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General Introduction 

With the rising awareness of the occurrences of industrial activities and pollution instances of 

aqueous media, textiles industry is considered as the major source of dye contamination [1]. 

The effective removal of dyes from aqueous wastes is an important issue for many countries 

[2]. This is due to their harmful impact on the environment such as toxic and even 

carcinogenic as well as mutagenic action towards living organisms. Most dyes have a 

dangerous effect (directly or indirectly) on fish. Direct activity consist in colouring of water 

and changing its composition, which significantly deteriorates the living conditions, but 

indirect activity consist in poisonous properties of many dyes. In this respect, adsorption has 

gained an important credibility during recent years because of its good performance and low 

cost [3], much selective, easy to operate and a proven efficient process for the removal of 

dyes from contaminated aqueous media [4]. 

Actually, conjugated polymers, particularly those based on polyaniline (PANI), polythiophene 

(PT) and their derivatives, have gained interesting popularity because of multiple properties 

such as the low cost synthesis and their numerous applications in rechargeable batteries, 

display devices and sensors, porous structure, tunable morphology, good electrorheological 

property, unique redox chemistry, non-toxicity, insolubility in water, environmental stability. 

In addition, their simple doping and dedoping by acid/base treatment have made them very 

interesting agents in conducting polymers family. The application of PANI as adsorbent for 

water purification is due to the large amounts of amine and imine functional groups, which 

are expected to have interactions with inorganic and organic molecules, such as Hg(II), 

Cr(VI) and methylene blue [5-10]. 

Recently, a great work has been made to combine conjugated polyaniline with conventional 

organic and inorganic adsorbents to form composites or hybrid adsorbents such as PANI-

graphene Oxide [11], doped polyaniline-potash alum [12], polyaniline-polystyrene (PANI-PS) 

[13], PANI-cellulose [14], PANI-cellulose fiber [15], polyaniline-polyethylene glycol (PANI-

PEG) [16], polyaniline-magnetite [17], PANI-chitosan [18], PANI-sawdust [19], polyaniline-

multiwalled carbon nanotubes (PANI-MWCNT) [20], PANI-chitin[21], PANI-nickel ferrite 

[22]. These functional materials are combined with PANI to generate PANI-related 

composites to improve its surface area and change its surface morphology and have been 

studied like adsorbents for removing dyes, heavy metals and ions from aqueous solutions [23-

32] and demonstrate an important attention because of their excellent adsorption performance 

[33-36]. 
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The aim of this work is the study of the mechanistic nature of blue methylene removal from 

aqueous solutions in acidic and basic mediums by adsorption using synthesized polyaniline 

(PANI) and its silica composite (PANI-SiO2). For this purpose, a combination of adsorption 

isotherms, kinetic models are used. 

Objectives of the present work: 

The overall objective of the thesis is the preparation and characterization of adsorbents for the 

removal of a dye from aqueous medium under wide range of conditions. The specific 

objectives of the study are: 

• To prepare and characterize of adsorbents. 

• To determine the equilibrium time of dye adsorption. 

• To determine the optimum concentration of the dye and solution pH at which maximum 

adsorption occur. 

• To study the effect of temperature and determine the values of the thermodynamic 

parameters. 

• To study the kinetics and diffusion rate of dye adsorption. 

• To study the adsorption isotherms of dye adsorption. 

• To suggest a suitable mechanism of the adsorption for the different cases studied. 

Organization of Thesis 

The thesis has been organized in three chapters. 

Chapter 1: explores the bibliographic studies and contains three parts: 

- Part I: is about dye pollution, classification of dyes and wastewater treatment 

technologies.  

- Part II: explores the conducting polymers and composites, especially polyaniline and 

polyaniline/SiO2 composite and their use as adsorbents of methylene blue dye. 

- Part III: presents the adsorption process for the removal of dyes and study of the 

different parameters affecting this process. 

Chapter 2: contains the experimental section with different results found and discussion. 

Chapter 3: explores a modelling approach about the suggested mechanism of adsorption. 

A general conclusion will be presented at the end of this work which summarizes the main 

results obtained. 
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I. Bibliographic studies 

I.1 Dyes 

I.1.1 Definition of a dye: 

A dye is a coloured compound normally used in solution, which is capable of being fixed to a 

fabric (substrate). A substrate is the material to which a colourant is applied by one of the 

various processes of dyeing, printing, surface coating, etc. Generally, the substrate can be 

textile fibres, polymers, foodstuffs, oils, leather, or many other similar materials. 

Visible light consists of electromagnetic radiations of wavelength 400-750 nm. Each 

wavelength associated with a definite energy and produces a characteristic colour [1].  

I.1.2 Chemistry of dyes 

Synthetic dyes are aromatic compounds produced by chemical syntheses. Accordingly, 

aromatic rings in dyes contain delocated electrons (chromophores) and also different 

functional groups (auxochromes).  

a) Chromophore: 

The colour of organic compound is due to the presence of certain multiple bonded groups 

(acceptor of electrons) called chromophores. Chromophores contain double conjugated bonds 

with delocated electrons. To make substance coloured, the chromophore has to be conjugated 

with an extensive system of alternate single and double bonds as exists in aromatic rings 

(“chroma” means colour and “phore” means bearer) [2]. 

b) Auxochrome:  

Certain groups, while not produce colour themselves when present along with chromophores 

in an organic substance, intensify the colour, such colour assisting groups are called 

auxochromes. Generally speaking, dyes consist of an assembly of chromophoric groups, 

auxochromes and conjugated aromatic structures. As the number of aromatic rings increases, 

the conjugation of double bonds increases and the conjugated system broadens, producing a 

shift towards long wavelengths. Similarly, when an electron-donating auxochrome group 

(amino, hydroxy, alkoxy, etc.) is placed on a conjugated aromatic system, this group joins in 

the conjugation of the π system; the molecule absorbs in the long lengths of waves and gives 

darker colors [3-6]. Some chromophore and auxocrome groups are presented in Table I.1. 
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Table I.1 Names of chromophore and auxochrome groups of dyes [7]. 

Chromophore groups  Auxochrome groups  

Azo (-N=N-)  Amino (-NH2)  

Nitroso (-NO or –N-OH)  Methyl amino (-NHCH3)  

Carbonyl (=C=O)  Dimethyl amino (-N(CH3)2)  

Vinyl (-C=C-)  Hydroxy (-HO)  

Nitro (-NO2 or =NO-OH)  Alkoxy (-OR)  

Thio (>C=S)  Electron donor groups 

I.1.3 Classification of dyes 

Hunger K. [8] described that the textile dyes are mainly classified in two different ways, (1) 

based on the application characteristics (such as acid, basic, direct, disperse, mordant, 

reactive, sulfur dye, vat dye etc.), and (2) based on the chemical structure (such as nitro, azo, 

carotenoid, diphenylmethane, xanthene, acridine, quinoline, indamine, sulfur, anthraquinone, 

indigoid, phthalocyanine, etc.). The classification of dyes is outlined in Figure I.1. 

Considering only the general structure, textile dyes are also classified as anionic, nonionic and 

cationic dyes. The major anionic dyes are the direct, acid and reactive dyes, and the most 

problematic ones are the brightly coloured, water soluble reactive and acid dyes because they 

cannot be removed through conventional treatment systems. The major nonionic dyes are 

disperse dyes that do not ionise in the aqueous environment, and the major cationic dyes are 

the azo basic, anthraquinone disperse and reactive dyes, etc. [9]. 
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Figure I.1: Classification of dyes [9] 

I.1.3.1 Tinctorial classification (based on application) 

a) Acid dyes 

These compounds are water-soluble thanks to their sulfonate or carboxylate groups. They are 

applied to animal fibers such as wool and silk and to some modified acrylic fibers. Their 

interactions with the fiber are based mainly on ionic bonds between the sulfonate anions and 

the ammonium groups of the fiber. Scheme I.1 shows an example of these dyes. Commonly 

used acid dyes are the families of Acid Red, Acid Blue, Acid Violet, and Acid Yellow [10, 

11]. 

 

 

Scheme I.1: Structure of an acid dye 
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b) Basic dyes 

Basic or cationic dyes (Scheme I.2) are salts of organic amines. They are soluble in water and 

they establish strong bonds with fibers. Many basic dyes have a dangerous impact on the 

environment. Their handling must be done correctly. This type of dyes can be applied to 

cotton, certain types of modified polyamides and polyester. Examples of basic dyes are the 

Basic Blue, Basic Brown, Basic Green, Basic Violet, and Basic Yellow families [12]. 

 

Basic blue 24 

Scheme I.2: Structure of a basic dye 

c) Reactive dyes  

This type of dyes is characterized by the presence of functional groups capable of forming 

strong covalent bonds with the fibers. They are able to dye cellulosic fibers, fibers of animal 

origin and polyamide fibers. A representative example of this family is illustrated in Scheme 

I.3. Most widely used reactive dyes are the Reactive Black, Reactive Red, Reactive orange 

and Reactive Yellow families [13-15]. 

 

 

Reactive Red 

Scheme I.3: Structure of a reactive dye 

d) Direct or substantive dyes 

These are water-soluble anionic dyes. They bind to the fibers through weak bonds, which 

explains their limited resistance to wet tests (water, washing, sweat, etc.). These are the least 

expensive of the dyes used to dye cellulosic fibers like cotton. Most direct dyes are polyazo 

compounds, along with some phthalocyanines and oxazines. To improve wash fastness, 
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frequently chelations with metal (such as copper and chromium) salts are applied to the 

dyestuff. Commonly used direct dyes in textile industries include the Direct Red, Direct 

Yellow, Direct Orange, and Direct Green families [16]. 

 

Direct Red  

Scheme I.4: Structure of a direct dye 

e) Disperse dyes 

Chemical structures of these dyes are mainly consisted of azo and anthraquinonoid groups, 

having low molecular weight which aid in forming stable aqueous dispersions. Disperse dyes 

are very poorly soluble in water. The fixation of these dyes on the fiber can be the result of 

either hydrogen interactions, dipole-dipole interactions or Van Der Waals forces. Disperse 

dyes are predominantly used for acetate, acrylic, nylon, polyester, polyamide, polypropylene 

and olefin fibers. The Disperse Yellow, Disperse Red, and Disperse Orange families are some 

of the common disperse dye [17, 18]. 

 

O

O

NH

CH3

 

Disperse red 

Scheme I.5: Structure of a disperse dye  

f) Vat dyes 

Vat dyes are water insoluble and can be applied mainly to cellulose fiber by converting them 

to their leuco compounds. The latter was carried out by reduction and solubilisation with 

sodium hydrosulfite and sodium hydroxide solution, which is called a “vatting process” [11]. 



17 

 

The main structural groups of vat dyes are anthraquinone and indigoid. Most widely used vat 

dyes are the Vat Black, Vat Blue, Vat Orange, Vat Red and Vat Yellow families [10]. 

 

   

Vat blue 

Scheme I.6: Chemical structure of vat dye 

g) Mordant dyes 

Mordant dyes are characterized by the presence of functional groups capable of reacting with 

metal salts which have been fixed after prior treatment on the fiber. It results the formation of 

a stable complex. In industrial dyeing, the most used salts are based on dichromate; this is 

why we talk about chrome dyes [14]. Most commonly used mordant dyes are the Mordant 

Yellow, Mordant Orange, Mordant Red, Mordant Brown, Mordant Green and Mordant Black 

families.  

 

 

Mordant Black 

Scheme I.7: Chemical structure of mordant dye 

h) Solvent dyes 

Solvent dyes are water insoluble but organic solvent soluble, dyes having deficient polar 

solubility groups for example, sulfonic acid, carboxylic acid or quaternary ammonium.  They 

are used for colouring plastics, gasoline, oils, and waxes. Solvent dyes that are regularly used 

in textile industries are the Solvent Yellow, Solvent Red, Solvent Blue, Solvent Orange, 

Solvent Green, and Solvent Violet families [19]. 
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Scheme I.8: Chemical structure of Solvent dyes 

i) Sulfur dyes 

Sulfur dyes are water insoluble and are applied to cotton in the form of sodium salts by the 

reduction process using sodium sulfide as the reducing agent under alkaline conditions. The 

low cost and good wash fastness properties of dyeing make these dyes economic attractive. 

They have excellent fastness in most areas, but are weak when exposed to chlorine [20]. 

Some sulfur dyes that are most commonly used in textile industries are the Sulfur Black, 

Sulfur Blue, Sulfur Green, Sulfur Yellow, and Sulfur Red families [14]. 

 

Sulfur green 

Scheme I.9: Structure of Sulfur dye 

I.1.3.2 Chemical Classification (based on structure) 

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

chromophore group (Table 1).  

a) Azo dyes 

Azo dyes are characterized by the presence within the molecule of an azo group (-N=N-) 

connecting two benzene nuclei. These structures consists of aromatic or pseudo-aromatic 

systems linked by an Azo chromophore group (-N=N-). This type of dye is widely used in the 

textile industry thanks to its resistive property to light, acids, bases and oxygen [21, 22]. The 
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presence of these compounds in industrial effluents presents a dangerous impact on the 

environment and on human health since they are stable and resistant to biodegradation [23]. 

 

N N

 

Scheme I.10: Structure of an azo dye 

b) Anthraquinone dyes  

Anthraquinone dyes are the most important after azo dyes. Their general formula derived 

from anthracene shows that the chromophore is a quinone nucleus to which hydroxyl or 

amino groups can attach. This is by far the largest group of carbonyl dyes including hundreds 

of compounds that are applied to textiles in many ways [24]. Anthraquinone chromogens 

constitute the basis of most natural red dyes, the most famous of which is madder, which after 

determining the chemical formula (dihydroxy-1,2-anthraquinone), was manufactured 

synthetically under the name alizarin [24-26].  

