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CNT               Carbon’s nanotubes 

C0                   Initial concentration 

Ce                   Equilibrium concentration 
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ES                  Emeraldine salt 
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OG                 Orange-G dye 
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𝛥𝐻                  Enthalpy change 

𝛥𝑆                   Entropy change 
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Objective: 

The objective of this thesis is to develop a new hybrid material from low cost, 

largely and easily available material and investigate its application as an adsorbent 

for the elimination of dye from aqueous solution. 
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GENERAL INTRODUCTION 

Dyes are utilized as coloring products in several industries including textile, ink, leather, 

ceramics, cosmetics, paper, plastic, printing, food and pharmaceuticals [1].These industries use 

large quantity of water and discharge there effluents in different aquatic sources. These effluents 

contain many harmful chemicals that pose serious problems to human beings and aquatic lives 

[2]. The biodegradation of dyes poses serious water pollution. According to an estimation, 

approximately 4.0x104 to 5.0x104 tons of dyes and colors enter the aquatic resources annually. 

Improper and incomplete treatment of the industrial effluents represent the main reason of water 

pollution.  Approximately 10-15% of color effluents discharged by dye production industries 

present a major concern as these effluents not only degrade the aesthetic value of the water 

bodies but also disturb the penetration of light into the water, thereby leading to disturbances in 

the aquatic lives [3]. The decolorization of dyes are difficult due to their complex structure as 

most of the dyes contain aromatic rings.  

The elimination of dyes from wastewater is of concern to researchers. Some of the dyes 

present a high toxicity and these lead to fatal diseases like severe headache, nausea, allergic 

reaction in eyes and some water borne diseases.  In dyeing industry a number of dyes are utilized 

include vat dyes, napthol dyes, sulphur dyes, indigo dyes …etc.  

A conventional treatment of dye effluents is not very effective due to dyes 

biodegradability. Dyes are usually treated by physical or chemical processes. Divers techniques 

are available in the literature for color elimination: photocatalysis, biological oxidation, 

chemical oxidation, degradationaerobic, nanofiltration separation, ozonation, physical 

adsorption, flocculation-coagulation, fluid extraction, and solid phase extraction.Which are 

generally used in the industrial effluents treatment. Among these techniques, adsorption has 

advantages because of inexpensive, simple design, more proficient and the simplicity of the 

application process [5]. 

Activated carbons are well known as adsorbent with high specific surface but their high 

cost limits its large scale application in developing countries.  Therefore, there is a large need 

for low cost and easily available adsorbents for dyeing industrial wastewater treatment. Several 

types of biomasses have been investigated for the treatment of dye effluents. Many adsorbents 

such as lignocellulosic materials, industrial wastes, natural clay and polymers have been used 

as alternatives to activated carbon [6].  
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Conductive polymers as polyaniline (PANI) are more important in wide regions. 

Because of the reasonably good conductivity, redox active, excellent environmental stability, 

ease of synthesis, highly electroactivity, excellent biocompatibility and low cost [7]. In removal 

process, PANI is predominately utilized as adsorbent support for poisonous pollutants [8]. By 

contrary, PANI does not melt or even does not dissolve in most of the common organic solvents. 

Hence, the developing PANI-based composite is an important way for its wide applications. 

Besides, now PANI is applied as a hybrid material with other composite to test its potency [9]. 

Among these nanomaterials we find: PANI@SiO2, PANI@Al2O3, PANI@TiO2, PANI@ZnO , 

PANI@SiC, PANI@V2O5, PANI@MoS2, Fe3O4@Polyaniline/Itaconic Acid and 

PANI@Graphene Oxide [10]. 

In past few years, many investigators have tried to develop a carbon modified -surface 

for removal of varied pollutants using less expensive precursors, which were primarily 

industrial and agricultural by-products, such as plant leaves, tree leaves, tea leaves, camphor 

leaves, Date palm leaves, bamboo leaves, rosemary leaves, olive leaves and Opuntia Ficus 

Indica (OFI) cladodes. Moreover, OFI cladodes are not consumable. Although a large 

percentage of the consumables biomaterial is discarded. Moreover, the use of this organic 

product could be a promising alternative due to its relative plenty, efficacy, low cost and 

ecofriendly nature [11]. Lately, several investigations evaluated the potential of OFI powder for 

pollutants removal from aqueous solutions [12]. Choudhary et al. estimated the efficacy in 

heavy metals (Cu+2 and Ni+2) and malachite green dye elimination from aqueous solutions; 

Furthermore, their research on oil sands process-affected water. Cid et al. used OFI fruit wastes 

as adsorbent for textile dyes [13]. 

The literature survey showed only few reports on the synthesis of hybrid composite 

using PANI with OFI materials. In this follow-up investigation, we report simple and low-cost 

synthesis of a novel PANI@OFI-A adsorbent, which involves the application of NaOH- 

activated OFI-A, followed by in situ polymerization method of aniline. For this purpose, a 

PANI@OFI-A material was synthesis and used for the removal of Orange G dye from aqueous 

medium. FT-IR, XRD, SEM, TGA and Brunauer-Emmett-Teller (BET) were used to analyze 

both the morphology and structure of the composite adsorbent. Adsorption isotherms, kinetic 

equilibrium, pH effect and thermodynamic tests were investigated to characterize the new 

developed adsorbent (PANI@OFI-A). Farther more the application of OFI-A and PANI 

adsorbents for the removal of Orange G has been also investigated in this study.  
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Our work presented in this manuscript is divided into five chapters: 

The first chapter presents a bibliographical study on the different and main sources of 

pollution, their origins, the effects of pollutants on the environment and detail on some 

pollutants such as dyes and pesticides. This chapter also includes general information on hybrid 

materials, conductive polymers as well as materials used for the synthesis of our hybrid 

adsorbent. Finally, this chapter gives general information about adsorption. 

The second chapter is devoted to highlight the description of the basic materials as well 

as the presentation of the different experimental protocols and characterization methods used. 

The experimental part is divided into three chapters, which are the third, fourth and 

fifth chapters: 

 The third chapter studies the removal of orang G dye using Opuntia ficus indica 

activated by NaOH (OFI-A) as adsorbent, the fourth chapter examines the elimination of OG 

dye by adsorption onto polyaniline and the fifth chapter studies the adsorption of OG onto 

hybrid material, which is synthesis by polymerization of aniline on the OFI-A.  
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I.1 GENERAL INFORMATION ABOUT POLLUTION: 

I.1.1 Definition: 

Pollution is an unfavorable modification of the natural environment that appears in its entirety 

or in part, through direct or indirect effects altering the criteria for the distribution of flows energy, 

radiation levels, physico-chemical makeup of the natural environment and the abundance of living 

species. For example, water pollution is an alteration of its quality and its nature, which makes its use 

dangerous and disrupts the aquatic ecosystem. It can concern both surface water and groundwater [1]. 

I.1.2 Sources of water pollution 

Water in nature and a fortiori that which is used for industrial uses and domestic products is 

never pure, due to the impurities it can contain in the three states: solid, liquid or gaseous and which 

can be characterized by the size they take in aqueous media. 

a. Urban source 

The origin of urban wastewater is mainly domestic where populations generate three quarters of 

wastewater. These effluents are a mixture of water containing excreta human such as toilet and 

cleaning water (gray water). Waste water urban areas may also contain industrial wastewater, but 

normally, these must have undergone a pre-treatment to achieve comparable characteristics to those 

of domestic wastewater to allow joint treatment [2]. 

b. Industrial source 

It constitutes the liquid waste obtained during the extraction and processing of raw materials into 

industrial products. Wastewater mainly comes from the water consumed in many wet manufacturing 

operations, such as example: precipitation, washing, cleaning of devices, workshops, filtrations, 

distillations …etc [3]. Industrial effluents can generate organic pollution from food industries, paper 

mills, textile factories, or minerals from metallurgical industries [4]. 

c. Agricultural source 

Pollution of agricultural origin comes mainly from fertilizers and pesticides spread in the soil over 

very large areas near watercourses [5]. This type of pollution has intensified since agriculture entered 

a fairly advanced stage of industrialization. The concentration of farms leads to a surplus of animal 

waste, which ends up enriching rivers and groundwater in nitrogen derivatives, thus encouraging a 
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source of bacteriological pollution. The massive use of chemical fertilizers (nitrates and phosphates) 

also alter the quality of the groundwater to which they are drawn [6]. 

d. Microbiological source 

The microbiological quality of the water can also be the cause of problems, whether they are acute or 

chronic. Accidents can occur during poor disinfection of pipes, giving water of poor microbiological 

quality, which can be a risk of several pathologies, especially digestive [7]. 

e. Pollution by dyes 

Dyes occupy an important place in synthetic organic compounds. They are used in large quantities in 

industries: textile, ink, plastic, paper, cosmetics, tannery, and are therefore common industrial 

pollutants. Their releases into aquatic systems cause damage to the environment due to their toxicity, 

which imposes their treatment. But the complexity of these pollutants is that their color affects 

enormously the effectiveness of conventionally applied treatments. 

The textile industry is a large consumer of water for the dyeing phases off fabrics. The rinsing waters 

are loaded with dyes. These dye effluents are highly stable and recalcitrant to biodegradation [8]. A 

number of dyes are recognized dangerous for public health such as Nylosan Red and Supranol Yellow. 

The removal of color is a critical issue for the environment. These dyes are difficult to degrade 

because of their complex structures and xenobiotic properties. The presence of dyes in water, even at 

low concentrations, is very noticeable and undesirable. It reduces the penetration of light, which gives 

derogatory effects on photosynthesis [9]. 

f. Pesticide pollution 

  There is no doubt about the value of the use of pesticides in agricultural areas and sanitary. With six 

billion and a few hundred million in habitants currently in the world, the recourse to a truly “clean” 

agriculture for to feed everyone would be a utopia. The use of pesticides is therefore a necessary evil 

we cannot rid it. The capital stake would therefore be to use them with an environmental impact 

reduced to a minimum [10]. 

The use of pesticides around the world has seen a marked evolution, without we might as well take 

into account, as appropriate, their impacts on health and the environment. Some of these products are 

characterized by their very wide toxicity spectra, their bioaccumulation and their persistence in 

different natural media and chains food [11]. 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDIES                                
                     

       
    7 
 

Indeed, several studies have shown the existence of pesticides in their initial form or in the form of 

residues in different environmental compartments (surface water, groundwater, soil …etc.) as well as 

in agricultural products. It goes hand in hand that the contamination of the environment by pesticides 

exposes everyone to variables levels of these products that can have negative impacts on the health 

and well-being of populations [12]. Since the 1940s, the first pesticides have appeared on the market, 

with very positive results in terms of increasing agricultural yields allowing the effective control of 

microorganisms harmful to crops. Twenty years later, the first accusations of harm to health and the 

environment were heard. About that, the United Nations report published in 2004 by the United 

Nations for food (FAO), the United Nations Development Program (UNDP) and by the World Health 

Organization (WHO) reports that the number of poisonings by pesticides are estimated at 1 to 5 

million cases each year. In addition, there are approximately 220,000 deaths from pesticides per year 

worldwide [13]. If developing countries only use 25% of the pesticides produced in the world, 99% 

of poisonings due to these phytosanitary products have been produced in these countries and 

particularly in rural areas, most often due to improper handling of products (dosage, storage). 

 

I.2 GENERAL INFORMATION ABOUT DYES 

I.2.1 Introduction 

The water available to humans, and also to the rest of the ecosystem, is less of 1% of the total 

volume of freshwater on earth. The quality of the part available and potentially usable by humans 

(0.1%) has continued to degrade and sometimes irreversibly [14].The generating capacity is exceeded 

because of our toxic liquid, solid or gaseous discharges more and more important. So clean water is 

becoming scarce in many parts of the world such as North Africa, India, the Gulf countries. The textile 

industry is recognized polluting since its discharges are made up of recalcitrant organic molecules 

that cannot be treated by traditional methods of depollution. Synthetic dyes including 15% consist of 

nitrogenous dyes are one of the main sources of pollution in water. Despite the considerable efforts 

in wastewater treatment, unfortunately it is estimated that still today only 60% of polluted water is 

routed to a station purification, the rest being discharged into the natural environment. One of the 

most alarming phenomena is the increasing accumulation of recalcitrant substances which are 

difficult to biodegrade in waters. The situation is worsened by the lack or insufficiency of an adequate 

water treatment system capable of reducing the concentration of toxic substances that represent 

chronic chemical hazards. It can be said that poorly treated wastewater leads to inevitably degradation 
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of the quality of the water sources and consequently of the drinking water which, moreover, is lacking 

in many countries [15]. 

I.2.2 Definition 

A dye is a colored chemical substance capable of transmitting its coloring to other bodies. It 

is an unsaturated and aromatic organic compound. The first materials dyes were of plant origin 

(madder, indigo, gaude  ) or even animal (carmine drawn from cochineal). Today, almost all coloring 

materials are synthetic derived from hydrocarbon derivatives contained in coal tar [16]. 

I.2.3 Nature of dyes 

Dyes, chemical dyes compounds, natural or synthetic, in general organic, which have the 

property of permanently coloring the support to which they are applied under certain conditions. 

Modern industrial terminology defines a colorant as a product containing the pure organic dye with 

different additives and cutting agents, which facilitate its use. There are two types of dyes: 

I.2.3.1 Natural dyes 

There are few natural dyes, while there are thousands of synthetic dyes. Natural dyes are 

extracted from plants, trees, lichens or insects and molluscs. Yellow dyes are the most numerous. We 

meet two categories of natural dyes: mordant dyes and vat dyes, only the former are poorly soluble 

in water   

I.2.3.2 Synthetic dyes 

The raw materials of synthetic dyes are compounds such as benzene, from the distillation of 

hard coal. It is for this reason that synthetic dyes are commonly referred to as coal tar dyes. From 

these raw materials, the intermediates are produced by a series of chemical processes, which in 

general, correspond to the replacement of one or more hydrogen atoms of the starting product, by 

particular elements or radicals. 
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I.2.4 Classification of dyes 

The main classifications most commonly encountered in industry are based on chemical 

structures of synthetic dyes and application methods to different substrates (textiles, paper, leather, 

plastics, etc.). 

I.2.4.1 Chemical classification 

The classification of dyes according to their chemical structures is based on the nature of the 

group chromophore.  

a. Anthraquinone dyes 

From a commercial point of view, the most important after azo dyes. Their general formula 

derived from anthracene (Figure I.1) shows that the chromophore is a quinone nucleus on which 

hydroxyl or amino groups can attach [17].  

 

Figure I.1 : Anthraquinonie structure 

b. Azo dyes 

Nitrogenous dyes are the most commonly used dyes in the textile industry, they are organic 

compounds containing a nitrogen group (Figure I.2) which is shown to be stable as textile dyes [18]. 

Nitrogenous dyes are resistant to light, acids, bases and oxygen, which make their use in the textile 

industry very widespread [19]. 
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Figure I.2. Azo structure 

 

C. Dyes of diphenylmethane and triphenylmethane 

These dyes represent a much smaller category than that of azo and anthraquinone compounds. 

The main application is the coloring of paper for which the character of the result obtained is not a 

major handicap [20]. 

d. Indigoids dyes 

Take their name from the indigo from which they derive. Thus, the selenium, sulfur and 

oxygenated indigo blue cause significant hypsochromic effects with colors which can range from 

orange to turquoise (Figure I.3) [21]. 
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Figure I.3. Indigoid structure 

e. Nitrated and nitrosated dyes 

Form a very limited in number and relatively old class of dyes. They are currently still used 

because of their very moderate price linked to the simplicity of their structure molecular (Figure I.4), 

characterized by the presence of a nitro group (-NO2) in the ortho position of an electron donor group 

(hydroxyl or amino groups) [22]. 

 

Figure I.4. Nitrosate structure 
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I.2.4.2 Dye classification 

a. Acid or anionic dyes 

Soluble in water due to their sulphonate or carboxylate groups (Figure I.5), they are so called 

because they allow to dye animal fibers (wool and silk) and some modified acrylic fibers (nylon, 

polyamide) in a slightly acid bath. The dye affinity-fiber is the result of ionic bonds between the 

sulfonic acid part of the dye and the groups amino of textile fibers [23]. 

 

 

Figure I.5. Congo Rouge structure 

 

b. Basic or cationic dyes 

Are salts of organic amines, which gives them good solubility in water. They belong to very 

different chemical classes such as azodi and triphenylmethane (Figure I.6). These dyes received the 

name of cationic dyes, but have different structures [24]. 

 

 

Figure I.6. Capri blue structure 
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c. Reactive dyes 

Reactive dyes are the newest class of dyes. They owe them name to their method of attachment 

to the fiber. Their molecule contains a group chromophore and a reactive chemical function of triazine 

or vinylsulfone type ensuring the formation of a covalent bond with the fibers, they enter more and 

more frequently in the dyeing of cotton and possibly in that of wool and polyamides [25, 26]. 

I.2.5 Hazards of dyes: 

Eutrophication: Under the action of microorganisms, dyes release nitrates and phosphates in 

the natural environment. These mineral ions introduced in too large a quantity can become toxic to 

fish life and affect the production of drinking water. Their consumption by aquatic plants accelerates 

their anarchic proliferation and leads to oxygen depletion by inhibiting photosynthesis in the most 

deep streams and stagnant water. 

Under-oxygenation: When large loads of organic matter are added to the environment via occasional 

discharges, the natural regulatory processes can no longer compensate for bacterial oxygen 

consumption. Estimates that the degradation of 7 to 8 mg of organic matter by microorganisms is 

sufficient to consume the oxygen contained in liter of water [27]. 

Colour, turbidity, odour: The accumulation of organic matter in watercourses leads to the 

appearance of bad tastes, bacterial proliferation, pestilential odors and abnormal colours. Willmott et 

al [28] evaluated that a coloration could be perceived by the human eye from 5 x 10-6 g/L. Apart from 

the unsightly appearance, coloring agents have the ability to interfere with the transmission of light 

in water, thus blocking the photosynthesis of aquatic plants. 

I.2.6: Methods of liquid effluent treatment 

The treatment of textile waste, taking into account their heterogeneity of composition, will 

always lead to the design of a treatment chain ensuring the elimination of the various pollutants in 

successive stages. The first step is to eliminate the insoluble pollution by through pre-treatment 

(screening, grit removal, oil removal, etc.) and / or physical treatments or physicochemical ensuring 

a solid-liquid separation. Most depollution technics commonly involved in the second stage in the 

textile industries according to Barclay et al. as well as Buckley et al. [29, 30]. They are divided into 

three types: 
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a. Physical 

• Precipitation methods (coagulation, flocculation and sedimentation), 

• Adsorption, 

• Reverse osmosis and filtration, 

• Incineration 

b. Chemical 

• Oxidation (oxygen, ozone, oxidants such as NaOCl and H2O2), 

• Reduction (Na2S2O4), 

• Compleximetric method, 

• Ion exchange resin. 

c. Biological 

• Aerobic treatment, 

• Anaerobic treatment. 
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I.2. HYBRID MATERIALS 

I.2.1. Introduction 

The nanoparticle includes the particles having size between 1 and 100 nm. These particles 

have different properties at their atomic level due to their size. This change in properties of 

nanoparticles is beneficial in many fields [31]. Nanotechnology is one of the most interesting fields 

for researchers since the last century. Numbers of developments have been made since then in the 

field of nanotechnology. Nanoparticles can be classified as metal nanoparticles, non-metal ceramic 

nanoparticles, semiconductor nanoparticles, and a well-known type is carbon nanoparticles [32]. 

Nanoparticles have those chemical and physical properties which makes them very different from 

that of the corresponding bulk materials due to their small size and large surface to volume ratio. They 

attract much attention because of their potential applications in many fields including optics, electrics, 

magnetism, ceramics, and catalysis [33]. 

I.2.2. Nanocomposites 

Nanocomposites are those composites in which one phase has nanoscale morphology like 

nanoparticles, nanotubes, or lamellar nanostructure. They have multiphases, so are multiphasic 

materials, at least one of the phases should have dimensions in the range of 10–100 nm. To overcome 

the limitation of different engineering materials now-a-days, nanocomposites are emerged to provide 

beneficial alternatives. Nanocomposites can be classified on the basis of their dispersed matrix and 

dispersed phase materials [34]. With the help of this rapidly expanding field, now-a-days, it has been 

possible to generate many exciting new materials with novel properties via innovative synthetic 

approaches. The properties of the so-called found not only depended on the properties of their 

originals, but also crucially on their interfacial and morphological characteristics. Of course, we 

cannot ignore the fact that sometimes it also happened that the newly generated property in the 

material is unknown to the parent constitute materials [35, 36]. Hence, the idea behind nanocomposite 

is to use building blocks with dimensions in nanometer range to design and create new materials with 

unprecedented flexibility and improvement in their physical properties. 

 

I.2.2.1. Nanocomposite constituents 

Composites are by definition materials made up of at least two phases: one continuous phase 

called matrix. 
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matrix which ensures the cohesion and the transfer of the constraints towards, the other phase 

called the reinforcement so because its presence allows in general to increase their mechanical 

properties (rigidity, resistance to breakage, hardness, ....) and to improve physical properties, such as 

behavior to fire and abrasion, temperature resistance (conservation of mechanical characteristics at 

high temperature) or electrical properties.  

 In addition to the high properties, they provide the characteristics sought in are low density, 

compatibility with matrices and ease of processing. [37].  

I.2.3. Types of nanocomposites 

Nanocomposite materials can be classified in the following way based on the presence or 

absence of polymeric material in the composite. 

