption on M-Bent was found to 

be endothermic and spontaneous, while adsorption on MBent-A was exothermic but still 

spontaneous. The adsorption capacity increased with higher initial concentrations of MB, but 

equilibrium was reached more slowly at elevated concentrations due to the saturation of active 

sites. The pseudo-second-order kinetic model fitted well for both adsorbents, while Langmuir 

isotherm analysis confirmed uniform monolayer adsorption. Emphasizing the economic 

feasibility and environmental friendliness of adsorption-based processes, the study 

underscores the importance of regenerating adsorbents and their reusability. 

This study integrates experimental and theoretical methods to elucidate the adsorption 

mechanisms of MBent-A beads, highlighting the key role of VdW forces and H-bonding in 

methylene blue adsorption. Theoretical analyses (DFT, FMO, RDG, QTAIM, NCI) confirm 

these interactions, enhancing adsorption efficiency and material stability. These findings pave 

the way for improved adsorbents in wastewater treatment and sustainable environmental 

solutions. 
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CHAPTER IV 

CHARACTERIZATION AND STUDY OF THE ADSORPTION OF 

METHYLENE BLUE BY MAGNETIC ORGANOPHILIC BENTONITE 

AND MAGNETIC ORGANOPHILIC BENTONITE BEADS 

IV.1. Introduction 

This chapter, structured into two distinct sections, will examine the adsorption of 

methylene blue (MB) on both magnetic organophilic bentonite and magnetic organophilic 

bentonite beads within a discontinuous system. 

In the first section, we will analyze the characterization results of the materials synthesized 

in this study to better understand their textural, morphological, and physicochemical 

properties. The techniques employed include Fourier transform infrared spectroscopy (FTIR), 

scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy 

(SEM/EDS), and the evaluation of isoelectric points (pHpzc). 

In the second section, we will examine the experimental outcomes related to the adsorption 

process for each adsorbent. This includes the influence of pH, the impact of adsorbent dosage, 

the effect of temperature, and the thermodynamic parameters of adsorption. Additionally, we 

will assess the effect of the initial adsorbate concentration and investigate adsorption kinetics 

to determine the contact time required to achieve equilibrium between the adsorbent and 

adsorbate. Furthermore, we will analyze the characteristic adsorption isotherms of each 

adsorbent-adsorbate system. This investigation will enhance our understanding of the 

adsorption mechanisms, quantify the maximum amount of dye removed by our materials, 

explore statistical physics models, and ultimately examine the regeneration of encapsulated 

adsorbents. 
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IV.2. Characterization 
IV.2.1. Fourier-transform infrared spectroscopy 

 

Figure IV.1: Infrared spectra (IRTF) of (a) Raw bentonite, (b) Purified bentonite, (c) 

Magnetic organophilic bentonite, (d) Beads of magnetic organophilic bentonite. 

In this study, we analyzed the infrared spectra of contaminated bentonite, purified 

bentonite, magnetic organophilic bentonite, and beads of magnetic organophilic bentonite, as 

depicted in Figure IV.1. The spectra reveal key absorption bands linked to the vibrational 

modes of various functional groups. A broad band centered at 3624-3620 cm⁻¹ corresponds to 

the valence vibrations of OH groups associated with octahedral Al cations (Al-OH-Al) [1]. 

Additionally, the band at 3440-3430 cm⁻¹ is attributed to OH-Fe³⁺ vibrations, which broadens 

the overall absorption profile. An intense band at 1034-1028 cm⁻¹ reflects the valence 

vibrations of the Si-O bond in the plane, while bands observed at 858-847, 792-788, 626-617, 

and 520-514 cm⁻¹ are related to the deformation vibrations of Si-O-Al / Al-OH-Mg bonds, 

Cristobalite, Si-O-Mg bonds, and Mg-OH bonds, respectively [2]. Furthermore, the spectra of 

magnetic organophilic bentonite and its beads indicate the presence of surfactants, evidenced 

by the symmetric valence vibration bands between 2858 and 2850 cm⁻¹ and the antisymmetric 

bands between 2928 and 2921 cm⁻¹ for the CH₂ group. This analysis underscores the chemical 
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modifications that occur during the purification and organophilization processes, which are 

crucial for understanding the material's functional properties [3]. 

IV.2.2. Scanning electron microscopy /energy-dispersive X-ray spectroscopy 

The SEM images of MBent-organo and MBent-organo-A beads are shown in in Figure 

IV.2 (a and b), respectively. in Figure IV.2 (a), it is evident that the aggregation of Fe3O4 

nanoparticles as well as several individual Fe3O4 nanoparticles with nano-size were seen on 

the surface of organophilic bentonite. Fe3O4 nanoparticles indicate that MBent-organo is a 

magnetic adsorbent [4]. The SEM image in Figure IV.2 (b) illustrates a single MBent-organo-

A beads with a nearly spherical shape, indicative of successful bead formation. The electron 

microscope (EDS) results represented in the tables inside Figure IV.2 (a and b), indicate that 

the atomic percentage of iron is 9.34 % for MBent-organo and 4.80 % for MBent-organo-A 

beads, This verifies the presence of additional Fe3O4 nanoparticles on the surface of the 

organophilic bentonite and indicates that the bentonite and iron nanoparticles have been 

smoothly incorporated into the bead composition [5]. 

a)                                                                                                        
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b) 

 
 

Figure IV.2. SEM images and EDS curves (a) of MBent-organo and (b) of MBent-organo-A 

beads. 