 

 

Scheme I.11: The structure of Anthraquinone 

c) Indigoid dyes 

Similar to the anthraquinone dyes, the indigoid dyes also contain carbonyl groups. They are 

also vat dyes. Indigoid dyes represent one of the oldest known classes of dyes. For example, 

6,6'-dibromoindigo (structure shown in Scheme I.12) is Tyrian Purple [27]. Several 

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

The selenium, sulphur and oxygen counterparts of indigo blue cause significant hypochromic 

effects with colours that can range from orange to turquoise. Indigoid dyes are characterized 

by remarkable resistance to washing treatments, while light fastness is very average. They are 

used in textiles, the pharmaceutical industry, confectionery and medical diagnostics [28-32]. 
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Tyrian purple 

Scheme I.12: The structure of indigoid dye 

d) Nitro dyes 

Nitrated dyes form a class of dyes that are very limited in number and relatively old. The N-O 

and N=O bonds of the nitro group are equivalent because of resonance, and they are 

conjugated with the resonating C-C and C=C bonds of the aromatic ring. They are currently 

still used, due to their very moderate price due to the simplicity of their molecular structure 

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

donor group (hydroxyl or amino groups) [16,33]. Structures of nitro dyes are shown in 

Scheme I.13.  

 

 

 

Scheme I.13: Structure of nitro dye 

e) Xanthene 

The chromophore in xanthene contains the planar skeleton of the oxygen-containing 

heterocyclic compound xanthene [34] as shown in Scheme 1.14. 

 

Scheme I.14: Structure of Xanthene 

 

The formula of an aminoxanthene dye is usually shown with a positively charged nitrogen 

attached to the p-quinoid ring, though resonance allows an alternative structure with a positive 

charge associated with the xanthene oxygen. Xanthene dyes used for biological staining are 

yellow or red, and many are also fluorescent. There are blue and violet xanthenes that are 
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used as textile dyes. The pyronines and rhodamines are examples of aminoxanthene dyes; 

fluorescein and the eosins are well known hydroxyxanthenes [35]. 

f) Phthalocyanine dyes 

Phthalocyanines have a complex structure based on the central copper atom. The dyes in this 

group are obtained by reaction of dicyanobenzene in the presence of a metal halide (Cu, Ni, 

Co, Pt, etc.). Phthalocyanine is an intensely blue-green-coloured aromatic macrocyclic 

compound that is widely used in dyeing. Phthalocyanines form coordination complexes with 

most elements of the periodic table. These complexes are also intensely coloured and are used 

as dyes or pigments [36]. The structure of copper phthalocyanine (Phthalocyanine Blue BN) 

is given in Scheme I.15. 

 

 

Copper phtalocyanine 

Scheme I.15: Structure of phtalocyanine dye 

g) Carotenoid 

Carotenoids are notable colourants for having no aromatic rings, but contain isoprene units 

(shown in Scheme I.16) in their molecular structure [16]. More than 300 carotenoids occur in 

plants, and a few are synthesised industrially for colouring foodstuffs. The simplest member 

of the series is lycopene, named for its presence in Lycopersicon (tomato). Structure of 

lycopene is presented in Scheme I.16. 
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Scheme I.16: Structure of carotenoid dye 

This formula shows the carotenoid structure comprising eight isoprene units arranged so that 

there is a long conjugated chain in the middle part of the molecule. In other carotenoids, the 

ends of the chains are folded into rings, which may be alicyclic or quinonoid, and may bear 

such substituents as =O, -OH and -OCOCH3 [37]. 

h) Diphenylmethane 

Diarylmethane is a small group of cationic dyes with the general structure shown in Scheme 

1.17. Auramine O, is the only diarylmethane commonly used as a biological stain [38]. 

C

O

 

Scheme I.17: Structure of diphenylmethane dye  

i) Acridine 

The structure of acridine (Scheme 1.18) resembles that of xanthene, except that the 

heteroatom is nitrogen instead of oxygen [16]. 

 

 Scheme I.18: Structure of Acridine dye 
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The acridines are strongly fluorescent yellow cationic dyes. Acridine orange and acriflavine 

are examples of dyes belonging to this class. 

j) Indamine and indophenol dyes 

An indamine (-N=) group forms a bridge between an aromatic ring and a quinonoid ring. In 

indamine dyes, nitrogen atoms terminate the conjugated chain in both ring systems, whereas 

in an indophenol dye, the chain is terminated by phenolic hydroxyl or a quinonoid carbonyl 

group at one end [16]. These dyes are less important as biological stains [39], but some are 

used as analytical reagents. Coloured compounds with indamine and indophenol structures are 

the end products of some histochemical reactions. Example of indamine and indophenol dye 

is Indophenol Blue.  

 

 

Scheme I.19: Structure of indophenol dye 

k) Sulfur dyes 

Sulfur dyes are most commonly used dyes manufactured for cotton in terms of volume. They 

are cheap, generally have good wash-fastness, and are easy to apply. Sulfur dyes are 

predominantly black, brown, and dark blue. Red sulfur dyes are unknown, although a pink or 

lighter scarlet colour is available. The most important sulfur dye is Sulfur Black and its 

structure given in Scheme 1.20 [16, 40]. 
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Sulfur black  

Scheme I.20: Structure of sulfur dye 

I.1.4 Dye containing wastewater 

Dye discharged wastewater by some industries under uncontrolled and unsuitable condition 

causes significant environmental problems. The importance of the environmental pollution 

control and treatment is undoubtedly the key factor in the human future. If a textile industry 

discharges the wastewater into the local environment without proper treatment, it will have a 

serious impact on natural water bodies and land in the surrounding area [1, 2]. 

The textile dyeing wastewater has a large amount of complex components with high 

concentrations of organic, inorganic, high-coloured compounds, which has a cumulative 

effect, and higher possibilities for entering into the food chain. Owing to their high biological 

oxygen demand/chemical oxygen demand, their colouration and their salt load, the 

wastewater resulting from dyeing fibres with reactive azo dyes are seriously polluted and dark 

in colour, which increases the turbidity of water body. As aquatic organisms need light to 

develop, any deficit in this respect caused by coloured water leads to an imbalance of the 

ecosystem [3, 4]. 

Moreover, the water of rivers that is used for drinking water must not be coloured, as 

otherwise the treatment costs will be increased. The governments of different countries have 

enacted strict rules controlling the discharge of wastewater into the water system. In order to 

minimise the pollution, manufacturers and government officials are seeking for solutions to 

reduce the problem in an efficient way. Thus, studies concerning the feasibility of treating 

dyeing wastewater are very important. 

I.1.5 Wastewater treatment processes 

In the past several decades, many techniques have been developed to seek an economical and 

efficient way for treating the textile dye wastewater, including physico-chemical, chemical, 
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biological, combined treatment processes. None of the techniques is generally regarded 

acceptable because all of them offer both advantages and limitations. Because of the high cost 

and sludge disposal problems, many of these conventional methods for treating dye 

containing wastewater have not been widely applied at large scale in textile and paper 

industries [9]. 

There is no single process capable of adequate treatment, mainly due to the complex nature of 

the effluents [6, 7]. In practice, a combination of different processes is often applied to 

achieve the desired water quality in the most economical way. 

I.1.5.1 Physico-chemical treatment methods 

Numerous studies were devoted to remove dyes from textile effluent, and have mainly 

concentrated on the development of an efficient and cost-effective removal process. These 

include physico-chemical methods such as adsorption, filtration, specific coagulation, 

chemical flocculation, etc. Dyes can also be removed from an industrial wastewater by other 

physicochemical treatment technologies such as precipitation, ion exchange, and membrane 

processes. Some of these methods are simple, cost effective, however, limitations including 

high cost, low efficiency, labour-intensive operation, lack of selectivity of the process and 

production of huge toxic solid sludge that required additional treatment before disposal have 

been encountered [8, 9]. 

1. Adsorption 

2. Membrane filtration 

3. Reverse osmosis 

4. Filtration 

5. Ion exchange 

6. Coagulation or flocculation 

7. Irradiation 

I.1.5.2 Chemical oxidation methods 

1. Ozonation 

2. Sodium hypochloride (NaOCl) 

3. Advanced oxidation process 

I.1.5.3 Biological treatments 

1. Decolourisation by white-rot fungi 
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2. Other microbial cultures 

3. Adsorption by living / dead microbial biomass [36]. 

I.1.5.4 Electrochemical techniques 

1. Electrocoagulation methods 

2. Electrochemical reduction methods 

3. Electrochemical oxidation methods 

4. Indirect oxidation method 

5. Photoassisted methods [38] 
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I.2 Conducting polymers 

Polymers are generally recognized as good insulators. Indeed, conventional polymers such as 

polyethylene and polystyrene have low electronic conductivities which vary between 10-9 and 

10-18 S/cm. It goes without saying that this insulating property of polymers has been used to 

coat electronic wires or for the insulation of certain electronic devices [1]. Although they are 

insulating, polymers can, under certain conditions, exhibit remarkable electronic and optical 

properties. These materials, comprising a system of conjugated double bonds, have the 

capacity to transport electronic charges: they are called conductive polymers [2]. 

I.2.1 Properties of conducting polymers 

The study of the first conductive polymer began in 1977 with the work of Heeger, 

MacDiarmid and Shirakawa [3]. By treating polyacetylene with iodine vapor, these 

researchers noticed a considerable increase in the electronic conductivity of the material of up 

to 105 S/cm. From then on, a whole range of conductive polymers were synthesized. Among 

these, we note polyacetylenes [4], poly(paraphenylenes) [5], poly(phenylenevinylenes) [6], 

polthiophenes [7], polypyrroles [8], as well as polyanilines [9] (figure I.2). Now, these 

polymers are extensively studied, both in academic and industrial laboratories, in order to 

develop the most efficient materials.  

The main characteristic of these “synthetic metals” is the presence of a π -conjugated system 

on their main chain. The presence of alternating double bonds and single bonds, in addition to 

numerous inter-chain interactions, induces great rigidity within these materials, making their 

characterization difficult. Indeed, most conductive polymers are insoluble and infusible [10]. 
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Figure I.2 Chemical structures of some conjugated polymers 

I.2.2 Mechanisms of electrical conductivity 

The electrical properties of materials are determined by their electronic structure. The theory 

that helps explain the electronic structure of a material is band theory [10] (Figure I.3). In the 

solid state, electrons are placed in molecular orbitals, which form an energy continuum. The 

highest energy molecular orbital occupied by electrons (HOMO) is called the valence band, 

while the unoccupied lowest energy molecular orbital (LUMO) is called the conduction band. 

The area between the valence band and the conduction band is called the band gap (Eg). Band 

theory states that the electrical conductivity of a solid depends on how well the valence and 

conduction bands are filled by electrons. The crucial factor, which determines the filling of 

the valence and conduction bands, is the band gap width [11]. 

In the case of an insulator, the band gap is very wide (Eg> 3ev) making it impossible for 

electrons to pass from the valence band to the conduction band. Thus, the valence band 

remains completely full and the electrons cannot move under the application of an electric 

field. In a semiconductor, electrons can move when a field is applied since the valence and 

conduction bands are not completely full or completely empty. Indeed, the band gap is narrow 
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(0.5 ev<Eg<3.0 ev) and a certain number of electrons are promoted into the conduction band. 

Finally, the very high electrical conductivity of metals is explained by the absence of the 

forbidden band. Thus, the valence and conduction bands form a single band, where electrons 

can flow freely when an electric field is applied [12]. 

 

 

Figure I.3: Band gap structures for insulator, semiconductor and conductor  

Although band theory partly explains the principle of electrical conductivity of conductive 

polymers, it does not reveal all its aspects. To fully understand the electronic phenomena 

involved in these organic polymers, it is necessary to bring into play the notion of polarons 

and bipolarons. In the neutral state, polymers that have a double conjugated bond system are 

insulators. For these materials to become good electrical conductors, they must first undergo a 

change in their oxidation state. The treatment that a material undergoes to change its 

oxidation state is commonly called doping. There are mainly two types of doping: “p” type 

doping, characterized as being oxidation, and “n” type doping, characterized as reduction 

(figure I-4). During “p” type doping, there is formation of one or two cation radicals per 

tetramer unit, respectively called positive polaron and positive bipolaron. In “n” type doping, 

one or two anions are formed per tetramer unit, called negative polaron and negative 

bipolaron respectively. The formation of a polaron or a bipolaron depends on the degree of 

doping of the material [13]. 
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Figure I.4: The doping of emeraldine base with protons to form the conducting emeraldine salt 

form of polyaniline (a polaron lattice)  
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Thus, a low degree of doping results in the formation of polarons, while a high degree of 

doping results in the formation of bipolarons [14]. 

The association of intermediate energy levels with the different charged species created 

during doping is very complex, but still possible. During a first oxidation, an electron is 

removed from the valence band of the conjugated polymer and a positive polaron is created. 