The nanocomposites in which the compositions do not contain any polymers or polymer-derived 

materials are called non-polymer-based nanocomposites (Figure I.7). Non-polymer-based 

nanocomposites are also known as inorganic nanocomposites. They can be further classified into 

metal-based nanocomposites, ceramic-based nanocomposites, and ceramic-ceramic-based 

nanocomposites [38]. 

 

 

 

 

 

 

 

 

 

Figure I.7. Classification of polymer- and non-polymer-based nanocomposites. 
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I.2.3.1. Polymer-based nanocomposites 

The polymer or co-polymer, which contains nanoparticles or nanofillers dispersed in the 

polymer matrix is termed as poly nanocomposites. One dimension (1D) must be lying in the range of 

1–50 nm and these possess several shapes like as platelets, fibers, spheroids, etc. Poly nanocomposites 

are in the category of multiphase systems such as, MPS namely composites, blends, and foams, which 

can absorb about 95% of the production of plastics. So these systems need controlled mixing, the 

achieved dispersion should be stable, dispersed phase should be oriented, and the compounding 

strategies which are involved for all MPS, which includes poly nanocomposites (PNC) is almost the 

same [39]. 

Polymer nanocomposites are proposed as a class of materials with unique properties but, the most 

challenging property of PNCs is the complex interfacial areas in between the polymer matrices 

because of this small scale large specific area is created that highlights the importance of polymer-

nanoparticle interactions. So to achieve properties, such as, mechanical, thermal, optical, and electric, 

we need to analyze the intercalation process among the nanoparticles and polymer bases [40]. 

Polymer nanocomposites are known to be a class of reinforced polymer with a very low, i.e., less than 

about 5% of nanometric clay particles. These substances gained huge attention simultaneously from 

both the academic institution as well as from industrial sectors commonly in the area of 

nanocomposites. This is actually due to their drastically enhanced or improved thermal, mechanical 

as well as the barrier properties as compared to the micro- and also the conventional composites. 

These materials can be differentiated notably by improved fire resistance and thermal stability, 

improved barrier properties, and increased recyclability [41]. 

However, despite of having so many advantages, it is still very much difficult to prepare a uniform 

dispersion between the filler and the matrix, as shown in Figure.I.8. Hence, unlikely, it reflects the 

lower mechanical as well as thermal properties in the produced nanocomposites. 
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Figure I.8. Uniform dispersion between the filler and matrix in nanocomposites. 

 

I.2.3.1.1. Different types of polymer nanocomposites  

 Many nanocomposites are made from a polymer in which nanoparticles have been dispersed. 

Indeed, the incorporation of nanofillers within polymer materials makes it possible to modify their 

mechanical [42], thermal [43, 44], electrical [45] or magnetic [46] properties and thus widen their 

domain of application Table I.1 lists the nanocomposites according to their nature and the form of the 

nanofillers used as reinforcements in the polymers.  

 Table I.1 different types of nanoparticles used in polymer nanocomposites 

Nature of nanocharge Form Examples 
Inorganic Spheres 

 
Fibers 
Platelets 

Preformed silica [47]. 
Metal oxides, carbonate [48]. 
Calcium [49]. 
Sepiolite [50], Potassium titanate [51], 
Lamellar silicates[52]. 

Metallic Spheres Magnetite [53], Gold particles [54]. 
Carbon-based compound Spheres 

Fibers 
 
Platelets 

Carbon black [55]. 
Nanotubes [56], Cellulose [57],     
Graphene [58] 
 
Graphite [59] 
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I.2.3.1.1.a. Polymeric Nanocomposites based on inorganic materials.  

Polymer composites made up of inorganic nanoparticles and organic polymers represent a 

new class of materials that have more performance properties compared to their microparticle 

counterparts [60]. Inorganic particles provide mechanical and thermal stability and new 

functionalities, which depend on the chemical nature, structure, size and crystallinity of inorganic 

nanoparticles (silica, oxides of transition metals, nanocells, metal phosphates, metal chalcogenides 

and nanometallic). Inorganic particles provide better mechanical, thermal, magnetic, electronic and 

optical properties [61]. Various processes are used for the preparation of inorganic nanocomposites 

based on polymers. The most important are: 

I.   Molten intercalation.  

II.   Direct mixing of polymers and particles.  

III.   Chemical synthesis.  

IV.   In situ polymerization.  

V.   Sol-gel process. 

I.2.3.1.1.b. Polymeric Nanocomposites based on metallic materials 

Metal/polymer nanocomposite materials combine properties of several components.  

Nowadays, they are regarded as promising systems for advanced functional applications [62].  

Therefore, the incorporation of nanoparticles metal in the polymer has paved the way for a generation 

of materials having electrical, optical or mechanical unique that make them attractive for applications 

in areas such as optics, [63] the photoimaging and modeling [64], sensor design [65], catalysis [66] 

and antimicrobial coatings [67]. The search for new methods preparing metallic nanocomposite 

materials has been greatly stimulated due to their attractive properties and promising applications. 

One of the main interests of metallic nanoparticles is their unique physical properties which can be 

adapted by chemical control of their shape and size [68]. Among these, nanoscale gold and silver play 

a primary role because these nanoparticles exhibit a very intense absorption band in the visible region 

due to their surface plasmon resonance. Metal / polymer nanocomposites can be prepared by two 

approaches: 
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I. The first involves a dispersion of metallic nanoparticles in a polymerizable formulation, or in a 

polymer matrix. In this case, the reduction of the metal ions and the polymerization occur 

successively, hence the aggregation of the nanoparticles, which makes this synthesis procedure often 

problematic.     

II. In the second approach, the nanoparticles are generated in situ during polymerization to avoid 

agglomeration. The polymerization reaction and the synthesis of nanoparticles which take place 

simultaneously have been the subject of in-depth studies.  

Another technique consists of polymerizing the matrix around a metallic nanocore using chemically 

compatible ligands [69] or polymeric structures [70]. 

 

I.2.3.1.1.c. Polymeric carbon-based nanocomposites 

Carbon nanofillers such as nanotubes and graphene exhibit excellent properties due to their high 

mechanical strength and high aspect ratio. Graphene and its polymer nanocomposite derivatives have 

demonstrated immense potential applications in electronics, aerospace, automotive, defense 

industries and green energy thanks to their exceptional reinforcement in composites. To take full 

advantage of its properties, the integration of individual graphene into polymer matrices is essential. 

Compared to carbon nanotubes, graphene has a higher surface area to volume ratio, which makes it 

potentially more favorable for improving mechanical, electrical, thermal, gas permeability and 

microwave absorption properties [71]. The nanotubes of carbon (CNT) are considered unique 

elements promoting the development of various polymer composites because of their unique 

properties such as high electrical conductivity (~ 106 s.m-1), the improved resistance to traction         (50 

GPA) and low density. These characteristics make them useful in a wide range of industrial 

applications [72]. 

There are three main mechanisms of interaction of the polymer matrix with carbon:  

a. Micro-mechanical interconnection.    

b. Chemical bond between the nanotubes and the matrix.    

c. Poor van der Waals adhesion between filler and matrix.    

 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDIES                                
                     

       
    21 
 

I.2.3.1.2. Synthesis of Hybrid Nanocomposites  

To endow polymer nanocomposites with new properties, synthetic methods that have an 

effect on the control of particle size distribution, dispersion and interfacial interactions are essential. 

Synthesis techniques for nanocomposites are different from those for conventional composites. The 

development of nanocomposites polymers is difficult because of the physicochemical differences 

between systems. Each polymer system may require a set of processing conditions and different 

synthetic techniques, which in general give non-equivalent results; considerable research has been 

done to develop suitable synthetic techniques for making good polymer nanocomposites [73]. 

The methods for producing polymer nanocomposites are all based on a first step of dispersing 

the nanoparticles in a liquid, however they differ by the type of organic phase [74] and by the 

subsequent treatment to be carried out: heat treatment, elimination of any solvent. . 

The nanopowders are mainly metals, semiconductors, or metal oxides. This section mainly 

studies how to form nanocomposites with metal oxides and polymers. Generally, there are three 

preparation methods for synthesizing polymer / metal oxide nanocomposites (Figure 1.9). The first is 

the direct   (solution mixing). The second is a sol-gel process, which begins with the association of 

molecular precursors at room temperature, then the formation of a metal oxide by hydrolysis and 

condensation. The third is the in-situ polymerization of monomers in the presence of metal oxide 

nanoparticles. [75] 

 

Figure I.9. Methods for synthesizing polymer/metal  nanocomposites 
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1.  Direct mixing  

 Direct mixing is the simplest method of preparing polymer / metal oxide nanocomposites. 

This ex-situ method is popular because it does not limit the nature of the nanoparticles and host 

polymers used. Depending on the conditions, the mixture can normally be divided into molten mixture 

and solution mixture. The main difficulty in the direct mixing process is always the efficient 

dispersion of the nanoparticles in the polymer matrix because the latter tend to agglomerate. 

 

a. Molten mixtures  

One of the conventional techniques for preparing polymer composites is to disperse particles in a 

polymer, generally a thermoplastic, in the molten state. The dispersion of the particles is improved if 

they are functionalized by organic molecules whose chemical nature is compatible with that of the 

polymer. Currently, this process is used for a wide range of materials such as metal oxides and carbon 

nanotubes. 

Molten blending is the fastest method to introduce new nanocomposites to the market since it can 

take full advantage of well-constructed polymer processing equipment, including extruders or 

injectors. 

Although the processing conditions of the polymers are optimized to obtain a good uniform 

dispersion of the metal oxide nanoparticles in the polymer matrix, the surface characterization 

indicates the clustering of the nanoparticles. Agglomeration has been attributed to particle interactions 

mediated by steric forces in the polymer matrix. On the other hand, mixing polymers and 

nanoparticles of metal oxides to produce nanoparticles that are homogeneous and well dispersed in 

the polymer poses significant challenges.   

Despite the aforementioned advantages of melt blending, polymer degradation could be a 

significant problem that should not be overlooked. Since a certain elevated temperature is normally 

required during melt mixing, the polymer matrix and the compatibilizer can degrade the organic 

surfactant, which can lead to a significant decrease in the mechanical properties of the final products. 
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b. Mixing of solutions  

This method consists in dispersing nanoparticles in a polymer solution using a suitable 

solvent, then in evaporating this solvent to form nanocomposite films or sheets.  

The advantages of solution mixing include the thorough mixing of the inorganic filler with 

the polymer in a solvent, which facilitates the disintegration and dispersion of nanoparticles from the 

filler.  

This method consists of three steps: dispersion of the nanoparticles in an appropriate solvent, 

mixing with the polymer (at room temperature or high temperature), and recovery of the 

nanocomposite by precipitation or casting of a film.  

In this process, the dispersion of the nanoparticles can be obtained by magnetic stirring, 

mixing by shearing, reflux or, most often, by ultra-sonication. 

Solution mixing can overcome some of the limitations of melt mixing if the polymer and 

nanoparticles are both dissolved or dispersed in solution. On the other hand, for industrial 

applications, melt processing is the preferred choice due to its low cost and simplicity for large scale 

production for commercial applications. 

 

II. Sol-Gel treatment 

Several approaches have been developed to improve the compatibility between organic and 

inorganic components. Among the many methods under development, the sol-gel route has been 

widely applied due to its ability to control miscibility between organic and inorganic components at 

the molecular level. The term sol-gel is associated with two reaction steps: sol and gel. A sol is a 

colloidal suspension of solid particles in the liquid phase and a gel is the interconnected network 

formed between the phases. 

The nanocomposites organo -inorganiques are normally prepared by the sol-gel method in the 

solvent containing precursors and organic polymers. The most direct route is to hydrolyze and 

condense the precursors in the presence of a polymer in a solvent system.  

Materials prepared by sol-gel treatment have uniformity, high purity, and low sintering 

temperatures compared to those prepared by conventional solid state reactions. Sol-gel materials are 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDIES                                
                     

       
    24 
 

classified by the mode of formation and the types of bonds between the components: organic, 

organometallic and inorganic.   

The most important problem associated with the sol-gel process is that the gelation process 

leads to a considerable decrease in internal stress, which can lead to contraction of fragile materials 

due to the evaporation of solvents, small molecules and water. In addition, the precursors are 

expensive and sometimes toxic, preventing further improvement and application. 

 

III. In-situ polymerization 

The nanometric particles are dispersed in the solution of the monomers and the resulting 

mixture is polymerized by simple polymerization methods. The advantage of this method is the 

possibility of grafting the polymer onto the surface of the particles. The key to in situ polymerization 

is proper dispersion of the particles in the monomer. This often requires modification of the particle 

surface, because although dispersing is easier in a liquid than in a viscous molten bath, the settling 

process is also faster. [76] 

 

 

 

 

 

 

 

 

Figure I.10. Synthesis of PANI nanocomposite by in situ polymerization 
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1.2.4. Conductive polymers  

The discovery of conducting polymers dates back in the 1970s when a student of a Japanese 

professor Shirakawa, made a mistake by putting too much catalyst in the polymerization of acetylene. 

This resulted in the formation of a silvery film instead of a black powder. When MacDiarmid heard 

about this, he invited Shirakawa to his laboratory at the University of Pennsylvania. They tried to 

modify the polyacetylene by oxidation with iodine vapor, which changed the optical properties of the 

material. They asked Heeger to have a look at the conductivity and he found that the conductivity has 

increased ten million times [77].  The discovery by these professors was considered a major 

breakthrough in science; this earned them a noble prize in Chemistry in 2000. Since then the field has 

grown immensely, and given rise to many new and exciting applications. The conducting polymers 

have conjugated double bonds in their backbone. There are many different types of conducting 

polymers. Figure.I.11 below shows the most common conducting polymers [78]. 

 

Figure I.11. Some examples of conducting polymers 

 

 

 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDIES                                
                     

       
    26 
 

I. 2.4.1. Classification of conductive polymers  

Conductive polymers belong to the family of π-conjugated polymers. These polymers are 

characterized by an alternating structure of single bonds (σ type) and double bonds (π-type) in their 

carbon chains, allowing the delocalization of π electrons along the macromolecule. Conductive 

polymers can be classified according to the structure of their carbon chain into different families [79]. 

 Polyene polymers whose carbon chain is linear, such as polyacetylene (PA).  

 

 Heterocyclic aromatic polymers whose chain contains aromatic heterocycles such as 

polyparaphenylene (PPP) and its derivatives, polypyrrole (PPy), polythiophene (PT) and its 

derivatives or polyethylene dioxythiophene (PEDOT).   

 

 Mixed polymers whose chains alternate heterocycles and double bonds, such as 

polyphenylene vinylene and its derivatives (PPV) and polyheteroarylene vinylene and its 

derivatives (PTV).  

 

 Aromatic polymers with heteroatoms whose chain is formed of aromatic rings containing 

heteroatoms such as polyparaphenylene sulfide (PPS) and Polyaniline (PANI) (Table I. 2).     
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Table I. 2. The main families of conductive polymers 

 

The conductivity of a material generally depends on the density of charge carriers and their 

mobility. In the case of metals, the charge carriers are electrons, while in conductive polymers, 

electrons as well as holes are able to move freely generating a current.  

Conductivity also varies with temperature; it decreases with increasing temperature for 

metals [80], while it increases for conductive polymers [81]. The conductivity of the latter can be 

controlled by doping (Figure I. 12). It can evolve from an insulating state σ <10−10 S.cm−1, to that of 

a semiconductor σ ~ 10−5 S.cm−1, to that of a conductor > 105 S.cm−1 [82].   
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Figure I. 12. Electrical conductivity of intrinsic conductive polymers 

 

I. 2.4.2. Electronic structure of conductive polymers 

In the case of conductive polymers, electronic conduction and the transport of charges cause 

the creation of free charge carriers along the polymer chain. Their electronic structure depends on 

band theory, originally designed to interpret conduction in semiconductors.  

In a semiconductor, the energy bands correspond to the energy levels that are allowed, or 

prohibited, for the electrons of the elements or compounds that make up the material. The last band 

filled is called the BV valence band or HOMO (High Occupied Molecular Orbitals) and the next 

higher band is the BC or LUMO (Lowest Unoccupied Molecular Orbitals) conduction band. The 

energy band between these two levels corresponds to the forbidden band or the Fermi energy or more 

simply "gap".   

The energy difference Eg between these two levels ( Eg = EBC - EBV ), of the order of an 

electronvolt (ev), constitutes the width of the gap which determines the intrinsic electrical properties 
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of the material [83]. The position of the energy bands for a metal, a semiconductor and an insulator, 

is shown schematically in figure I. 13.   

 

Figure I. 13. Theoretical diagram established according to the theory of energy bands 

 

The undoped π-conjugated polymers are semiconductors or even insulators in the neutral state. 

Their electronic conductivity σ is of the order of 102 - 10-8 S.cm-1. Table I. 3 groups together the gaps 

of the most studied conjugated polymers.  

Table I.3. Gap of the main families of conjugated polymers [84] 

Conjugated polymer Gap (eV) Conjugated polymer Gap (eV) 
PPP 2.7 Trans-PA 1.4 -1.5 
PPV 2.5 -2.7 Pani-EB 1.4 
PPY 3.2 Pani-PNGP 1.8 -2.0 
PT 2.0 - 2.1 Pani-LEB 3.8 

 

I. 2.4.3. Doping of conductive polymers  

Conductive polymers in the neutral or reduced state are insulators. Through a process called 

doping, they are transformed into conductive materials by the introduction of mobile charge carriers. 

The term doping is adopted from solid-state physics by analogy to the doping of inorganic 

semiconductors. However, the doping of conductive polymers is totally different from that of 

inorganic semiconductors.  
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In fact, the doping of polymers is a chemical reaction to increase the conductivity of the polymer to 

reach values close to that of metals (Figure I. 16). 

 

 

Figure I. 14. Conductivity of various conductive polymers and conventional materials 

 

Generally, this doping is carried out by an oxidation-reduction reaction which consists in 

introducing donor species: n-type doping ( reduction of the polymer) or acceptors of electrons : p-

type doping (polymer oxidation). These species are called dopants or counter ions, which ensure the 

electroneutrality of the material. Electric charges are then created on the polymer chains. The increase 

in the doping rate makes it possible to witness an insulator-conductor transition [85]. 
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I.2.4.4. Load carriers  

Electronic conduction in the case of conductive polymers and the transport of charges in 

general first require the possibility of creating free charge carriers. Indeed, during the injection of a 

charge into a polymeric backbone, a charge defect is created, accompanied by a local modification of 

the geometry of the chain. As seen previously, energy states are then created in the gap due to the 

shift of the valence band and the conduction band [86].  

Conjugated polymers are classified into two categories according to the symmetry of their ground 

state. The degenerate ground state where several different forms of the same polymer have the same 

energy (case of polyacetylene ). The non-degenerate ground state where the permutation leads to a 

different energy structure, possibly several forms associated with local energy minima, but only one 

form is associated with the general minimum (case of polythiophene).  

The introduction of charges by doping these polymers leads to the formation of charge carriers on the 

macromolecular chain. These charges formed are called solitons for polymers in the degenerate 

ground state and polaron or bipolaron for polymers in the non-degenerate ground state [87].   

1.2.5. POLYANILINE (PANI) 

Owing to its high conductivity, environmental stability and low cost of production, polyaniline 

(PANI) has been the subject of much investigation compared to other conducting polymers. PANI 

can be synthesized electrochemically or chemically by using an appropriate oxidant in an acidic 

medium. There are three forms of PANI, fully oxidized pernigraniline, half-oxidized emaraldine base 

(EB), and fully reduced leucoemaraldine base (LB) [88, 89]. Emaraldine is the most stable form of 

PANI and it is the most conductive form when it is doped (emaraldine salt). 

 

 

 

Figure I.15. General structure of polyaniline. 
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PANI has many potential applications, in nanowires, electronics, electrochromic devices, batteries 

[90-91], etc., but all these applications are limited by the difficultly to process PANI. PANI itself is 

difficult to process; it does not dissolve in common solvent and it decomposes before melting. Many 

studies have been done in an effort to make PANI processable such as addition of side chain to the 

monomer aniline or doping with bulky dopants to make PANI soluble [92]. The problem with these 

bulky dopants was the solvent toxicity and difficult preparation [93]. 

Another way to overcome the problem of processability is to prepare its nanocomposites or 

nanotubes/rods. Polyaniline has been used in many cases for synthesis of nanocomposites and 

nanotubes/rods by using clay, transitional metals oxides such as titanium oxide (TiO2), vanadium 

oxide (V2O5), tin oxide [94-95] etc. These nanocomposites can be prepared chemically or 

electrochemically. The potential of polyaniline transitional metals nanocomposites have introduced 

these materials into applications such as electronic devices, non-linear optical systems and photo 

electrochemical systems [84]. It is believed that the combination of n-type semiconductor of 

transitional metals and p-type of PANI is responsible for the improvement in the polyaniline photo 

current values due to the occurrence of excitons dissociation at the interface. 

1.2.5.1. Doping of polyaniline 

For a polymer to be electrically conductive it must behave like a metal, that is, it must have 

free electrons that are mobile. The basic  requirement is that the material must have conjugated double 

bonds, in addition , the electrons must be disturbed- by removing electrons (oxidation) or by inserting 

one (reduction). This process is called doping.  

Doping is reversible with little or no degradation of the polymer backbone. During this process 

the polymer, which is an insulator or semiconductor, is converted to metallic polymer, which is 

conductive. The conductivity can be increased up to 100 fold by this process of doping. Whether the 

polymer is doped chemically or electrochemically, the doping can be divided into two: p-doping 

(oxidation) and n-doping (reduction)  

p- type of doping is the partial oxidation of the polymer π backbone [96]. This was discovered by 

treating the polyacetylene with iodine (the oxidizing agent). In the p-type doping the electron is 

removed from the polymer backbone as described above. n-type doping is the partial reduction of the 

polymer π backbone. It was also discovered when polyacetylene was treated with reducing agent 

(liquid sodium). Like in the oxidation, the electron is inserted in the π backbone and the polymer 
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becomes negatively charged. The negative ion will move along the polymer backbone with the help 

of solitons.  