IV.2.3. Point of zero charge  

The pH at the point of zero charge (pHpzc) for both MBent-organo and MBent-organo-A 

beads was identified, as displayed in Figure IV.3. The pHpzc corresponds to the pH at which 

the material’s surface has no net charge, which is essential for predicting how the material 

will interact with various adsorbates in adsorption processes [6]. In Figure IV.3 (a), the pHpzc 

for MBent-organo is observed at 7.07. At pH levels lower than 7.07, the MBent-organo 

surface becomes positively charged, while it turns negatively charged when the pH exceeds 

this value. The curve showing the difference between the initial pH (pHi) and final pH (pHf) 

crosses the X-axis at this point, confirming the pHpzc. Similarly, for MBent-organo-A beads 

(Figure IV.3 (b)), the pHpzc is slightly higher, at 7.29. Below this pH, the MBent-organo-A 

beads carry a positive charge, while above 7.29, the surface becomes negatively charged. The 

curve again intersects the X-axis, marking the zero-charge point [7]. 
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          a)        b) 

  
 

Figure IV.3. Zero charge pH (pHpzc) point (a) of MBent-organo and (b) of MBent-organo-A 

beads. 

In conclusion, MBent-organo and MBent-organo-A beads exhibit close but distinct pHpzc 

values, with MBent-organo-A beads having a slightly higher pHpzc (7.29) than MBent-

organo (7.07). This suggests that MBent-organo-A beads reach a neutral surface charge at a 

higher pH, which may influence their adsorption capacity under different pH conditions. 

IV.3. Adsorption parameters experimental results 

IV.3.1. pH parameter impact 

a) b) 

  
 

Figure IV.4. Effect of pH (a) of MBent-organo and (b) of MBent-organo-A beads 

(Initial MB dye concentration = 200 mg/L, V = 20 ml, W= 20 mg, T = 25 ◦C 

 and stirring speed = 250rpm). 
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The effect of pH on the adsorption capacity (Qads) for MBent-organo and MBent-organo-

A beads is illustrated in Figure IV.4. The adsorption behavior of both materials is 

significantly influenced by the pH, affecting their capacity to retain the adsorbate. For MBent-

organo (Figure IV.4 (a)), the adsorption capacity remains relatively stable across the pH 

range, with values consistently around 160 mg/g. There is no dramatic change as the pH 

increases, indicating that the adsorption capacity of MBent-organo is not highly pH-

dependent, maintaining efficiency over a wide pH spectrum.  

In contrast, the MBent-organo-A beads (Figure IV.4 (b)) show a more distinct variation in 

adsorption capacity with pH. The adsorption capacity increases sharply up to a peak value of 

approximately 200 mg/g around pH 7, after which it slightly decreases. This behavior 

suggests that MBent-organo-A beads exhibit higher adsorption efficiency around neutral pH, 

with a notable dependency on pH at lower values, followed by stabilization at higher pH 

levels [7,8]. 

IV.3.2. Dosage absorbent parameter impact 

a) b) 

   

 

  
Figure IV.5. Effect of dosage adsorbent (a) of MBent-organo and (b) of MBent-organo-A 

beads (Initial MB dye concentration = 200 mg/L, V = 20 ml, T = 25 ◦C  

and stirring speed = 250rpm). 

 

Figure IV.5 illustrates the relationship between the quantity of adsorbent and both the 

adsorption capacity (Qads) and the percentage removal of methylene blue (R %). The 

fluctuation of these parameters in relation to the adsorbent mass (m) offers valuable insights 

into the efficacy of MBent-organo and MBent-organo-A beads materials. In the case of 
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MBent-organo (Figure IV.5 (a)), there is a marked decline in adsorption capacity with an 

increase in adsorbent dosage, decreasing from 152 mg/g to approximately 27 mg/g at a dosage 

of 110 mg. The observed decline can be explained by the saturation of active sites, at reduced 

dosages, these sites are abundantly accessible, whereas an increase in adsorbent mass leads to 

a decrease in the quantity of dye available for each active site. Simultaneously, the percentage 

of methylene blue removal increases significantly, achieving around 90 % with merely 40 mg 

of adsorbent before leveling off [9].  

In the instance of MBent-organo-A beads (Figure IV.5 (b)), a comparable pattern is noted: 

the adsorption capacity experiences a significant reduction, decreasing from 280 mg/g to 

approximately 28 mg/g as the adsorbent mass increases. Similar to MBent-organo, this 

reduction arises from the saturation of active sites when higher dosages are applied. 

Nonetheless, the percentage of methylene blue removal nearly reaches 95 % at just 40 mg, 

demonstrating remarkable removal efficiency, even though there is a decline in adsorption 

capacity per gram [8].  

In summary, although the adsorption capacity per unit mass decreases with an increase in 

the quantity of adsorbent for both materials. MBent-organo-A beads demonstrate a superior 

initial adsorption capacity relative to MBent-organo, presumably attributable to a higher 

density of active sites or improved interactions with the dye. 

IV.3.3. Temperature parameter impact and thermodynamic adsorption parameters  

   a) b) 

  
 

Figure IV.6. Regression of the thermodynamic parameters on the MB adsorption onto (a) of 

MBent-organo and (b) of MBent-organo-A beads. 
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Figure IV.6 clearly illustrates the thermodynamic behavior of the adsorption process, 

depicting the regression of the thermodynamic parameters for the adsorption of Methylene 

Blue (MB) onto both MBent-organo and MBent-organo-A beads. The analysis confirms that 

the adsorption is exothermic for both materials, as evidenced by the negative enthalpy change 

(ΔH°) values in Tables IV.1 and IV.2. As expected for an exothermic process, adsorption 

capacity decreases with increasing temperature [10]. 

Table IV.1. Thermodynamic properties of MB adsorption on MBent-organo. 

T (K) 𝚫𝐇 ° (kJ/mol) 𝚫𝐒°(J/mol-1K) 𝚫𝐆° (kJ/mol) 

293 

-1.96 12.56 

-5.64 

303 -5.76 

313 -5.89 

 

The spontaneity of the adsorption is confirmed by the negative Gibbs free energy (ΔG°) 

values at all tested temperatures. Additionally, ΔG° values become slightly more negative as 

temperature increases, indicating that the spontaneity of adsorption remains stable [11]. 