The energy level associated with this positive polaron, partially delocalized along the polymer 

chain, is represented by a destabilized bonding orbital whose energy is higher than the energy 

of the valence band of the material (Figure I.5). In other words, the energy level of this radical 

cation is in the forbidden band. By carrying out a second oxidation on the polymer, it can 

produce two different phenomena, either the formation of a second polaron on another 

tetramer unit, or the formation of a bipolaron. In the second case, an unpaired electron located 

on the plus high energy level is high, and thus, a bipolaron is formed [15]. There are no 

electrons on the two energy levels between the valence band and the conduction band. The 

positive bipolaron consists of two electronic holes in the valence band (Figure I-5 and                              

Table I.2). As shown earlier, the electronic holes in the valence band will allow electronic 

conduction within the material. By carrying out “n” type doping, the polymer is reduced. 

During a first reduction, a negative polaron is formed. The electrons associated with this 

excited state are located in the band gap on two distinct energy levels (Figure I-5). If we carry 

out a second reduction on the polymer, the two energy levels located in the band gap are filled 

with the electrons generated by the strong reduction. In both cases, these electrons have such 

energy that they will be able to reach the conduction band and allow high electronic 

conductivities [16]. 

The mechanism of electronic conduction within conducting polymers can ultimately be 

summarized by the formation of polarons and bipolarons during doping. These charged 

species have the ability to move along the polymer chain by rearrangement of double and 

single bonds within the conjugated system. Thus, electrons can be transported along and 

between polymer chains [17]. 

Table I.2: Chemical term, charge and spin of soliton, polaron and bipolaron in conducting 

polymers [18] 

Carrier nature Chemical term Charge Spin 

Positive soliton Cation +e 0 

Negative soliton Anion -e 0 

Neutral soliton Neutral radical 0 1/2 
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Positive polaron 

(hole polaron) 

 

Radical cation 

 

+e 

 

1/2 

Negative polaron 

(electron polaron) 

 

Radical anion 

 

-e 

 

1/2 

Positive bipolaron Dication +2e 0 

Negative bipolaron Dianion -2e 0 

 

 

Figure I.5: The orbital and band structures for undoped and doped (soliton, polaron, 

bipolaron) conjugated polymer [13]  

I.2.3 Applications of conductive polymers 

I.2.3.1 Batteries 

Bridgestone/Seiko used doped polyaniline as a battery constituent for one of the first 

industrial applications of conductive polymers [19]. Partially doped polyaniline was used to 

make the anode, the cathode is generally made of lithium or a lithium/aluminum alloy. During 

use (discharge), the polymer anode dedopes and releases anions into the electrolyte. 

Conversely, lithium atoms are oxidized in the form of cations at the cathode, released into the 

electrolyte. At the same time, these processes cause electrons to flow through the charge 

(external circuit) from the cathode to the anode, thereby creating an electric current [20, 21]. 
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Figure I.6: Schematic diagram of a battery during discharge [22] 

I.2.3.2 Electromagnetic shielding 

The characteristics of certain conductive polymers, combining good conductivity (greater 

than 500 S/cm) and a “low” dielectric constant (lower than that of metals), allow them to be 

used to absorb electromagnetic radiation. Many studies highlighted the effectiveness of doped 

PANI in use as electromagnetic shielding [23-26]. 

I.2.3.3 Capacitors 

Another application where conductive polymers are increasingly used concerns metal-oxide 

capacitors. The oxide of the metal constitutes the dielectric, the metal is one electrode and the 

other electrode is traditionally made from Manganese dioxide (MnO2). From now on, the 

conductive polymer replaces manganese dioxide because it has better conductivity, ensures 

better contacts with the dielectric, which makes it possible to obtain an almost constant 

capacitance in higher frequency ranges. In addition, implementation by deposition is easily 

achievable [27, 28].  

I.2.4 Polyaniline  

I.2.4.1 General information 

Polyaniline is a polymer made up of amine and imine units which is mainly studied and used 

for its qualities as an electronic conductor. This polymer can be prepared using two methods, 

one chemical and the other electrochemical [29]. Each involves oxidizing aniline in an acidic 
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environment. Although the electrochemical method is useful for obtaining the polymer in film 

form, a chemical oxidant is generally used to easily produce large quantities of polymer in 

powder form. In each case, the final product is the result of preferential head–tail coupling 

between oxidized aniline molecules [30]. 

Polyaniline was first synthesized in 1862 by electrochemical oxidation of aniline in an 

acidified aqueous solution, which gave rise to the formation of a very dark green powder. 

Obviously, the product synthesized at that time was not recognized as a macromolecule but 

polyaniline was then used as a dye. Green and Woodhead proved, in 1910, the different 

degrees of oxidation of polyaniline then considered as an octamer [31]. In 1968, the 

monitoring group showed the “redox” properties of polyaniline and the influence of water on 

its conductivity [32]. The discovery of conductive polymers in 1977 created great enthusiasm 

within the scientific community for polyaniline so that in 1989, Bridgestone-Seiko marketed 

for the first time an ultra-thin rechargeable battery made with a polyaniline cathode [19]. 

Among the known conductive polymers, polyaniline remains the most interesting polymer 

due to its low production cost, its particular electrochemical behavior and its good chemical 

and thermal stability. 

 

I.2.4.2 Different forms and properties 

In the neutral state, polyaniline differs from other conductive polymers since it can exist in 

three distinct forms depending on its degree of oxidation (figure I-7). The different oxidation 

states of polyaniline are directly linked to the presence of nitrogen atoms on the main chain; 

they also play a fundamental role in the doping process, and are thus responsible for the 

different physicochemical properties associated with polyaniline. Polyaniline leucoemeraldine 

is the completely reduced form of polyaniline and the latter is then only made up of benzenoid 

units. When polyaniline is partially oxidized (50% oxidized, 50% reduced), we are in the 

presence of a polymer having as many benzenoid units as quinoid units. In this case, we call 

the polyaniline emerldine salt and base. Finally, polyaniline pernigraniline is the completely 

oxidized polymer, possessing only quinoid units throughout the polymer chain [17].  
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Figure I.7: Proposed chemical structures of PANI in various chemical states  

 

Table I.3: The different forms of PANI [33] 

Type of form Name Colour Conductivity (S.cm-1) 

 

Reduced form 

Polyleucoemeraldine base Transparent < 10-5 

Polyprotoemeraldine base Transparent < 10-5 

Polyemeraldine base Blue < 10-5 

Polynigraniline base Blue < 10-5 

Oxidized form Polypernigraniline base Purple < 10-5 

Polyemeraldine salt Green ~ 15 
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Although each of these three non-conductive forms of polyaniline are well known in the 

literature, it is polyaniline emerldine base (PANI-EB) that is attracting the greatest interest. 

Indeed, it is from PANI-EB that it is possible to dope the polymer and obtain an 

electroconductive polymer. The doping of polyaniline is very particular. Generally, doping of 

conductive polymers is carried out by oxidation or reduction of the polymer, involving a 

change in the number of electrons [12]. However, polyaniline doping is an acid type doping in 

which the number of electrons remains the same. Therefore, when PANI-EB is treated with an 

acid capable of prototonating the imine sites of the polymer, partial charges are formed (figure 

II-6). The positive bipolaron then created generates an electronic reorganization within the 

material and thus allows the delocalization of electrons throughout the polymer chain. The 

presence of positive polarons, following the rearrangement of the electrons, ensures the ionic 

complexation between the positively charged polymer and the counterion of the negatively 

charged acid. Once doped, polyaniline is called emerldine salt (PANI-ES) [13]. 

 

Figure I.8: Protonic acid doping in polyaniline  

 

When doping conductive polymers, their electrical and optical properties are altered. Indeed, 

the transition from the insulating form to the conductive form is accompanied by the change 

in the color of the polymer, which can easily be characterized by UV/visible spectroscopy. In 

the case of polyaniline, the insulating emeraldine base form (10-10 S/cm) appears as a dark 

blue powder, while the conductive emeraldine salt form is forest green and can conduct 

electricity up to values of 100 S/cm [14].  

As described previously, electrical conductivity in conductive polymers is a process of charge 

diffusion between free sites and occupied sites on the polymer. 

In the case of polyaniline, electrical conductivity is a function of two closely related factors: 

the degree of oxidation and the degree of protonation of the polymer. To obtain maximum 

electrical conductivity, polyaniline must first be 50% oxidized, so that it contains an equal 
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number of quinoid and benzenoid units. This principle is well known in the field of 

conducting polymers [15]. If the polymer is too oxidized, the charge density is too high, 

which prevents the electrons from moving to the few free sites. Otherwise, where the polymer 

is too weakly oxidized, there is little charge carrier and the system will not be perfectly 

delocalized. In each of these two cases, a decrease in conductivity results. The degree of 

protonation also plays an important role in the process of electrical conductivity of 

polyaniline since it determines the quantity of charges formed. Indeed, it is necessary to 

protonate each of the imine sites, which functionalize the quinoid units of the polyaniline to 

obtain maximum conduction. The imine groups are preferentially protonated during doping, 

since their basicity is stronger than that of the amine groups. Therefore, the degree of 

oxidation of the polyaniline, which must be 50%, determines the number of imine groups on 

the polymer. If each of the imine groups is then protonated, all the necessary characteristics 

are combined to obtain maximum electrical conductivity [33]. 

Obviously, there are other factors that can influence electrical conductivity, including the type 

of acid used, the crystallinity rate, as well as the percentage of humidity present in the 

polymer. Acid type doping is inherent to polymers with acid-base properties. It is the presence 

of nitrogen atoms on the polyaniline chain that allows this property. This particularity of 

being able to conduct electrons by a simple acid treatment is a marked advantage of 

polyaniline compared to other conductive polymers. In this way, we can go from an insulating 

polyaniline to a conductive polyaniline, and return to an insulating polyaniline by a simple 

reversible and controlled acid-base process. Moreover, this property was studied several times 

in the literature and used to develop interesting analysis methods [34] based on the color 

change of the polymer.  

As described above, polyaniline can exist in three different oxidation states. Whether 

chemically or electrochemically, it is possible to easily obtain polyaniline in the completely 

reduced (leucoemeraldine), semi-oxidized (emerldine base or salt) and completely oxidized 

(pernigraniline) form (Figure II-6). Although polyaniline leucoemerldine and polyaniline 

pernigraniline are very stable polymers, both chemically and thermally [35], it is possible to 

stabilize each of these forms by the application of a suitable electrical potential. Therefore, the 

transition between the different forms of polaniline is possible by varying the potential 

applied to the system. Thus, if it is placed in an acidic environment, polyaniline exhibits two 

reversible redox processes. The first corresponds to the leucoemerldine – emerldine salt 

transition, while the second is the result of the emerldine salt – pernigraniline transition. Each 

of these redox reactions is accompanied by a change in the optical properties of the polymer, 
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since polyaniline is electrochromic – changing color under the application of a varying 

electronic potential. The electrochromic behavior of polyaniline is unique among conductive 

polymers since it is manifested by the passage of three distinct colors, namely blue, green and 

yellow [36].  

I.2.4.3 Synthesis of polyaniline 

All conducting polymers are generally prepared in solution, by the action of an oxidizing or 

reducing reagent on the monomer unit. The polymer formed may be soluble in the synthesis 

medium, or will appear in the form of a precipitate. In the case of polyaniline, it is an 

oxidative polymerization in an aqueous medium, giving a precipitate. It can also be obtained 

by another synthesis route: the electrochemical route [37]. 

The radical oxidative polymerization of aniline is a reaction in a homogeneous medium, 

meaning that the monomer, the oxidant and the solvent of these first two reagents constitute a 

single phase. The most widely used method is the oxidation of the aniline monomer with 

ammonium persulfate, in an acidic aqueous H2SO4 medium, for a pH of 1 to 3. A priori, this 

oxidative polymerization requires 2 electrons per aniline molecule. The oxidant/monomer 

ratio should therefore be 1:1. But a lower quantity of oxidant will often be used; to avoid 

oxidative degradation of the polymer formed (overoxidation). 

 

Figure I.9: The oxidative polymerization of aniline in an acidic solution. The synthesized 

polyaniline forms in its doped emeraldine salt state that then can be dedoped by a base to its 

emeraldine base form [37] 
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I.2.5 Conducting polymer composites 

Conducting polymer composites, particularly PANI/inorganic have attracted increasing 

attention in recent years due to the fact they can combine the properties of each constituent 

usually with a synergistic effect, have interesting physical and chemical properties and many 

potential applications. Among various inorganic particles, SiO2 particles have attracted 

attention due to their excellent reinforcing properties for polymer materials. However, SiO2 is 

an insulator and a lot of work has been done to expand the applications of insulator SiO2 as a 

filler to improve the processability of PANI. 

 

I.2.5.1 Silica surface chemical properties 

Silica is a mineral made up of silicon and oxygen, two of the most common elements on the 

planet. It comes in several forms, although by far the most common is crystalline silica. 

Crystalline silica is so abundant that it makes up over 12% of the earth’s crust, making it the 

second-most common mineral on the planet. 

Hydrous silica is the most important when adsorption is considered, since these surface 

hydroxyls represent the key of activity of silica in any process taking place at the surface. The 

least important property of silica as a desiccant relies completely upon silica hydroxylation. 