Doping is reversible with little or no degradation of the polymer backbone. 

 

Figure. 1.16. Schematic representation of movement of charge along the polymer backbone. 

 

When the polymer is oxidized, the oxidizing agent attracts an electron from the polymer chain [97]. 

The polymer will now become positively charged, this is termed radical cation or polaron. The lone 

electron of the polymer double bond, from which an electron was removed, can move easily. As a 

consequence the double bond successively moves along the molecule. When the polymer chain is 

strongly oxidized the polarons condense pair- wise into so-called solitons. These solitons are 

responsible for charge transport along the polymer backbone. 
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Figure 1.17. Doping and dedoping of PANI 

 

 

I.2.5.2. Synthesis of Polyaniline                 

Various synthetic methods have been developed for the production of Polyaniline. There are 

physical methods such as electrospining [98], lithography [99], spincoating [91] and pulsed plasma 

irradiation [92], but also chemical methods using a template or "template", with hard templates called 

"hard template" [93] or with flexible templates called "soft template" [94-96], or also without the use 

of a template (template –free method); for example polymerization without stirring [97], 

mechanochemical synthesis [98] and electrochemical synthesis ( cyclic voltammetry [99], 

potentiostatic [100] and galvanostatic [101] mode).  

As part of our work, we have chosen to synthesize Polyaniline by the oxidative chemical 

polymerization of aniline (C6H5)NH2 by an oxidizing agent. This synthetic route was developed by 

MacDiamid et al in 1985 [102]. It has the advantage of being simple and often used to synthesize 

PANI. 
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Several studies have shown that various experimental parameters influence the properties of 

the polymer obtained. These parameters can be classified in a hierarchical order according to their 

importance: the nature of the oxidant, the oxidant / monomer molar ratio, the polymerization time and 

the nature of the dopant: 

 The nature of the oxidant  

The standard synthesis procedure is carried out with ammonium persulfate (NH4)2S2O8 (APS) 

as an oxidant. However, the choice of the oxidizing must satisfy two criteria: its ability to oxidize 

aniline (Eoxidant > Eaniline) and its stability in the reaction medium. MacDiarmid et al [103] synthesized 

PANI in an acidic aqueous medium (HCl) in the presence of aniline by adding a solution of 

(NH4)2S2O8 (E° (SO2-/SO2-) = 1760 mV/ECS). Many oxidizing agents were then used such as KIO3, 

KMnO4, FeCl3, K2CrO4 , KBrO3, etc. The only condition is to avoid any chemical degradation 

(iodination, chlorination, decomposition following crosslinking reactions chemicals…) caused by the 

oxidant during its reaction with the monomer, such as the example of hydrogen peroxide H2O2            

(E°(H2O2 /H2O) = 1530 mV/ECS) [104].   

 The oxidant / monomer molar ratio  

Another parameter of the synthesis which influences the properties of the polymer obtained is 

the oxidant / aniline ratio. Pron et al [105] suggested using a normalized ratio which is defined by 

 

n aniline = mole’s number of aniline   

n oxydant = number of moles of oxidant oxidizing   

 n e = number of electrons needed to reduce an oxidant molecule 

For a polymerization reaction where PANI is obtained in its emeraldine form, each monomer must 

remove on average 2.5 electrons. In the case of ammonium peroxodisulphate, the KN ratio is equal 

to 1.25 due to the electronic nature of the couple (S2O8)-(SO4
2-). 
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 The time of polymerization  

The time of the synthesis reaction plays an important role in the formation of polyaniline. Studies 

by Cao et al [106]. and Gospodinova et al [107]. demonstrated the existence of two competitive 

mechanisms during the preparation of the polymer:  

polymerization and degradation of the molecular chain at quinone diimines sites. The latter was 

found to increase with increasing synthesis time (greater than 4 hours for the standard procedure). 

 The nature of the dopant  

The standard procedure uses hydrochloric acid (HCl) as a dopant [108, 110]. The conductive 

powder PANI (HCl), once compacted in the form of a pellet reveals an electrical conductivity of the 

order of 1 to 20 S.cm−1. Many dopants were then used by various researchers : 

 Mineral acids: sulfuric acid (H2SO4) [111], hydrofluoric acid (HF) [112], perchloric acid 

(HClO4) [113]. 

 

 Organic acids: formic acid, acetic acid, acrylic acid [114]. 

 

 Sulfonic acids: camphor sulfonic acid (CSA) [115-117], methanesulfonic acid (MeSA) 

[118], p-toluenesulfonic acid (PTSA) [119], dodecyl benzenesulfonic acid (DBSA) [120]  

 Les acides phtaliques [121] 

 

1.2.5.3. Polymerization mechanism  

Even if many teams have been interested in the polymerization mechanism of aniline [122-

124], these mechanisms remain to this poorly known day. The acidity of the reaction medium 

increases during the polymerization of the aniline because protons are produced during the reaction. 

Even when the reaction is carried out under alkaline or weakly acidic conditions, i.e. under conditions 

where the aniline is essentially unprotonated (pH > pKa of aniline = 4.6), the proportion of anilinium 

cation can increase sharply during the reaction. Aniline oxidizes more easily than the anilinium cation. 

Thus, the oxidation of anilinium sulfate occurs slowly in the first moments. The oxidation of aniline 

is rapid and generates a significant exotherm in the first moments when the polymerization starts in a  



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDIES                                
                     

       
    37 
 

weakly acidic, neutral or alkaline medium, then, when the pH reaches the value of 3.5, the reaction 

slows down considerably because the aniline is then essentially protonated. The reaction remains slow 

in the pH range 2.5-3.5. In this pH range, chain growth occurs by oxidation of C6H5NH+3/C6H5NH2 

by non-protonated oligoaniline pernigraniline chains. At around pH 2-2.5, the reaction accelerates 

due to the protonation of pernigraniline. This is because the oxidizing power of protonated 

pernigraniline is much stronger than that of non-protonated pernigraniline. Stejskal's team recently 

proposed a mechanism for the oxidation of anilinium sulfate and aniline by ammonium persulfate 

(APS) in aqueous solution  [125, 127]  

(Figure I.18) . Polymerization of anilinium sulfate and aniline leads to para-linked trimers and 

tetramers by N-C bonds. The nitrenium cation of aniline is the main electrophile formed 

during the priming step. It should be emphasized that the dimer formed is predominantly 4-

aminodiphenylamine (4-ADPA). In an acidic medium, the electrophilic substitution of the anilinium 

cation with the nitrenium cation should preferably take place in the meta position and lead to 3-

aminodiphenylamine. Thus, despite the low proportion of aniline in an acidic medium, the markedly 

higher reactivity of aniline compared to the anilinium cation leads to the predominant 4-ADPA dimer. 

4-ADPA is rapidly oxidized by peroxydisulfate to give N-phenyl-1,4-benzoquinonediimine (PBQI). 

Another reaction path for the oxidation of aniline results in the formation of substituted phenazines 

such as pseudomauvein, by ortho N-C coupling. The formation of these substituted phenazines is 

limited in an acidic medium (pH < 2.5). The self-assembly of these phenazine units leads to the 

formation of particular morphologies for the polyaniline such as nanofibers, nanotubes, or 

nanospheres. 
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Figure I.18. First steps in the oxidation of aniline and anilinium cations by APS in acidic HCl 

[128] 

1.2.5.4. Factors influencing the electrical conductivity of polyaniline  

 The overall conductivity ( ) of PANI is the sum of the intra-molecular (intra), inter-molecular 

(inter) and inter-domain (domain) conductivities (Equation 1.1). 

( ) = intra + inter + domain (Equation 1.1) 
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Intra-molecular charge transfer depends on the well-defined band structure specific to the 

polymer. Any defect in the structure can lead to a decrease in intramolecular (intra) conductivity. 

Inter-domain (domain) conductivity is associated with clusters of organized polymer chains trapped 

in an insulating matrix, the movement of charge carriers from one crystalline region to another 

crystalline region or between a crystalline region and an amorphous region. The four main factors 

that influence the conductivity of PANI are:  

(1) molecular mass, (2) rate of crystallinity and inter-chain distance, (3) level of oxidation and 

molecular arrangement, (4) the doping rate and the type of dopant [129-131].  

Thus, a chain distortion observed at high molar masses leads to a decrease in electrical 

conductivity [132-134]. It is generally accepted that the intra-molecular mobility of charged species 

along the chain, and to some extent the inter-molecular jump of charge carriers, increases with 

increasing rate of crystallinity. This leads to an increase in conductivity. Moreover, a decrease in the 

inter-chain distance increases the possibility of inter-chain jump of the charge carriers and therefore 

leads to an increase in conductivity [135-137]. A 50% doping rate of the emeraldine base form leads 

to maximum conductivity because it leads to an ideal polaron structure. On the other hand, the 

formation of bipolaron at higher doping rates (> 50%) causes a decrease in conductivity [138-140]. 

 

1.2.5.5. Applications of polyaniline 

Polyaniline is particularly interesting because of its possibilities of chemical or 

electrochemical polymerization from inexpensive reagents, easy doping and processing combined 

with high electronic conductivity and finally good stability to water. environment and during 

operation. Its use, alone or in mixtures [141-143] makes it possible to achieve a wide range of 

conductivity ranging from 10 -12 to 103 S.cm -1. Also, the existence of three degrees of oxidation and 

an easy to control doping allows to consider the use of PANI in multiple applications. Polyaniline has 

properties analogous to inorganic semiconductors and can therefore potentially replace them in 

conventional electronic and optoelectronic devices, such as photovoltaic cells, field effect transistors 

(FET), organic light-emitting diodes (OLED), capacitors, etc. PANI has also entered the formulation 

of paints, inks and conductive adhesives for various applications as conductive coating, anticorrosion 

treatment, or as electromagnetic or antistatic shielding.  

The main applications of polyaniline are summarized in Table.I.4.  
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Table I.4. Main applications of polyaniline and associated specific properties 

Specific properties  Applications  Ref  

Electrical conductor  
Paints, inks, conductive adhesives  [145-146]  
Antistatic textile  [147]  
Electrostatic discharge materials  [148-150]  

Viscosity increases under electric 
field  

Electro-rheological (ER) material  [151-153]  

Conductivity electric or change of 
color after exposure to liquids or 
vapors acid , basic or neutra  

Gas sensor: NH3 , CO2 , NO2 , CO, Cl2 ,  

O3  
[154-157]  

Toxic gas sensor, compounds volatile 
organic  

[158], [160]  

Chemical sensor, humidity, petroleum  [159]-[161]  
PH sensor, mercury, biosensor  [162-164]  
Vitamin C detector, bacteria  [165], [167]  

Change of color in depending on the 
medium pH  "Acid-Base" indicator  [166]  

Change of morphology of the 
process of protonationdeprotonation 
and oxidationreduction  

Gas separation membranes  [167], [169]  

Solution separation membranes neutral  [168], [170]  

Change in oxidation state loading    
and unloading at both of the ion 
diffusion.  

Ion exchange material  [171], [173]  

Values of capacity very high   
Capacitor  [172], [174]  
Energy storage devices  [175], [177]  

Absorptivity and reflectivity of 
radiation electromagnetic  

Shielding against the interference 
electromagnetic  

[176-178]  

Modulation possible of the 
condictivity  Digital memory device conductivity  [179]  

Varriations of constraint under 
pulsed current.  Artificial muscle  [180], [182]  

Capacity at accumulate and 
transform energy (understood of the 
frequencies optical) and by 
therefore,  to memorize (to erase) of 
information   

Electrode for rechargeable batteries  [181-183]  

Microbial fuel cell anode (MFC)  [184]  

Electrochromic screen and smart window  [185-187]  

Possibility of edit his  electro-donor 
properties or electro-acceptor in 
function oxidation state  

p-n heterojunctions  [188], [190]  

Solar cell  [189], [91]  

Diode  [190-192]  
Program of color under electrical 
stress  Polymer light emitting diode  [193], [194]  
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I.2.6. General Information on Opuntia Ficus Indica  

Cactus (Opuntia ficus-indica) commonly known as prickly pear belongs to the family 

Cactaceae. Opuntia ficus indica produces sweet, nutritionally rich edible fruits, its tender cladodes 

are used as fresh green vegetable and salad (Figure I.19).  

Family Cactaceae is reported to contain about 130 genera and nearly 1500 all well adapted 

to arid lands and to a diversity of climates and are naturalized in several areas all over the world, 

including the Mediterranean basin, Middle East, South Africa, Australia and India. In South Africa, 

Mediterranean areas and South American this species is also cultivated for its edible fruit (prickly 

pear), although in some countries different parts of the plant are utilized in the food and cosmetic 

industry. Opuntia ficus-indica, fruits and stems, have been traditionally used in folk medicine in 

several countries for several medicinal purposes. However, many researchers have focused his 

investigations for studying genus Opuntia in order to discover the properties of plant that could form 

the basis of their use in the prevention and cure of chronic diseases. Therefore, clinical pharmacologic 

interest in the efficacy and safety of the phytochemicals present in genus Opuntia has grown during 

recent years due to the realization that many people self-medicate using this plant [184]. 

 

 

 

 

 

 

 

 

 

Figure I.19. Opuntia ficus-indica fruits and cladodes. 
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I.2.6.1. Advantages of Opuntia ficus indica: 

Scientifically, biomass is defined as the total mass of all organisms, plant and animal or 

otherwise in a given area. It can be any naturally occurring materials that are in our surroundings. 

Technically it constitutes organic and inorganic materials from the animal and plants sources however 

the majority of folks are using this term for plant-based materials, which are in debate, these unused 

plant or plant-based materials are specifically known as Opuntia ficus indica. Today it is well known 

that biomass is a rich source of energy and other daily useful products. Biomass is emerged as a 

potential alternative this is attributed to their green nature, low cost, easy and large availability. 

Environmental activities, natural resource conservation, and strict laws are passed by developing 

steps. Countries obligate researchers to develop materials having renewable characteristics [185].  

Opuntia ficus indica emerged as a suitable candidate as it is derived from renewable resources and it 

is environmentally –friend furthermore other features like amazingly low weight and high strength 

make it further attractive for future use. 

This study aimed to use Opuntia ficus indica for the preparation of a new hybrid material, 

which will be investigated as adsorbent for the elimination of Orange-G dye from aqueous solution. 

 

 

I.3. ADSORPTION 

I.3.1. Definition  

Adsorption is a process in which a substance (adsorbate), in gas or liquid phase, accumulates 

on a solid surface. It is based on the capability of porous materials with large surfaces to selectively 

retain compounds on the surface of the solid (adsorbent). There are two types of adsorption; physical 

and chemical adsorptions [186]. 

 

I.3.1.1. Physical adsorption 

A physisorption involves the formation of weak physical interactions, where no exchange of 

electrons is observed. Moreover, only relatively weak long-range van der Waals forces can be formed 

between the surface and the adsorbate, as well as among adsorbates. Because the adsorbate - surface 

interactions are weak, this type of adsorption can be easily reversed by heating.  Physisorption usually 

has a low heat of adsorption ranging from 20 to 40 kJ.mol-1, hence this type of adsorption is stable 
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only to temperatures below 150oC. Because of the weak Van der Waals forces between the adsorbate 

and adsorbent, lateral interactions are very important for adsorbed molecules[187].   

I.3.1.2. Chemical adsorption:  

A chemisorption involves the formation of new chemical bonds between the adsorbate and 

the surface site. In chemical sorption an exchange of electrons takes place between the adsorbed 

molecule and the surface site. This sorption mechanism is characterized by higher energies of 

interactions, equivalent to strong chemical bonds (≥ 100 kJ.mol-1) and therefore can be more stable 

at high temperatures.  Electrostatic sorption involves the formation of Coulomb attractions between 

adsorbed ions and charged functional groups. The term “electrostatic sorption” is used specifically to 

ion exchange.  The term "adsorption" is used to describe the uptake of the components (gaseous, 

liquid or solids) on external or internal surfaces of the solids. According to the second law of 

thermodynamics, adsorption of substances on solids takes place to reduce the surface tension, so free 

surface energy of the solids.  The energy of formation of a chemical bond on the surface on a solid 

can be depicted by means of Lennard-Jones potential energy curve [188]. Therefore, Lennard Jones 

potential can be used to explain the energetic phenomenon occurring during an adsorption or 

desorption process. Figure.I.20 represents the energy of the molecule as a function of the distance (z) 

from the mass center of the molecule to the surface. The well is the result of the balance of two forces: 

van der Waals attraction and repulsion present between the clouds of electrons in the atoms, from the 

surface and those of the adsorbed molecule. When a molecule reaches the well, it is trapped or another 

term “adsorbed” by this potential energy until the molecule has sufficient energy to be desorbed. 

Thus, the lower the energy of the molecule, the easier it is for the molecule to fall in the well and stick 

in the chemisorption well. As shown, there are two types of wells presented on the curve, 

chemisorption and physisorption wells. The physisorption well is located further than the 

chemisorption one (when the distance is large), because the bonds formed are short-ranged and 

stronger in the case of chemisorption. 
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Figure I.20. Lennard - Jones type diagrams (non-activated adsorption) 

potential energy versus distance. 

From the thermodynamic point of view, any systems will try to reduce its energy to reach the 
lowest values of Gibbs energy G. Adsorption is the process that occurs in the isolated system with a 
constant temperature. Therefore, for such system Gibbs free energy describes by the following 
relation: 𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆 where, ΔH and ΔS are respectively, the changes in enthalpy and entropy 
during the process.                             

A spontaneous process is always accompanied by a decrease in the Gibbs energy, leading to 
ΔG < 0, this implies the increase in the disorder of the system or entropy changes during the process 
ΔS > 0[189]. 

 

I.3.2 Adsorption Mechanisms   

The adsorption process of the adsorbate molecules from the bulk liquid phase into the 
adsorbent surface is presumed to involve the following stages (Fig.I.21):      

1. Mass transfer of the adsorbate molecules across the external boundary layer towards the 
solid particle.   

2. Adsorbate molecules transport from the particle surface into the active sites by diffusion 
within the pore–filled liquid and migrate along the solid surface of the pore.   
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3. Solute molecules adsorption on the active sites on the interior surfaces of the pores.  

4. Once the molecule adsorbed, it may migrate on the pore surface trough surface diffusion. 

 

Fig.I.21. Schema of the mechanism of molecule adsorption using microporous adsorbent. 
[190] 

 

 

I.3.3. Physical properties of the adsorbent  

The most important property of adsorbent, which determines its usage, is the pore structure 
and the specific surface area.  

I.3.3.1. Adsorbent pores  

The total number of pores, their shape and size determine the adsorption capacity and even 
the dynamic adsorption rate of the adsorbent. The range of pore sizes which is defined according to 
the International Union of Pure and Applied Chemistry (IUPAC) is summarized in Table I.4 [191]. 
A schematic representation of the porous structure of adsorbent is shown in (Figure.I.22). 
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Table I.5. IUPAC classification of pore sizes 

Pores Pore width (W; nm) 

Ultramicropores W < 0.7 nm 

Supermicropores 0.7 < W < 2nm 

               Micropores < 0.2  nm 

               Mesopores 2 – 50  

              Macropores W > 50 

  

 

 

 

 

 

 

 

 

 

 

Figure.I.22. Schematic representation of different types of pores. 

 

I.3.3.2. Adsorbent specific surface area  

The specific surface area is another important property that determines adsorbent usage and 
its capacity. The total surface area of activated carbon, ranging from 500 to 2000 m2.g−1, quantifies 
adsorption sites for molecules to attach [192]. The micropores usually provide the largest proportion 
of the internal surface of the activated carbon and contribute to most of the total pore volume. 
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 Mesopores, macropores and the nonporous surface of sample represent the external surface 
(Fig.I-23). Despite most of the adsorption takes place in the micropores, the meso- and macropores 
play also an important role in any adsorption process because they serve as passage for the adsorbate 
to reach micropores. Moreover, the multilayer adsorption only takes place in meso- and macropores. 

 

 

 

 

 

 

 

Fig.I-23. Schematic representation of external and internal adsorbent surface. 

 

I.3.4. Solid-liquid interface  

The solid-liquid interface is the common boundary surface formed by two different phases of 

matter (e.g., solid and liquid), where many important chemical, physical and biological processes 

occur. The solid – liquid interface formed during the sorption process will be discussed in this section. 

Adsorption at the solid-liquid interface is of a very complex nature compared to solid-gaseous 

interface. As adsorption takes place at an interface covered by the solvent molecules, which can 

potentially be strongly adsorbed must be displaced from the surface to make way for the adsorbent. 

The distributions or accumulation of ions in the vicinity of the solid surface can be described 

using different model based on the double layer structure. One of the oldest model of such electrolyte-

solid system was developed by Helmholtz in 1874 [193]. This model states that two layers of opposite 

charge form at the surface/electrolyte interface and are separated by an atomic distance. The 

Helmholtz model was modified by Gouy and Chapman, where the latter introduced the creation of a 

diffuse layer. Later Stern combined the two previous models. Thus, in Stern’s model it is possible to 

recognize two regions of ion distribution - the inner region (compact or Stern layer) and the diffuse 

layer. Stern layer consists of inner (IHP) and outer (OHP) Helmholtz planes. The graphical 

representation of hydration shell in double layer is represented in (Figure I.23).   