The positive entropy change (ΔS°) for both adsorbents suggests an increase in disorder at 

the solid-liquid interface during adsorption [12]. The higher entropy change for MBent-

organo suggests stronger interactions between MB molecules and the adsorbent surface, 

leading to a more thermodynamically favorable adsorption process compared to MBent-

organo-A beads. 

 

Table IV.2. Thermodynamic properties of MB adsorption on MBent-organo-A beads. 

T (K) 𝚫𝐇 ° (kJ/mol) 𝚫𝐒°(J/mol-1K) 𝚫𝐆° (kJ/mol) 

293 

-6.65 3.08 

-7.56 

303 -7.59 

313 -7.62 
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In summary, the thermodynamic analysis confirms that the adsorption of MB onto both 

MBent-organo and MBent-organo-A beads is exothermic and spontaneous [13], with stronger 

adsorption interactions observed in the MBent-organo system. The higher entropy change and 

enthalpic favorability of MBent-organo suggest a more efficient adsorption process compared 

to MBent-organo-A beads [11]. 

IV.3.4. MB initial concentration and contact time parameters influence  

       a)          b) 

  
 

 

  
Figure IV.7. Initial dye concentration and non-linear fitting of pseudo-first-order and pseudo-

second-order model (a) of MBent-organo and (b) of MBent-organo-A beads  

(V = 20 ml, W = 20 mg, T = 25 ◦C and stirring speed = 250rpm). 

Based on the data presented in Figure IV.7 (a) and Figure IV.7 (b), the analysis reveals the 

influence of initial dye concentrations MBent-organo and MBent-organo-A beads. The 

experiments were conducted using initial concentrations of 50, 100, and 150 mg/L, with the 

adsorption processes modeled using both pseudo-first-order and pseudo-second-order kinetics 

[14]. For MBent-organo (Figure IV.7 (a)), it is evident that higher initial dye concentrations 

led to an increase in adsorption capacity. At 50 mg/L, the adsorption capacity Qads stabilized 

around 44 mg/g, whereas at 150 mg/L, the capacity reached approximately 123 mg/g. The 

adsorption process occurred more rapidly at lower concentrations, achieving equilibrium 

within approximately 50 minutes for 50 mg/L. However, at higher concentrations such as 150 

mg/L, equilibrium was reached more gradually, after about 100 minutes. This could be due to 

the slower saturation of active sites at elevated concentrations, which impedes the adsorption 

process over time [15]. 
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Similarly, for MBent-organo-A beads (Figure IV.7 (b)), an increase in the initial dye 

concentration led to a significant rise in adsorption capacity. At 50 mg/L, the adsorption 

capacity reached about 53 mg/g, while at 150 mg/L, the capacity increased to roughly 167 

mg/g. The time required to reach equilibrium was substantially longer for MBent-organo-A 

beads compared to MBent-organo. At 50 mg/L, equilibrium was established after nearly 250 

minutes, while for 150 mg/L, it took about 500 minutes (approximately 8 hours). This 

indicates that higher concentrations not only increase adsorption capacity but also 

significantly prolong the equilibrium time, likely due to slower diffusion of dye molecules 

into the adsorbent's matrix [16]. 

In both cases, the pseudo-second-order model provided a better fit to the experimental 

data, suggesting that chemisorption is the dominant mechanism controlling the adsorption 

kinetics. As initial dye concentrations increase, the number of available adsorption sites 

becomes saturated more quickly, leading to delayed equilibrium times and higher adsorption 

capacities [17]. 

IV.3.5. Kinetic modeling 

Kinetic parameters were derived through non-linear regression analysis and are presented 

in Table IV.3 and Table IV.4. The experimental data for MBent-organo (Table IV.3) 

demonstrates a strong correlation with the pseudo-second-order model, as evidenced by the 

high R² values, which range from 0.995 to 0.999. The adsorption capacity Qads for MB 

increases from 44.81 mg/g to 123.22 mg/g as the initial concentration increases from 50 mg/L 

to 150 mg/L [18]. 

For the MBent-organo-A beads composite (Table IV.4), the pseudo-second-order model 

demonstrates a strong fit, with R2 values ranging from 0.962 to 0.982. The adsorption 

capacity Qads for MB significantly increases from 53.24 mg/g at an initial concentration of 50 

mg/L to 167.47 mg/g at 150 mg/L. The results indicate a higher adsorption capacity at 

increased initial dye concentrations for both MBent-organo and the MBent-organo-A beads 

composite, suggesting a greater availability of active sites during the initial stages of 

adsorption [13]. The high determination coefficient (R2) values, ranging from 0.995 to 0.999 

in Table IV.3, indicate that the pseudo-second-order kinetic model effectively describes the 

adsorption of MB dye on MBent-organo within the examined concentration range. The 

pseudo-first-order model demonstrated R2 values between 0.958 and 0.985, suggesting a less 
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accurate fit to the experimental data. The rate constants k1 and k2 are significantly affected by 

the initial concentrations of MB dye. The k1 values decline from 0.13.10-2 L/min to 0.08.10-2 

L/min for the pseudo-first-order model. In a similar manner, the values of k2 decrease from 

0.003.10-3 g/mg min at 50 mg/L to 0.001.10-3 g/mg min at 150 mg/L. The observed decrease 

in rate constants with increasing initial concentration C0 indicates slower adsorption kinetics 

at elevated concentrations, likely resulting from the saturation of available active sites [19]. 

Table IV.3. Kinetic parameters for MB adsorption onto MBent-organo at 25 ℃. 