The surface of hydrous silica can be visualized an extending domain of Si-O-Si bonds and the 

relatively high polarizability of the large oxygen ion compared with the small silicon ion 

makes it imperative that the surface is formed by oxygen ion alone. The implication is that at 

the uppermost layer of the extending joined tetrahedra, the oxygen atoms reside at a higher 

level than that accommodating the surface silicon atoms. When these oxygens attach to 

protons to form hydroxyls on the surface the latter are therefore at higher positions than the 

linked silicons. Brunauer et al. [38] reported value of 129 ± 8 ergs/cm2 at 23°C for the total 

energy of the silanol surface of silica which is only slightly higher than the total surface 

energy of liquid water, 118.5 ergs/cm2 [6]. This slight difference in surface energies made 

Brunauer et al. suggest that the chemical composition of the surfaces, H2O and SiO2 should 

show considerable similarity if the hydroxyls on silica are on top and the silicon atoms are 

below the OH groups. An atom or molecule physically adsorbed (via H-bonding for example) 

near a surface group perturbs motions of atoms of the group [39, 40]. 

 



42 

 

 

Scheme I.21: Chemical structure of SiO2  

The summary silica formula (SiO2) does not do a good job of representing its factual chemical 

structure (Figure 1). In reality, it creates an expanded special structure in which almost every 

silicon atom is connected to four oxygen atoms, whereas almost every oxygen atom connects 

itself with two silica atoms, where the chemical structure of silica (SiO2) providing negative 

surface charges [41]. However, many defects appear in this network. Additionally, the surface 

of the silica can contain many hydrogen, alkaline metals or hydroxyl group atoms, depending 

on their origins. 

  
 

Scheme I.22: Idealized diagram of a realistic silica structure [42] 
 

 

 

 

http://artpictures.club/view.php?img=https://www.researchgate.net/publication/324560723/figure/fig3/AS:616275957006337@1523943046512/Chemical-structure-of-silica-SiO2-providing-negative-surface-charges-due-to-anionic.png
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I.2.5.2 Polyaniline/silica composites 

In the design of polyaniline/silica composites, a number of composites with silica sol, fumed 

silica, nano-silica, porous and spherical nano-SiO2, mesoporous and colloidal silica particles 

have been developed and characterized for their electrical conductivity. In addition, the 

conductive properties of polyaniline/silica hybrid composites, polyaniline/silica 

nancomposites (NPs) and PANI/SiO2 composite films have also been investigated [43].  

Also, polyaniline nanotube-based silica composite was used as an adsorbent for the 

adsorption of cationic methylene blue dye (Ayad et al. 2012) [44] and acid green (Ayad and 

El-Nasr 2012) [45]. The researchers carried out the adsorption of dyes onto the polyaniline 

nanotube-based silica composite in a batch system concerning the initial concentration of dyes 

and contact time. In both the studies, the pseudo-second-order kinetics model was best 

described the adsorption process. The adsorptions of methylene blue and acid green onto the 

polyaniline nanotube-based silica composite found to followed Langmuir adsorption isotherm 

with maximum monolayer adsorption capacity were 10.31 and 6.896 mg/g respectively. In 

both research articles, it was observed that amount of methylene blue and acid green onto the 

convention polyaniline and polyaniline nanotubes was found to follow the order polyaniline 

nanotubes base/ silica composite > polyaniline nanotubes base > conventional polyaniline 

base/silica composite > conventional polyaniline base.   

I.2.5.3 The use of PANI and PANI composites in adsorption process 

The application of PANI as adsorbents for water purification is due to the large amounts of 

amine and imine functional groups, which are expected to have interactions with inorganic 

and organic molecules, such as Hg(II), Cr(VI), methylene blue and antibiotic drugs. However, 

bare PANI particles can easily aggregate due to the inter- and intra-molecular interactions, 

which significantly reduce the surface area, resulting lower adsorption abilities. Other 

functional materials, including silica, sawdust, carbon nanotubes, graphene/GO, cellulose 

acetates, inorganic salts, and organic molecules, are combined with PANI to generate PANI-

related composites to improve its surface area and change its surface morphology. A selective 

summary of adsorption capacities of PANI-based materials is provided in Table I.4. 
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Table I.4: A selective summary of adsorption capacities of PANI-based materials for dye 

removal [46] 

 

Material  Dye Maximum adsorption 

capacity (mg g–1) 

PANI-EB 

PANI nanoparticle  

PANI nanotube  

PANI nanotube/silica composite 

Nanostructured crosslinked 

PANI PANI-ES 

PANI-HCl  

PANI-HCl  

PANI-HCl  

PANI-HCl  

PANI-HCl/chitosan composite  

PANI-HCl/TMP nanocomposite  

PANI-HCl/ZSP nanocomposite  

PANI-H2SO4  

 

 

MB  

MB  

MB 

MB  
 

PR 

MO 

MB 

OG, CBB, RBBR, AG 

OG, CBB, RBBR  

MG  

MB 

MO 

 

6.1 

9.2 

10.3 

13.8 
 

18.4 

154.6 

192.3 

175, 129, 100, 56 

322, 357, 303 

78.9 

12 

75.9 
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I.3 Adsorption 

Adsorption produces high quality product water by adsorbing the cationic, mordant and acid 

dyes from the textile wastewater. Adsorption techniques have gained favour recently due to 

their efficiency in the removal of pollutants that are too stable for conventional methods. This 

process is also economically feasible [1]. Decolourisation by adsorption is a result of two 

mechanisms, surface adsorption and ion exchange [2], and is influenced by many 

physiochemical factors, such as dye / sorbent interaction, sorbent surface area, particle size, 

temperature, pH, and contact time [3]. In addition to activated carbon, a number of low-cost 

adsorbent materials, for example, peat, fly ash, wood chips, bentonite clay and fly ash have 

been investigated for colour removal [4]. 

I.3.1 Definition of adsorption 

The adsorption separation process constitutes one of the most important technologies today; it 

is widely used for depollution and purification in a wide variety of fields, such as the 

petroleum, petrochemical and chemical industries, environmental and pharmaceutical 

applications [1]. 

Batch adsorption technology is used to study the effects of various important parameters such 

as adsorbent quantity, pH values, and contact time between adsorbents and absorption [2, 3]. 

 

 

Figure I.10: Representation of the adsorption process, where symbol (θi) is the fraction of the 

surface sites occupied [5] 

I.3.2 Types of adsorption 

Depending on the types and nature of adsorbate-adsorbent interactions or the forces that hold 

the adsorbates on the solid surface, two types of adsorption are distinguished: physical 

adsorption (physisorption) and chemical adsorption (chemisorption). 
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I.3.2.1 Physical adsorption 

This type of adsorption results from the establishment of an exchange of low energy forces 

between the surface of a solid and molecules near this surface. In this case, the retention is the 

result of electrostatic bonds of the Van Der Walls type. From an energetic point of view, 

physisorption occurs at low temperatures with energies of the order of 10 kcal.mol-1 at most. 

It corresponds to a reversible process and does not lead to a modification of the chemical 

identity of the adsorbed molecule. 

Physically adsorbed molecules can diffuse along the surface of the adsorbent and are 

generally not bound to a specific location on the surface. Being only weakly bound, physical 

adsorption is easily reversed [6]. 

I.3.2.2 Chemical adsorption 

Chemical adsorption results from a chemical interaction between adsorbent and adsorbate. 

Molecules cannot move freely on the surface. It generates high adsorption energies thus 

favored by high temperatures [7]. It involves one or more covalent or ionic chemical bonds 

between the adsorbate and the adsorbent. Chemisorption is generally irreversible, producing a 

modification of the adsorbed molecules [1]. 

This type of adsorption is involved in the mechanism of heterogeneous catalytic reactions. 

The following table summarizes the main differences between physical adsorption and 

chemical adsorption [5]. 

Table I.5 : The main differences between physical adsorption and chemical adsorption [5] 

 

Parameters 

 

Physical adsorption Chemical adsorption 

Bonding type 

adsorbent – adsorbate 

 

Van der Waals or hydrogen bridge 

 

Covalent or ionic 

Temperature range Relatively low Higher 

Specificity Non-specific process Depends on the nature of 

the adsorbent and the 

adsorbate 

Desorption Easy Difficult 

 

Kinetics of adsorption 

 

Fast 

Very slow, especially 

below the activation 

temperature 

Low heat of adsorption (<2 or 3 High heat of adsorption 
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times heat of evaporation). (>2 or 3 times latent heat 

of evaporation). 

Non specific Highly specific 

Monolayer or multilayer no 

dissociation of adsorbed 

species. only significant at 

relatively low temperatures 

Monolayer only. May 

involve dissociation 

possible over a wide 

range of temperature. 

Rapid, non-activated 

reversible 

Activated, may be slow 

and irreversible 

No electron transfer                     

although polarization of sorbate 

may occur 

Electron transfer leading to 

bond formation between 

sorbate and surface 

Heat of adsorption Lower than 10 Kcal/mole Upper than 10 Kcal/mole 

 

I.3.3 Adsorption mechanisms 

The mechanism of adsorption of a solute on the surface of a solid can be broken down into 

several successive elementary steps, each of which can control the overall phenomenon under 

given conditions [8]. 

1- External mass transfer (external diffusion) which corresponds to the transfer of the solute 

from the solution to the external surface of the particles. 

2- Internal mass transfer in the pores (internal diffusion) which takes place in the fluid filling 

the pores. Indeed, the molecules propagate from the surface of the grains towards their center 

through the pores. 

3- Surface diffusion: for certain adsorbents, there may also be a contribution from the 

diffusion of the adsorbed molecules along the surfaces of the pores on the scale of an 

adsorbent grain. 
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Figure I.11: Adsorption and mass transfer diagram [8] 

I.3.4 Factors influencing adsorption 

The adsorption capacity of a material is influenced by the physicochemical properties of the 

adsorbent. When a solid is brought into contact with a solution, each constituent of the latter, 

the solvent and the solute, shows a tendency to adsorption on the surface of the solid. There is 

therefore a competition on the surface between two adsorptions which are competitive [1, 7]. 

Therefore the quantity adsorbed depends on numerous factors, the main ones of which are: 

I.3.4.1 Influence of temperature 

The adsorption process which is not affected by chemical reactions is always accompanied by 

a release of heat (exotherm), so that when the temperature increases, the desorption 

phenomenon will dominate. On the other hand, for activated adsorption (chemical 

adsorption), the adsorption equilibrium cannot be reached quickly and the increase in 

temperature promotes adsorption. Some adsorption studies have shown that adsorption 

increases with increasing temperature. This increase in adsorption is mainly due to the 

increase in the number of adsorption sites caused by the breakage of some internal bonds near 

the edges of the active surface of the adsorbent [6]. 

I.3.4.2 Influence of pH 

The change in pH affects the adsorption process through the dissociation of functional groups 

on the adsorbing surfactant sites. This subsequently leads to a change in the reaction kinetics 

and equilibrium characteristics of the adsorption process [6]. For solutes that are not found in 
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ionized forms at the pH studied, the effect of pH will be negligible. And the pH sometimes 

has a significant effect on the adsorption characteristics; for compounds whose pKa is close to 

the pH studied, this parameter will have an effect on the adsorption capacity of these solutes. 

In most cases, the best results are achieved at the lowest pH. This property particularly applies 

to the adsorption of acidic substances [8]. 

I.3.4.3 Influence of initial concentration 

Parameter seems to have an impact on the adsorption process such that with higher initial 

concentration of dye solution, the absorption of dye is higher. 

This is because at lower initial concentration, the ratio of the initial number of moles of dyes 

to the available surface area is low. Therefore, it is important to determine the maximum 

adsorption capacity of the adsorbent for which experiments should be conducted at the 

highest possible initial dye concentration [5, 7]. 

I.3.4.4 Influence of the nature of the adsorbent 

The adsorption of a given substance increases with the decrease in the particle size of the 

adsorbent, which allows the compounds of the solution to penetrate into the capillaries of the 

substance, therefore the subdivision of the particle of the solid directly influences the pores of 

the latter as well as its specific surface which will be developed. However, if the dimensions 

of the pores are smaller than the diameters of the molecules of one of the components of the 

solution, the adsorption of this compound does not take place, even if the surface of the 

adsorbent has a high affinity for this compound [1, 5]. 

- Specific surface area 

Adsorption is a surface phenomenon and as such the extent of adsorption is proportional to 

the specific surface area. The specific surface area is essential data for the characterization of 

solids and porous materials. It is very important to give adsorbents a large specific surface 

area, this quantity refers to the accessible surface area relative to the unit weight of adsorbent 

[9]. 

- Porosity 

The porous distribution or porosity is related to the pore size distribution. It reflects the 

internal structure of microporous adsorbents [7]. 
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I.3.4.5 Influence of the nature of the adsorbate 

1) Solubility 

The solubility of an adsorbate plays an important role during its adsorption. The greater the 

solubility, the lower the adsorption will be [7]. 

2) Polarity 

Polar solids preferentially adsorb polar bodies, and apolar solids adsorb apolar bodies. The 

affinity for the substrates increases with the molecular mass of the adsorbate. 

Adsorption is more intense for bodies which have relatively more affinity for the solute than 

for the solvent [1]. 

3) The size of the molecule 

The size of the molecule also has a direct influence on adsorption, molecules whose size is 

appropriate for that of the pores will be adsorbed more favorably, because they have more 

points of contact with the surface of the molecule. On the contrary, the molecule moves with 

difficulty inside the pores because of its relatively large size [7]. 

I.3.5 Adsorption kinetic models 

The kinetic parameters are used for prediction of the adsorption rate, which provides 

information for modelling the process. Generally, three models are used for the analysis of 

adsorption kinetics [2]. 