All ions in solution bear around them a shell from the solvent molecules and interact strongly 

with the solvent as well as with the solid. The ionic compound can be adsorbed on the surface of the 
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solid in well-defined adsorbate geometry and this type of chemisorption is called specific adsorption. 

The ion exists with a hydration shell in the solution but if it is specifically  adsorbed, it must discard 

this shell, at least partially, when it attaches to the surface. This will happen only if the formation of 

the bond between the ion and the surface can overcome that part of energy of solvation between the 

solvent and the ion that is lost owing to specific adsorption. Specifically adsorbed ions do not lose all 

their interactions with the solvent but there are no solvent molecules between ions and the solid 

surface. If the solvent-ion interactions are stronger than ion-surface interactions, ions preserve their 

hydration shell. In this case, adsorption is non-specific. Specifically adsorbed ions are principally 

bound by chemical interactions (covalent or coordinate bound), but non-specifically adsorbed ions 

are principally bound by electrostatic attraction.     

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.24. Model of double layer structure of the solid-liquid interface with examples of specific 
and non-specific ion adsorption [194], together with their hydration shell. 

 

 

Specifically adsorbed ions form Inner Helmholtz plane, while the outer Helmholtz plane is 

formed by non-specifically adsorbed ions.  
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 Different sorption mechanisms can be found at the solid-liquid interface: co-precipitation or 

dissolution (when solid is partially dissolute in suspension with an ion liberation, that can precipitate 

on the surface with species presented in solution); surface complexation (sorption of reactive solute 

occurs on the specific sites of adsorbent); surface precipitation (at variance with latter, this sorption 

mechanism is independent from the number of sorption sites) and ion exchange that will be described 

in the following part. 

I.3.5- Ion exchange  

The notion of ion exchangers comes from the property of insoluble solid materials to contain 
exchangeable ions (named, counter-ions). These charged ions can be replaced or exchanged in 
stoichiometric amount with other anions in contact with the surrounding solution. For example, Na+ 

neutralizes negative charges of clay platelets (of cationic clays). If the clays particles are placed in 
CaCl2 electrolyte solution, the Ca2+ ions present in the solution displace Na+ from clay interlayer to 
take up its place [195] based on an exchange mechanism as demonstrated in (Figure I.25). The ability 
to exchange ions is due to the properties of the structure of the materials. 

 

 

 

 

Figure I.25. Schematic representation of Na+ - Ca2+ exchange. 

 

If a solid contains exchangeable anions, it is called anion exchanger. In contrast, if the sorbent 

contains cations, this is a cation exchanger. The name amphoteric ion exchanger is used when 

exchanger contains both anions and cations. Ion exchange is similar to the adsorption process, as both 

process described the uptake of substances by a solid in solution. However, there is a specific 

difference between these two processes. Ion exchange is only a stoichiometric process in contrast to 

adsorption, which can be also nonstoichiometric. It means that in the ion exchange process for every 

charged specie removed from solution another charge compensator of the equal charge is released 

from the solid. However, the aim is to neutralize the structure’s charge of exchanger that is why if 

one di-charged ion is released from the structure it will be replaced by another di-charged or two 

mono-charged ions. Both ions, exchanged and removed must have the same, positive or negative 

charge [196]. Secondly, in ion exchange only ions are sorbed, whereas in adsorption processes, 

electrically neutral species can also be removed [197]. However, it is difficult to differentiate them 
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practically, because sometimes common sorbent material can be adsorbent and exchanger at the same 

time (ex: activated alumina, with its exchangeable hydroxide ions [198]).   

A water-swollen ion exchange material surrounded by an aqueous solution can be used as an 

example to demonstrate what is a complex ion exchange system [199]. The exchanger is composed 

of a dimensional framework with either positive or negative electric charges, compensated by the 

counter-ions, as mentioned above. Counter-ions are free to move within the framework and can 

diffuse in the pores. In contact with the electrolyte solution, the exchanger takes up the solvent with 

additional mobile ions. This term includes the counter-ions, different from those in the structure and 

co-ions with charge of the same sign as the framework charge. Hence, counter-ion can leave the 

framework, simultaneously with the incorporation of another counter-ion in the framework to 

compensate the charge of the system. The ion exchange process has been established as diffusion 

controlled, with the rate determining mechanism being the inter-diffusion of the two counter-ions 

[200]. The counter-ion content of the ion exchanger is a specific property of the material, named – 

ion-exchange capacity. It depends on the framework charge and it is independent from the nature and 

the charge of the counter-ions. For cationic exchangers, the constant is named cation-exchange 

capacity (CEC) and for anionic anion-exchange capacity (AEC).  

 Ionic exchanger is sometimes able to preferentially select some ions. This preference can be 

caused by different factors:  

- The nature of the interactions between the solid and the counter-ions 

 - The size and the valence of the counter-ions  

- Other interactions than electrostatic (London forces between the counter-ion and the matrix, 

as well as interactions of the solvent molecules with one another)  

- The steric exclusion of large ions from the framework. This ability to choose between the 

counter-ions is called the selectivity of exchanger.    

Many different natural and synthetic solids possessed exchange properties. But the main ones 

are: natural and synthetic inorganic ion exchangers (MOFs), ion exchange resins and ion exchange 

coals [201]. 
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I.3.6. Adsorption Studies 

I.3.6.1. Adsorption Isotherm  

Adsorption isotherm expresses the quantity of material adsorbed per unit mass of adsorbent as 

a function of the equilibrium concentration of the adsorbate. The necessary data are derived from 

experiments where a specified mass of adsorbent is equilibrated with a known volume at a specific 

concentration of a chemical and the resultant equilibrium concentration is measured in solution by 

the mass balance equation:  

 

 

Where C0 is initial liquid-phase concentration of solute, m is the mass of adsorbent and V is 

the isotherm solution volume.    

At a given temperature, the relationship between the equilibrium concentration of adsorbate in 

the solution and the amount of adsorbate on adsorbent is called the adsorption isotherm [202]. 

I.3.6.2. Classification of liquid-solid adsorption isotherms  

For the adsorption onto liquid-solid interface, according to the nature of the initial portion of 

the curve and its slope, Giles et al. proposed a classification of adsorption isotherms. This 

classification divides the various types of isotherms onto four main groups: S, L (Langmuir type), H 

(high affinity) and C (constant partition), see Figure I.26. The isotherm of L type is the most classical 

and widespread form among the sorption curves. For L type, species adsorption is favored in the 

beginning of the process, when all adsorption sites are vacant. It is usually indicative of molecules 

adsorbed flat on the surface. S curve arises due to the vertical orientation of the adsorbed molecules 

at the surface during the adsorption process. The S curve isotherm occurs as a result of the interactions 

among the adsorbed molecules. H type curve is characterized by a sharply vertical part of the initial 

slope, indicating highly strong interactions between the adsorbate and the adsorbent. All the 

molecules in the solute are adsorbed onto the solid. H curves arise in special cases where the adsorbate 

has a high affinity with the substrate.  

 

 

𝐪𝐞 =  
(𝐂𝟎 −  𝐂𝐞) ∗ 𝐕

𝐦
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Figure I.26.Classification of solution adsorption isotherms according to Giles et al. [204]. 

 

The last group of the isotherm curves is the C type and this can only be found in special cases. 

In the latter, the solutes penetrate into the solid more readily than the solvent [203].   
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I.3.6.2. Modelling Techniques  

A number of models have been developed to represent the actual sorption/desorption 

processes of organic pollutants with various solid phases [206].Some models have a theoretical basis; 

however, they may have only limited experimental utility because the assumptions involved in the 

development of the relationship apply only to a limited number of adsorption processes. Other models 

are more empirical in their derivation, but tend to be more generally applicable. In the latter case, the 

theoretical basis is uncertain.Langmuir and Freundlich equations are the most commonly used for 

modelling adsorption isotherms.   

1.3.6.3.a. Langmuir Model  

The Langmuir adsorption model describes the equilibrium between aqueous and solid phase 

systems as a reversible chemical equilibrium between species. There are three main assumptions in 

Langmuir adsorption equation: (a) the adsorption energy is the same at all sites, (b) adsorption is on 

localized sites with no interaction between adsorbed molecules, and (c) the maximum adsorption 

possible is a complete monolayer. The adsorbent surface (solid phase) is made up of fixed individual 

sites where molecules of adsorbate (organic pollutant) may be chemically bound. This can be 

expressed mathematically by denoting an unoccupied surface site as (–S) and the adsorbate in solution 

as species (A), with concentration (C), and considering the reaction between the two to form occupied 

sites (–SA):  

  (I.1) 

 

 For the Langmuir adsorption isotherm, it is assumed that this reaction (Eq. I.1) has a fixed 

free energy of adsorption not dependent on the extent of adsorption and not affected by interaction 

among sites. In addition, each site is assumed to be capable of binding at most one molecule of 

adsorbate. If qmax is the maximum number of moles of a pollutant adsorbed per mass adsorbent when 

the surface sites are saturated with an adsorbate (full monolayer), and qe is the number of moles of 

adsorbate per mass adsorbent at equilibrium, then according to the law of mass action Eq. (I.2) 

follows: [207]  
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𝑘 =
[−𝑆𝐴]

[−𝑆][𝐴]
= 

𝑞

(𝑞𝒎𝒂𝒙ି𝑞). 𝐶
൨                                                                       (𝐼. 2) 

 

Where: 

k is equilibrium constant, and Ce is the equilibrium concentration in solution. The 

rearrangement of Eq. (I-3) leads to the well known Langmuir equation  

𝑞 =  𝑞௫ ∗   
𝑘. 𝑐

(1 + 𝑘. 𝑐)
                                                                                    (𝐼. 3) 

For determination the constants in the Langmuir model, two versions of linearization can be 

used. Version 1 is represented by plotting Ce versus Ce/qe, according to Eq. (I-4) used at high 

concentration. Version 2 is represented by plotting 1/Ce versus 1/qe, according to Eq. (I-5) used at 

low concentration. 

𝐶

𝑞
=

𝐶

𝑞௫
+

1

𝑘 𝑞௫
                                                                                             (𝐼. 4) 

 

1

𝑞
=

1

𝑞௫
+

1

𝑞௫𝑘𝐶
                                                                                         (𝐼. 5) 

 

I.3.6.3. b. Freundlich Model  

The Langmuir model involves an assumption that the energy of adsorption is the same for 

all surface sites and not dependent on degree of coverage. Since in reality the energy of adsorption 

may vary because real surfaces are heterogeneous, the Freundlich adsorption model (Freundlich, 

1926) attempts to account for this:  

𝑞 = 𝑘 . 𝐶

ଵ
                                                                              (𝐼. 7) 

Where Ce is the equilibrium concentration in solution, kf is an equilibrium constant 

indicative of sorption strength and (n) is the degree of non-linearity (most often n <1).  

A linear form of Eq. (I-7) can be used as shown in Eq. (I.8):   
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𝐿𝑛(𝑞) = 𝐿𝑛൫𝑘൯ +
1

𝑛
. 𝐿𝑛(𝐶)                                                                               (𝐼. 8) 

 

If Ln (q) is plotted as a function of Ln (Ce), a straight line should be obtained with an 

intercept on the ordinate of Ln (kf) and slope n. [208] 

 

I.3.6.3. c. Langmuir-Freundlich model 

This model has three parameters in the following form : 

𝑞 =  
𝑘 . 𝑏 .  𝐶

ଵ
ൗ

1 + 𝑘 . 𝐶

ଵ
ൗ

                                                                                                          (𝐼. 9) 

 

Also known by the Sips equation [209]. It was used for the adsorption of benzene and 

toluene from aqueous solutions on granulated activated carbons [210]. 

In addition to these three major models there is a wide range of available theoretical models 

and empirical fitting functions used to evaluate the monocomponent isotherms, table I.6 represent 

some examples of these models. 
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Table I.6. Some examples of monocomponent isotherms models [210] 

Model Equation Description 

Langmuir-
Freundlich 𝑞 = 𝑞௫.

(.)ം

[ଵା(.)ം]
 . 

Empirical model (monolayer 
adsorption on heterogeneous 
surface) 

Jovanovic 𝑞 = 𝑞௫. (1 − 𝑒ି) 

Monolayer adsorption on 
homogenous surface with the 
possibility of mechanical contacts 
between adsorbed and adsorbed 
molecules 

Jovanovic-
Freundlich 𝑞 = 𝑞௫ . (1 − 𝑒ି()ം

) 
Semi-emperical model adsorption on 
heterogenous surface, derivated 
from Jovanovic’s model 

Brunauer-Emmett-
Teller (BET) 

𝑞 =
𝑞௫. 𝐾ଵ. 𝐶

(1 − 𝐾ଶ. 𝐶). (1 + (𝐾ଵ − 𝐾ଶ). 𝐶)
 

Described the mult-layer adsorption 
(the adsorption of molecules to the 
surface of particles forms a new 
surface layer to which additional 
moleculescan adsorbe) 

Toth 𝑞 = 𝑞௫ .
𝐾. 𝐶

[1 + (𝐾. 𝐶)ఊ]
ଵ

ఊൗ
 Emperical model adsorption on 

heterogenous surface 

 

I.3.6.4. Thermodynamic parameters related to the adsorption process 

Adsorption isotherms are generally used for the characterization of adsorbents, but this 

characterization is incomplete without having information on the quantity of energy involved. 

Adsorption is an exothermic process which therefore occurs with a release of heat, which leads to 

heating of the solid and a reduction in quantities adsorbed. Temperature variations are often important 

in processes industrial adsorption and can be one of the main factors in the degradation of 

performance. [211] 

 Distribution coefficient 

The distribution coefficient is a special case of the Langmuir relation and is defined for low 

concentrations of adsorbed species. The distribution coefficient Kd is defined as the ratio of the 

quantities fixed per gram of solid to the quantity of solute remaining in solution by volume of solution. 

The distribution coefficient characterizes the affinity of the solute for the adsorbent, can be translated 

by the below expression. [212, 213]   

𝐾ௗ =
𝑞

𝐶
                                                                                                    (𝐼. 10) 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDIES                                
                     

       
    57 
 

               

The Gibbs-Helmholtz thermodynamic relationship: ΔG = ΔΗ − TΔS associated with 

therelation obtained by Van’t Hoff integration: 

       ΔG = − RT.Ln (Kd)                                                        (I.11) 

We can determine enthalpy and entropy from the equation: 

 

 

     

The plot of the line LnKd as a function of 1/T makes it possible to calculate the values of the 

parameters thermodynamics ΔH and ΔS from the ordinate and the slope. For the adsorption to be 

effective, the free energy must be negative. [214] 

 

I.3.6.5. Adsorption kinetics 

The rate at which thermodynamic equilibrium is attained in a system that is not in equilibrium 

is generally described by kinetics. The adsorption process continues until the equilibrium is reached. 

The reverse process occurs during desorption which also continues until the equilibrium is   attained. 

[215]. Adsorption, either physical or chemical, includes the mass transfer of the adsorptive from the 

solution to the surface of the adsorbent. The adsorption takes place in four basic steps in the presence 

of a porous adsorbent [216] 

1. Bulk solution transport: The adsorptive is first transported to the hydrodynamic boundary layer 

surrounding the adsorbent. This transport occurs either by diffusion or turbulent mixing. 

2. External film diffusion – The adsorptive is then transported through the hydrodynamic 

boundary layer to the surface of the adsorbent by the assistance of molecular diffusion. The 

thickness of the boundary layer affects the rate of transport and depends on the velocity of the 

bulk solution.  

3.  Internal (pore) transport – The adsorptive is next transported through the pores of adsorbent 

to the adsorption sites via intraparticle diffusion i.e. either molecular diffusion through the 

 

(I.12) 
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solution in the pores (pore diffusion) or by the diffusion along the adsorbent surface (surface 

diffusion) after adsorption has taken place.  

4. Adsorption: The final step is the adsorption in which the adsorptive adheres to the adsorbent 

surface on the available sites. This step is very rapid and therefore one of the previous diffusion 

steps will control the rate of mass transfer.  

Desorption, occurs in the reverse manner; it begins with desorption and ends with transport from 

the concentration boundary layer around the adsorbent into the solution.  

 

I.3.6.5.a. Pseudo-first order model 

The pseudo-first order kinetic model, was developed by Lagergren (1898) and it is widely 
applied to describe the rates of adsorption processes. 

 

 

Where qe and qt are the amounts adsorbed (mg/g) at equilibrium and at time t, k1 is the pseudo-
first order rate constant. Equation (I.11) can be linearized to the form of Equation (I.12) and the rate 
constant k1 can be calculated from the plot of log(qe/(qe−qt)) versus time. 

 

 

 

The first-order equation does not always fit well with the whole range of contact time and 
usually it is applicable only over the initial stage of the adsorption processes [217].   

 

I.3.6.5.b. Pseudo-second order kinetic model 

The pseudo-second order kinetic model based on sorption equilibrium capacity, Eq.(I.13), is 
also widely used since it is a good representation of the experimental data. The model can be used to 
predict the behavior over the whole range of adsorption. [218]. 

 

 

where k2 is the rate constant for the pseudo-second order adsorption [g/(mg.min)]. 

ௗ

ௗ௧
= 𝑘ଵ(𝑞௧ − 𝑞)                                                              (I.11) 

log(𝑞 − 𝑞௧) =  log(𝑞) −
భ

ଶ.ଷଷ
𝑡                                                 (I.12) 

ௗ

ௗ௧
=  𝑘ଶ(𝑞 − 𝑞௧)ଶ                                                          (I.13) 
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 An integrated and rearranged form of the pseudo-second order model is presented in Eq.(I.14). 
If the model is applicable, the plot of t/q versus t should give a linear relationship and values of qe 

and k2 can be then calculated from the slope and intercept [219].    

 

 

 

where k2qe
2 equals to the initial adsorption rate h (mg of adsorbate/(g of adsorbent·min)). 

 

I.3.6.5.c. Intra-particle diffusion model 

The intra-particle diffusion rate is determined using the following equation:  

 

 

 

With, kint: Diffusion rate constant (mg/g.min1/2) The plot of qt as a function of time t1/2 will 
give a line of slope equal to kint and intercept equal to C. C is a constant depending on the adsorption 
capacity according to intra-particle diffusion model. [220]. 

 

 

 

 

 

 

 

 

 

 

 

 

௧


=

ଵ

మ
మ +

ଵ


𝑡                                                           (I.14) 

𝑞௧ =  𝑘௧ 𝑡
ଵ/ଶ                                                                       (I.15) 
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II. PREPARATION AND CHARACTERISATION OF ADSORBENTS 

 

II.1. INTRODUCTION 

This chapter presents firstly general description of used products and the procedures followed 

in the preparation of OFI-A (Opuntia ficus indica activated by ( NaOH )), the synthesis of the PANI 

(polyaniline ) and the Hybrid material PANI@OFI-A, also the analytical techniques use for the 

characterization of the different material used for the removal of organic dye (Orange-G). Finally, 

the selected method for detection of the pollutant in the aqueous solution. 

 

II.2. USED PRODUCTS 

All the products that have been used to perform the experiments are. 

 

- Aniline's monomer (C6H5NH2) is of analytical grade obtained from Aldrich (99%) (The 

aniline monomer was vacuum distilled before using) 

- Hydrochloric acid (HCl) is analytical grade obtained from Merck (37%, d -1.18)  

is used as a doping agent. 

- A solution of Ammonium Hydroxyde (NH4OH) is obtained from (Haene Reidel)  

is used as a dedopiant. 

- Ammonium persulfate ((NH4)2S2O8) is obtained from (Haene's Riedel; 98%) is  

used as an oxidizer. 

- Methanol (CH3OH) and Sodium Hydroxide (NaOH) obtained from the laboratory. 

- The distilled water used to prepare solutions is obtained from a Gesellsschaft fur  

labortechnikmbH (D-309 38 Burgwedel). 

- The demineralized water used for the purification of the resulting materials is  

Produced by an ultra Elga Labwater Purelab system. 

- OFI (Opuntia ficus indica) Collected from local area (Mascara Province) and we have 

done  the preparation it  in the laboratory of the university of Mustapha Stambouli. 

- Orange-G dye (OG) Pestanal® (C16H10N2Na2O7S2). 

-  

II.3. PREPARATION OF DIFFRENTS ADSORBENTS 

II.3.1. Preparation of the Opuntia Ficus Indica OFI-A adsorbent 

OFI cladodes were collected from local area Mascara, Algeria. The OFIs were washed several 

times with distilled water to remove lingering impurities, soluble particles and other contaminants.  
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The washed OFI leaves were cut to small size pieces (approximate 1−3 cm), after removing 

thorns thoroughly and dried at 105 °C for 24 hours until the total humidity elimination, which was 

contained within the sample. 

The dried OFI was crushed (Raw OFI). Further, after activation of the Raw OFI by 1 M  

NaOH, then the produced sample was thorough washed with distilled water to remove and soluble 

impurity till the pH of the filtrate was neutral ( pH ~ 7) and the washing water is clean to ensure the 

removal of any color from the sample, the obtained material was dried at 105 °C. Finally, the 

produced material was crushed again and sieved in a sieve of 0.125mm. This activated sample were 

marked as OFI-A. This obtained adsorbent OFI-A was stored in a closed and dried container at room 

temperature until use. 

II.3.2. Synthesis of the Polyaniline PANI 

Polyaniline PANI was prepared as follows:  

1 ml of aniline mixed with 50 ml HCl (1 M) to prepare a solution of aniline (0.22 M), the solution 

stirred continuously for 1 hour, the solution kept at (0 to 5 ºC). A mass of ammonium persulfate APS 

(NH4)2S2O8 (2.45 g) was dissolved in 50 ml of HCl (1 M) to prepare a solution of APS 0.22 M.  