C0 

(mg/L) 

qexp 

(mg/g) 

 Pseudo-first-order  Pseudo-second-order 

 Kl ×102 

(L/min) 

qcal 

(mg/g) 

R2  K2 ×103 

(g/mg min) 

qcal 

(mg/g) 

R2 

50 44.81  0.08 43.06 0.985  0.003 46.26 0.995 

100 89.64  0.13 86.18 0.972  0.003 90.59 0.999 

150 123.22  0.09 116.56 0.958  0.001 124.34 0.995 

 

The high determination coefficient (R2) values, ranging from 0.962 to 0.982 as presented in 

Table IV.4, indicate that the pseudo-second-order kinetic model effectively describes the 

adsorption of MB dye on the MBent-organo-A beads composite within the studied 

concentration range. The pseudo-first-order model demonstrated R2 values between 0.962 and 

0.98, suggesting a marginally less accurate fit to the experimental data [20]. The rate 

constants k1 and k2 are significantly affected by the initial concentrations of MB dye. The k1 

values decline from 0.015. 10-3 L/min at 50 mg/L to 0.013. 10-3 L/min at 150 mg/L for the 

pseudo-first-order model. In the case of the pseudo-second-order model, the values of k2 

decrease from 4.27.10-4 g/mg min at 50 mg/L to 1.17.10-4 g/mg min at 150 mg/L. The 

observed decrease in rate constants with increasing initial concentration C0 suggests a slower 

adsorption process at elevated concentrations, likely attributable to the diminished availability 

of active sites as saturation occurs. 
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Table IV.4. Kinetic parameters for MB adsorption onto MBent-organo-A beads composite at 

25 ℃. 

C0 

(mg/L) 

qexp 

(mg/g) 

 Pseudo-first-order  Pseudo-second-order 

 Kl ×103 

(L/min) 

qcal 

(mg/g) 

R2  K2 ×104 

(g/mg min) 

qcal (mg/g) R2 

50 53.24  0.015 52.35 0.98  4.27 55.17 0.982 

100 102.88  0.014 102.18 0.973  2.06 107.86 0.967 

150 167.47  0.013 165.34 0.962  1.17 174.62 0.962 

 

Overall, the pseudo-second-order model provides a better fit to the experimental data for 

both MBent-organo and MBent-organo-A beads composite, with the latter showing higher 

adsorption capacities at the same initial concentrations of MB. This suggests that the 

composite offers superior adsorption efficacy compared to MBent-organo alone [21]. 

The adsorption of Methylene Blue (MB) onto MBent-organo and MBent-organo-A beads 

was investigated using the intra-particle diffusion model, as shown in Figure IV.8. Figure 

IV.8 (a) depicts the adsorption capacity qt as a function of the square root of time t0.5 for 

MBent-organo at various initial MB concentrations, ranging from 50 to 150 mg/L. The 

adsorption capacity increases as the initial concentration increases, with a clear multi-stage 

behavior, indicating that the adsorption process occurs in different phases. The plateau 

observed towards the end suggests that adsorption equilibrium has been reached [22]. 
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         a)          b) 

  
 

 

  
Figure IV.8. plots of the intra-particle diffusion model on the MB adsorption onto (a) 

of MBent-organo and (b) of MBent-organo-A beads (V = 20 ml, W = 20 mg, T = 25 ◦C  

and stirring speed = 250rpm). 

Similarly, Figure IV.8 (b) presents the intra-particle diffusion of MB onto MBent-organo-

A beads at the same concentration range, 50 to 150 mg/L. Just like in MBent-organo, the 

adsorption process follows a multi-stage mechanism. However, MBent-organo-A beads show 

a significantly higher adsorption capacity compared to MBent-organo, suggesting enhanced 

adsorption efficiency. This demonstrates that MBent-organo-A beads have a higher affinity 

for MB molecules, leading to better adsorption at equilibrium. The plots in Figure IV.8 (both 

a and b) reveal a non-linear trend throughout the adsorption process, which can be broken 

down into two distinct phases. This can be attributed to changes in mass transfer rates during 

adsorption. The first phase shows rapid adsorption, which is likely due to the abundance of 

available active sites, followed by a slower second phase, influenced by the diffusion of the 

adsorbate within the pores of the adsorbent.  

Table IV.5 presents the intra-particle diffusion parameters for MB adsorption onto MBent-

organo. The data indicates that the values of kid1 are consistently higher than those of kid2 

(Step 2), and both values increase as the initial concentration of MB increases. This initial 

high adsorption rate is due to the availability of active sites in the early stages of the process. 

For example, at 150 mg/L, kid1 is 19.41, while kid2 is much lower at 1.352, emphasizing the 

rapid early adsorption. 
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Table IV.5. Intraparticle diffusion parameters for MB adsorption onto MBent-organo. 

 

C0 (mg/L)  Intraparticle diffusion model 

Parameters  Step 1  Step 2 

 kid1               Ci1 R2  kid2 Ci2 R2 

50  7.63 0.118 0.991  0.543 35.88 0.629 

100  18.36 2.742 0.966  0.877 75.43 0.696 

150  19.41 7.22 0.94  1.352 100.8 0.776 

 

Similarly, Table IV.6 shows the parameters for MB adsorption onto MBent-organo-A 

beads. The same trend is observed, with kid1 values being higher than kid2, and both increasing 

with higher initial concentrations. For instance, at 150 mg/L, kid1 is 11.50, and kid2 is 0.302. 

This highlights the enhanced structural properties of MBent-organo-A beads, which result in 

greater adsorption efficiency, particularly at higher concentrations. 

 

Table IV.6. Intraparticle diffusion parameters for MB adsorption onto MBent-organo-A 

beads. 

C0 (mg/L)    Intraparticle diffusion model 

Parameters   Step 1   Step 2 

 kid1 Ci1 R2  kid2 Ci2 R2 

50  3.75 0.379 0.971  0.077 49.84 0.925 

100  7.38 1.016 0.962  0.125 98.24 0.958 

150  11.50 1.52 0.949  0.302 156.62 0.798 

 

In both cases, the first stage of rapid adsorption is linked to external surface adsorption, 

while the second stage represents intraparticle diffusion. The results confirm that MBent-

organo-A beads have superior MB removal efficiency, attributed to improved diffusion 

properties and higher adsorption capacity at equilibrium [23]. 
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IV.3.6. Isotherm modeling 

    a)      b) 

  
                                                         

                                                        c) 

 

 

Figure IV.9. Adsorption isotherms for MB adsorption onto MBent-organo at 20, 30, 40 ℃  

(V = 20 ml, W = 20 mg and stirring speed = 250rpm). 