I.3.5.1 First order kinetic model (Lagergren equation) 

Lagergren (1998), proposed the pseudo-first order kinetic model: 

𝒅𝐪𝐭

𝒅𝒕
  = K1 (qe – qt)                                  (I.1) 

The integration of this equation gives us [1]: 

ln (qe - qt) = ln qe - K1 t                                   (I.2) 

With: 

qe: The adsorption capacity at equilibrium (mg/g) 

qt: The adsorption capacity at time t (mg/g) 
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K1 : First order rate constant (min-1) 

I.3.5.2 Second-order model 

The differential equation of the second-order adsorption model is given in the form [2]: 

𝒅𝐪𝐭

𝒅𝒕
 = k2 (qe - qt)2                                   (I.3) 

Its linear form is written: 

𝟏

𝐪𝐭
 = 

𝟏

𝐊𝟐 .𝐪𝐞
𝟐
 +   

𝟏

𝐪𝐞

 .t                                   (I.4) 

K2: Second order rate constant (g. mg-1. min-1). 

Note that k2 and qe are determined by plotting 1/(qe - qt) as a function of t. 

I.3.5.3 Intraparticle diffusion model 

Weller and Morris proposed a theoretical model based on intra-particle diffusion. Described 

by the following equation [2]: 

qt = KD. t1/2 + C                                          (I.5) 

KD: Intraparticle diffusion rate constant (g.mg-1.min-1/2) 

C: Observation linked to the thickness of the boundary layer (mg. g) 

The representation of qt as a function of t1/2 allows the speed constant KD to be calculated. 

The transfer of an adsorbate from the liquid phase to an adsorption site, represented by the 

figure (1.12), involves the following steps [5]: 
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Figure I.12: The stages of adsorption kinetics [5] 

1st step: transfer of the adsorbate from the liquid phase to the boundary layer of the liquid 

film linked to the solid particle (by convection or diffusion). Very fast stage. 

2nd step: Transfer of the adsorbate through the liquid film to the external surface of the 

adsorbent. Quick step. 

3rd stag: Diffusion inside the adsorbent particle in two ways, under the influence of the 

concentration gradient. Slow step. 

3a: Under the adsorbed state, by surface diffusion. 

3b: In the free state, by pore diffusion. 

4th stag: Adsorption in a micropore. Very fast stage. 

I.3.6 Adsorption isotherms 

Not all adsorbent/adsorbate systems behave the same way. Adsorption phenomena are often 

approached by their isothermal behavior. Isothermal curves describe the existing relationship 

at adsorption equilibrium between the quantity adsorbed and the solute concentration in a 

given solvent at a constant temperature [7]. 

I.3.6.1 IUPAC classification 

According to the UPAC classification, adsorption-desorption isotherms can be grouped into 

six classes (Figure I.13) [1, 10]: 
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 Type I 

The type I adsorption equilibrium isotherm is characteristic of an adsorbent whose 

microporous volume is particularly high. The saturation of the adsorption sites occurs 

gradually from low concentrations and the shape of the isotherm is characterized by a long 

plateau indicating weak formation of multilayers. 

 Type II 

The type II isotherm is observed in the case of adsorbents having a large macroporous volume 

with a diameter greater than 500 Å. Adsorption takes place first in a monolayer then in 

multilayers until capillary condensation, which reflects the existence of strong intermolecular 

interactions compared to the interactions between the molecules and the solid. 

 Type III 

It indicates the formation of poly-molecular layers, from the start of adsorption and before the 

surface is completely covered with a mono-molecular layer. Additional adsorption is 

facilitated because the interaction of the adsorbate with the layer formed is greater than the 

interaction between the adsorbate and the adsorbent [10]. 

 Type IV 

The type IV adsorption equilibrium isotherm is associated with rather mesoporous adsorbents. 

The presence of two levels can result from the formation of two successive layers of 

adsorbate on the surface of the solid. When the interactions between the adsorbate molecules 

and the adsorbent surface are stronger than those of the adsorbate molecules with each other, 

the adsorption sites of the second layer only begin to be occupied when the first layer is 

totally saturated. 

 Type V 

Type V adsorption equilibrium isotherms are characteristic of microporous adsorbents with 

the formation of multilayers at low concentrations. As for the type III isotherm, this behavior 

is representative of stronger interactions between adsorbate molecules than between adsorbate 

and adsorbent molecules. 
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 Type VI 

The type VI is associated with layer-by-layer adsorption on a highly uniform surface [10]. 

 

Figure I.13: Classification of isotherms according to Brunauer et al. [1] 

I.3.6.2 Mathematical models of adsorption isotherms 

Experimentally, it is very common in sorption reaction studies to relate the surface 

concentration of the complex formed to equilibrium (amount of solute retained by the solid, 

qe, in mol.g-1 or mg.g-1 or derived units) at the equilibrium concentration of the solute in the 

liquid or gas phase (Ce, in mol.L-1 or g.L-1 or derived units). The relationship obtained is 

called equilibrium isotherm provided that the experiment is carried out at constant 

temperature [11]: 

       qe = (C0 – Ct).  (
𝑽

𝒎
)                                    (I.6) 

V: Volume of solution (L) 

m: mass of adsorbent solid (g) 

C0 and Ct: Initial concentration and at time t of solute in liquid or gas phase (mg/L) 

respectively. 

1) Langmuir models (Langmuir, 1916) 

The assumptions of this model are as follows [1]: 

- The adsorption sites on the solid surface are homogeneous from an energetic point of view: 

we speak of a “homogeneous adsorption surface”. 

- Each of these sites can adsorb a single molecule, and a single layer of molecules can form. 

- Each of the sites has the same affinity for the molecules in solution. 
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- There are no interactions between the adsorbed molecules. 

The Langmuir model assumes that adsorption takes place on sites of the same energy and that 

there is no interaction between the adsorbed molecules. 

The Langmuir isotherm is represented by the following equation [7]: 

qe = 
𝐗

𝐦
 = qm × 

𝐛 .𝐂𝐞

𝟏+𝐛.𝐂𝐞 
                             (I.7) 

b: thermodynamic equilibrium constant in relation to the adsorption energy. 

Ce: equilibrium concentration in the gas or liquid phase. The representation 

graph of this equation gives: 1/qe= f (1/Ce) which is a line with slope 1/b.q0 and of intercept 

1/q0. 

The Langmuir isotherm can be rearranged into the following linear forms [12, 13]: 

 

𝟏

𝐪𝒆
  =  

𝟏

𝒒𝒎
 + 

𝟏

𝐤.𝒒𝒎.𝐂𝒆
                          (I.8) 

𝐂𝒆

𝐪𝒆
  =  

𝟏

𝐊.𝐪𝐦
 + 

𝐂𝒆

𝐪𝐦
                                   (I.9) 

𝐪𝐞  =  − 
𝐪𝐞

𝐊.𝐂𝐞
 + qm                                (I.10) 

𝐂𝐞

𝐪𝐞
  = − 𝐤. 𝐪𝐞 + k qm                             (I.11)       

𝟏

𝐂𝒆
  =  

𝐤.𝐪𝐦

𝐪𝐞
 - k                                 (I.12) 

qe: The adsorption capacity at equilibrium (mg/g) 

qm: Maximum adsorption capacity (mg/g) 

Ce: equilibrium concentration in the gas or liquid phase (mg/L) 

By putting the previous equation in linear form [10-13]: 

𝐂𝐞

𝐪𝐞
  =  

𝟏

𝐊.𝐪𝐦
 + 

𝐂𝐞

𝐪𝐦
                                  (I.13) 
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Figure I.14: Application of the Langmuir model [10] 

2) Freundlich isotherm 

The Freundlich model is a semi-empirical model which makes it possible to model adsorption 

isotherms on heterogeneous surfaces (where the adsorption sites are not all equivalent). This 

model can only be used in the domain of low concentrations because it has no upper limit for 

high concentrations, which is contradictory with the experience used to describe 

heterogeneous systems characterized by the heterogeneity factor (n ) [1, 11]. 

The Freundlich Isotherm can be described by the following equation [7]: 

qe = kf . 𝐂𝐞 𝟏/𝒏                                     (I.14)  

Qe: Quantity of adsorbate adsorbed per gram of adsorbent at equilibrium (mg/g) 

Ce: Concentration of the adsorbate in the solution at equilibrium (mg/L) 

kf: is the Freundlich constant (1/g) which indicates the sorption capacity of the sorbent 

n: is the heterogeneity factor. 

The linearization of this equation gives the following equation [13]: 

 Ln qe = ln Kf +  
𝟏

𝒏
  ln Ce                            (I.15) 

Theoretically, it is a line with slope 1/n and ordinate at the origin Ln K. Extrapolation of this 

line for Ce= Co gives the maximum adsorption capacity or saturation capacity qmax  
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Figure I.15: Application of the Freundlich model [10] 

3) Temkin isotherm 

Temkin's model is based on the assumption that the heat of adsorption due to interactions with 

the adsorbate decreases linearly with the recovery rate during gas-phase adsorption. It is an 

application of the Gibbs relation for adsorbents whose surface is considered energetically 

homogeneous. Several authors have proposed using this model in the liquid phase, by plotting 

qe or q as a function of ln Ce according to the following expression [14]: 

qe  =  ( 
𝐑𝐓

𝒃𝑻
 ). Ln (AT. Ce)                         (I.16) 

qe  = B Ln AT + B Ln Ce                            (I.17) 

Ce (mg.L-1): equilibrium concentration and T (K): absolute temperature. 

4) Elovich isotherm 

The equation is based on the principle of kinetics which assumes that the number of 

adsorption sites increases exponentially with adsorption, implying multilayer adsorption [15]. 

Described by the relationship: 

𝒒𝒕 =  
𝟏

𝜷
𝐥𝐧(𝜶𝜷) +  

𝟏

𝜷
 𝐥𝐧 (𝒕)                       (I.18) 
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Ke (L.mg-1): Elovich equilibrium constant. If adsorption is described by the Elovich equation, 

the equilibrium constant and the maximum capacity; can be calculated from the plot of ln 

(qe/Ce) versus (qe). 

5) BET (Brunauer-Emmett-Teller) isotherm 

The Brunauer Emmett Teller (BET) isotherm, proposed in 1938, was designed as an 

extension of the Langmuir adsorption mechanism to a number of layers that can go up to 

infinity. It is represented by the following equation [16, 17]: 

q/qm = (K ( C/(C0) ))/(1-C/(C0) )[1+(K-1)C/(C0)]                           (I.19) 

q: the retention capacity at time t 

qm: monomolecular retention capacity 

C: concentration at time t 

C0: the initial concentration 

K: The adsorption constant 

The linear form of this equation is given by the equation below: 

C/(q(C0-C)) = 1/(qm . K)+ (K-1)/(qm . K ) (C/(C0))                     (I.20) 

I.3.7 Use of adsorption 

Adsorption has many practical applications. We understand that the phenomena causing a 

modification of the composition of a gas mixture, of a liquid mixture, can have industrial 

developments; however, the adsorption of pure gases and vapors is of less practical                      

interest [10]. 

a. Application of gas phase adsorption 

In the practical use of adsorption phenomena of gas mixtures with a view to their 

fractionation, it must not be forgotten that the operation of an adsorption column or adsorber 

is by nature intermittent and must comprise two phases. 

- An adsorption phase, which must be stopped when the mass transfer zone reaches the 

desired purity, at the outlet of the column: breaking point or leak point. 

- A consecutive phase of desorption or regeneration of the adsorbent to make it suitable for a 

new adsorption phase and to possibly recover the adsorbate [4]. 
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b. Application of liquid phase adsorption 

The applications of liquid phase adsorption can be classified into two areas: that of the 

treatment of dilute solutions and that of the fractionation of liquid mixtures, although, in both 

cases, it is always a question of separation of chemical compounds. Industrial applications 

concerning the treatment of diluted solutions (purification and extraction) are extremely 

numerous [8]. The most important treatments: 

- Discoloration of sweet juices; 

- The purification of various petroleum products and animal and vegetable fats; 

- Water treatment (elimination of heavy metals, odors, and organic matter). 

- Desiccation of industrial organic products. 

I.3.8 Areas of application of adsorption 

The numerous applications of adsorption are cited [5, 10]: 

- Refining of petroleum products; 

- Drying, purification, dehumidification and deodorization of the air; 

- Catalysis; 

- Recovery of solvents and alcohol in the fermentation process; 

- Discoloration of liquids; 

- Gas chromatography (fractionation method based on differences in adsorption speed of 

different substances, on a given adsorbent. 
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II. Experimental section 

II.1 Synthesis of polyaniline emeraldine salt (PANI-ES) 

PANI-ES can be synthesized from monomeric aniline (99.5%, Biochem) by oxidative 

chemical polymerization [1, 2]. In summary, PANI was prepared as follows: the first solution 

was prepared with 0.5 M of aniline dissolved in 100 ml of 1M HCl (32%, VWR) and the 

second solution with 0.25 M of (NH4)2S2O8 (98%, VWR) in 100 ml of distilled water. The 

latter was added slightly to the first solution with continuous stirring. The mixture was placed 

under stirring for one hour at 0-5 °C. The greenish black precipitate resulting from this 

solution was passed to filtration and washing repeatedly with water first, diluted HCl solution 

and methanol until the wash liquid was colorless to remove oligomers and other non-

polymeric impurities. Then, the collected polymer was dried for 48 hours in a 40 °C oven, 

grinded and stored for processing [3-11].  