The prepared solution of APS (0.22 M) added slowly to the aniline solution with continuous stirring. 

The Temperature of the reaction mixture  should kept at (0 to 5 ºC) during the reaction, the mixture 

turned green after some few minutes, which indicates the formation of polyaniline in its doped state. 

The reaction mixture kept with continuous stirring for 24 hours. The prepared polymer collected on 

a filter paper and washed with demineralized water. The obtained PANI emeraldine salt (ES)  rinsed 

in excess of 0.5 M NH4OH at room temperature for 3h, the polyaniline PANI was rinsed with ethanol 

and demineralized water to remove entire impurities then dried at 60 °C in a vacuum drying oven. 

The dried PANI crushed and sieved through a sieve of 0.125 mm size and stored away from humidity 

[1]. 

II.3.3. Synthesis of the aniline / Opuntia Ficus Indica PANI/OFI-A nanocomposite 

The aniline /OFI-A nanocomposite was prepared as follow. 

 111 mg of dried OFI-A added to 50 ml of HCl (1M), the mixture kept under stirring for 1 hour, 

 1 ml of aniline was added to the previous mixture, (the aniline concentration in the solution is         

0.22 M and OFI-A /aniline weight ratio is 10%), the mixture stirred for 20 min. 
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 The oxidizing solution which is prepared separately by dissolving 2.45g of ammonium 

persulfate (NH4)2S2O8 into 50 ml of 1M HCl solution. The 50 ml of oxidizing solution added slowly 

to the OFI-A /aniline solution (ensuring the 1:1 aniline/oxidant molar ratio), the mixture was kept in 

an ice bath (T< 5 ˚C) with continuous stirring, the reaction turned green after some few minutes, 

which is the indication of the formation of polyaniline in its doped state. The reaction mixture was 

stirred for 24 hours. 

The obtained product was washed with NH4OH 0.5M at room temperature for 3h. The hybrid 

adsorbent was rinsed with ethanol and deionized water to remove entire impurities then dried at 60 °C 

in a vacuum drying oven [1-3]. 

The dried hybrid adsorbent crushed and sieved in a sieve of 0.125 mm size, and stored in a dry place. 

 A graphical exemplification of the most important steps for preparing the PANI@OFI-A is presented 

in (Fig.II.1.). 

 

 

Figure.II.1 Schematic representation of the most important steps to prepare the PANI@OFI-A 

 

 

II.4. CHARACTERISATION TECHNIQUES AND APARATUS 

This section describes the analytical techniques used for the characterization of 

prepared adsorbents. The different samples were characterized using a number of 

techniques including: Fourier transform infrared spectroscopy (FTIR), 

thermogravimetric analysis (TGA), X-ray diffraction (XRD) analysis, scanning 

electron microscopy (SEM) and Brunauer-Emmet-Teller (BET) surface area analysis.  
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Also the techniques used for the quantitative analysis of dyes during adsorption 

studies are described in this section  

 

II.4.1. X-ray diffraction 

  II.4.1.1. Generality: 

X-ray diffraction (XRD) is a powerful nondestructive technique for characterizing 

crystalline materials. It provides information on structures, phases, preferred crystal 

orientations (texture), and other structural parameters, such as average grain size, crystallinity, 

strain, and crystal defects. X-ray diffraction peaks are produced by constructive interference 

of a monochromatic beam of X-rays scattered at specific angles from each set of lattice planes 

in a sample. The peak intensities are determined by the distribution of atoms within the lattice. 

Consequently, the X-ray diffraction pattern is the fingerprint of periodic atomic arrangements 

in a given material.  

X-ray diffraction (XRD)is an analytical technique used to characterize crystalline phases 

of a wide variety of materials, typically for mineralogical analysis and identification of 

unknown materials. Powder diffraction data are fundamentally derived by the atomic and 

molecular arrangements explained by the physics of crystallography. 

There are several advantages of XRD techniques in science laboratories: 

 Nondestructive, fast, and easy sample preparation. 

 High-accuracy for d-spacing calculations. 

 Can be done in situ. 

 Allows characterizing single crystal, poly, and amorphous materials. 

 Standards are available for thousands of material systems[4]. 

During this thesis work, the device used to characterize the thin films synthesized is a D8 Advance 

diffractometer (Bruker) with Bragg-Brentano geometry in θ/2θ configuration with a copper 

anticathode (K α1 = 1.5406 Ǻ). radiations, as a general rule the doublet Kα (Kα1 and Kα2 ) [5].Like 

all electromagnetic waves, cause the electron cloud to move relative to the nucleus in atoms. These 

induced oscillations cause re-emission of electromagnetic waves of the same frequency: this 

phenomenon is called Rayleigh scattering (figure II.2). The wavelength of X-rays being of the order 

of magnitude of interatomic distances (a few Angstroms), the interference of the rays scattered by the 

atoms constituting the crystallized matter will be alternately constructive or destructive. Depending 

on the direction of space, we will therefore have a significant flow of X photons, or on the contrary 

very weak; these variations according to the directions form the phenomenon of X-ray diffraction. 
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The directions in which the interferences are constructive, called "diffraction peaks", can be 

determined very simply by the following formula, called Bragg's law :   

              nλ=2dsinθ                                                               (II.1) 

Where: 

 λ is the wavelength of the x-ray, 
 d is the spacing of the crystal layers (path difference), 
 θ is the incident angle (the angle between incident ray and the scatter plane), and 
 n is an integer. 

 

 

 

Figure.II.2. Bragg Diffraction Planes 

 

In order to identify the phases constituting the samples studied, the diffractograms obtained 

are compared with the JCPDS files of the ICDD database. The position of the diffraction peaks is 

obtained in degrees (2θ) and related to the distance (d hkl) between the planes (h, k, l) of the structure 

probed by means of Bragg's law. Thus, it is possible to identify the crystal system (s) formed and the 

lattice parameters of the structure. Scherrer's (approximate) formula makes it possible to determine 

the size of crystallites: 

𝑑 =
𝑘. 𝜆

𝛽. cos 𝜃
                                                 (𝐼𝐼. 2) 

Where λ is the X-ray wavelength in nanometer (nm), β is the peak width of the diffraction 

peak profile at half-maximum height resulting from small crystallite size in radians and K is a constant 

related to crystallite shape, normally taken as 0.9. The value of β in 2θ axis of diffraction profile 

must be in radians. The θ can be in degrees or radians, since the cos(θ) corresponds to the same 

number. 
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The crystalline properties of samples were characterized by X-ray diffraction (XRD) using CuKα as 

a radiation (λ= 1.5405 Å) using a Bruker CCD-Apex instrument [6]. 

 

II.4.1.2. Interpretation of the XRD diffraction patterns 

 

 

 

Figure.II.3. XRD diffraction patterns of: PANI, OFI-A and PANI@OFI-A 

 

(Figure II.3) illustrates the results of the XRD test for pure PANI, OFI-A and PANI@OFI-A. 

The pure PANI XRD pattern shows weak and broad peaks in the angles of 2θ = 15.69º, 20.10º and 

24.77º, which is due to the amorphous structure and crystallinity of PANI [7]. In addition, the OFI-A 

showed peaks around 2θ = 11.21° and 19.84° with various intensities.  
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The peak at 2θ = 11.21° assigned low intensity illustration amorphous zone of the sample and 

the peak at 2θ = 19.84° represent the high intensity indicating the crystalline region of the sample. 

Finally, on hybrid material, appeared peaks around 2θ = 20.04° and 24.84° indicated the crystalline 

structure of a single-phase hexagonal-vortex monocrystal for this adsorbent. According to the data of 

XRD, it can be deduced that PANI@OFI-A have a high crystallinity compared to other materials, 

which is due to the good density and uniform distribution of polymer chain as fillers and the formation 

of crystalline masses. 

 

II.4.2. Fourier Transform Infrared Spectroscopy 

II.4.2.1. Principle 

Fourier transform infra-red (FTIR) technique is based on the excitation of molecular 

vibrations by light absorption. It is widely used in the determination of structure and identification of 

both organic and inorganic compounds. It is mainly used in the identification of functional groups 

present in a given sample. 

In infrared spectroscopy, infrared radiation is passed through a sample. Some of the infrared 

radiation is absorbed by the sample and some is transmitted. The resulting spectrum represents the 

molecular absorption and transmission, creating a molecular fingerprint of the sample. Like a 

fingerprint, no two unique molecular structures produce the same infrared spectrum. This makes 

FTIR spectroscopy useful for several types of analyses, including: identification of an unknown 

material, quality control of samples and the determination of amounts of components in a mixture.   

 

The sample analysis process entails the emission of infrared radiation from a black body source. The 

beam of radiation passes through an aperture which controls the amount of energy presented to the 

sample and ultimately to the detector. The beam enters the interferometer where ’the spectral 

encoding‘ takes place. The resulting interferogram signal then exits the interferometer. The beam 

enters the sample compartment where it is transmitted through or reflected off the surface of the 

sample, depending on the type of analysis being carried out. This is where specific frequencies of 

energy, uniquely characteristic of the sample, are absorbed. The beam finally passes through to the 

detector for final measurement. The detectors used are specially designed to measure the special 

interferogram signal [8, 9]. FTIR spectroscopy was used in this study for the analysis of the various 

adsorbent materials prepared in this work. 
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II.4.2.3. Interpretation of Fourier Transform Infrared (FTIR) Analysis  

 

FT-IR spectra of PANI, OFI-A and PANI@OFI-A are showed in (Fig.II.4.) OFI-A showed 

bands related to the hydroxyl vibration were observed at 3331 cm−1 and 3223 cm−1 [10], which are 

assigned to the stretching of –OH groups and the C–H stretching peak at 3008 cm−1 and 2900 cm−1 

is attributed to C–H stretching and bending vibrations [11]. The weak band at 2207 cm−1 due to the 

nitrile groups (C≡N) and the intense band at 2122 cm−1 are due to the C≡C stretching vibration. 

Furthermore, the peak observed at 1560 cm−1 and 1511 cm−1 is due to the C=O stretching vibration 

of the ionic carboxyl group and N–H deformation of amines, respectively [12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.II.4. FT-IR adsorption spectra of: PANI, OFI-A and PANI@OFI-A 

 

The bands around 1305 cm−1 are attributed to stretching of C–O–C in α–O–4 and β–O–4 

linkages of lignin and peak at 1130 cm−1 are due to C–O stretching vibrations of C–O–C glycosidic 

linkages of hemicelluloses [13]. The peak at 1076 cm−1 assigned to C–O stretching vibration of 
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primary alcohol and to C–N stretching vibration of amine groups [14], and the band at 1022 cm−1 

indicate the presence of β-d pyranose form of the glucoyl residue [15]. Besides, the presence of            

O–C–O bending and CH deformation occurred in the range of 500–850 cm−1 [16]. On the other hand, 

the changes in functional groups of PANI@OFI-A were confirmed. Furthermore, the presence of 

PANI into composite was confirmed by the peaks at 1498 cm−1, due the ring stretching vibration of 

benzenoid rings [17] at 1314 cm−1, and at 1242 cm−1 from the C–N stretching of a secondary aromatic 

amine [18]. Moreover, the bands at 829 cm−1 resulted from the =N–H structure formed during the 

protonation [19]. Some OFI-A bands presented a red shift in the hybrid material probably due to a 

chemical interaction between OFI-A and PANI chains. 

 

II.4.3. Nitrogen Adsorption/Desorption Isotherms (BET) 

II.4.3.1.Principle  

This technique was named after S. Brunauer, P. H. Emmet and E. Teller (BET). The three 

developed the method in 1938 as they were working on ammonia catalysts. It is the first method 

developed to measure the specific surface area of finely divided and porous solids. The method is 

applied in the analysis of pharmaceuticals, catalysts, projectile propellants, medical implants, filters, 

cements and adsorbents. The BET method is based on the adsorption of gas on a surface. Adsorption 

is a consequence of surface energy change. The energy is minimized in the bulk when every atom or 

molecule is surrounded by neighbours. The amount of gas adsorbed at a given pressure allows for the 

determination of surface area. 

In a gas sorption experiment, the material is heated and degassed by vacuum force or inert 

gas purging to remove adsorbed foreign molecules. Controlled doses of an inert gas, such as nitrogen, 

krypton, or argon, are introduced and the gas is adsorbed, or alternatively, withdrawn and desorbed. 

The sample material is placed in a vacuum chamber at a constant and very low temperature, usually 

at the temperature of liquid nitrogen (-195.6 °C), and subjected to a wide range of pressures, to 

generate adsorption and desorption isotherms. The amounts of gas molecules adsorbed or desorbed 

are determined by the pressure variations due to the adsorption or desorption of the gas molecules by 

the material (the adsorbent). Various amounts of gas molecules will be adsorbed or desorbed at 

different doses of the gas (the adsorbate). Knowing the area occupied by one adsorbate molecule, σ 

(for example, σ = 16.2 Å2 for nitrogen), and using an adsorption model, the total surface area of the  

material can be determined [20]. 

The concept of the theory is an extension of the Langmuir theory (a theory for monolayer 

molecular adsorption) to multilayer adsorption. The BET theory assumes that: gas molecules 

physically adsorb on the surface of a solid in layers infinitely, there is no interaction between each 
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adsorption layer, and the Langmuir equation can be applied to each of the layers. The resulting BET 

equation is expressed by:   

 

 

𝑃

𝑛(𝑃 − 𝑃)
=  

1

𝑐𝑛
+

(𝑐 − 1). 𝑃

𝑐𝑛. 𝑃
                                             (II. 3)           

 

Where P, P0, c, n, nm are the adsorption pressure, the saturation vapour pressure, a constant, the 

amount adsorbed (moles per gram of adsorbent) at the relative pressure P/P0, and the monolayer 

capacity (moles of molecules needed to make a monolayer coverage on the surface of one gram of 

adsorbent), respectively. Through the slope and intercept of a plot of P/[n(P0-P)] against (P/P0), nm 

can be determined. The specific surface area, S, can then be derived using the following equation: 

 

                                    𝑆 = 𝑁𝑛σ                                                           (II. 4)               

 

NA is Avogadro‘s number and σ is the area occupied by the adsorbed species. The specific surface  

area that can be determined by gas sorption ranges from 0.01 to over 2000 m2/g. Determination of  

pore volume and pore size distribution of porous materials can be made from the N2 gas 

adsorption/desorption isotherm using an assessment model, suitable for the shape and structure of the  

pores. The range of pore sizes that can be measured using gas sorption is from a few Angstroms up 

to about half a micron [21]. 
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II.4.3.2. Interpretation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.II.5. Adsorption–desorption isotherms of nitrogen at 77 K of: 

PANI, raw OFI, OFI-A and PANI@OFI-A 

Surface area is among the most significant physical properties that limit the quality and 
efficacy of an adsorbent. Variances of surface area and particle porosity seriously impact its 
performance.  

The textural properties of OFI-A and PANI@OFI-A were explored by N2 

adsorption/desorption at 77 K (Figure.II.5). Both isotherms presented H3-type hysteresis loops 

belonging to type IV according to the International Union of Pure and Applied Chemistry (IUPAC) 

classification system.  Table.II.2 shows that the porous PANI@OFI-A presents a larger surface area 

compared with OFI-A (37.912 vs 23.954 m2 g−1) due to an increment in the micropore volume      

(VDR, Table.II.1). 
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Table.II.1. Textural characterization of: PANI, raw OFI, OFI-A and PANI@OFI-A 

 

 

 

 

 

 

II.4.4.Thermal gravimetric analysis (TGA) 

II.4.4.1. Principle 

Thermogravimetric analysis (TGA) measures the amount and rate of change in the weight of 

a material as a function of temperature or time (isothermal conditions) in a controlled atmosphere. 

Measurements are used to primarily determine the composition of material and to predict their 

thermal stability. The technique can characterise materials that exhibit weight loss or gain due to 

decomposition, oxidation or dehydration. The breaking and formation of chemical bonds at elevated 

temperatures leads to changes in the weight of the sample which is monitored by a very sensitive 

analytical balance.   

In TGA, the weight of a sample is continuously recorded as the temperature is increased. 

Samples are placed in a crucible that is positioned in a furnace on a quartz beam attached to an 

automatic recording balance. The horizontal quartz beam is maintained in the null position by the 

current flowing through the transducer coil of an electromagnetic balance. A pair of photosensitive 

diodes acts as a position sensor to determine the movement of the beam. Any change in the weight 

of the sample causes a deflection of the beam, which is sensed by one of the photodiodes. The beam 

is then restored to the original null position by a feedback current sent from the photodiodes to the 

coil of the balance. The feedback current is proportional to the change in weight of the sample [22]. 

II.4.4.2. Interpretation 

Thermogravimetric analyses (TGA) give the weight change under heat treatment then the 

amount of the volatilized species. Samples (about 20 mg) were heated from 60 to 900ºC under 

nitrogen flow at a heating rate of 10 ºC/min in a SDT Q600 (TA Instruments) Thermobalance.   

The thermograms of pure PANI, OFI-A and PANI@OFI-A are represented in (Figure.II.6) 

OFI-A formed from cellulose, lignin, hemicellulose etc.  

Adsorbent SBET  

m2.g-1 
VDR N2 

cm3.g-1 
Vmeso 

cm3.g-1 
 

PANI 

 

41.205 

 

0.432 

 

0.035 

Raw OFI 6.003 0.004 0.005 

OFI-A 23.954 0.009 0.012 

PANI@OFI-A 37.912 0.031 0.038 
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These materials will generally decompose around 460 °C. The thermal decomposition of   

OFI-A takes place in three steps. The first step between 60 and 220 °C related to degradation of 

hemicelluloses and pectins with 9.07% weight loss. The second step between 220 and 350 °C, in 

which degradation of cellulose and some amount of hemicellulose occurs (56.02% weight loss) and 

the final step between 350 and 800 °C, which is responsible for the decomposition of lignin and some 

part of cellulose (15.46% weight loss). Similarly, thermogram of the PANI@OFI-A presented 

maximum thermal stability as compared to OFI-A, which was due to the realization of covalent bonds 

between PANI chains and the OFI-A. The PANI@OFI-A also displayed three-stage degradations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. II.6. Thermogravimetric analysis of pure PANI, PANI@OFI-A and OFI-A obtained under      

N2 flow at a heating rate of 10 °C.min−1 

 

The first step of decomposition (60–220 °C) consisted of degradation of the short size free 

radicals transferred unsaturated chain end of PANI and dehydration which resulted in 6.64% mass 

loss, the second step of decomposition (220–350 °C) consisted of degradation of, hemolytic scission 

of the chain due to H–H bonds and random scission [23], which resulted in 37.52% mass loss and the 

final step (350–800 °C) consists of thermal degradation of PANI chains and decomposition of        

OFI-A material which resulted in 21.89% mass loss. 
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II.4.5. Morphological Study (SEM) 

II.4.5.1. Principle 

The Scanning Electron Microscopy (MEB or SEM) is a technique of electronic microscopy 

based on the electrons-material interactions, capable of producing images of the sample surface. The 

principle of the MEB is based on the fact that an electron beam bombards the surface of the sample 

to be analyzed which re-emits certain particles. These particles are analyzed by various detectors 

which give a three dimensions image of the surface. Due to the excited state of the atoms present in 

the material by interaction with the incidental electrons, photons X are emitted (de-excitation 

process). The emission volume of photons X, (µm3) depends upon the energy of the incidental 

electrons, the atomic number of the sample and the level energy initially ionized[24]. 

 

II.4.5.2. Interpretation of SEM images 

The morphology of prepared materials is studied through SEM microscopic method. The 

related images of OFI-A and PANI@OFI-A were shown in (Fig.II.7)  

In (Fig.II.7a) the OFI-A adsorbent presented a highly porous structure with roughness and 

wrinkles on the surface. Besides, In the SEM image of PANI@OFI-A, (Fig.II.7b), the existence of 

nanoporosity indicates that the main structure of OFI-A is retained after the polymerization process 

of PANI, due to the linkage of the polymeric chains onto the OFI-A, the uniformity of roughness was 

obtained at the surface of OFI-A.  

This layer linkage structure of prepared PANI@OFI-A makes it good candidate to be used as 

a good adsorbent for the removal of various organic and inorganic pollutants. 

 

 

 

 

 

 

 

 

 

 

 

Figure. II.7. SEM images of the OFI-A (a) and PANI@OFI-A (b) 
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II.4.6. Point of zero charge (PZC) analysis 

The point of zero charge (PZC) designates a pH wherein the net total particle charge is zero. 

PZC is among the most significant parameters helpful in the description of variable-charge surfaces. 