The adsorption isotherms shown in Figure IV.9 present the behavior of MB adsorption 

onto the MBent-organo composite at temperatures of 20 °C, 30 °C, and 40 °C. The 

experimental points are plotted alongside the Langmuir and Freundlich models to provide a 

comparative analysis of how well each model fits the data at different temperatures. 

The Langmuir isotherm, which assumes a single layer of adsorption on a uniform surface, 

fits well with the data across all temperatures, as seen in the high R² values of 0.974, 0.984, 

and 0.978 for 20, 30, and 40 °C, respectively (Table IV.7). The maximum adsorption capacity 
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qm decreases with increasing temperature, starting from 293.64 mg/g at 20 °C and dropping to 

237.05 mg/g at 40 °C. This decline suggests that the adsorption capacity decreases at higher 

temperatures, which is often characteristic of exothermic adsorption processes. The Langmuir 

constant KL shows some variability, with values of 0.049 L/mg at 20 °C, 0.031 L/mg at 30 °C, 

and 0.038 L/mg at 40 °C. Despite this variability, the RL values confirm that the adsorption is 

favorable at all temperatures. The Freundlich model, which describes adsorption on 

heterogeneous surfaces with the possibility of multilayer adsorption, shows a lower degree of 

fit compared to the Langmuir model, with R² values of 0.904, 0.863, and 0.832 for 20, 30, and 

40 °C, respectively. The Freundlich constant KF decreases with increasing temperature, from 

82.68 mg/g at 20 °C to 63.86 mg/g at 40 °C, indicating that the adsorption capacity declines at 

higher temperatures. The 1/n values remain below 1 across all temperatures, suggesting 

favorable adsorption conditions, though the Freundlich model does not describe the process as 

accurately as the Langmuir model. 

Table IV.7. Isotherms parameters for MB adsorption onto MBent-organo at 20, 30, 40 °C. 

 

Models Parameters 20 °C 30 °C 40 °C 

Langmuir qm (mg/g) 293.64 260.45 237.05 

KL(L/mg) 0.049 0.031 0.038 

R2 0.974 0.984 0.978 

RL (Min-Max) 0.267-0.013 0.362-0.021 0.329-0.017 

Freundlich Kf ((mg/g) (L/ g)1/n) 82.68 64.29 63.86 

1/n 0.19 0.205 0.192 

R2 0.904 0.863 0.832 

Statistic 

physics 

 

n 0.702 0.965 1.212 

Dm (mg/g) 451.905 271.877 190.424 

Nsat (mg/g) 317.237 262.361  230.791 

C½ (mg/L) 25.9256 33.0019 24.3286 

R2 0.991 0.984 0.982 

 

In summary, the Langmuir isotherm provides a better fit for the data, indicating monolayer 

adsorption on a relatively uniform surface. The decrease in adsorption capacity with 
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increasing temperature suggests an exothermic adsorption process, and although the 

Freundlich model captures some aspects of the adsorption behavior, it is less effective in 

describing the overall process [24]. 

   a)   b) 

  
                                                            c) 

 

 

Figure IV.10. Adsorption isotherms for MB adsorption onto MBent-organo-A beads 

composite at 15, 25, 30, and 40 ℃ (V = 20 ml, W = 20 mg and stirring speed = 250rpm). 

The adsorption isotherms for MB on MBent-organo-A beads composite at temperatures of 

20 °C, 30 °C, and 40 °C (Figure IV.10) provide insights into the behavior of the adsorbent at 

various temperatures. The Langmuir and Freundlich models were employed to analyze the 

experimental data, which describe different aspects of adsorption. The Langmuir isotherm 

model, which assumes monolayer adsorption on a homogenous surface, fits well across all 

temperatures, as evidenced by the high R² values of 0.991 at 20 °C and 40 °C (Table IV.8), 

and 0.986 at 30 °C. This model reflects a gradual decrease in the maximum adsorption 
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capacity qm from 1019.36 mg/g at 20 °C to 711.86 mg/g at 40 °C, indicating that higher 

temperatures reduce the adsorption capacity. The Langmuir constant KL which indicates the 

affinity between the adsorbate and the adsorbent, shows a slight increase with temperature, 

varying from 0.0165 L/mg at 20 °C to 0.0199 L/mg at 40 °C. The RL separation factor 

remains within a favorable range, suggesting that the adsorption process is favorable under all 

tested conditions. On the other hand, the Freundlich model, which accounts for multilayer 

adsorption on heterogeneous surfaces, does not fit as well, as reflected by the lower R² values 

compared to the Langmuir model. The Freundlich constant Kf decreases from 109.96 mg/g at 

20 °C to 82.11 mg/g at 40 °C, indicating a reduction in adsorption capacity with increasing 

temperature. The 1/n values, which remain below 1 across the temperatures (ranging from 

0.34 to 0.33), suggest that the adsorption process is favorable, though not as strongly 

represented as in the Langmuir model [6]. 

Table IV.8. Isotherms parameters for MB adsorption onto MBent-organo-A beads at 20, 30 

and 40 °C. 