II.2 Synthesis of PANI/Silica (SiO2) composite: 

Determined amount of silica suspension (including 0.23 g of silica / 10 ml), aniline (9.313 g, 

0.10 mol) and 10 ml of conc. HCl in 200 ml of distilled water was added by mixing in the ice 

water bath. The mixture was stirred for a further 30 minutes. Then, a volume of 100 ml of 

aqueous APS solution (containing 22.820 g, 0.10 mol of APS) was dropped into the 

emulsions in 60 minutes. The mixture was placed under stirring for another 4 hours in a 

cooled water bath. The PANI/silica composite was filtered and washed with water three 

times. Finally, it was dried in the oven at 40 °C for 48 hours [12-16]. 

 

 

 

Figure II.1: Polymerization of PANI/SiO2 composite [13]. 
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II.3 Sorbate dye (Methylene Blue) 

To prepare the MB solution 1g of MB was dissolved in 1L of distilled water. It has a 

molecular formula C16H18N3ClS with molecular weight 319.85 g.mol-1. It is a non-toxic water 

soluble dye, blue in color (λmax 661 nm) [14, 17]. Initial and final concentrations of MB 

solutions were determined by measuring absorbance at 661 nm using UV visible absorption 

spectroscopy. 

II.4 Adsorption experiments 

The adsorption study was performed using an aqueous MB dye solution for the determination 

of adsorption capacity of the synthetic PANI and PANI/SiO2 composite. Sample 

concentrations were determined in the UV-visible apparatus at λ= 661 nm. The effect of 

different parameters was carried out from this study such as the adsorption time (0-120 min), 

the initial concentration in MB (4 - 21 mg/L) and the mass of the adsorbents (0.05 - 1.0 g).  

The qe (equilibrium adsorption amount) was calculated as follows: 

qe =
(Ci − Ce). V

m
                      (II. 1) 

where Ci and Ce are the initial concentration (before adsorption) and concentration at 

equilibrium (after adsorption) in mg/L of MB, respectively; V and m are the volume (L) of 

the MB solution and the weight (g) of the used material (adsorbent) [18-22]. 

II.5 Results and discussion 

II.5.1 Study of adsorption of the dye (MB) 

II.5.1.1 Effect of adsorbent dosing: 

With increasing the adsorbent mass, the number of adsorption sites increases, which 

consequently increases the adsorption of more dye molecules. By checking the Figure II.2, it 

was seen a decrease in the values of qe (mg.g-1) with increasing the mass of PANI and 

PANI/SiO2 composite from 0.05 to 1 g. The marginal improvement in the adsorption of the 

dye can be explained by the reason that a fixed volume of dye solution with a known Co of 

dye has a defined number of total dye molecules and in this condition, the dose of adsorbent 

becomes very important. Therefore, many adsorbent adsorption sites remain empty, resulting 

in a decrease in qe [23]. Consequently, selecting the appropriate dose becomes a very 

important factor for an effective, efficient treatment process. In this case, the 0.133 g 

adsorbent mass was selected for all adsorption studies. 
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Figure II.2: Effect of the mass of PANI and PANI-SiO2 composite on the removal of MB in 

acidic and alkaline mediums (T=25°C, Co= 3.10
-5

 mol/l) 

 

Of the two adsorbents used in the study, the PANI/SiO2 composite exhibits greater 

elimination at all levels of the adsorbent dosing than pure PANI because the specific surface 

area of PANI/SiO2 (43.7 m2.g-1) is higher than that of pure PANI (30.3 m2.g-1).  

II.5.1.2 Effect of the dye initial concentration: 

It was seen from the figure II.3 that the dye adsorption increases almost linearly with the 

increase in Co of the dye (from 4 to 21 mg.L-1) in both cases of PANI and PANI/SiO2 

composite. At higher concentrations, a large number of dye molecules completely occupy the 

binding sites of adsorbent materials that were not possible at low dye concentration. 

Therefore, the Co equal to 3. 10-5 mol.L-1 was chosen as the ideal adsorbate concentration for 

further studies. 
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Figure II.3: Effect of the initial concentration of MB on the removal of MB by PANI and 

PANI/SiO2 composite in acidic and alkaline mediums (T=25°C, m=0.133 g) 

II.5.1.3 The influence of the contact time  

The contact time effect on the quantity of adsorbed methylene blue dye is shown in Figure 

II.4 (a, b). First, it was seen that the MB concentration after adsorption decreases continuously 

when the contact time increases with the two adsorbents PANI and PANI/SiO2 composite. 

Also, the dye removal rate is faster in the first 25 minutes, which is due to the large number of 

free sites for adsorption of MB; therefore, it reaches equilibrium in the 60th minutes and 

subsequently remains constant. The quantity of MB adsorbed qt increases from 3.53 mg.g-1 in 

the acidic medium to 5.2 mg.g-1 in the alkaline medium when the PANI homopolymer is used. 

With the PANI/SiO2 composite, the amount of adsorbed dye qt increases from 2.23 mg.g-1 in 

acidic medium to 6.97 mg.g-1 in alkaline medium.  

By comparing the effect of the medium (acidic or alkaline), the PANI homopolymer and the 

PANI/SiO2 composite exhibit high adsorption efficiencies in the alkaline medium compared 

to those in the acidic medium, this can be explained for PANI/SiO2 by the fact that the 

particles are more and more negatively charged as the pH becomes more and more basic. This 

is due to the deprotonation of surface silanols (Si-OH) by OH- hydroxyls in solution to form 

silanolates (SiO-). For the PANI, the ES form transforms into the EB form at higher pH. The 

negative charged surface revealed and the negative charge density increased with the 

increasing pH value. Therefore, the adsorption capacity increased with the increasing pH 

value.  
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a) 

 

b) 

Figure II.4: Effect of contact time on the removal of MB by (a) PANI and (b) PANI/SiO2 

composite in acidic and alkaline mediums (T=25°C, Co= 3.10
-5

 mol.L
-1

, m=0.133 g) 

II.5.2 Adsorption kinetics 

Two kinetic models have been studied in this part, those of pseudo first and second order. The 

kinetic curves are shown in Figures II.5 and II.6. 

The Lagergren's first order pseudo kinetic model (linear form) is expressed by: 

 

ln (qe – qt) = ln qe – K1 t                               (II.2) 

where K1 is the adsorption rate constant (min-1), qe and qt are the adsorbed amount of dye in 

equilibrium and at time t (in mg.g-1), respectively [18, 24]. K1, qe and R2 (correlation 

coefficient) were obtained graphically and are illustrated in table 1. 
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As evident in Table II.1, R2 values varies from 0.92 to 0.98 for PANI and from 0.80 to 0.85 

for PANI/SiO2 in acid and basic medium respectively. As you can see, the (cal. qe) estimated 

by the velocity equation is significantly different from the experimental value of qe (exp. qe). 

Also, R2 value was not very nearby to 1. Therefore, the pseudo first-order model does not fit 

our experimental data. 

 

a) 

 

 

b) 

Figure II.5: (a) (b) Pseudo first-order model of PANI and PANI/SiO2 kinetic plot for 

adsorption of MB in acidic and basic mediums. 
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In addition, the second order pseudo kinetic model (linear form) is expressed by: 

t/qt = (1 / K2 qe
2) + (t / qe)                                    (II.3) 

where K2 is the adsorption rate constant for the pseudo-second order (in g. mg-1. min-1), qt and 

qe were described before. K2, qe and R2 were obtained graphically [25] and are illustrated also 

in Table II.1. The correlation coefficients (R2) of the graphs for various adsorbents vary from 

0.99 to 1.00 for PANI in acidic and basic medium and from 0.965 to 0.999 for PANI/SiO2 in 

acidic and basic medium, which suggests that adsorption of MB on PANI homopolymer and 

PANI/SiO2 composite follows the pseudo-second order model. In addition, (qe, exp) are very 

close to the (qe, cal).  
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b) 

Figure II.6: (a) (b) Pseudo second-order model of PANI and PANI/SiO2 kinetic plot for 

adsorption of MB in acidic and basic mediums 

II.5.3 The intraparticle diffusion 

The intraparticle diffusion model was used to analyze kinetic data of the MB adsorption 

process, this kinetic model is given by the following equation: 

qt = Kid (t)
0.5 + C   (II.4) 

where, Kid and C are the intraparticle diffusion rate constant and a constant related to the 

thickness of the boundary layer, these constants are obtained graphically [21, 26, 27]. If the 

plot is a line, the adsorption of MB is controlled by diffusion resistance. Intraparticle diffusion 

plots for the adsorption of MB on pure PANI and PANI/SiO2 composite are illustrated in                       

Figure II.7.  
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c) 

 

d) 

Figure II.7: Intraparticle diffusion plots for MB adsorption onto (a) (b) PANI and (c) (d) 

PANi/SiO2 in acidic and basic mediums 
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Table II.1. As evident from the PANI plot, the MB molecules are scattered in adsorbent 

particles and then spread in their macropores at the beginning of the adsorption process. 

Subsequently, MB molecules are propagated in polymeric micropores then the equilibrium 

take place. However, the PANI/SiO2 plot also involves two steps. This can be explained by 

the presence of silica nanoparticles and, consequently, to the raise in surface area of the 

composite. As well illustrated in the first three figures, the intraparticle diffusion stage is a 

gradual process. High C values show that the transfer of additional mass of MB molecules on 

PANI is significant and take place in the beginning of the adsorption process. 

 

Table II.1: Kinetic parameters of adsorption of MB on PANI and PANI/SiO2 in acidic and 

alkaline mediums 

Model Parameters 
PANI PANI/SiO2 

pH=2 pH=11 pH=2 pH=11 

  

Pseudo-first order 

  

K1 (min-1) 0.03 0.04 0.04 -0.03 

qe (mg/g) 0.22 2.43 2.13 0.009 

R2 0.921 0.988 0.80 0.85 

Pseudo-second order 

K2 (min-1) 0.48 0.027 0.01 -0.32 

qe (mg/g) 3.83 4.34 3.61 6.66 

R2 1.000 0.990 0.965 0.999 

Intraparticle 

diffusion 

Kid1 0.15 0.41 0.63 0.006 

C1 3.03 0.97 -0.98 6.88 

R2 0.922 0.99 0.98 1.00 

Kid2 0.007 0.02 0.068 -0.029 

C2 3.73 3.80 2.11 6.97 

R2 0.999 1.00 0.85 0.76 
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II.5.4 Adsorption isotherms 

Adsorption isothermal studies are required to apply the adsorption technique for practical 

purposes. The adsorption mechanism could be determined by evaluating the equilibrium data 

also known as adsorption data obtained from the experiments. An equilibrium relationship 

could be established between the amounts of dye adsorbed on the surface of an adsorbent 

through the adsorption isotherms. In this study, several isothermal models (Langmuir, 

Freundlich and Dubinin-Radushkevich) were used to examine the adsorption data. 

1) Langmuir isotherm 

The basic assumption of this isotherm is that monolayer formation occurs so that only one dye 

molecule could be absorbed at an adsorption site and that intermolecular forces decrease with 

distance. It is also assumed that the surface of the adsorbent has a homogeneous character and 

has identical and energy equivalent adsorption sites. The Langmuir model is given by the 

equation below; 

Ce

qe
=  

Ce

qm
+  

1

KLqm
   (II.5) 

 

Where qm is the maximum adsorption amount with full monolayer coverage on the surface of 

the adsorbent (mg.g-1) and KL is the Langmuir adsorption constant for adsorption energy (L.g-

1) [28]. 

The values of qm and KL can be determined from the slopes and the interception of the linear 

curve of Ce/qe in function of Ce (Figure II.8) and are represented in Table II.2 together with R2 

(correlation coefficient). 
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c) 

 

d) 

Figure II.8: Langmuir isotherm plot for MB adsorption by (a) (b) PANI and (c) (d) PANI/SiO2 

composite in acidic and basic mediums 
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The isotherm is linear for all concentrations range and shows a reasonable adaptation to the 

adsorption data. 

The preference and viability of the adsorption process can be determined by the separation 

factor RL in the data analysis using the Langmuir isotherm. It is given by the equation below: 

 

𝑅𝐿 =  
1

1+ 𝐾𝐿𝐶0
   (II.6) 

 

If: 0<RL<1 adsorption is favorable, but if 1 < RL adsorption is unfavorable. If RL=0: 

adsorption is irreversible and if RL=1: adsorption is reversible [29]. In this case study, in all 

the cases: 0<RL<1 indicating that MB adsorption on PANI and PANI/SiO2 composite is 

favorable. 

2) Freundlich isotherm 

Freundlich's model is applicable to heterogeneous systems and involves the formation of 

multilayers. This adsorption isotherm is given by: 

 

log 𝑞𝑒 =  log 𝑘𝑓 + 
1

𝑛
 log 𝐶𝑒   (II.7) 

 

where kf and n are the Freundlich constants and represent, respectively, the adsorption 

capacity and the measure of heterogeneity [30]. The values of kf and n were determined from 

the linear diagram of ln qe in function of ln Ce (Figure II.9) and the values are represented                  

in Table II 2. 
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c) 

 

d) 

Figure II.9: Freundlich isotherm plot for MB adsorption by (a) (b) PANI and (c) (d) PANI/SiO2 

composite in acidic and basic mediums 
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The linear plot of ln qe vs. ln Ce shows Freundlich adsorption. In adsorption, if kf value increases, 

the quantity of dye adsorbed onto the surface of PANI and PANI/SiO2 will increase (Figure II.9 and 

Table II.2). The results in table 2 demonstrate that Freundlich isotherm have low agreement with 

the experimental data (low R2 values). However, kf values increase and the quantity of dye adsorbed 

onto the surface of PANI and PANI/SiO2 increase (best values at pH 11). 