 

II.4.6.1. Operating protocol  

 

The point of zero charge of the adsorbents was determined by the solid addition method 

(Balistrieri and Murray 1981). To a series of 100 mL conical flasks, 45 mL of KNO3 solution of 

known strength was transferred. The initial pH (pHi) values of the solution were roughly adjusted 

from 2 to 10 by adding either 0.1 N HNO3 or NaOH. The total volume of the solution in each flask 

was made exactly to 50 mL by adding the KNO3 solution of the same strength. The pHi solutions 

were then accurately noted and 0.1 g of the adsorbent was added to each flask, which were securely 

capped. The suspensions were then manually shaken and allowed to equilibrate for 24 h with 

intermittent manual shaking. The pH values of the supernatant liquid were noted. The difference in 

the initial and final pH values (pHf) was plotted against the pHi. The point of intersection of the 

resulting curve is taken as PZC (Figure.II.8.). The values are given in Table II.2 and table.II.3   

 

 

Table.II.2 The results of initial pH and final pH for the OFI-A 

 

Table. II.3. The results of initial pHi and final pHf for the PANI@OFI-A 

 

Figure.II.8 shows that OFI-A and PANI@OFI-A have a point of zero charge (PZC) at around 

6.86 and 6.56 respectively, at  pH below the PZC, the surface of the adsorbent is positively charged, 

while above PZC the adsorbent surface becomes most negatively charged by losing protons. Thus, 

PANI@OFI-A and OFI-A supposed to possess adsorption capacities higher towards OG above pH=2 

probably due to electrostatic attraction, which is observed during study [25]. 

pHi 2 3 4 5 6 7 8 9 10 

pHf 2.67 6.23 6.61 6.68 6.58 6.6 6.65 6.74 6.78 

pHf  - pHi 0.67 3.23 2.6 1.68 0.58 -0.40 -1.35 -2.26 -3.22 

pHi 2 3 4 5 6 7 8 9 10 

pHf 2.68 6.23 6.66 6.75 6.80 6.89 6.95 7.2 7.5 

pHf  - pHi 0.68 3.23 2.66 1.75 0.80 -0.89 -1.15 -2.22 -3.22 
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Figure.II.8. Representation of PZC for PANI@OFI-A and OFI-A 

 

II.4.7. Ultraviolet visible (UV-vis) spectroscopy  

II.4.7.1. Principle 

The  different  emerging  and  aromatic  compounds  present  in  water  are  determined  by 

means  ultraviolet  visible  (UV-vis)  equipment.  Molecular  spectroscopy  based  upon ultraviolet-

visible  is  widely  used  for  the  identification  and  determination  of  organic species. The wavelength 

of the ultraviolet-visible is between 200-400 nm for ultraviolet and  400-800  nm  for  visible,  and  

the  absorption  radiation  of  the  molecules  generally occurs in one or more electronic absorption 

bands (Table II.4); each of which is made up of numerous closely packed but discrete lines. Each line 

arises from the transition of an electron  from  the  ground  state  to  one  of  the  many  vibrational  

and  rotational  energy states associated with each excited electronic energy state [26]. 

In the absorption of organic compounds, two types of electrons are responsible for the 

absorption of ultraviolet and visible radiation:  
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1) shared electrons (associated with more than one atom). 

2) unshared outer electrons (localized in halogens, oxygen, sulphur and nitrogen. 

Organic compounds with aromatic ring like benzene, aniline, benzaldehyde (table 3.7), 

emerging  compounds  (paracetamol,  atrazine,  iodixanol,  diclofenac,...)  contain  double bonds 

which exhibit useful absorption peaks in the ultraviolet spectra region due to the electrons in 

unsaturated bonds (that are easily excited). 

 

Table.II.4. Maximum wavelength and absorption coefficient of different organic compounds [26] 

 

II.4.7.2. Beer-Lambert’s Law  

Absorbance is the parameter that is used to quantify the UV-vis spectra and the different  

concentration of the molecules in solutions. The absorbance (A) is defined by: 

 

𝐴 = −𝑙𝑜𝑔ଵ(𝑇) = −𝑙𝑜𝑔ଵ(
ூ

ூబ
)                                            (II.5) 

Where: 

 T is the transmittance, Io the incident intensity and I transmitted intensity  

The functional relationship between the quantity measured of an absorption method (A)  

and the quantity sought (the analyte concentration c) in known as Beer-Lambert’s Law 

 

𝐴 = −𝑙𝑜𝑔ଵ ቀ
ூ

ூబ
ቁ = 𝜺. 𝒄. 𝒍                                                     (II.6) 

where: 

 ε is the molar absorptivity (L.cm-1.mol-1), l is the path length of radiation through  

the absorbing medium (cm) and c is the concentration (mol.L-1) [27]  
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II.4.7.3. Determination of maximum absorbance wavelength (𝛌max) of Orange G dye. 

 Ultraviolet--visible spectrum. 
 

            A plot of absorbance vs. wavelength obtained by measuring the amount of radiation absorbed 

by a sample of OG as a function of the wavelength of incident radiation in the ultraviolet to visible                

range (200 - 800 nm).  

 

 

 

Figure.II.9. UV-Vis Spectrum of orange G dye 

 

The UV-Vis spectrum of Orange G dye showed a major band in the visible region, with 

maximum absorption at 477 nm (λmax) due to azo-hydrazone tautomerization of the azo bond 

(−N=N−) [28,29]. Two other bands, at 331 and 247 nm, were associated with naphthalene and 

benzene rings, respectively [28-30]. The λmax of the dye (477 nm) was chosen for further 

investigations. 
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III.1 Introduction 

In this chapter we will investigate the adsorption of an organic pollutant which is orange G 

dye (Table.III.1) onto Opuntia ficus-indica treated with NaOH (OFI-A).  

OG dye has been found to exert hazardous and inevitable harmful effects on aquatic species 

and the entire water environment [1]. It has been reported as one of the highly poisonous anionic 

dye, which shows some chromosomal damage and clastogenic activity [2]. Its toxic, carcinogenic 

and teratogenic effects to the living organisms has been attributed to the azo group in its chemical 

structure [3]. Not only OG, but the intermediates formed during its degradation are also toxic too. 

OG is likewise harmful to plants and animals [4]. Furthermore, for humans, exposure to OG may 

result in irritation of the gastrointestinal and respiratory tract. It has also shown genotoxic effects 

on experimental animals such as Swiss albino mice and anaerobic biomass in aqueous solution [5].    

 

Table.III.1. physicochemical properties and molecular structure of OG. [6] 

 

 

Property Orange G (OG) 
 

Chemical formula 

Chemical name 

Generic name 

Abbreviation 

Classification  

Color 

λmax 

pKa 

Molecular size (Å3) 

Melting point 

Water solubility 

 

 

Chemical structure 

 

C16H10N2Na2O7S2 

7-hydroy-8-(phenylazo)-1,3-naphthalenedisulfonic acid disodium salt 

Acid Orange 10 

AO10 

Azo dye 

Orange 

475 nm 

11.5 

13.08 x 7.53 x 4.98 

141 0 C 

50 g/l (20 0 C) 
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III.2 PREPARATION OF SOLUTIONS 

The stock solution was prepared by dissolving 1 g of orange G dye in 1L of demineralized 

water, the prepared stock solution with a concentration of 1000mg/L used for the preparation of the 

sub-solutions with different concentration, which used for the OG adsorption onto OFI-A studies. 

The concentration of each sub-solution that was prepared from the stock solution was verified by 

analyzing it with the UV-visible at the maximum absorption wavelength of OG (λmax =477 nm). 

 

III.2.1. Calibration curve for OG 

The method consists in the preparation of series of sub-solutions with different known 

concentration 5, 10, 15, 20, 25, 30 ppm and measure the absorbance of each solution and trace the 

concentration versus absorbance, which should be a line passes through the origin. 

 

The equation of the straight line giving the concentration of OG solution as a function of the 

absorbance A is: (C = 25.011×A) which represented in (Figure III.1), with a regression coefficient 

R2 = 0.9997. This equation used to determine the concentration of a given solution. 

 

 

 

Figure.III.1 Orange G dye calibration curve at (𝛌max = 477nm) 
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III.3. Effect of different parameters on the adsorption of OG onto PANI@OFI-A 

To study the effect of parameters such as adsorbent dosage, pH and initial concentration 
batch experiments were carried out for the adsorption of anionic dyes (OG) onto OFI-A  in a 
thermostatic orbital shaker at a constant speed of 125 cycles per minute at 25ºC. 

 

III.3.1. Effect of adsorbent dosage 

The effect of adsorbent dose on the adsorption of OG was investigated by incubating 

different quantities of OFI-A in 50 mL of 100 ppm OG solution for 2 h. The experimental result is 

given in Figure III.2. It is observed that the OG dye removal increases and the OG final 

concentration decreases as the adsorbent mass increases from 0.1 to 3.2 g/L keeping all other 

parameters constant. This is due to the availability of more surface functional groups at higher 

concentration [8]. However, above the adsorbent dose of 1.5g/L were the percentage of dye removed 

reaches 80 %, the increase of the adsorbent mass above 1.5 g/L has low effect on the dye removal. 

Dye Removal % =    
𝐶0 − 𝐶𝑓  

𝐶0
∗ 100% 

 

 

Figure III.2 Effect of adsorbent dosage on the adsorption of OG onto OFI-A 

 

III.3.2. Effect of pH  

The pH of the solution is one of the major factors influencing the adsorption capacity of the 

compounds that can be ionized. In order to study the effect of pH, 400 mg.l−1 of OG solutions were 

introduced with appropriate amounts of hydrochloric acid (HCl) and sodium hydroxide (NaOH) to 
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adjust the pH from 1 to 12, the mass of adsorbent used is  m = 0.5 g of OFI-A, which is incubated 

in the prepared solutions for 30 min at room temperature. As the pH value increase from (1 to 12) 

the OG removal percentage decrease, the maximum removal percentage occurred at pH= 2 and was 

calculated as 8.04 mg.g−1, as can be seen in Figure.III.3 the adsorbed amount of OG started 

increasing at pH =7 and continue increasing with the decrease of pH and reached the highest 

adsorbed amounts of OG at pH = 2. In this range of pH the OFI-A surface is positively charged   

(pH < pHPZC = 6.56) [9]. 

 

 

 

Figure III.3 Effect of pH on the adsorption of OG onto OFI-A 

 

III.3.3. Effect of contact time on adsorption of OG onto OFI-A 

The study of contact time effect on the adsorption of OG shows rapid adsorption of dye in 

the first 10 min and thereafter, the adsorption rate decreased gradually and the equilibrium reached 

within 30 min, as shown in (Figure III.4). 

 In the initial stage of adsorption, a large number of vacant sites are available and after lapse 

of some time, the remaining vacant sites are difficult to be occupied by the dye molecule due to 

repulsive forces between the solute molecules on the solid surface and the bulk phase.  This result 

in slowing down of adsorption during the later period. Aggregation of dye molecules with the 

increase in contact time also makes it impossible to diffuse deeper into the adsorbent pore structure. 

The time beyond which no adsorption takes place is considered as equilibrium time. The 

equilibrium time for the adsorption of OG onto OFI-A was found as 30 min. The adsorption curves 
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were single smooth and continuous leading to saturation indicating the possible monolayer coverage 

on the surface of the adsorbent by the dye molecules [10].   

 

 

 

Figure III.4 Effect of contact time on adsorption of OG onto OFI-A 

 

III.4. Adsorption kinetics modeling  

Adsorption of dyes, in aqueous systems, onto adsorbents is a time-dependent process. In 

order to investigate the mechanism of sorption and rate controlling steps, kinetic models have been 

used to test experimental data. The mechanism of adsorption is generally considered to involve 

three steps, one or any combination of which can be the rate-controlling mechanism. They are  

1) The transport of the adsorbate ions from the bulk phase to the exterior surface of the 

adsorbent. 

2) The transport into the adsorbent by either pore diffusion or surface diffusion. 

3)  The adsorption on the surface of the adsorbent. 

The slowest of these steps determines the overall rate of the adsorption process.  

To investigate the adsorption processes of OG on OFI-A, four kinetic models such as pseudo-first 

order, pseudo-second order, intra-particle diffusion and Elovich were selected to fit the 

experimental kinetic data.  
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III.4.1 Pseudo-first order 

This model assumes that the rate of change of solute uptake with time is directly proportional 

to difference in saturation concentration and the amount of solid uptake with time.  

It was the earliest equation witch describes the adsorption rate based on the adsorption 

capacity. However, in most of cases the pseudo-first order equation does not fit well for the whole 

range of adsorption time. The differential form of the equation is given by Lagergren (1898) [11].    

 

 

 

 

where qe and qt are the amounts of dye adsorbed (mg/g) on adsorbent at equilibrium time and at 

various time t (min) respectively and k1 is the rate constant of pseudo-first order kinetics (min-1). 

Integrating Equation (III.1) for the boundary conditions t = 0 to t = t and qt=0 = 0 mg/g to qt. 

gives: 

 

 

 

This is the linear form of the pseudo-first order model. In order to obtain the rate constants, the 

straight line plots of log (qe-qt) against t for different dye concentrations have been analyzed        

(Figure III.5). The rate constant, k1, Equilibrium capacity, qe and correlation coefficients R2 for 

adsorption of OG onto OFI-A adsorbent were calculated from these plots are listed in (Tables III.2).    

 

ௗ

ௗ௧
= 𝑘ଵ(𝑞௧ − 𝑞)                                                                         (III.1) 

Ln(𝑞 − 𝑞௧) =  Ln(𝑞) − 𝑘ଵ𝑡                                                             (III.2) 
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Figure III.5 The pseudo-first order kinetic model for the adsorption of OG onto OFI-A 

 

III.4.2 Pseudo-second order 

The pseudo-second order model for the adsorption of divalent metal ions onto peat particles, 

based on the sorption capacity of adsorbents was described by Ho and McKay (1997).  

The various assumptions of Ho pseudo-second order model are.  

1. The energy of adsorption for each ion is the same and independent of surface coverage. 

2. The sorption occurs only on localized sites and involves no   interactions between 

adsorbed ions 

3. The rate of adsorption is almost negligible in comparison with the initial rate of 

adsorption. 

Ho and McKay (1997) gave the sorption kinetics following pseudo-second order model.  

The differential equation has the following form [12]. 

 

 

 

Where k2 is the rate constant of the pseudo-second order kinetics (g.mg-1.min-1). The 

linear form of the pseudo-second order model is given by: 

𝑡

𝑞௧
=

1

𝑘ଶ𝑞
ଶ

+
1

𝑞
𝑡                                                                                      (𝐼𝐼𝐼. 4) 
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The straight line plot of t/qt against t has been used to obtain rate parameters (Figure III.6). The 

values of k2, qe and correlation coefficients R2 of dye adsorption at different initial concentrations 

were calculated from these plots are listed in (Tables III.2). 

 

 

 Figure III.6 The pseudo-second order kinetic model for the adsorption of OG onto OFI-A 

 

III.4.3. Elovich model 

In reactions involving chemisorption of adsorbate on a solid surface without desorption of 

products, adsorption rate decreases with time due to an increased surface coverage. One of the most 

useful models for describing chemisorption is the Elovich equation. The linear form of the Elovich 

equation is given by. 

 

𝑞௧ =
1

𝛽
𝑙𝑛(𝛼𝛽) +

1

𝛽
𝑙𝑛(𝑡)                                                   (𝐼𝐼𝐼. 5) 

 

The parameters α and β are constants, α is the initial sorption rate of Elovich equation        

(g.g-1.min-1), β is adsorption constant (mg.g-1) and qt is the amount of metal adsorbed/desorbed at 

time (mg/g), and t is the reaction time (min). A plot of qt versus Ln (t) (Figure III.7) shows a linear 

relationship with a slope of (1/ β) and intercept (1/β) ln (α.β) [13], Elovich model constants α, β and 

the correlation coefficient R2 listed in (Table III.2). 
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Figure III.7 Elovich model for the adsorption of OG onto OFI-A 

 

III.4.4. Intra-particle model 

This model is based on the theory proposed by Weber and Morris (1963). The fractional 

approach to equilibrium changes according to a function of (Dt/r2)½ where ‘r’ is the radius and ‘D’ 

is the diffusivity of solute within the particle. The initial rates of intra-particle diffusion can be 

obtained by linearization of the curve qt = f (t½) is given by [14]. 

 

 

 

Where kint is the intra-particle diffusion rate constant (mg.g-1.min-½) and ‘I’ is the intercept (mg/g).   

A plot of qt versus t1/2 should be a straight line (Figure III.8) if intra-particle diffusion was involved 

in the adsorption process and if these lines pass through the origin then intra-particle diffusion is 

the rate controlling step. In the present study, it was found that the plot of qt versus t1/2 indicated an 

initial curved portion followed by linear and plateau. However neither plots passed through the 

origin. When the plots do not pass through the origin, this is indicative of some degree of boundary 

layer control [15]. And this further show that the intra-particle diffusion is not the only rate limiting 

step but also other kinetic models may control the rate of adsorption, all of which may be operating 

simultaneously [16]. Values of kint and ‘I’ calculated from the slope and intercept of the plot 

respectively and given in Tables III.2. The value of ‘I’ gives an idea about the thickness of the 

boundary layer i.e., the larger the intercept the greater is the boundary layer effect [17].  
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Figure III.8. Intra-particle diffusion model for the adsorption of OG onto OFI-A 

 

Based on the correlation coefficient (R2) values, the adsorption kinetic for OFI-A can better 

be described by pseudo-second order. Figure III.9 shows the comparative results using various 

kinetic models for the adsorption of OG with an initial dye concentration of 200 mg/L. The pseudo-

second order kinetics fitted well for the adsorption of OG onto OFI-A compare to other models. 

The Elovich model Fitted for the first 120 min and thereafter the data deviated from linearity. Thus, 

the model represents the initial stages adsorption, but it can not be applied to entire adsorption 

process [18]. Therefore, the pseudo-first order and intra-particles models were inapplicable to this 

system. The correlation coefficients and the calculated values of ‘qe’ for pseudo-second order 

kinetic model are in good agreement with the experimental results. From the results obtained, the 

adsorption systems studied belong to the pseudo-second order kinetic model. 
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Figure III.9 Comparison between the measured and modelled time profiles  

for the adsorption of OG onto OFI-A 

 

 

Table III.2 Kinetic parameters for the adsorption of OG onto OFI-A 

 

C0 

(ppm) 

 

QExp 

(mg/g) 

Pseudo-first order Pseudo-second order Elovich Intra-particle diffusion 

Qcal 

(mg/g) 

K1 

(min-1) 
R2 

Qeqcal 

(mg/g) 

K2 

(g.mg-1.min-1) 
R2 α β R2 

kint 

(g.mg-1.min1/2) 
I R2 

25 4.01 3.29 0.0158 0.62 4.12 0.15 0.999 40.6 2.06 0.984 0.2533 2.296 0.883 

100 5.45 6.9 0.0071 0.055 5.55 0.295 0.999 3.57 E+8 4.55 0.91 0.0915 4.875 0.784 

200 8.16 3.9 0.0121 0.24 8.2 0.564 0.996 
7.6 E+05 

 
2.12 0.78 0.1606 7.292 0.51 
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III.5. Adsorption isotherms modeling 

The adsorption isotherm is an equation relating the amount of solute adsorbed onto the solid 

and equilibrium concentration of the solute in solution at constant temperature. The different 

parameters and the underlying thermodynamic assumption of these equilibrium models often 

provide some insight into the adsorption mechanism, surface properties and affinity of adsorbent. 

The three commonly used isotherms to explain the equilibrium uptake of solute are Freundlich, 

Langmuir and Temkin isotherms, which are explained as follows:    

 

III.5.1. Freundlish model 

The Freundlich equation (Freundlich 1906) is the earliest known relationship describing the 

adsorption process. This is basically empirical, but is often used to describe heterogeneous systems. 

The isotherm assumes that adsorbent surface sites have a spectrum of different binding energies. 

The Freundlich equation is given by,   

 

𝑞 = 𝑘 . 𝐶

ଵ
                                                                             ( 𝐼𝐼𝐼. 7) 

A linear form of Equation (V.) is used to calculate the constants ‘KF’ and ‘n’. 

 

𝑙𝑜𝑔(𝑞) = 𝑙𝑜𝑔൫𝑘൯ +
1

𝑛
. 𝑙𝑜 𝑔(𝐶)                                        (𝐼𝐼𝐼. 8) 

 

where qe is the amount of solute adsorbed per unit weight of adsorbent (mg/g), Ce is the 

equilibrium concentration of the solute in the bulk solution (mg/L), KF is a Freundlich constant 

indicative of the relative adsorption capacity of the adsorbent (mg/g) and 1/n is adsorption intensity. 

If the value of 1/n lies between 0 to 1, it indicates adsorption process is beneficial. A plot                      

of Ln(qe) versus Ln(Ce) (Figure.III.10) enables the determination of  KF and ‘n’ from the intercept 

and slope of the line respectively ( Table III.3). 
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Figure III.10 Freundlish isotherm for the adsorption of OG onto OFI-A 

 

III.5.2 Langmuir isotherm 

The Langmuir adsorption isotherm is based on the assumption that adsorption takes place at 

specific homogeneous sites within the adsorbent and once the solute occupies a site, no further 

adsorption takes place at that site. Theoretically, the adsorbent has a finite capacity to adsorb the 

adsorbate. Therefore, a saturation value is reached beyond which no further adsorption takes place. 

The Langmuir equation is given by (Langmuir 1918).  

 

𝑞 =  𝑄௫ ∗   
𝑘. 𝑐

(1 + 𝑘. 𝑐)
                                                                                    (𝐼𝐼𝐼. 9) 

 

A linear form of the above equation is: 

 

𝐶

𝑞
=

𝐶

𝑄௫
+

1

𝑘 𝑄௫
                                                                                         (𝐼𝐼𝐼. 10) 

 

An essential characteristic of the Langmuir isotherm can be expressed in terms of a 

dimensionless constant called the equilibrium parameter, RL defined by. 

 

𝑅 =
1

1 + 𝐾 . 𝐶
                                                                                                        (𝐼𝐼𝐼. 11) 
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where KL is the Langmuir constant and C0 is the highest initial dye concentration (mg/L). 

The value of RL indicates the type of isotherm, to be favourable (0 < RL < 1), linear (RL =1), 

unfavourable (RL> 1) or irreversible (RL =0) [19]. 

The calculated Langmuir constants are reported in (Table III.3) 

 

 
 

 Figure III.11 Langmuir isotherm for the adsorption of OG onto OFI-A 

 

III.5.3 Temkin isotherm 

The Temkin isotherm equation assumes that [20]. 