Models Parameters 20 °C 30 °C 40 °C 

Langmuir qm (mg/g) 1019.36 900.38 711.86 

KL(L/mg) 0.0165 0.0179 0.0199 

R2 0.991 0.986 0.991 

RL (Min-Max) 0.52-0.033 0.496-0.032 0.484-0.032 

Freundlich Kf ((mg/g) (L/ g)1/n) 109.96 99.31 82.11 

1/n 0.34 0.34 0.33 

R2 0.968 0.951 0.942 

Statistic 

physics 

 

n 0.758 0.800 1.119 

Dm (mg/g) 1555.25 1258.57 613.44 

Nsat (mg/g) 1178.879 1006.856 686.439 

C½ (mg/L) 93.42 79.82 44.17 

R2 0.997 0.990 0.992 

Overall, the Langmuir model better describes the adsorption behavior of MB on MBent-

organo-A beads at the temperatures studied, particularly at lower temperatures, where the 

adsorption capacity is highest. 
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IV.3.7. Statistical physics model 

The analysis of adsorption isotherms for methylene blue (MB) on MBent-organo and 

MBent-organo-A beads using a statistical physics model reveals distinct trends in adsorption 

behavior across varying temperatures. 

For MBent-organo, the parameters indicate a notable decrease in maximum adsorption 

density Dm as the temperature rises: from 451.91 mg/g at 20 °C to 271.88 mg/g at 30 °C, and 

further to 190.42 mg/g at 40 °C. This trend suggests that higher temperatures lead to reduced 

capacity for MB adsorption. Concurrently, the saturation number Nsat also decreases from 

317.24 mg/g at 20 °C to 230.79 mg/g at 40 °C, reinforcing the notion of diminished 

adsorption potential with increasing temperature. The C½ value, reflecting the concentration 

needed to occupy half of the adsorption sites, fluctuates, starting at 25.93 mg/L at 20°C, rising 

to 33.00 mg/L at 30 °C, and then dropping to 24.33 mg/L at 40 °C. This pattern indicates 

varying requirements for concentration at different temperatures. The model fit remains 

strong, with R² values ranging from 0.982 to 0.991, showcasing good correlation with 

experimental data (Table IV.7). 

In contrast, the adsorption characteristics for MBent-organo-A beads present a different 

scenario. The maximum adsorption density Dm is significantly higher, starting at 1555.25 

mg/g at 20 °C, decreasing to 1258.57 mg/g at 30 °C, and further dropping to 613.44 mg/g at 

40 °C. This indicates that MBent-organo-A beads have a much greater initial capacity for MB 

adsorption compared to MBent-organo. The saturation number Nsat also reflects this trend, 

starting at 1178.88 mg/g at 20 °C and decreasing to 686.44 mg/g at 40 °C, illustrating a 

substantial decline in adsorption capacity at elevated temperatures. The C½ values indicate 

that significantly higher concentrations are needed to occupy half of the adsorption sites, 

beginning at 93.42 mg/L at 20 °C, dropping to 79.82 mg/L at 30 °C, and further to 44.17 

mg/L at 40°C. These shifts in C½ values suggest enhanced accessibility at lower 

concentrations at higher temperatures. The robustness of the model is confirmed by high R² 

values ranging from 0.990 to 0.997, indicating a very strong alignment with experimental 

findings (Table IV.8) [4]. 

In summary, the comparative analysis of MB adsorption on MBent-organo and MBent-

organo-A beads illustrates the complex interplay between temperature and adsorption 

capacity, highlighting the superior initial adsorption potential of MBent-organo-A beads 
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while also emphasizing the decline in capacity with rising temperatures. This information is 

vital for optimizing adsorption processes in practical applications. 

IV.3.8. Regeneration study 

The regeneration and reuse of adsorbents are essential aspects of adsorption processes, 

offering both economic benefits and reducing environmental impact in various applications. 

As adsorbents gradually become saturated with adsorbates, their capacity to adsorb 

diminishes. Regeneration, which involves removing the adsorbed substances from the 

adsorbent's surface, helps restore its efficiency and prolong its usability. Several techniques 

are employed to achieve this. 

Figure IV.11 presents promising findings, showing the successful regeneration of MBent-

organo-A beads composite after adsorbing Methylene Blue (MB) dye. Across five 

regeneration cycles, the adsorption efficiency drops only slightly, from about 98 % in the first 

cycle to roughly 90 % in the fifth. This minimal decrease underscores the material's strong 

potential for reuse and cost-effectiveness. The adsorption process was carried out under 

consistent conditions: an initial MB concentration of 100 mg/L, temperature of 25 °C, 50 mL 

solution volume, 50 mg of adsorbent, and a stirring speed of 250 rpm. These results 

emphasize the durability of MBent-organo-A beads for multiple cycles of MB dye removal 

[25]. 

 

Figure IV.11. Regeneration of MBent-organo-A beads composite after adsorption of MB 

(initial MB dye concentration = 100 mg/L, T = 25 ℃, V = 50 mL, W = 50 mg and stirring 

speed = 250 rpm).  
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IV.4. Comparative analysis of our adsorbents versus adsorbents employed 

in previous studies 

The efficiency of our adsorbents, MBent, MBent-A, MBent-organo, and MBent-organo-A, 

obtained in this work for the adsorption of methylene blue, was compared to that of other 

adsorbents reported in the literature (Table IV.9). The initial pollutant concentration C₀, 

adsorbent dosage, point of zero charge (pHpzc), pH, and maximum adsorption capacity were 

used as comparison parameters. These parameters, in relation to other adsorbents, 

demonstrate that they are effective adsorbents and can be considered promising candidates for 

wastewater treatment. 

Table IV.9. Comparison of maximum monolayer adsorption capacity on various adsorbents. 