In this study, n > 1 in all cases, which indicate the favorability of the adsorption process [31]. The 

data evaluation of the linearly calculated model above sometimes does not provide satisfactory 

results since linear equations can provide multilinear graphs. 

3) Dubinin - Kaganer - Radushkevich (DKR) isotherm 

In adsorption studies, the different isotherms studied before are generally used to describe single 

layer adsorption and cannot determine the mechanisms and energy of adsorption. It is the Dubinin - 

Kaganer - Radushkevich (DKR) isotherm that can provide the adsorption mechanism and the 

energy of the adsorption process, which is expressed linearly: 

 

ln qe= ln qm - Bε2   (II.8) 

 

where qm is the theoretical monolayer saturation capacity (mg.g-1), B is the constant, called D-

R model constant, and ε2 is the Polanyi potential [32], which is determined by the equation: 

 

ε = RT log (1+1/Ce)   (II.9) 

 

where R is the general gas constant and T is the absolute temperature [33].  
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c) 

  

d) 

Figure II.10: Dubinin-Kaganer-Radushkevich isotherm plot for MB adsorption by (a) (b) PANI 

and (c) (d) PANI/SiO2 composite in acidic and basic mediums. 
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Low R2 values demonstrate that DKR isotherm have low agreement with the experimental 

data. The calculated adsorption energy values ranging from 2.24 to 5.32 < 8 kJ.mol-1, 

indicates that the adsorption of MB onto PANI and PANI/SiO2 surfaces are physical in nature 

[32, 33].  

A comparison of the efficacy of the synthesized materials on the adsorption process is 

provided in Table II.2. 

 

Table II.2: Adsorption isotherms parameters of MB on PANI and PANI/SiO2 composite at 

pH 2  and 11 

 

 

The validity of the models was verified by the good correlation with the exprimental data 

assessed by correlation coefficients R2 values. The equilibrium adsorption isotherms data of 

the two adsorbents (Table II.2) demonstrate that Freundlich and Dubinin–Radushkevich 

isotherms have low agreement with the experimental data, whereas Langmuir model has 

produced the best agreement but not in all cases (In case of PANI and PANI/SiO2 at pH 2). 

 

Isotherm        PANI (pH2)      PANI (pH11)      PANI/SiO2 (pH2)     PANI/SiO2 (pH11) 

 

      

     Langmuir 

     KL (L g-1) 0.57597 0.09081 1.77328 0.20906 

   qm (mg g-1) 7.89889 13.86385 1.30303 31.42677 

RL 0 < RL< 1 0 < RL < 1 0 < RL <1 0 < RL < 1 

R2 0.88845 0.17234 0.91575 0.3616 

 

     Freundlich 

kf (L g-1) 3.56744 3.92062 0.67684 6.14691 

nf 3.55252 6.6212 3.92572 1.60462 

R2 0.80783 0.08493 0.58776 0.69909 

 

   Dubinin- 

K-R 

qm (mg g-1) 20.09799 0.0205 1.424 .10-5 0.00106 

B -0.01766 -0.09925 -0.02045 -0.04175 

 R2 0.74661 0.85615 0.60007 0.69486 

 Eads (kJ/mol) 5.32 2.24 4.94 3.46 
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II.5.5 Thermodynamic study 

Thermodynamic parameters, such as Ea (activation energy), ∆G (Gibb free energy change), 

∆H (enthalpy change) and ∆S (entropy change) are useful to explain the nature of adsorption. 

The Ea is calculated from the Arrhenius equation, shown below: 

 

k=A. exp( -Ea/RT)   (II.10) 

 

where T is the absolute temperature, A is the Arrhenius constant and k is the frequency 

constant [26]. The ∆G is calculated by the following equation [19]: 

 

∆G = - RT ln 
𝑞𝑒

𝐶𝑒
   (II.11) 

 

The ∆H and ∆S are calculated from the Van't Hoff equation by plotting ln qe/Ce vs. 1/T, as 

indicated below. 

 

ln 
𝑞𝑒

𝐶𝑒
 = ln k = 

∆𝑆0

𝑅
−  

∆𝐻0

𝑅𝑇
   (II.12) 

where T is the temperature. Values of ΔH0 and ΔS0 (Table II.3) were calculated from the 

slope and intercept of Van’t Hoff plots of ln K versus 1/T [34]. (Figure II.11). 
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c) 

 

 

d) 

Figure II.11: Determination of standard enthalpy change for the adsorption of MB by (a) (b) 

PANI and (c) (d) PANI/SiO2 composite in acidic and basic mediums 
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adsorbent in relation with enthalpy change (∆H°): 4–10 kJ.mol-1 (physical adsorption), 2–40 

kJ.mol-1 (Hydrogen bonding forces) and > 40 kJ.mol-1 (chemical adsorption) [36]. The 

enthalpy variation values in the present work, as illustrated in Table II.3, are -1.21 and +1.37 

kJ.mol-1 for the adsorption of MB on PANI (at pH 2 and 11), -14.1 and +14,56 kJ.mol-1 for 

the PANI/SiO2 composite, these values with their negative sign confirm the physical and 

exothermic process at acidic pH, and endothermic process at alkaline pH, respectively. The 

∆G° values are also useful to explain the adsorption phenomenon. When ∆G° is between -20 - 

0 kJ.mol-1 show physisorption and -400 to -80 kJ.mol-1 show chemisorption [37, 38]. In this 

part, ∆G° values decreases with increasing temperatures in the ranges 30-45°C. For 

Methylene Blue adsorption on the pure PANI and PANI/SiO2 composite, the values of ∆G° 

varies from - 31.22 to - 46.10 kJ.mol-1 and - 22.54 to - 47 kJ.mol-1, respectively. This result 

confirms that MB adsorption onto PANI and its derivatives is spontaneous and physical in 

nature.  

Table II.3: Thermodynamic parameters of MB adsorption onto PANI                                                 

and PANI/SiO2 composite 

 T 

    (°C) 

∆H° 

      (kJ mol-1) 

∆S° 

       (kJ mol-1 K-1) 

  ∆G° 

    (kJ mol-1) 

PANI 

    pH 2 

30 

35 

40 

     45 

-1.21 0.106 -31.22 < 0 

-34.95 < 0 

-39.22 < 0 

-44.03 < 0 

PANI 

     pH11 

30 

35 

40 

     45 

1.37 0.105 -33.43 < 0 

-37.13 < 0 

-41.36 < 0 

-46.10 < 0 

PANI-SiO2 

    pH 2 

30 

35 

40 

     45 

-14.1 0.12 -22.54 < 0 

-26.95 < 0 

-30.40 < 0 

-37.58 < 0 

PANI-SiO2 

    pH 11 

30 

35 

40 

     45 

14.56 0.076 -37.80 < 0 

-40.47 < 0 

-43.50 < 0 

     -47.00 < 0 
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The ΔG0 values are more negative indicating that adsorption is more spontaneous. The 

positive value of ΔS0 reveals the increased randomness at the dye and doped PANI and 

PANI/SiO2 interfaces during the adsorption process.  
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III. Theoretical calculation (modeling approach) 

III.1 Molecular modeling software: 

Molecular modeling software generally includes the following modules: 

1- Construction, visualization and manipulation of molecules. 

2- Calculations. 

3- Saving structures and managing files. 

4- Study of molecular properties [1]. 

III.1.1 Construction, visualization and manipulation: 

a- The construction of molecules can be done using several methods: 

- From pre-existing fragments (Chem 3D): these are associated by substitution, the 

structure is then developed by successive modifications of the initial skeleton (Type of bond, 

type of atom, stereochemistry). 

- From a structure drawn in two dimensions (Hyperchem): the transformation into a 

three-dimensional structure is then obtained by global adjustment of the parameters, the 

random stereochemistry can then be modified. 

- From geometric data (coordinates of atoms from an Rx structure) or from current 

databases (e.g. Cambridge Structural Data Base, Brookhaven Protein Bank) 

b- 3D visualization of molecules constitutes an important part of stereochemistry. We can 

visualize molecules using a laptop thanks to programs allowing the molecule to be moved in 

3D and the main parameters to be displayed: interatomic distances, angles between bonds, 

VDW radii, etc. 

c- Manipulating molecules on the screen:  

1- Move the entire molecule.  

2- Move an atom or a group of atoms.  

3- Cut a molecule.  

4- Combine several molecules [2]. 

III.1.2 Calculations 

The calculation methods used respond more or less well to these two types of concerns: 
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- Molecular Mechanics (MM) based on classical mechanics calculations to calculate the steric 

energy of the system. 

- Quantum Mechanics (QM) based on the resolution of a differential equation based solely on 

the electronic coordinates of the system (Schrödinger equation). The principle of these 

calculations is to express molecular orbitals as combinations of atomic orbitals. The Huckel 

method and the Hartree-Fock method (semi-empirical calculations) involve different 

approximations corresponding to different methods. The density functional method (DFT) 

calculates the energy of the system from the density and no longer from molecular orbitals. 

The latter method requires fewer calculations for similar results [3]. 

III.1.3 Saving structures 

Structures are saved in the form of a matrix containing the coordinates of the atoms and a 

bond table for:  

- Their subsequent use in the same software  

- The use of these data in other programs [4] 

III.1.4 Studies of molecular properties: 

From Molecular Mechanics calculations: - geometry measurements: valence angles, bond 

lengths, dihedral angles, etc. - characterization of asymmetric centers - analysis of the 

different components of steric energy (elongation energy, twisting, etc.) 

From Quantum Mechanics calculations:  

- Analysis of energy calculation  

- Molecular orbitals  

- Electrostatic potential  

- Spectral characteristics (IR, UV) [5] 

III.2 Software presentation 

For molecular modelling, certain software are used such as: 

- ChemSketch: 2D and 3D formula editor, geometric optimization by molecular mechanics 

using the ChemBasis programming language) 

- RasMol: Molecule viewer 

- Chime: Same principle as RasMol, with additional options such as lipophilic potential. 

- Mopac: Semi-empirical quantum calculations 
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- Open Babel: Molecular coordinate file converter  

- Tinker: Very complete set of programs for molecular mechanics and dynamics 

- PovChem: Allows you to create 3D images of molecules using the ray tracing technique 

using Pov-Ray software [6]. 

III.3 The choice of methods 

For large molecules (>1000 atoms): proteins or polymers, current computing capabilities do 

not allow quantum chemistry to be carried out on the entire molecule → Molecular 

Mechanics (MM).  

For the smallest molecules we can use quantum chemistry (QM) 

• up to 1000 atoms: semi-empirical methods 

• up to 100 atoms: DFT or ab-initio methods [7] 

III.4 Semi-empirical methods 

Semi-empirical methods are techniques for solving the Schrödinger equation of systems with 

several electrons using data adjusted to experimental results in order to simplify calculations. 

They are simplified methods that include a certain number of empirical parameters and 

consider only the electrons of the valence shell; the electrons of the inner layers are included 

in the nuclear core. 

There are thus numerous semi-empirical methods which depend on the number of 

simplifications (neglected types of interactions) and parameter settings: CNDO, NNDO, 

MNDO, AM1, PM3, SAM1. The AM1 method, developed in 1985, is the most used and often 

gives very good results for a very short calculation time. PM3 is a variant of the AM1 model, 

PM3 differs from AM1 only in parameter values. These were established by comparing a 

large number and variety of experimental values with calculated molecular properties. 

In this part of work, we used a semi-empirical method: PM3 [8-10]. 

III.5 Calculated Properties 

The software is capable of predicting many properties of molecules, reactions including: 

- Energies and structures of molecules, energies and structures of transition states, bonding or 

reaction energies. 

- Molecular orbitals, atomic charges, dipole moments, ionization potential, electrostatic 

potential, etc. 

- Parameters of NMR spectra. 
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- Vibration frequencies, IR, UV spectra, etc [11]. 

III.6 Software used 

III.6.1 Chem-Office ultra software:  

ChemOffice ultra brings together chem3D ultra, ChemDraw Ultra, chemFinder ultra, etc. 

Chem 3D ultra is a pro-software (product-software) for molecular modeling and visualization 

with a new graphical interface. It allows molecular mechanics to be carried out with MM2 for 

the optimization of geometry and molecular dynamics, semi-empirical calculations (AM1, 

PM3, MNDO, etc.) with interfaces to programs: GAMESS, Gaussian and MOPAC. 

It optimizes the geometry of transition states and evaluates certain physical properties 

(dipoles, charges, densities, etc.) [12] 

III.6.2 Hyperchem software 

Hyperchem is molecular modeling software developed by Autodesk, INC, and distributed by 

Hypercube INC (Ontario, Canada). It is sophisticated molecular modeling software that is 

known for its quality, flexibility, and ease of use. 

Uniting 3D visualization and animation, hyperChem can perform molecular mechanics and 

molecular dynamics calculations. It also offers the possibility of making semi-empirical 

calculations (AM1, PM3, CNDO, etc.) [13] 

III.7 Mulliken analysis 

III.7.1 Mulliken atomic charges:  

In 1955, Mulliken proposed a first approach for the calculation of partial charges. The 

approach he proposed at the time stood out for its numerical and conceptual simplicity and 

remains one of the most used today. The Mulliken charge carried by atom (i) is defined as the 

difference between the electronic population of the isolated atom (Zi) and that of the atom 

within the molecule. The latter is defined as the sum of the electrons located in the atomic 

orbitals centered on i and half of the electrons located in the molecular orbitals constructed 

from atomic orbitals centered on (i).  