-  the heat of adsorption of all the molecules in the layer decreases linearly with coverage 

due to adsorbent-adsorbate interactions and  

- the adsorption is characterized by uniform distribution of the binding energies  

The Temkin isotherm equation is given as. 

𝑞 =
𝑅. 𝑇

𝑏
𝑙𝑛(𝐾் . 𝐶)                                                                                                        (𝐼𝐼𝐼. 12) 

The linear form of the above equation is 

𝑞 = 𝐵ଵ𝑙𝑛𝐾் + 𝐵ଵ𝑙𝑛𝐶                                                                                                    (𝐼𝐼𝐼. 13) 

  

where B1=RT/b, KT is the equilibrium binding constant (L/mg) corresponding to the 

maximum binding energy and B1 is the heat of adsorption. A plot of qe versus ln(Ce)                

(Figure III.12) enables the determination of Temkin isotherm constants B1 and KT [21].  
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Figure III.12 Temkin isotherm for the adsorption of OG onto OFI-A 

 

Freundlich, Langmuir and Temkin isotherm constants and their correlation coefficients for 

the OFI-A adsorbent are given in Tables III.2 

Based on the correlation coefficient (R2) value, the adsorption isotherm for OFI-A can better 

be described by Langmuir equation. Moreover, the dimensionless constant RL lies within the 

favorable limit (0 - 1). Figure III.13 shows the comparative fit of Langmuir, Freundlich and Temkin 

isotherms by plotting experimental values of qe versus Ce. It is clear that the Langmuir model is the 

best-fit model for the adsorption of OG onto OFI-A.  

Figure III.13 shows that the adsorption of OG onto OFI-A followed the L2 adsorption type 

curve, which indicate that adsorption of OG is favored in the beginning of the process, when all 

adsorption sites are vacant, It is usually indicative of molecules adsorbed flat on the surface. 

 

Table .III.3 different isotherms parameters and correlation coefficient of OG adsorption onto  

OFI-A (at 25 ºC and pH = 2). 

Adsorbent 
Langmuir Freundlish Temkin 

Qmax 

(mg/g) 
KL 

(L/mg ) 
RL R2 

KF 
 

n R2 
KT 

(L/mg) 
b R2 

OFI-A 8.23 0.075 0.027 0.9991 1.79 3.48 0.823 0.41 1454 0.954 
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Figure III.13 Comparison of equilibrium isotherms for the adsorption of OG onto OFI-A 

 

III.6 Thermodynamic studies 

Increasing the temperature is known to increase the rate of diffusion of the adsorbate 

molecules into the pores of the adsorbent. It is due to the decrease in viscosity of the solution. In 

addition changing the temperature will change the equilibrium capacity of the adsorbent for a 

particular adsorbate. To determine the effect of temperature on the adsorption of OG, experiments 

were conducted at 288 298, 308, 318 and 318 K and the results are shown in Figure III.14. The 

thermodynamic parameters such as free energy change (∆Go), enthalpy change (∆Ho) and entropy 

change (∆So) can be calculated using equilibrium constants changing with temperature. The values 

of thermodynamic parameters were calculated using the following relationships: 

𝐾ௗ = 𝑞/𝑐                                                                                       (𝐼𝐼𝐼. 14) 

                                                                                                                                  

∆𝐺 =  −𝑅. 𝑇 . 𝐿𝑛(𝐾ௗ)                                                                 (𝐼𝐼𝐼. 15) 

𝐿𝑛𝐾ௗ =  
𝛥𝑆

𝑅
− 

𝛥𝐻

𝑅𝑇
                                                                   (𝐼𝐼𝐼. 16) 
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Where R is the gas constant, Kd is the equilibrium constant and T is the solution temperature 

in Kelvin. The thermodynamic parameters can be calculated from plot of  ln(Kd) versus 1/T     

(Figure III.15).  

 

 

Figure III.14 Effect of temperature on the adsorption of OG onto OFI-A 

 

 

 

 

Figure III.15 Plot of ln (Kd) versus 1/T for the adsorption of OG onto OFI-A 
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Table III.4 Thermodynamic parameters for the adsorption of OG onto OFI-A  

Adsorbent 
C0 

(ppm) 
Δ H° 

(KJ / mol) 
Δ S° 

(KJ / mol.K) 

Δ G° (KJ / mol) 
R2 

288K 298 K 308K 318K 328K 

OFI-A 200 -9.57 0.0049 -10.98 -11.03 -11.08 -11.13 -11.18 0.97 

OFI-A 300 -6.21 0.0117 -9.59 -9.71 -9.82 -9.94 -10.06 0.98 

OFI-A 400 -4.10 0.0158 -8.65 -8.81 -8.97 -9.13 -9.28 0.93 

OFI-A 500 -4.16 0.0136 -8.08 -8.21 -8.35 -8.48 -8.62 0.98 

 

The thermodynamic parameters (∆H, ∆S and ∆G) were estimated in the range of initial dye 

concentrations 100, 300, 400 and 500 mg/L have been reported in tables III.3. The negative enthalpy 

values indicate that the OG  adsorption reaction onto OFI-A  is exothermic and from the obtained 

enthalpy values, we can assume that the adsorption was physical in nature (∆H< 50 kJ/mol). The 

negative values of the Gibbs free energy demonstrate the spontaneity of the process adsorption of 

the dye by OFI-A, where the adsorption of OG on OFI-A  adsorbent is favorable to low temperature 

[22]. The positive values of ∆So may be interrelated to the extent of hydration of anionic dye 

molecules. The reorientation or restructuring of water around dye molecules is very unfavourable 

in terms of entropy, since the reorientation disturbs the existing water structure and imposes a new 

and more ordered structure on the surrounding water molecules. Therefore, the positive entropy 

change may be attributed to the increasing disorder because the number of water molecules 

surrounding dye molecules decreases and thus the degree of freedom of the water molecules 

increases [23].  
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IV.1 Introduction  

In the past two decades, there has been growing interest in the field of conducting 

polymers in both academia and industry [1]. Polyaniline (PANI) is one of the most extensively 

used and studied conducting polymers [2-4]. The major practical advantages of polyaniline are 

its high environmental stability, high electrical conductivity, and easy synthesis [5-7]. 

 The objective of this study is to examine the use of polyaniline (PANI) for the removal 

of sulfonated dye OG from aqueous solutions and investigate the effect of some parameters 

such as pH, adsorbent dose, time and temperature on the adsorption of OG by polyaniline and 

propose a kinetic and an isotherm models. 

 

IV. 2 Adsorption Study: 

 Emeraldine salt (ES) of PANI was synthesized by the conventional route using a 1:1 

molar ratio of aniline to oxidant (APS) in an acidic medium (1 M HCl). After filtration and 

washing, the product was further doped with hydrochloric acid to achieve the maximum doping. 

The emeraldine base (EB) was obtained by treatment of the emeraldine salt with ammonium 

hydroxide. For adsorption experiments, 50 mg of the desired material (EB) was added to 50 mL 

of OG dye solutions having different concentrations range from 200 to 500 ppm. These 

solutions were stirred for 24 h. During this process, samples were collected from the reaction 

beaker at different time intervals and the concentration of the dye was determined by UV-vis 

absorption spectroscopy at λmax values of 477 nm using the Beer-Lambert law [8]. 

 

 

 

Figure IV.1 Dissociation of Orange G dye in aqueous solution [9]. 
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IV.3. Effect of different parameters on the adsorption of OG onto PANI 

 

To study the effect of parameters such as adsorbent dosage, pH and initial concentration 

batch experiments were carried out for the adsorption of anionic dyes (OG) onto PANI in a 

thermostatic orbital shaker at a constant speed of 125 cycles per minute at 25ºC [10-11]. 

 

IV.3.1. Effect of adsorbent dosage 

 

The effect of adsorbent dose on the adsorption of OG was investigated by incubating 

different quantities of doped PANI (ES) in 50 mL of OG solution with an initial concentration 

of 400 ppm at ( pH=2) for 24 h. The experiment result are given in Figure IV.2, which shows a 

proportional relation of  the OG dye removal  to the doped  PANI (ES) dose within the range 

of  0.1 g/l to 3 g/l this is due to the availability of  more surface functional groups at higher 

concentration [12-13].   

The adsorbent dose of 1.6 g/l has the capacity to remove the total dye existed in the 

aqueous solution and adding of more mass of PANI has negligible effect. 

Dye Removal % =    
𝐶0 − 𝐶𝑓  

𝐶0
∗ 100% 

 

 

 

Figure IV.2 Effect of adsorbent dosage on the adsorption of OG onto PANI (ES) 
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IV.3.2. Effect of pH on the adsorption of OG onto PANI 

 

It is well known that the degree of ionization of a dye molecule depends on the pH of 

the aqueous medium. Orange G contains two sulfonated groups (– SO3Na) and one hydroxyl 

group (–OH). In acidic aqueous solutions, the functional group of OG (–SO3Na) gets ionized, 

and the dye exists in anionic form as shown in Figure.IV.1. When PANI emeraldine salt (ES) 

is added to water, the pH of the water becomes acidic (pH ≈ 3.4) and does not change during 

the course of adsorption. The addition of dyes with sulfonated functional groups to this aqueous 

solution results in the dissociation of the functional group into its anionic form.  

The (–SO3
¯ )   group on the dye could lead to chemical interactions with the positively 

charged backbone of PANI (ES), and Na+ ions interact with the chloride ions that are invariably 

present in doped PANI. This will lead to the adsorption of sulfonated dye on the emeraldine 

salt of PANI [14]. 

In basic aqueous solutions (dispersion of emeraldine base in water), no chemical 

interaction with the PANI backbone would be expected, when the emeraldine base (EB) of 

polyaniline is used instead of the emeraldine salt (ES) for the above experiments, we found that 

the base form cannot remove the dye from solution. This indicates that the positively charged 

backbone and chloride ions that are invariably present in the ES form of PANI are the possible 

sites for chemical interactions with the sulfonated dye molecules. After the dye was adsorbed 

on PANI, a base (ammonium hydroxide) was added to the solution. This base dedoped the 

PANI and resulted in the desorption of the dye [15]. 

 

 

Figure.IV.3. Effect of pH values on the adsorption of OG onto PANI  
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IV.3.3. Effect of Initial OG Concentration and Contact Time 

The effect of contact time on the adsorption of OG was investigated by incubating 0.1 g 

of  of doped PANI in different flasks of 250 ml, each flask contains 100 ml of OG solution at        

(pH = 2) with different OG initial concentration 200, 300,400 and 500 ppm. The flasks were 

kept in an isothermal bath shaker at 25 ° C and shaking speed of 125 rpm. 1 ml of solution 

extracted from each flask after 10, 20, 30, 60, 120, 360 min and 24 hours of adsorption then 

centrifuged for 5 min using a centrifuge at a speed of 4200 rpm to separate the adsorbent particle 

from the solution. Then the obtained solution analyzed in UV-vis spectrum to determine its 

concentration [16]. 

As shown in figure IV.4 the adsorption reaction reaches the equilibrium within 360 min 

for the initial concentration of OG C0 = 200 ppm but for the initial concentration C0 = 500 ppm 

more time is required to reach the equilibrium. Therefore, a duration of 24 h was chosen to be 

sure that equilibrium is reached.   

 

 

 

Figure IV.4 Effect of contact time and initial concentration on adsorption of OG onto PANI 
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IV.4. Adsorption kinetics modeling  

To investigate the adsorption processes of OG on OFI-A, four kinetic models such as 

pseudo-first order, pseudo-second order, intra-particle diffusion and Elovich were selected to 

fit the experimental kinetic data.  

 

IV.4.1 Pseudo-first order 

Lagergren (1898) proposed a pseudo first order kinetic model expressed by the     

equation III.1 quoted in chapter III.  

 In order to obtain the rate constants, the straight line plots of log (qe-qt) against t for 

different initial dye concentrations of OG have been analyzed (Figure IV.5). The rate constant 

k1, the equilibrium capacity and correlation coefficients R2 for adsorption of OG onto PANI 

adsorbent that calculated from these plots are listed in Tables IV.1.   

 

 Figure IV.5 The pseudo-first order kinetic model for the adsorption of OG onto PANI 

 

IV.4.2 Pseudo-second order 

An expression also very often used is that of the pseudo-second order, which is given 

by the formula III.3 described in chapter III. 

Figures IV.6 shows the application of the pseudo-second order kinetic model to the 

results obtained for the adsorption of OG onto doped PANI. The values of the equilibrium 

quantity adsorbed Qe, the pseudo-second order constants k2 and the regression coefficients R2 

are given in Table IV.1. 
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Figure IV.6 The pseudo-second order kinetic model for the adsorption of OG onto PANI 

 

IV.4.3. Elovich model 

Figures IV.7 shows the application of the Elovich model to the results obtained for the 

adsorption of OG onto doped PANI. The values of the equilibrium quantity adsorbed Qe, the 

Elovich constants α, β and the regression coefficients R2 are given in Table IV.1. 

 

Figure IV.7 Elovich model for the adsorption of OG onto PANI 
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IV.4.4. Intra-particle model 

 

Different articles referring to this kinetic approach of intra-particles diffusion are 

generally based on the work of Weber and Morris (1963) on the adsorption of simple aromatic 

compounds on activated carbon. Where they showed that the quantity adsorbed (Qt) is a linear 

function of the square root of the contact time (t1/2), which the slope is assimilated to the speed 

constant (kint). The kinetic expression of intra particles diffusion often presented simply by 

equation III.6. Figures IV.8 shows the graphical presentation of this model, the value of the 

external diffusion constant kint, as well as those of I and R2 are listed in Tables IV.1. 

 

 

 Figure IV.8. Intra-particle diffusion model for the adsorption of OG onto PANI 
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Table IV.1 Kinetic parameters for the adsorption of OG onto PANI 

 

C0 

(ppm) 

 

QExp 

(mg/g) 

Pseudo-first order Pseudo-second order Elovich 
Intra-particle diffusion 

Qeqcal 

(mg/g) 

K1
 

  (min-1) R2 

Qeqcal 

(mg/g) 

K2. 

(g.mg-1.min-1) R2 α β R2 

kint 

(g.mg-1.min1/2) I R2 

200 191.7 149.4 1.16E-02 0.9885 198.1 1.95E-04 0.9997 34.24 0.034 0.848 3.01 105.5 0.561 

300 265.4 179.9 4.80E-03 0.8640 274.7 6.68E-05 0.9990 33.55 0.026 0.978 4.369 121.9 0.796 

400 269.9 182.8 4.58E-03 0.8389 279.3 6.23E-05 0.9988 29.47 0.025 0.968 4.517 120.5 0.780 

500 274.2 160.3 3.87E-03 0.769 268.8 7.5E-05 0.9968 88.44 0.032 0.9948 4.072 134.9 0.865 

 

Based on the correlation coefficients (R2) value, the pseudo-second order describe in a 

good way the adsorption kinetic of OG dye onto PANI. The comparative results using various 

kinetic models for the adsorption of OG with an initial dye concentration of 200 mg/L are 

presented in Figure III.9. 

   It is clear that the pseudo-second order kinetic fitted well for the adsorption of OG 

onto PANI compare to other models. The Elovich model can be considered as a fitted model 

for the first 120 min and thereafter the data deviated. Thus, the model represents the initial 

stages adsorption, but it can not be applied to entire adsorption process. Therefore, the pseudo-

first order and intra-particles models were inapplicable to this system. The correlation 

coefficients and the calculated values of ‘qe’ for pseudo-second order kinetic model are in good 

agreement with the experimental results. From the results obtained, the adsorption systems 

studied belong to the pseudo-second order kinetic model. 
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Figure IV.9 Comparison between the measured and modelled time profiles  

for the adsorption of OG onto PANI 

 

 

IV.5. Adsorption isotherms modeling 

 

The adsorption isotherm, which characterise the thermodynamic equilibrium between an 

adsorbent and an adsorbate, is obtained from batch experiments where the concentration of the 

adsorbate remaining in the fluid phase after adsorption. 

50 mg of doped PANI was successively introduced in series of 100 ml beakers, each 

beaker contains 50 mL of OG solution with pH = 2 and initial concentrations ranging from 100 

to 700mg/L. The beakers were carried in an isothermal shaker at a temperature of 25°C and 

shaking speed 125 rpm. And keep the mixture  for 24 hours until the equilibrium is reached  we 

trace the adsorbed quantity of OG  qe (mg/g) as a function of the equilibrium concentration of 

adsorbate remaining in the solution Ce (mg/L) [17]. The obtained results are shown in Figures 

IV.10. The three used isotherms to explain the equilibrium uptake of solute are Freundlish, 

Langmuir and Temkin isotherms, which are introduced in chapter.III.    
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Figure IV.10 Adsorption isotherm of OG adsorption onto PANI 

 

IV.5.1. Freundlich isotherm 

 

The first model that can represent our isotherm is the Freundlich equation, which is 

expressed according to relation III.7. The plot of Ln(qe) as a function of Ln(Ce) figure (IV.12) 

allows us to determine n and kF. The calculated parameters of this model are listed in             

Table IV.2. 

 

 

Figure III.11 Freundlish isotherm for the adsorption of OG onto PANI 
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III.5.2 Langmuir isotherm 

Langmuir isotherm is expressed by the equation III.9 given in chapter.III. The plot of 

Ce/qe as a function of Ce makes it possible to determine Qmax and kL. The results of this model 

are cited in Table IV.2 and represented graphically in Figures IV.12  

 

 

Figure III.12 Langmuir isotherm for the adsorption of OG onto PANI 

 

 

IV.5.3 Temkin isotherm 

Temkin isotherm is expressed by equation III.12. The plot of qe versus Ln(Ce) is 

presented in figure IV.13, the calculated constants of Temkin equation are given in table.IV.2  
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Figure VI.13 Temkin isotherm for the adsorption of OG onto PANI 

 

Table .IV.2 different isotherms parameters and correlation coefficients of OG adsorption onto  

PANI (at 25 ºC and pH = 2) 

Adsorbent 

Langmuir Freundlish Temkin 

Qmax 

(mg/g) 

KL 

(L/mg ) 
RL R2 KF n R2 

KT 

(L/mg) 
b R2 

PANI 271.52 1.06 0.002 0.999 141.6 7.80 0.671 593.6 105.03 0.751 

 

Based on the correlation coefficient (R2) value, the adsorption isotherm for OG 

adsorption onto PANI can better be described by Langmuir equation. Moreover, the 

dimensionless constant RL lies within the favorable limit (0 - 1). The comparative fit of 

Langmuir, Freundlich and Temkin isotherms by plotting experimental values of qe versus Ce 

and obtained models are given in Figure IV.14. From this Figure and correlation coefficients, it 

is clearly observe that the Langmuir model is the best-fit model for the adsorption of OG onto 

PANI.  

Figure IV.14 shows that the adsorption of OG onto PANI follows the H2 curve type, 

which characterized by a sharply vertical part of the initial slope, indicating highly strong 

interactions between the OG and the PANI. All the OG molecules in solution are adsorbed onto 

the PANI. Which indicate a high affinity of OG ions to the PANI. 

 

y = 23.601x + 150.72
R² = 0.7508

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

0 1 2 3 4 5 6 7

q e
(m

g/
g)

Ln(Ce) (mg/l)



CHAPTER IV                                                   ADSORPTION STUDY OF OG ONTO PANI 
 

125 
 

 

 

Figure IV.14 Comparison of equilibrium isotherms for the adsorption of OG onto PANI 

 

 

IV.6 Thermodynamic studies 

We studied the influence of temperature on the adsorption of OG. However, a mass of 

50 mg of each adsorbent is suspended in a solution of 50 ml with OG concentrations ranging 

from 100 to 700 mg/l. The temperatures of the mixtures have been fixed at 25, 35, 45 and 55°C 

using a thermostatic shaker. Figure.IV.15 shows the effect of temperature on the adsorption of  

OG onto PANI. 

The distribution constant Kd was calculated according to equation III.14, the results of 

the distribution constant Kd are represented graphically in Figures IV.16 Thermodynamic 

parameters such as standard free energy (ΔG°), standard enthalpy (ΔH°) and standard entropy 

(ΔS°) were determined using equations III.15 and III.16. The results of these measurements are 

listed in Table IV.3. 
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Figure III.15 Effect of temperature on the adsorption of OG onto PANI 

 

 

  

Figure IV.16 Plot of ln (Kd) versus 1/T for the adsorption of OG onto PANI 
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Table IV.3 Thermodynamic parameters for the adsorption of OG onto PANI 

Adsorbent C0 (ppm) ΔH° (KJ / mol) ΔS° (KJ / mol.K) ΔG° (KJ / mol)  R2 

298 K 308K 318K 
PANI 300 63.8 0.234 -6.02 -8.36 -10.71 0.9841 

PANI 400 22.6 0.083 -2.10 -2.93 -3.75 0.9933 

PANI 500 15.8 0.055 -0.547 -1.096 -1.644 0.9876 

 

The positive enthalpy values indicate that the OG adsorption reaction onto PANI is 

endothermic and from the obtained enthalpy values, we can conclude that the adsorption has a 

physical nature (ΔH <50 KJ/mol) [17]. The negative values of the Gibbs free energy 

demonstrate the spontaneity of the adsorption process of OG onto PANI, where the adsorption 

of OG onto PANI is favorable at high temperature. The positive value of the entropy change 

confirms that the molecules gain degrees of freedom during the adsorption process, that means  

OG molecules in the aqueous phase are rather ordered than at the interface solid/liquid [18]. 
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V.1 Introduction  

Adsorption has advantages over the other methods for water treatment because of 

inexpensive, more proficient, simple design and the simplicity of the application process [1–3]. 

excellent adsorption competence of various adsorbents to remove Orange-G (OG) has been 

proved by many researchers. Conductive polymers as polyaniline (PANI) are more important in 

wide regions. Now PANI is applied as a hybrid material with other composite to test its potency. 

Among these nanomaterials we find:  

PANI@SiO2 [4], PANI@Al2O3 [5], PANI@TiO2 [6], PANI@ZnO[7], PANI@SiC[8], 

PANI@V2O5 [9], PANI@MoS2 [10], Fe3O4@Polyaniline/Itaconic Acid [11] and 

PANI@Graphene Oxide [12]. In this chapter we will investigate the adsorption of OG dye on to 

a new developed hybrid material PANI@OFI-A, which synthesis from OFI-A powder and 

polyaniline by a chemical reaction in presence of APS as oxidant.  

V. 2 Adsorption Study 

To study the effect of different parameters such as adsorbent dosage, pH and initial 

concentration batch experiments were carried out for the adsorption of anionic dyes (OG) onto 

PANI@OFI-A in a thermostatic orbital shaker at a constant speed of 125 cycles per minute at 

25ºC. The adsorption experiments were carried-out by agitating 50 mL of dye solutions with 

various concentrations. After agitation, the dye solutions were separated from the adsorbent by 

centrifugation for 5 minutes at a speed of 4200 rpm. Dye concentrations in the supernatant 

solutions were measured using a UV-Vis spectrophotometer. The effect of pH on dye removal 

was studied over a pH range of 2-11. The Initial pH of the dye solution was adjusted by the 

addition of 1 M solution of HCl or NaOH. To find the optimum amount of adsorbent per unit 

mass of the adsorbate, 50 mL of dye solution was contacted with different amounts of adsorbent 

till equilibrium was reached. The kinetic experiments were carried out by incubating 50 mg of 

adsorbent in 100 mL beaker contains 50 mL of OG solutions with concentration range                 

100-1000 mg/L using a mechanical shaker. The samples were withdrawn at predetermined time 

intervals and centrifuged. The effect of temperature on the adsorption characteristics was studied 

by carrying out  a series of experiments a temperatures of 25, 35, 45 and 55ºC                                   

using thermostatic shaker.  
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V.3. Effect of different parameters on the adsorption of OG onto PANI@OFI-A 

 

V.3.1. Effect of adsorbent dosage 

The effect of adsorbent dose on the adsorption of OG was investigated by incubating 

different quantities of PANI@ OFI-A in 50 mL of 400 ppm OG solution for 24 h. The 

experimental result for the adsorbents is given in Figure V.2. It is observed that the dye removal 

for the PANI@OFI-A increase as the adsorbent mass increases from 0.2 to 2.5 g/L all other 

parameters were fixed. This is due to the availability of more surface functional groups at higher 

concentration. [13], the adsorbent dose of 1.5g/L has the ability to remove the total OG dye from 

the solution.  

Dye Removal % =    
𝐶0 − 𝐶𝑓  

𝐶0
∗ 100% 

 

  

 

Figure V.1 Effect of adsorbent dosage on the adsorption of OG onto PANI@OFI-A 

 

V.3.2. Effect of pH  

The pH value of the dyes solution plays an important role in controlling the adsorption of 

OG onto the adsorbent material [14]. For pH experiments, 400 mg.L−1 OG solutions were 

introduced with appropriate amounts of hydrochloric acid (HCl) and sodium hydroxide (NaOH) 

to adjust the pH within the range of 1 to 12 as shown in Fig.V.3. 
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0.05 g of PANI@OFI-A nanocomposite was incubated in 50 mL of the prepared solutions 

for 2 hours at room temperature. As the pH value increased from 1 to 12, the OG removal 

percentage decreases.  

The maximum removal percentage occurred at pH=2, which was calculated as 305 mg.g−1. 

It was higher for the hybrid material compared to the OFI-A and PANI adsorbents, owing to the 

enhanced surface area when polymer matrix are added. In addition, the (−OH) group from 

activation procedure was expected to link hydrogen ions at a weak pH value while amine groups 

(−NH2) were readily protonated under acidic conditions, which contributes to the increase of 

adsorption due to electrostatic attraction with sulfonate ion (−SO3
-) of OG [15]. Moreover, at low 

pH values, the (−NH2) groups of PANI@OFI-A are principally busy by [H+] in solution, which 

results in a high OG adsorption. With increasing pH values, protons would be liberated from 

(−NH2) of PANI@OFI-A and this reduce the adsorption [16].      

 

        

.  

 

Figure.V.2. Effect of pH values on the adsorption of OG onto PANI@OFI-A  
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V.3.3. Effect of Initial OG Concentration and Contact Time 

The effect of contact time on the adsorption of OG was investigated by incubating 0.05 g of  

PANI@ OFI-A in 50 mL of  OG solution for 10, 30, 60, 120, 240, 360 and 1440 min. As illustrated 

in Fig.V.4, the adsorption capacity increases with increasing the incubation time, and almost 

reached equilibrium at around 360 min for the initial concentration of 100 ppm, 200 ppm and 300 

ppm, but for initial concentration of 400 ppm, 500 ppm more time is required to reach the 

equilibrium, therefore a duration of 24 h is chosen to confirm the equilibrium. 

 The hybrid adsorbent PANI@OFI-A needs more time to reach equilibrium compared to   

(OFI-A) adsorbent which needs 30 min.  

 

 

Figure.V.3. Effect of contact time on adsorption of OG onto PANI@OFI-A 

 

V.4. Adsorption kinetics modeling 

Four kinetic models such as pseudo-first order, pseudo-second order, intra-particle 

diffusion and Elovich were selected to investigate the adsorption processes of OG on OFI-A 

 

V.4.1. The pseudo-first order model  

 The pseudo-first order kinetic model, which is expressed by the equation III.1 quoted in 

chapter.III, has been appliqued for the adsorption of OG onto our hybrid adsorbent.  

The plot of Ln(qeq-q) versus incubation time (t)  of different OG initial concentration are  
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adsorption of OG onto PANI@OFI-A adsorbents were calculated from these plots are given in 

(Tables V.1).    

  

 

 

Figure V.4 The pseudo-first order kinetic model for the adsorption of OG onto PANI@OFI-A 
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The second model that can represent our kinetic model is the pseudo-second order 
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Figure V.5 shows the plot of t/q as a function of incubating time (t), the second-pseudo 

order constants as K2, equilibrium capacity and correlation coefficients R2 are calculated and 

presented in (Tables V.1) 
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Figure V.5 The pseudo-second order kinetic model for the adsorption  

of OG onto PANI@OFI-A 

 

 

V.4.3. Elovich model kinetics model 

In reactions involving chemisorption of adsorbate on a solid surface without desorption of 

products, adsorption rate decreases with time due to an increased surface coverage.  

Elovich equation is one of the most useful models for the describing such activated 

chemisorption. The linear form of the Elovich model is described by equation.III.5.The Elovich 

constants can be calculated from plot of qt versus ln(t) (Figure V.6). [9] 
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Figure V.6 Elovich model for the adsorption of OG onto PANI@OFI-A 

 

V.4.4. The intra-particle model 

The equation.III.6 describes the intra-particles model. 

Figure.V.8 present the plot of the adsorbed quantity of dye in function of the square root of 

incubating time, values of kint and ‘I’ are obtained from the slope and intercept of the plot 

respectively these values are given in Tables V.1.  

 

 

Figure V.7. Intra-particle diffusion model for the adsorption of OG onto PANI@OFI-A 
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Based on the correlation coefficient (R2) value, the adsorption kinetic for PANI@OFI-A can better 

be described by pseudo-second order. 

Figure V.8. shows the comparative results using various kinetic models for the adsorption of OG 

with an initial dye concentration of 400 mg/L. The pseudo-second order kinetics fitted well for 

The adsorption of OG onto PANI@OFI-A compare to other models. For  Elovich model fitted for 

the first 120 min and thereafter the data deviated from linearity. Thus, the model represents the 

initial stages adsorption, but it can not be applied to entire adsorption process [11]. But the two 

other models do not fit the adsorption specially for the first pseudo model. 

 

Table V.1 Kinetic parameters for the adsorption of OG onto PANI@OFI-A 

 

C0 

(ppm) 

 

QExp 

(mg/g) 

Pseudo-first order Pseudo-second order Elovich 
Intra-particle diffusion 

Qcal 

(mg/g) 

K1 

(min-1) R2 

Qeqcal 

(mg/g) 

K2 

(g.mg-1.min-1) R2 α β R2 

kint 

(g.mg-1.min1/2) I R2 

100 96.04 16.25 0.0024 0.4032 97.1 9.79 E -04 0.9998 312.1 0.101 0.7426 1.9411 46.12 
0.7097 

200 191.17 64.88 0.0023 0.6132 194.9 2.1 E -04 0.9997 52.08 0.03725 0.8575 4.3138 73.32 
0.6345 

300 282.81 114.32 0.0023 0.7574 289.5 1.08 E -04 0.9999 57.47 0.02439 0.8975 6.581 101.4 
0.599 

400 303.37 152.5 0.0023 0.8891 309.98 8.18 E -05 0.9990 70.99 0.02464 0.9729 6.7215 104.8 
0.6706 

500 303.94 157.9 0.0023 0.8913 311.05 7.74 E -05 0.9990 57.91 0.02387 0.982 6.831 100.8 
0.4707 

 

 

Figure V.8 Comparison between the measured and modelled time profiles  

for the adsorption of OG onto PANI@OFI-A 
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V.5 Adsorption Isotherms 

The adsorption isotherm is an equation relating the amount of solute adsorbed onto the 

solid and equilibrium concentration of the solute in solution at constant temperature.  

Freundlich, Langmuir and Temkin isotherms were used to explain the equilibrium uptake 

of OG onto PANI@OFI-A.    

 

V.5.1 Freundlich isotherm  

The first model, which can presents our isotherm, is Freundlich equation The Freundlich 

equation that is given in chapter.III by the equation (III.7). 

The Freundlich equation constant which are kf and n can be calculated from the plot of  

Ln(qe) virus Ln(Ce) figure .V.9. 

 

 

 

 

Figure V.9 Freundlich isotherm for the adsorption of OG onto PANI@OFI-A 
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V.5.2 Langmuir isotherm 

The Langmuir adsorption isotherm fit to the adsorption of OG dye by our nanocomposite 

adsorbent has been verified.   

FigureV.1 represents the plot of linear form of Langmuir model, which described by 

equation (III.10).the bellow plot able the determination of Langmuir isotherm constants KL, RL 

and  the maximum adsorption capacity Qmax . 

 

 

 

 

Figure V.10 Langmuir isotherm for the adsorption of OG onto PANI@OFI-A 

 

 

 

V.5.3 Temkin isotherm 

Tikmen is one of the models has been selected to fit the OG adsorption onto PANI@OFI-

A hybrid material adsorbent. 

Figure.V.11 shows the application of linear form of Temkin isotherm on the experimental 

results of adsorption, from this plot we can determine the Temkin equation constants, KT and b  
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Figure V.11 Temkin isotherm for the adsorption of OG onto PANI@OFI-A 

 

 

Freundlich, Langmuir and Temkin isotherm constants and their correlation coefficients 

for the PANI@OFI-A adsorbent are given in Tables V.2 

Based on the correlation coefficient (R2) value, which is very closed to 1, among the three 

selected isotherms Langmuir isotherm is the best  fitted model to the  experimental  results of  OG 

adsorption by PANI@OFI-A,  Moreover, the dimensionless constant RL lies within the favorable 

limit (0 <RL <1), Freundlich and Temkin are not fitting the experimental results.  

 

Figure V.12 shows that the adsorption of OG onto PANI@OFI-A follows the H2 curve 

type, which characterized by a sharply vertical part of the initial slope, indicating highly strong 

interactions between the OG and the PANI@OFI-A. All the OG molecules in solution are 

adsorbed onto the adsorbent. Which indicate a high affinity of OG ions to the PANI@OFI-A. 

 

Table .V.2 different isotherms parameters and correlation coefficient of OG onto  

PANI@OFI-A (at 25 ºC and pH =2): 

Adsorbent 

Langmuir Freundlich Temkin 

Qmax 

(mg/g) 

KL 

(L/mg ) 
RL R2 KF n R2 

KT 

(L/mg) 
b R2 

PANI@OFI-A 303.94 0.91 0.001 0.999 158.4 8.35 0.55 1205 98.4 0.64 
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Figure V.12 Comparison of equilibrium isotherms for the adsorption of OG onto PANI@OFI-A 

 

V.6 Thermodynamic studies 

 To investigate the effect of temperature on the adsorption of OG, experiments were 
conducted at 25, 35, and 45 0C, the results are represented  in Figure V.13.  

The free energy change (∆Go), enthalpy change (∆Ho) and entropy change (∆So) can be 
calculated using equilibrium constants Kd variation with temperature. The values of 
thermodynamic parameters were calculated using the following relationships: 

The calculated thermodynamic parameters are listed in Table V.3. 
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Figure V.13 Plot of ln (Kd) versus 1/T for the adsorption of OG onto PANI@OFI-A 

 

Table V.3 Thermodynamic parameters for the adsorption of OG onto PANI@OFI-A 

Adsorbent C0 (ppm) Δ H° ( KJ / mol) Δ S° (KJ / mol.K) Δ G° (KJ / mol)  R2 

298 K 308K 318K 
PANI@OFI-A 300 66.3 0.2546 -9.59 -12.13 -14.68 0.954 

PANI@OFI-A 400 18.3 0.0727 -3.42 -4.15 -4.87 
 

0.976 

PANI@OFI-A 500 11.0 0.0415 -1,38 -1.79 -2.21 
 

0.998 

 

The enhancement of adsorption at higher temperature may be due to increase in the 

diffusion rate of the adsorbate molecules across the external boundary layer and in the internal 

pores of the adsorbent particle, owing to the decrease in the viscosity of the solution [17].  

The negative values of ∆Gº indicated the feasibility and spontaneity of the adsorption 

process the positive values of ∆Hº described the endothermic nature of the overall adsorption 

process. [16].The positive values of ∆So may be interrelated to the extent of hydration of anionic 

dye molecules. The reorientation or restructuring of water around dye molecules is very 

unfavorable in terms of entropy, since the reorientation disturbs the existing water structure and 

imposes a new and more ordered structure on the surrounding water molecules. Therefore, the 

positive entropy change may be attributed to the increasing disorder because the number of water 

molecules surrounding dye molecules decreases and thus the degree of freedom of the water 

molecules increases. 
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General Conclusion  

In the present work, a low cost adsorbent was prepared through an in-situ oxidative 

polymerization method, which could enhance the removal of Orange-G dye. Various 

characterization techniques, including FTIR, DRX, TGA and SEM showed the successful 

formation of hybrid adsorbent. The capacity of PANI@OFI-A, PANI and OFI-A to remove OG 

was studied using equilibrium and kinetic models. The adsorption processes required 

30 minutes for OFI-A and 24 hours for PANI and PANI@OFI-A to reach the perfect 

equilibrium. The pH of contact solutions played a substantial role in the adsorption capacity of 

the adsorbent for OG dye. It was found that the optimum pH for OG removal was (pH=2). The 

maximum adsorption capacity of PANI@OFI-A, PANI and OFI-A was determined to be 

303.94 mg.g−1, 271.52 mg.g−1 and 8.04 mg.g−1 respectively, at an equilibrium concentration of 

400 mg. L−1 and the temperature of 25 °C. Adsorption kinetic model was determined as a 

pseudo-second-order with a correlation coefficient R2 > 0.996 for all adsorbent, the adsorption 

data was best adapted by the Langmuir isotherm model with R2 > 0.999 for each adsorbent. 

 The thermodynamic studies of OG adsorption by the three different adsorbent show 

that the process is physisorption, the adsorption OG dye by OFI-A is a spontaneous and 

exothermic process, which is favorable at low temperature. Regarding the PANI and the 

synthesis nanocomposite PANI@OFI-A adsorbents, the process is spontaneous and 

endothermic; the adsorption of OG dye onto the last two adsorbents   is favorable at high 

temperature. 

The novelty of this study is that NaOH-activation and PANI-reinforcement of the 

structure of Opuntia Ficus Indica can importantly enhance adsorption effectiveness. This 

investigation is to offer a suggestion cleaner production method for a promising hybrid 

adsorbent with adsorption process, perfect sustainability and wide application in the water 

treatment by innovative material design. 



Perspectives: 

 

As the new developed hybrid material PANI@OFI-A showed good results 

as an adsorbent for the removal of sulfonate dye Orange G we can check its 

capacity for the elimination of other anionic dyes and check its properties as an 

electrical conductive material. 
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ABSTRACT 

 

This study investigated the removal of Orange-G dye (OG) using a hybrid adsorbent 

developed from Opuntia Ficus Indica (OFI) activated with NaOH (OFI-A) were reinforced by 

polyaniline (PANI) by a fast chemical method. PANI@OFI-A and OFI-A adsorbents having 

different physicochemical characteristics as FTIR, XRD, TGA, SEM and nitrogen adsorption     

isotherms are used to analyze the structure of the resulting materials. Besides, the effect of several 

parameters including contact time (0–24 h), pH (1–12) and initial OG concentration                      

(300–1000 mg.L−1) were evaluated on the adsorption efficiency. The modified OFI-A by PANI 

was employed as an excellent adsorbent for the removing of OG from aqueous solutions. The 

results indicated that OG adsorption basically relies on adsorbing time, solution pH and initial OG 

concentration. Furthermore, the PANI@OFI-A also shows a high adsorption capacity of 

303.94 mg.g−1 for OG, quite higher than that of OFI-A (8.04 mg.g−1) and PANI (271.52 mg.g-1). 

The kinetic results were adapted well to the pseudo second order kinetic model for three samples 

prepared. Based on the obtained results, the PANI@OFI-A has potential to be used in sensitive 

environment that need to completely remove OG. 

 

Keywords: PANI · Opuntia Ficus Indica · Orange-G dye · Adsorption · Isotherms · Kinetics 
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RESUME 

 

Cette étude a examiné l'élimination du colorant Orange-G (OG) à l'aide d'un adsorbant 

hybride développé à partir d'Opuntia Ficus Indica (OFI) activé avec du NaOH (OFI-A) renforcé 

par de la polyaniline (PANI) par une méthode chimique rapide. Les adsorbants PANI@OFI-A, 

PANI and OFI-A ayant des caractéristiques physico-chimiques différentes telles que FTIR, XRD, 

TGA, SEM et isothermes d'adsorption d'azote sont utilisés pour analyser la structure des matériaux 

obtenus. Par ailleurs, l'effet de plusieurs paramètres dont le temps de contact (0–24 h),                          

le pH (1–12) et la concentration initiale d’OG (300–1000 mg.L−1) ont été évalués sur l'efficacité 

d'adsorption. L'OFI-A modifié par PANI a été utilisé comme excellent adsorbant pour l'élimination 

de l’OG des solutions aqueuses. Les résultats ont indiqué que l'adsorption d'OG dépend 

essentiellement du temps d'adsorption, du pH de la solution et de la concentration initiale d'OG. 

De plus, le PANI@OFI-A montre également une capacité d'adsorption élevée de 303,94 mg.g-1 

pour OG, bien supérieure à celle d'OFI-A (8,04 mg.g-1) et de PANI (271,52 mg.g-1). Les résultats 

cinétiques ont été bien adaptés au modèle cinétique du pseudo second ordre pour les trois 

échantillons préparés. Sur la base des résultats obtenus, le PANI@OFI-A a le potentiel d'être utilisé 

dans un environnement sensible nécessitant une élimination complète du colorant Orange G. 

 

Mots clés : Nanocomposite, PANI, Orange-G colorant, adsorption, cinétique, isotherm 
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 ملخص

  

 (OFI)من اوراق التين الشوكي  باستخدام مادة ماصة هجينة تم تطويرها Orange-G (OG)بحثت هذه الدراسة في إزالة صبغة 

) بطريقة كيميائية سريعة. يتم استخدام PANIبواسطة بوليانيلين (  وتم تقويتها  NaOH ( OFI-A)باستخدام تم تنشيطها  و

 و XRD و FTIR كيميائية مختلفة مثل و التي لها خصائص فيزيائية OFI-Aو PANI  و PANI @ OFI-A ،تالممتازا

TGA و SEM تم تقييم تأثير العديد من المعلمات ذلك،بنية المواد الناتجة. بالإضافة إلى  ومتساويات امتصاص النيتروجين لتحليل 

على كفاءة  مغ/ لتر) 1000-300الأولي ( OGوتركيز  )12-1ودرجة الحموضة ( )،ساعة 24-0بما في ذلك وقت التلامس (

من المحاليل المائية. أشارت النتائج إلى أن   OGصبغة كممتاز لإزالة PANI  المعدل بواسطة OFI-A تم استخدام الامتصاص.

علاوة على ذلك ،   الأولي  OG يعتمد أساسًا على وقت الامتصاص ودرجة الحموضة في المحلول وتركيز OGامتصاص 

  OFI-A قدرة امتصاص أعلى بكثير من / جرام مغ  303.94 أيضًا قدرة امتصاص عالية تبلغPANI @ OFI-A يظُهر

تم تكييف النتائج الحركية بشكل جيد مع النموذج الحركي من )جرام /مغ PANI (271.52قدرة امتصاص / جرام)مغ 8.04(

 PANI @ OFI-A  يمكن استخدام عليها،الدرجة الثانية للعينات الثلاث التي تم تحضيروها. بناءً على النتائج التي تم الحصول 

 OGالتامة لصبغة  للإزالةفي بيئة حساسة تحتاج 

 

الشوكي، الممتازات، الامتصاص، الممتازات الهجينة البوليانيلين، التين :المفتاحيةالكلمات   