Adsorbents C0 

(mg/L) 

Dose 

(g/L) 

pHpzc pH Qmax 

(mg/g) 

References 

Magnetic organo-bentonite - 1 - 7 98.15 [26] 

Magnetic nanoparticles CS-Glu-MCM 1400 1 - 7 185.10 [27] 

Alginate - 1 6.4 6.6 483.60 [28] 

Coffee-alginate residue composites 5000 2 7.6 11 667.80 [29] 

Activated bentonite composite organophilic-

alginate 

2000 0.4 4.2 7 769 [30] 

Magnetic modification of coffee husk 

hydrochar 

- 1.2 7.3 10 77.91 [31] 

Magnetic alginate beads 300 1 - 11 106.38 [32] 

Magnetic bentonite 500 1 8.41 6.4 190.06 This study 

Magnetic bentonite/alginate beads 1500 1 7.7 6.4 774.32 This study 

Magnetic-organo bentonite 500 1 7.07 6.4 293.64 This study 

Magnetic bentonite-organo /alginate beads 1500 1 7.29 6.4 1019.36 This study 
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IV.5. Conclusion 

 
This chapter investigates the adsorption of methylene blue (MB) onto magnetic 

organophilic bentonite (MBent-organo) and magnetic organophilic bentonite beads (MBent 

organo-A) in a batch system. The first section focuses on material characterization using 

techniques such as FTIR spectroscopy, SEM/EDS, and determining isoelectric points (pHpzc) 

to assess their textural and physicochemical properties.  

In the second section, the study of adsorption parameters (pH, dosage, temperature) 

confirms that adsorption on both MBent-organo and MBent-organo-A is exothermic and 

thermodynamically favorable at lower temperatures. Both materials exhibit adsorption 

kinetics that align with the pseudo-second-order model, suggesting a rapid adsorption process. 

The Langmuir isotherm analysis confirms the formation of a uniform monolayer on the 

adsorbent surface. Higher initial MB concentrations enhance adsorption capacity, though 

equilibrium is gradually achieved, especially with MBent-organo-A. Nonetheless, MBent-

organo-A demonstrates superior adsorption performance compared to MBent-organo. 

Moreover, the beads are durable, retaining a good adsorption capacity even after five 

regeneration cycles. 
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General conclusion 

 

The aim of this thesis was to create innovative biomaterials that effectively and efficiently 

remove organic contaminants from wastewater. The focus is on synthesizing magnetic 

bentonite, magnetic bentonite beads, organophilic magnetic bentonite, and organophilic 

magnetic bentonite beads designed for the elimination of a cationic dye (Methylene Blue), while 

also formulating a synthesis protocol for various composite materials. 

In accordance with the principles of green chemistry and sustainable development, the bead 

matrix is composed of the natural polymer alginate, combined with magnetic bentonite 

nanoparticles and magnetic organophilic bentonite particles. Alginate is a polysaccharide 

derived from brown algae, while bentonite originates from natural deposits formed through the 

chemical weathering of volcanic ash. Primarily composed of montmorillonite clay minerals, 

bentonite is abundant in various natural deposits. The choice of these renewable and low-cost 

resources enables the development of a product with a positive environmental impact, 

contributing to pollution reduction. 

Magnetic bentonite and organophilic magnetic bentonite beads are widely used for the 

adsorption of organic and inorganic pollutants. The magnetization of bentonite facilitates its 

recovery through magnetic separation, while the organophilic modification enhances its affinity 

for organic contaminants, thereby improving adsorption efficiency. Encapsulating these 

materials helps overcome challenges related to their dispersion in wastewater, ensuring better 

recovery and minimizing secondary waste generation. 

The composite beads underwent extensive characterization to assess their physical and 

structural properties. The wet beads were found to be uniformly spherical, with low 

polydispersity and an average diameter of approximately 3 mm. This uniformity is crucial for 

ensuring reliable adsorption performance. Upon drying, the beads shrink, a factor that must be 

considered for practical applications. 

The adsorption properties of the composite beads were evaluated by constructing adsorption 

isotherms for methylene blue, a cationic dye used as a model organic pollutant. By comparing 

these isotherms with those obtained for non-encapsulated bioadsorbents, potential adsorption 

mechanisms were proposed. The cationic dye exhibited higher adsorption on the composite 
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beads due to its interaction not only with the bioadsorbents but also through ionic exchange 

with counter-ions from the carboxylate sites in the alginate-based beads. This mechanism was 

further validated by examining the influence of pH on the adsorption process. At acidic pH 

levels, ionic exchange became less significant due to the protonation of carboxylate sites, 

emphasizing the role of pH in adsorption. Overall, the Langmuir model provided a suitable fit 

for the experimental data. 

We also examined the adsorption kinetics of methylene blue on the four types of adsorbents 

at different initial dye concentrations. The equilibrium time varied depending on the adsorbent 

type. Non-encapsulated adsorbents exhibited rapid dye adsorption, reaching equilibrium in 

approximately 1 hour, whereas the composite beads required around 8 hours. In all cases, the 

adsorption kinetics were primarily described by a pseudo-second-order model. 

The results obtained on the adsorption of organic pollutants using our alginate-based 

bioadsorbent beads are highly promising. We have developed innovative materials with a high 

adsorption capacity for efficient pollutant removal, while also enabling easy magnetic 

separation and regeneration at the end of the process. This dual functionality helps reduce both 

adsorption costs and waste production. 

Moreover, employing biopolymers derived from renewable resources and biomass materials is 

expected to significantly lower production costs, enhancing the attractiveness of this process. 

By adopting a biobased adsorption approach, we can address various environmental challenges 

while ensuring: 

 The absence of organic solvents, which contrasts with liquid-liquid extraction methods. 

 The avoidance of toxic or hazardous reagents, unlike methods involving precipitation 

or oxidation. These benefits establish our biobeads as a sustainable solution for pollutant 

removal across different applications. 

 Minimal secondary waste generation: The only waste produced consists of the 

pollutants themselves, which are concentrated within the biobeads, making 

transportation and recovery through desorption straightforward and enabling bead 

regeneration. 

 Safe handling: Active species (nanomaterials) are encapsulated in a non-toxic biomass-

derived matrix, ensuring safe manipulation and the utilization of natural resources. 
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Furthermore, it is vital to ensure that any modifications to the bead formulation align with 

eco-design principles followed during the materials’ development. For a successful pollution 

treatment system, regenerating used materials is essential. Developing an efficient and non-

destructive regeneration process to desorb or eliminate pollutants will enable the reuse of the 

same beads across multiple cycles. Our studies indicate that acidification can assist in desorbing 

pollutants associated with carboxylate functions. However, some pollutants remain strongly 

bound to the biomaterials' surface, suggesting that the adsorption mechanism may not be pH-

sensitive in those cases. Therefore, simple acidification may not suffice for the complete 

recycling of the beads. 

As part of this research, a combined experimental and theoretical approach was employed 

to gain deeper insight into the adsorption mechanisms of MBent-A beads. DFT calculations, 

along with FMO, RDG, and QTAIM analyses, revealed that Van der Waals forces and hydrogen 

bonding play a dominant role in the interaction between methylene blue and the bead surfaces. 

These non-covalent interactions ensure stable and efficient adsorption, thereby enhancing the 

material's performance. The integration of theoretical and experimental findings helps optimize 

adsorbent design and paves the way for the development of more efficient materials for 

wastewater treatment. 

Additional studies on the treatment of natural water containing various micropollutants or 

pollutants could be considered in a continuous system to optimize results and advance toward 

industrial-scale processes. Expanding the adsorption capacity of the beads to include other types 

of pollutants, such as antibiotics and endocrine disruptors, would be relevant to assess the 

applicability of this adsorbent to a broader range of contaminants. 



 

 

 

 

ABSTRACT 



Résumé: L’objectif de cette étude est d’analyser l’élimination du bleu de méthylène par 

adsorption en mode discontinu, en utilisant des adsorbants magnétiques à base de bentonite et 

leur encapsulation dans de l’alginate. Ces matériaux ont fait l'objet de plusieurs caractérisations, 

notamment MEB/EDX, FTIR, DRX et pHpzc. Nous avons également examiné l’influence de 

divers paramètres sur le processus d’adsorption, tels que le pH, la masse de l’adsorbant et la 

température. L’étude inclut aussi l’analyse des isothermes et de la cinétique d’adsorption, qui 

ont été traitées à l’aide de modèles mathématiques. Les résultats indiquent que la cinétique 

d’adsorption suit un modèle de pseudo-second ordre, tandis que les isothermes sont bien 

ajustées par le modèle de Langmuir, suggérant une adsorption en monocouche. De plus, les 

billes démontrent une bonne durabilité, avec une efficacité d’élimination dépassant 90 % après 

cinq cycles de régénération. Des investigations théoriques approfondies utilisant la DFT, les 

FMO, le RDG et l’analyse QTAIM ont identifié les forces de van der Waals et les liaisons 

hydrogène comme les principales interactions régissant l’adsorption. En conclusion, les 

matériaux développés, en particulier les composites, se révèlent être des adsorbants très 

efficaces pour éliminer divers polluants et sont respectueux de l’environnement. 

 

Mots clés : Adsorption, Bentonite, adsorbant magnétique, Bleu de Méthylène, Modélisation  

                   moléculaire. 
 

Abstract: This study aims to analyze the removal of methylene blue via batch adsorption using 

magnetic bentonite-based adsorbents and their encapsulation in alginate. These materials un-

derwent various characterizations, including SEM/EDS, IRTIF, XRD, and pHpzc analysis. The 

influence of different parameters on the adsorption process, such as pH, adsorbent dosage, and 

temperature, was also examined. The study includes an analysis of adsorption isotherms and 

kinetics, modeled using mathematical approaches. The results indicate that adsorption kinetics 

follow a pseudo-second-order model, while the isotherms fit well with the Langmuir model, 

suggesting monolayer adsorption. Additionally, the beads exhibit good durability, maintaining 

a removal efficiency exceeding 90 % after five regeneration cycles. In-depth theoretical inves-

tigations using DFT, FMO, RDG, and QTAIM analyses identified van der Waals forces and 

hydrogen bonding as the primary interactions governing adsorption. In conclusion, the devel-

oped materials, particularly the composites, prove to be highly effective and environmentally 

friendly adsorbents for the removal of various pollutants. 

 

Keywords: Adsorption, Bentonite, Magnetic adsorbent, Methylene Blue, Molecular modeling. 
 

دراسة إلى تحليل إزالة أزرق الميثيلين عن طريق الامتزاز في نظام دفعي، باستخدام مواد ممتزة تهدف هذه ال الملخص:

مغناطيسية قائمة على البنتونيت وتغليفها في الألجينات. خضعت هذه المواد لعدة تقنيات توصيف، بما في ذلك المجهر 

( ، مطيافية الأشعة تحت الحمراء SEM/EDSطاقة )الإلكتروني الماسح مع التحليل الطيفي بالأشعة السينية المشتتة لل

(IRTIF( حيود الأشعة السينية ،)XRD( وتحديد نقطة الشحن الصفري ، )pHpzc كما تم دراسة تأثير عدة عوامل على .)

 عملية الامتزاز، مثل درجة الحموضة، وكمية المادة الممتزة، ودرجة الحرارة. بالإضافة إلى ذلك، تم تحليل المتساويات

الامتزازية والحركية باستخدام نماذج رياضية. أظهرت النتائج أن حركية الامتزاز تتبع نموذج الرتبة الثانية الكاذبة، في حين 

أن المتساويات الامتزازية تتناسب جيداً مع نموذج لانغموير، مما يشير إلى امتزاز أحادي الطبقة. علاوة على ذلك، أظهرت 

٪ بعد خمسة دورات من التجديد. حددت التحقيقات النظرية المتعمقة  90فاءة إزالة تتجاوز الكريات استدامة جيدة، مع ك

أن قوى فان دير فالس وروابط الهيدروجين هي التفاعلات الأساسية  QTAIMوتحليل  RDGو  FMOو  DFTباستخدام 

ا، أنها مواد ممتزة فعالة وصديقة للبيئة التي تحكم عملية الامتزاز. في الختام، أثبتت المواد المطورة، وخاصة المركبة منه

 لإزالة مختلف الملوثات.
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