Its mathematical formulation is therefore:  

 

 

(III.1) 
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III.7.2 Molecular Electrostatic Potential (MESP) 

Molecular surface electrostatic potential MESP is a graph of the electrostatic potential 

mapped onto the isoelectronic density surface and which simultaneously displays molecular 

shape, size and electrostatic potential values. Molecular electrostatic potential (MESP) 

mapping is very useful in the study of molecular structure in relation to physicochemical 

properties [9, 14]. In this study, the electrostatic surface potentials are presented by different 

colors (Figure III.9 (a,b)). The red colored parts represent the regions of negative electrostatic 

potential while the green colored parts represent the regions of positive electrostatic potential. 

A part of the molecule, which has a negative electrostatic potential is sensitive to electrophilic 

attacks, the positive is linked to nucleophilic reactivity. 

III.7.3 Calculation of Mulliken atomic charges and electrostatic potential distribution 

The possible interactions between MB dye and PANI, PANI-SiO2 sorbent sites were 

considered through theoretical calculation of electronic charges and electrostatic potential 

distribution in methylene blue using HyperChem v8 software [15]. The geometry 

optimization of the MB, Mulliken atomic charges and electrostatic potential were assessed by 

the semi empirical PM3 method derived from the Hartree-Fock theory [16].  

Figures III.1 and III.2 show the calculated Mulliken atomic charges of MB at pH 2 and 11. 

For MB molecules in acidic medium pH = 2, the totality of the positive charges were centered 

onto alkyl amine groups in both ends of the benzenic cycles (left and right sides –N+H(Me)2; 

+0.976e-), in amine group –NH(+ 0.38 e-) and sulfur atom S (+ 0.35 e-) in the central ring, in 

the benzenic cycles with sulfur and nitrogen atoms (+0.108 e-). It is interesting to note that, 

alkyl amine groups –N+H(Me)2 in both sides are the most positively charged. Also, the charge 

in –NH amine group is higher than in sulfur atom (Figure III.1). However, in alkaline medium 

at pH=11, the charges of sulfur atom in the centred ring (+0.097e-) and alkyl amine groups –

N(Me)2; +0.02e-) at the ends of MB molecule are highly reduced. The benzenic cycles 

adjacent to the central ring having sulfur and nitrogen heteroatoms are completely charged 

negatively (-1.043 e-) (Figure III.2).  

The chemical reactivity of materials is better perceptive by the electric potential surface 

(EPS). It is useful to detect favorable interaction sites in molecules. Figures III-1 and III-2 

illustrate the PM3 calculated 3D mapped isosurface of the electrostatic potential surrounding 

the MB dye in acidic and basic solution (pH=2 and pH=11). Methylene blue molecule  in 

acidic pH close to 2, shows an electrostatic potential characterized by the red colors indicating 

negative potential regions (0.370-0.0 esu), followed by green colors, which denote strong 
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positive potential regions (0.0-1.304). In alkaline medium, MB dye shows negative potential 

regions (red colors; -0.334-0.0 esu), followed by, strong positive potential regions (green 

colors; 0.0-0.500). Positively and/or negatively charged molecules tend to interact with the 

sorbent sites where the electrostatic potential is strongly negative and positive, respectively. 

 

 

 

 

 

Figure III.1: Semi-empirical PM3 calculated Mulliken atomic charges and (3D) mapped 

isosurface surrouding the MB molecule at pH = 2 
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Figure III.2: Semi-empirical PM3 calculated Mulliken atomic charges and (3D) mapped 

isosurface surrouding the MB molecule at pH=11 

 

 

 



101 

 

III.7.4 Adsorption mechanism 

Before talking about the MB adsorption mechanism onto PANI and PANI-SiO2, the following 

points needs to be taken in consideration to explain the nature of adsorption process: 

1- Species to be considered in a system with MB in aqueous solution as function of pH are 

schematized below. As can be seen in Figure III.3, MB possess three basic sites represented 

by the nitrogen atoms in the middle ring and in alkyl amine groups, the pKa values reported 

respectively are close to pKa1=2.6, pKa2=11.2 and pKa3=11.2 [17], this indicates that the 

nitrogen atom in the middle ring is the least basic. The calculated isoelectric point (IEP) of 

MB molecule was 8.33 (calculated as the average pKa values). From the speciation  forms  in 

figure III.3, MB dye can adopt three chemical forms,  the tri-protonated form as MBH3
2+ in  

very acidic medium (pKa < 2.6) where the ends alkylamine  groups (-NH(CH3)
+

2) are both 

charged positively. For 2.6 < pKa < 8.33, methylene blue is in the mono protonated (MBH) 

and di-protonated MBH2
+ forms.  However, for pKa values greater than 8.33 the nitrogen 

atom in the central cycle of MB molecule is completely deprotonated, the MB dye become 

negatively charged (MB-). 

 

 

Speciation of MB forms in water 
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2- The proposed mechanisms of adsorption of methylene blue onto PANI and PANI-SiO2 in 

the different cases (pH 2 and 11) are shown in figures from figure III.4 to figure III.7. All 

theoretical calculations were done according to semi-empirical PM3 calculated Mulliken 

atomic charges using HyperChem v8 software. 
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Figure III.4: The proposed mechanisms of adsorption of methylene blue onto PANI at pH 2  
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Figure III.5: The proposed mechanisms of adsorption of methylene blue onto PANI at pH 11 
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b) MB onto PANI-SiO2 

 

PANI-SiO2

pH 2

Electrostatic interaction

Electrostatic interaction

S

N
H

N(Me)2(Me)2N
H H

S

N
H

N(Me)2(Me)2N
H H

S

N
H

(Me)2N N(Me)2

HH
S

N
H

(Me)2N N(Me)2

HH

MBH3
2+

MBH3
2+

MBH3
2+

MBH3
2+

 

 

Figure III.6: Proposed mechanisms of adsorption of methylene blue onto PANI-SiO2 at 

pH 2  
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Figure III.7: Proposed mechanisms of adsorption of methylene blue onto PANI-SiO2 at pH 11 

 
 

The last proposed mechanisms are also argued by recording the FTIR spectrum of both dye 

loaded PANI and PANI-SiO2. 

The PANI FTIR spectrums showed in Figure (III.8(a)) where the different absorption bands 

represent the characteristic bands of the PANI. Peak at 798 cm-1 attributed to the out-of-plane 

bending of C-H in benzenoid ring, 1234 cm-1 and 1116 cm-1 correspond to C-H and C-N 

stretching vibration of the quinoid rings, 1295 cm-1 correspond to C-N stretching vibration of 

the benzenoid unit, 1460 cm-1 and 1598 cm-1 correspond to C=C stretching vibration of 

benzenoid and quinoid rings, 2933 cm-1: protonated imine –NH+– 3443 cm-1 secondary amine 

–NH–. Else, for PANI MB loaded (after adsorption), it can be seen that the intensity of the 

peaks 1460 cm-1 and 1598 cm-1 corresponding to C=C stretching vibration of benzenoid and 

quinoid rings decrease due to the weak interactions between the PANI and the dye molecules. 



106 

 

 

However, in PANI-SiO2 (Figure III.8(b)), the peak at 1650 cm-1 belong to bending motions of 

absorbed H2O on SiO2, and the peaks show slight displacement, which could be due to weak 

interactions such as Van Der Waals forces and the hydrogen bond between PANI and SiO2. 

Also, for both adsorbents and after adsorption, appearance of the peak around 1045 cm-1 

corresponding to C-S stretching vibration which indicates the occurrence of adsorption. 

 

  

          a)                                                                                            b) 

 

Figure III.8: FTIR spectra of (a) pure PANI (b) PANI-SiO2 composite before and after 

adsorption 
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General Conclusions 

In the present study, PANI and PANI/SiO2 composite were successfully synthesized and used 

as adsorbents for removal of MB (cationic dye) from aqueous solutions in acidic and alkaline 

mediums. The adsorption of MB was studied as a function of contact time, initial MB 

concentration and sorbent dosing. A high amount of dye (6.97 mg.g-1) was adsorbed on 

PANI/SiO2 composite in comparison to that adsorbed with pure PANI (5.2 mg.g-1). By 

comparing the effect of the medium (acidic or alkaline), the PANI homopolymer and the 

PANI/SiO2 composite exhibit high adsorption efficiencies in the alkaline medium compared 

to those in the acidic medium. Therefore, the adsorption capacity increased with the 

increasing pH value. The pseudo second order is more adequate for the adsorption kinetics of 

MB by PANI and PANI/SiO2 composite in acidic and basic mediums. From the intraparticle 

diffusion results, the MB molecules are scattered in adsorbent particles and then propagated in 

polymeric micropores. The Langmuir isothermal model fitted more closely to the data of MB 

adsorption in this study. The negative sign of ∆H values confirm the physical and exothermic 

process at acidic pH, and endothermic one at alkaline pH. The ∆G variation confirms that the 

process of adsorption between MB and both adsorbents used in this study is physical and 

spontaneous. Theoretical calculation of electronic charges and electrostatic potential 

distribution in methylene blue using HyperChem v8 software were used to propose a 

mechanism of adsorption between MB and the two adsorbents (PANI and PANI/SiO2). 
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Abstract  

Conducting Polymeric composites have attracted great attention over the last years because of their 

potential uses in chemical, electronic and optical devices, and as catalysts as well as in adsorption 

processes. Chemical synthesis of polyaniline (PANI) and polyaniline-SiO2 composite and their 

adsorptive performance were reported in the present work. These materials were prepared and 

evaluated for their methylene blue (MB) dye adsorption characteristics from aqueous solution. 

Adsorption equilibrium kinetic and thermodynamic experiments of MB onto PANI and PANI/SiO2 

were studied. The effects of initial dye concentration, contact time and temperature on the adsorption 

capacity of PANI and PANI/SiO2 for MB have been investigated. The pseudo-first order and pseudo-

second order kinetic models were used to describe the kinetic data. It was found that adsorption 

kinetics followed the pseudo-second order at all of the studied temperatures. The Langmuir, 

Freundlich and Dubinin Raduschkevich adsorption models were used for the mathematical description 

and the HyperChem v8 software was exploited to propose a possible mechanism of the adsorption 

process.  

Keywords: Polyaniline, polyaniline composite, adsorption, methylene blue dye, Langmuir isotherm. 

Résumé 

Les composites polymères conducteurs ont attiré une grande attention ces dernières années en raison 

de leurs utilisations potentielles dans les dispositifs chimiques, électroniques et optiques, ainsi que 

comme catalyseurs ainsi que dans les processus d'adsorption. La synthèse chimique de la polyaniline 

(PANI) et du composite polyaniline-SiO2 et leurs performances d'adsorption ont été rapportées dans le 

présent travail. Ces matériaux ont été préparés et évalués pour leurs caractéristiques d’adsorption du 

colorant bleu de méthylène (MB) à partir d’une solution aqueuse. Des expériences cinétiques et 

thermodynamiques d'équilibre d'adsorption du MB sur PANI et PANI/SiO2 ont été étudiées. Les effets 

de la concentration initiale du colorant, du temps de contact et de la température sur la capacité 

d’adsorption du PANI et PANI/SiO2 pour le MB ont été étudiés. Les modèles cinétiques de pseudo-

premier ordre et de pseudo-second ordre ont été utilisés pour décrire les données cinétiques. Il a été 

constaté que la cinétique d’adsorption suivait le pseudo-second ordre à toutes les températures 

étudiées. Les modèles d'adsorption de Langmuir, Freundlich et Dubinin Raduschkevich ont été utilisés 

pour la description mathématique et le logiciel HyperChem v8 a été exploité pour proposer un 

mécanisme possible du processus d'adsorption. 

Mots clés : Polyaniline, composite polyaniline, adsorption, colorant bleu de méthylène, isotherme de 

Langmuir. 

 ملخص

اهتمامًا كبيرًا خلال السنوات الماضية بسبب استخداماتها المحتملة في الأجهزة  ناقلة للكهرباءة اللقد اجتذبت المركبات البوليمري

 نالكيميائية والإلكترونية والبصرية، وكمحفزات وكذلك في عمليات الامتزاز. تم في هذا العمل الإبلاغ عن التركيب الكيميائي للبوليانيلي

(PANI) 2-ومركب البوليانيلينSiOتم تحضير هذه المواد وتقييمها لخصائص امتزاز صبغة أزرق الميثيلين  .ما الامتزازيوأدائه

(MB من المحلول المائي. تمت دراسة تجارب التوازن الحركي والديناميكي الحراري لـ )MB  علىPANI 2وPANI/SiO تم .

تم  .MBلـ  2PANI/SiO و  PANIالامتزاز لـدراسة تأثيرات تركيز الصبغة الأولي ووقت التلامس ودرجة الحرارة على قدرة 

والنماذج الحركية من الدرجة الثانية لوصف البيانات الحركية. وقد وجد أن حركية  استخدام النماذج الحركية من الدرجة الأولى

 Dubininو Freundlichو Langmuirالامتزاز تتبع الرتبة الثانية في جميع درجات الحرارة المدروسة. تم استخدام نماذج الامتزاز 

Raduschkevich  للوصف الرياضي وتم استغلال برنامجHyperChem v8 .لاقتراح آلية محتملة لعملية الامتزاز 

 لانجميور. الامتزاز نموذجالبولي أنيلين، مركب البولي أنيلين، الامتزاز، صبغة الميثيلين الزرقاء،  الكلمات المفتاحية:


