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ABSTRACT 

 

In this thesis, we report the development and application of conducting polypyrrole films as a 

potential green technology for electrochemical treatment of the model azo dye, Acid Red 1.  

Synthetic dyes, for example azo dyes, are extensively used as colouring agents in various 

industries including textile, paper, printing, and pharmaceutical industries.  As a result, 

discharge of dye-containing industrial effluents into the aquatic ecosystems will generate 

undesirable colours in the water, reducing sunlight and oxygen penetration, and resisting 

photochemical and biological attack.  In some cases, their degradation products can also be 

toxic, carcinogenic or even mutagenic.  In addition, the majority of these dyes are chemically 

stable and resistant to microbiological attack that often exhibits a low degradation efficiency 

due to their complex structure.  Therefore, discharge of dye-containing effluent in the 

hydrosphere without proper treatment is a major environmental concern. 

Several treatment methods for azo dyes have hitherto been reported.  However, there are severe 

limitations associated with these methods.  Notably, many treatment methods often produce 

toxic by-products and hazardous residues during operation.  Therefore, there is a need for 

developing alternative treatments that are effective and environmentally friendly in removing 

dyes from textile effluents.  Electropolymerised conducting polypyrrole films have been chosen 

to avoid such a problem in this study.  The synthesis of polypyrrole usually involves 

electrochemical oxidation of its monomer, pyrrole, to yield a polymeric chain with a positive 

backbone.  In order to neutralise this charge, a counter anion, for example that of Acid Red 1, 

is entrapped in the backbone structure.  Many studies have shown that this entrapment process 

is electrochemically reversible, enabling polypyrrole to act as an anion exchanger, depending 

upon the mobility of the entrapped counter anion.  This has then been exploited as the basis for 

developing an eco-friendly treatment for dye in textile effluents.  The azo dye, Acid Red 1, was 

used as a model dye in this study. 

This thesis will begin with Chapter 1 presenting a brief introduction of different dyes, risks 

associated with dye effluents and their degradation products in the environment, conventional 

dye effluent treatment techniques and limitations.  This section will also cover the fundamental 

chemistry of such conducting polymers as polyaniline and polypyrrole and justification for their 
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applications to dye removal from dye containing effluents.  The scope of this study will also be 

outlined in Chapter 1. 

Chapter 2 will provide details of experimental techniques used in this research.  Here, we will 

describe the synthesis and characterisation techniques of polypyrrole films, and method for the 

evaluation of Acid Red 1 entrapment-liberation in polypyrrole films.  This chapter will also 

describe the methods used for experimental data analysis. 

In Chapter 3, we report the optimised synthesis parameters of polypyrrole-Acid Red 1 films 

and characterisation of polypyrrole films.  Polypyrrole films were synthesised by anodically 

polymerising pyrrole in the presence of Acid Red 1 as a supporting electrolyte.  These Acid 

Red 1-entrapped polypyrrole films were characterised by electrochemistry, scanning electron 

microscopy, Fourier transform infrared spectroscopy and X-ray diffraction analysis.  Based on 

a two-level factorial design, we have identified the solution pH, the Acid Red 1 concentration 

and the polymerisation duration as the significant experimental parameters affecting the 

entrapment efficiency.  The entrapment process will potentially aid in decolourising an Acid 

Red 1-containing solution.  Similarly, in a cathodic process, electrons are supplied to neutralise 

the polypyrrole backbone, liberating Acid Red 1 into the solution.  This allows the recovery of 

Acid Red 1 for recycling purposes.   

In Chapter 4, we focus on the kinetic models, isotherms and thermodynamics of the 

electrochemical entrapment of Acid Red 1, at conducting polypyrrole films.  The Acid Red 1 

entrapment kinetic data were found to follow a pseudosecond order model involving an intra-

particle diffusion.  However, the equilibrium data obtained for Acid Red 1 entrapment in 

polypyrrole film failed to obey any common adsorption models such as the Langmuir and 

Freundlich isotherms.  Therefore, enhanced quantity of dye may then be achievable by 

entrapment, making it a more effective and efficient technique than those involving only 

adsorption.  Similarly, dye leakage from polypyrrole film surface to a sample matrix will be 

easily prevented.  Thermodynamically, a negative standard Gibbs free energy of entrapment 

range between -1.46±0.78 and -2.94±0.24 kJ mol-1 at the corresponding temperature range of 

298 K – 318 K, and a standard enthalpy change of 20.5±2.5 kJ mol-1 indicate a spontaneous and 

endothermic entrapment process.  Also, a positive entropy change (73.6±8.2 J mol-1 K-1) reveals 

increased randomness of the interface and an affinity of Acid Red 1 towards polypyrrole films.  
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A low activation energy (7.67±0.80 kJ mol-1) confirms a physical process for Acid Red 1 

entrapment in polypyrrole films. 

Unfortunately, problems were uncounted when the same polypyrrole films were used in 

repeated entrapment-liberation process of Acid Red 1 due to their poor stability during cycling.  

This is because of swelling and shrinkage of polypyrrole films that take place during the 

entrapment-liberation process of Acid Red 1.  This leads to mechanical degradation of the 

polypyrrole films and weakening of their electrochemical performance.  To minimise this 

effect, polypyrrole-reduced graphene oxide composite films were considered.  Accordingly, 

Chapter 5 is devoted to synthesis, characterisation and evaluation of Acid Red 1 entrapment 

and liberation at mechanically stable polypyrrole-reduced graphene oxide composite films. 

Initially, we anodically synthesised polypyrrole-graphene oxide films by in situ 

electropolymerisation of pyrrole and graphene oxide.  Next, a reduction potential was applied 

to obtain a polypyrrole-reduced graphene oxide film from a polypyrrole-graphene oxide 

composite film.  The synthesised composite films were then characterised by Fourier transform 

infrared spectroscopy, X-ray photoelectron spectroscopy, surface analysis, thermogravimetric 

analysis and scanning electron microscopy.  Brunauer, Emmett and Teller surface area analysis 

showed a 7.4-fold increase in surface area of a polypyrrole-reduced-graphene oxide film 

compared to that of a polypyrrole film.  Also, mechanical testing results revealed that the tensile 

strength of polypyrrole-reduced graphene oxide films was enhanced by 12.7 folds compared to 

that of polypyrrole films.  We evaluated the entrapment-liberation efficiency of Acid Red 1 

entrapped polypyrrole composite films and estimated a 95 % entrapment of Acid Red 1 in 

polypyrrole-reduced graphene oxide films, which is significantly higher than 58% in 

polypyrrole films.  Similarly, a 73% liberation efficiency at polypyrrole-reduced graphene 

oxide composite films was found to be higher than 36% at polypyrrole films.  Finally, a 

preliminary study of Acid Red 1 entrapment in polypyrrole-reduced graphene oxide films in 

the presence of Indigo Carmine was also investigated to evaluate the selectivity towards               

Acid Red 1 of polypyrrole-reduced graphene oxide film.  We observed that electropolymerised 

polypyrrole-reduced graphene oxide film showed excellent memory effect for selective 

entrapment of Acid Red 1. 

Finally, in Chapter 6, some concluding remarks on the development and applicability of 

polypyrrole and polypyrrole-reduced graphene oxide composite films to electrochemical 
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entrapment and liberation of Acid Red 1 will be presented.  To this end, limitations of this 

treatment will also discussed.  Further, several suggestions will be proposed as feasible future 

work for this project. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1.1 Background 

A dye or dyestuff is a coloured compound that can be applied on a substrate.  Dyes can be 

obtained from natural sources or can be synthesised in a laboratory.  Synthetic dyes are 

extensively used as colouring agents over the last few decades in various industries including 

textile, leather tanning, pulp and paper, paint, printing, cosmetics, pharmaceuticals, plastic and 

food industries.  Dyes are also used as inks, photographic dyes, as indicators, biomedical 

applications, biological strainer, body arts, gasoline, etc.  All these have led to the discharge of 

dye-containing industrial effluents into the soil and aquatic ecosystems.  Their presence in the 

hydrosphere is of a major environmental concern due to both their visibility even at very low 

concentrations (<1 mg L
-1

) [1, 2], giving undesirable colours to the water, reducing sunlight 

and oxygen penetration, and resisting photochemical and biological attack.  In the worst 

scenario, their degradation products can be toxic, carcinogenic or even mutagenic [3, 4].  

Synthetic dyes usually have a complex aromatic molecular structure that possibly comes from 

coaltar-based hydrocarbons such as benzene, naphthalene, anthracene, toluene and xylene, 

making them more stable and more difficult to biodegrade [5].  

Over 100,000 commercially available dyes exist and more than 700,000 tonnes are produced 

annually [1, 6]. It is predicted that 1-2% of dyes in production and 1-10% in use (during the 

colouration process) are subsequently lost [7].  The main reason for dye loss during use is the 

incomplete exhaustion of dyes onto the substrates.  For some dyes, this figure can be 

approximately 10-20% due to low fixation [8].  The exact data on the quantity of dyes 

discharged in the environment are not available.  However, it is estimated that 2% of dyes that 

are produced are discharged directly as aqueous effluent [1, 6]. 

Due to large-scale production, extensive application, their good solubility, and such appealing 

properties as the ability to make a wide range of brilliant shades, synthetic dyes are common 
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water pollutants present in trace quantities in industrial wastewater. Nevertheless, they are 

known to cause considerable environmental pollution and contribute to serious health-risk 

factors [9]. 

Coloured wastewater is a consequence of batch processes both in the dye manufacturing 

industries and in the dye-consuming industries.  Many industries, such as dyestuffs, textile, 

paper and plastics, use dyes in order to colour their products, consume substantial volumes of 

water and chemicals for wet-processing of their products. In the dyeing of textile materials, 

water is used firstly in the form of steam to heat the treatment baths, and secondly to enable the 

transfer of dyes to the fibres.  At the end of the dyeing process, the various treatment baths are 

drained out, including the first dye bath, which has a very high salt concentration (≥ 60 g L-1), 

is heavily coloured and contains a substantial load of organic substances [10].  As a result, they 

generate a considerable amount of coloured wastewater during the dyeing and finishing 

processes.  Cotton, which is the most widely used fibre in the world, is also the substrate that 

requires a huge quantity of water in its dying process.  The dyeing and rinsing of 1 kg of cotton 

with reactive dyes demands from 70 to 150 L water, 0.6 to 0.8 kg NaCl and anywhere from 30 

to 60 g dyestuff [10].  The wastewater produced by dyeing generally contains [10, 11]                   

(i) hydrolysed dyes not fixed on the substrate, representing 20-30% of the dyes applied               

(on average 2 g L-1) (this residual amount is responsible for the colouration of the effluents and 

cannot be recycled); (ii) dyeing auxiliaries or organic substances that are used for desiring, 

scouring, bleaching, dyeing, printing, and finishing, which are non-recyclable and responsible 

for the high biochemical oxygen demand / chemical oxygen demand of the effluents; (iii) textile 

fibres, and (iv) 60-100 g L-1 electrolyte, essentially NaCl and Na2CO3, which is responsible for 

the very high saline content of the wastewater.  In addition, these effluents exhibit a pH of       

10-11 and a high temperature (50-70 ºC).  The removal of colours from wastewaters is often 

more important than the removal of the soluble colourless organic substances.  Methods for the 

removal of organic substances from most effluents are fairly well established.  Dyes, however, 

are more difficult to treat because their synthetic origin are mainly complex aromatic molecular 

structures, often synthesised to resist fading on exposure to sweat, soap, water, light or oxidising 

agents [12, 13].  This renders them more stable and less amenable to biodegradation [5]. 

Access to freshwater is globally becoming more critical every day. Without proper treatment, 

dye-containing effluents discharged into the hydrosphere will contribute a significant source of 



 

CHAPTER 1   1 – 3 
 

water pollution.  Many of these dyes are also toxic and even carcinogenic and pose a serious 

hazard to aquatic living organisms [14].  Therefore, stringent rules are imposed in many 

countries for controlling the discharge of industrial effluents. Due to increasingly stringent 

restrictions on the dye content of industrial effluents, it is necessary to remove dyes from 

wastewater before it is discharged.  However, wastewater containing dyes is very difficult to 

treat, as the dyes are complex organic molecules, resistant to aerobic digestion, and are stable 

to light, heat and oxidising agents [15].  To minimise the risk of dye containing effluents on 

environment, there is a real need for proper treatment before being discharged into the 

hydrosphere. 

1.2 Dyes 

The first synthetic dye, Mauveine, was discovered by the Englishman, William Henry Perkin 

by chance in 1856.  Since then, the dyestuff industry has matured [16].  With few exceptions, 

all synthetic dyes are aromatic organic compounds.  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 [17].  Not all coloured compounds are dyestuffs because a coloured compound 

may not have a suitable application on a substrate.  For example, a chemical such as copper 

sulfate, which is coloured, finds no application on any substrate.  If it is applied on a substrate, 

it will not have retaining power on the substrate and for this reason, copper sulfate cannot be 

termed as a dye.  On the other hand, Acid Red 1, a typical synthetic organic coloured compound, 

can retain its colour on cotton when it is applied to this natural fibre under suitable conditions 

[17]. 

1.3 Chemistry of dyes 

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

aromatic rings in dyes contain delocated electrons and also different functional groups.  Their 

colour is due to the chromogene-chromophore structure (acceptor of electrons), and the dyeing 

capacity is due to the auxochrome groups (donor of electrons).  The chromogene is constituted 

from an aromatic structure normally based on rings of benzene, naphthaline or anthracene, with 

which chromophores bind.  Chromophores contain double conjugated bonds with delocated 

electrons.  These unsaturated chromophore groups basically are responsible for the respective 

colours (“chroma” means colour and “phore” means bearer).  The chromophore configurations 
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are represented by the azo group (-N=N-), ethylene group (=C=C=), methine group (-CH=), 

carbonyl group (=C=O), carbon-nitrogen (=C=NH; -CH=N-), carbon-sulfur (=C=S;              

≡CS-S-C≡), nitro (-NO2) and nitroso (-N=O) groups.  The auxochrome (“auxo” means 

augment) groups are ionisable groups that confer to the dye binding capacity on the substrates 

[17].  An auxochrome is a functional group of atoms attached to a chromophore that provides 

electrons to the chromophore groups, modifies the ability of the chromophore to absorb light, 

and alters the wavelength or intensity of the absorption. The usual auxochrome groups are NH2 

(amino), -COOH (carboxyl), -SO3H (sulfonate) and -OH (hydroxyl) [18, 19].  Some 

chromophore and auxocrome groups are presented in Table 1.1. 

Table 1.1 Names of chromophore and auxochrome groups of dyes 

Chromophore group Name Auxogroup Name 

-N=N- Azo -NH2 Amino 

-N=N+-O- Azoxy -NHCH3 Methyl amino 

-N=N-NH Azoamino -N(CH3)2 Dimethyl amino 

-N=O, =N-OH Nitroso -SO3H Sulfonic acid 

˃C=O Carbonyl -OH Hydroxy 

˃C=C˂  Ethenyl -COOH Carboxylic acid 

˃C=S Thio -Cl Chloro 

-NO2 Nitro -CH3 Methyl 

˃C=NH, ˃ C=N- Azomethine -OCH3 Methoxy 

  -CN Cyano 

  -COCH3 Acetyl 

  -CONH2 Amido 

 

1.4 Classification of dyes 

Hunger et al. [16] 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 1.1. 
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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 [1], 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. 

 

Figure 1.1 Classification of dyes 

1.4.1 Application-based dyes 

The classification of dyes by usage or application is the most important system adopted by the 

Colour Index (CI) [20].  Some of the common categories are detailed below. 
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1.4.1.1 Acid dyes 

Acid dyes are water soluble anionic dyes and are applied on protein fibres, nylon, cotton, wool, 

silk, and modified acrylics.  Moreover, they are used to dye paper, leather, inkjet printing, food, 

and cosmetics.  Acid dyes produce bright colours that have excellent fastness, or the ability of 

the dye to stay on the fabric and not rub off or fade to dry cleaning, but not necessarily to 

washing or light and perspiration [16].  Commonly used acid dyes are the families of Acid Red, 

Acid Blue, Acid Orange, Acid Violet, and Acid Yellow.  

1.4.1.2 Basic dyes 

Basic dyes are cationic and water soluble.  They produce bright colours that have excellent 

fastness to light, laundering, perspiration, and crocking on synthetic fibres, but poor fastness to 

washing and light on natural fibres.  They are generally used for papers, acrylic, modified 

acrylic, polyacrylonitrile, modified nylons, modified polyesters, cellulosic, and protein fibres.  

In addition, they are often applied to silk, wool, and tannin–mordant cotton when brightness 

shade is more necessary than fastness to light and washing [16].  Examples of basic dyes are 

the Basic Blue, Basic Brown, Basic Green, Basic Red, Basic Violet, and Basic Yellow families. 

1.4.1.3 Reactive dyes 

Reactive dyes form a covalent chemical bond with fibre by an ether or ester linkage under 

suitable conditions.  Majority of reactive dyes contain azo bonds that includes metallised azo, 

triphendioxazine, phthalocyanine, formazan, and anthraquinone.  The molecular structures of 

these dyes are much simpler than direct dyes.  They also produce brighter shades with excellent 

fastness in all areas, but are difficult to match shades [21].  Reactive dyes are primarily used 

for dyeing and printing of cotton fibres, but occasionally on protein fibres and nylon as well.  

Most widely used reactive dyes are the Reactive Black, Reactive Red, Reactive orange, and 

Reactive Yellow families. 

1.4.1.4 Direct dyes 

Direct dyes are anionic and soluble in aqueous solutions. They have a high affinity to cellulose 

fibres and have excellent fastness to perspiration and drycleaning, but poor fastness to washing 

and varied light fastness.  Most direct dyes are polyazo compounds, along with some stilbenes, 

phthalocyanines, and oxazines.  To improve wash fastness, frequently chelations with metal 

(such as copper and chromium) salts are applied to the dyestuff [16].  Commonly used direct 
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dyes in textile industries include the Direct Red, Direct Yellow, Direct Orange, and Direct 

Green families. 

1.4.1.5 Disperse dyes 

Disperse dyes are substantially water insoluble nonionic dyes, applied to hydrophobic fibres 

from microfine aqueous dispersion [16].  Disperse dyes are predominantly used for acetate, 

acrylic, modacrylic, nylon, polyester, polyamide, polypropylene and olefin fibres.  The wash 

fastness with disperse dyes varies with the fibres, poor on acetate, excellent on polyester.  The 

degree of fastness to light range from fair to good, but there is some gas fading on acetate.  

However, fastness to perspiration, crocking, and dry-cleaning is excellent [16].  Chemical 

structures of dyes are mainly consisted of azo and anthraquinonoid groups, having low 

molecular weight and containing groups which aid in forming stable aqueous dispersions.  The 

Disperse Yellow, Disperse Red, and Disperse Orange families are some of the common disperse 

dye. 

1.4.1.6 Vat dyes 

Vat dyes are water insoluble and can be applied mainly to cellulose fibre 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” [16].  

The main structural groups of vat dyes are anthraquinone and indigoid. Vat dyes have excellent 

fastness in all areas as well, especially to chlorine and bleach, however, if not properly applied, 

they may crock (release colour when rubbed) [16, 22].  Most widely used vat dyes are the Vat 

Black, Vat Blue, Vat Orange, Vat Red, Vat Yellow families. 

1.4.1.7 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 [16].  

Sulfur dyes are used on cellulosic fibres as well to form dull shades such as navy, black, and 

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

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

Blue, Sulfur Green, Sulfur Yellow, and Sulfur Red families.  
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1.4.1.8 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 [16].  

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. 

1.4.1.9 Mordant dyes 

Mordant dyes have dyeing properties with good quality in the presence of certain groups in the 

dye molecule.  These groups are capable of holding metal residuals by formation of covalent 

and coordinate bonds involving a chelate compound [16].  The salts of aluminium, chromium, 

copper, cobalt, nickel, iron, and tin are used as mordant as their metallic salts [16].  Most 

commonly used mordant dyes are the Mordant Yellow, Mordant Orange, Mordant Red, 

Mordant Brown, Mordant Green, and Mordant Black families. 

1.4.2 Chemical structure-based dyes 

Following categories are based on their chemical structures. 

1.4.2.1 Nitro dyes 

As the name indicates, nitro dyes contain one or more nitro (-NO2) groups.  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.  If the compound is a phenol, the aromatic 

compound exists in equilibrium with a quinonoidone [16].  Examples include Picric Acid        

(CI 10305) and naphthol yellow S (CI 10316).  Structures of several examples of nitro dyes are 

shown in scheme 1. 

  NO2

NO2O3S

O M

M

 

Scheme 1.1 structure of Picric acid and Naphthol yellow S 
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1.4.2.2 Carotenoid 

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

(shown in Scheme 1.2) in their molecular structure [23].  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 1.3. 

 

Scheme 1.2 An isoprene unit (2-methyl-1,3-butadiene) 

Scheme 1.3 Lycopene 

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. 

1.4.2.3 Diphenylmethane 

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

1.4.  Auramine O, CI 41000, is the only diarylmethane commonly used as a biological stain 

[24]. 

 

Scheme 1.4 Diarylmethane (R2= any of H, CH3 etc.) 
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1.4.2.4 Xanthene 

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

heterocyclic compound xanthene [24] as shown in Scheme 1.5. 

C

O

R

X

 

Scheme 1.5.Xanthene 

In the general structure shown in Scheme 1.5, R may be a hydrogen atom or an aliphatic or 

aromatic group, and X is nitrogen in the aminoxanthenes or oxygen in the hydroxyxanthenes.  

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 used 

as textile dyes.  The pyronines and rhodamines are examples of aminoxanthene dyes; 

fluorescein and the eosins are well known hydroxyxanthenes. 

1.4.2.5 Acridine 

The structure of acridine (Scheme 16) resembles that of xanthene, except that the heteroatom 

is nitrogen instead of oxygen [25]. 

 

Scheme 1.6 Acridine 
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R is usually hydrogen, but may be an alkyl or aryl group. X is either nitrogen or oxygen. The 

acridines are strongly fluorescent yellow cationic dyes. Acridine orange, CI 46005, and 

acriflavine, CI 46000, are examples of dyes belonging to this class. 

1.4.2.6 Quinophthalone dyes 

Quinophthalone dyes, also known as quinoline dyes, have a quinoline joined to a phthalic 

anhydride [16].  An example of this type of dye is CI Lillie 1977 (Scheme 1.7). 

 

Scheme 1.7 CI Lillie 1977 

1.4.2.7 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 [23], 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 1.8 Indophenol Blue 
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1.4.2.8 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 [16].  The most important sulfur dye is Sulfur Black 1 and its 

structure given in Scheme 1.9 [16, 26]. 

 

Scheme 1.9 Sulfur Black 1 

1.4.2.9 Anthraquinone dyes 

Anthraquinone dyes are built around the anthraquinone structure shown in Scheme 1.10.  They 

can be many substitutions, including junctions with other fused ring systems.  This is by far the 

largest group of carbonyl dyes including hundreds of compounds that are applied to textiles in 

many ways [23].  From an industrial standpoint, the most notable is the anthraquinone vat dyes 

for cotton. 

 

Scheme 1.10 Anthraquinone 
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1.4.2.10 Indigoid dyes 

Similar to the anthraquinone dyes, benzodifuranone, and polycyclic aromatic carbonyl 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 1.11) is Tyrian Purple, the dye was made famous by the Romans [23].  Tyrian Purple 

was so expensive that only the very wealthy were able to afford garments dyed with it [23]. 

 

Scheme 1.11 6,6'-dibromoindigo 

1.4.2.11 Phthalocyanine dyes 

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 [16].  The structure of copper phthalocyanine (Phthalocyanine Blue BN) is given in 

Scheme 1.12. 

 

Scheme 1.12 Copper phthalocyanine 
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1.5 Azo dyes 

Azo dyes are diazotised amines coupled to an amine or phenol, with one or more azo bonds     

(–N=N–).  They are synthetic compounds and account for more than 50% of all the dyes 

produced annually, showing the largest spectrum of colours [16, 27-29].  Nearly all the 

dyestuffs used by the textile industry are azo dyes, and they are also widely used in the printing, 

food, papermaking and cosmetic industries [30, 31].  An estimate was made in the 1980’s, that 

some 280,000 tonnes of textile dyes were annually discharged into industrial effluents 

worldwide [32, 33].  As the azo dyes represent about 70% by weight of the dyestuffs used in 

textile industries [34], they are the most common group of synthetic colorants released into the 

environment [33, 35].  The azo dyes show good fibre-fixation properties as compared to other 

synthetic dyes, showing up to 85% fixation, but nevertheless this explains why so much dye is 

released into the environment.  An example of azo dyes is Acid Red 1, the structure of which 

is shown in Scheme 1.13).  Due to its large scale production, extensive application, good 

solubility, and bright colours, it can frequently be found in the industrial wastewater.  Moreover, 

azo dyes are the most problematic synthetic dyes that cannot be removed effectively by 

conventional dye effluent treatment methods. 

 

Scheme 1.13 Acid Red 1 

1.5.1 Azo dyes and their effects on environment and human health 

In addition to the effects caused by exposure to contaminated water and food, workers who deal 

with these dyes can be exposed to them in their place of work, and can suffer dermal absorption.  

Similarly, if dye-containing effluents enter into the water supply, possibly by contamination of 
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the ground water, the general population may be exposed to the dyes via the oral route and food 

chain.  The latter point could be of great importance in places where the existent waste treatment 

systems are inefficient or where there is poor statutory regulation concerning industrial waste 

disposal [36]. 

1.5.1.1 Mutagenic effect 

Various azo dyes have been shown to produce positive toxic results in different organisms from 

bacteria to human.  Tsuboy et al. [37] analysed the mutagenic, cytotoxic and genotoxic effects 

of the azo dye CI Disperse Blue 291, and the results showed that this azo dye caused dose-

dependent effects, inducing the formation of micronuclei, DNA fragmentation and increasing 

the apoptotic index in human hepatoma cells.  A variety of azo dyes has shown mutagenic 

responses in Salmonella and mammalian assay systems, and it is apparent that their potencies 

depend on the nature and position of the aromatic rings, and the amino nitrogen atom.  For 

instance, 2-methoxy-4-aminoazobenzene is an extremely weak mutagen, whereas under similar 

conditions, 3-methoxy-4-aminoazobenzene is a potent hepatocarcinogen in rats and a strong 

mutagen in Escherichia coli and Salmonella typhimurium [38-40]. 

Chung and Cerneglia [41] published a review of several azo dyes that were evaluated by the 

Salmonella / microsome assay.  According to the authors, among the evaluated azo dyes, all 

nitro group containing azo dyes showed mutagenic activity.  The Acid Alizarin Yellow R and 

Acid Alizarin GG showed this effect in the absence of metabolic activation [42].  The dyes, CI 

Basic Red 18 and Orasol Navy 2RB, which also contained nitro groups, were shown to be 

mutagenic both in the presence and absence of metabolic activation [43, 44].  The review also 

showed the results obtained in the Salmonella / microsomal test of azo dyes containing 

benzeneamines, and found that Chrysodin was mutagenic in the presence of a rat-liver 

preparation [41]. 

1.5.1.2 Effect of metabolites 

The mutagenic, carcinogenic and toxic effects of azo dyes can be a result of direct action by the 

compound itself, or the formation of free radicals and aryl amine derivatives generated during 

the reductive biotransformation of the azo bond [36, 45], or even caused by the metabolites 

produced after oxidation via cytochrome P450 [46].  Sisley and Porscher carried out the earliest 

studies on the metabolism of azo compounds in mammals in 1911.  They found that sulfanilic 
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acid in the urine of dogs fed with Orange I demonstrated, for the first time, that azo compounds 

could be metabolised by reductive cleavage of the azo group [47]. 

After an azo dye is orally ingested, it can be reduced to free aromatic amines by anaerobic 

intestinal microflora and possibly by a mammalian azo reductase in the intestinal wall or the 

liver [40, 47].  Such biotransformations can occur in a wide variety of mammalian species, 

including both Rhesus monkeys and humans [48].  Some of these aromatic amines are 

carcinogenic and can accumulate in food chains.  For example, biphenylamines, such as 

benzidine and 4- biphenylamine, are present in the environment and constitute a threat to human 

health and to the ecosystems in general [49, 50].  Nitroanilines are another examples of aromatic 

amines that are commonly generated during the biodegradation of azo dyes under anaerobic 

conditions, formed by reductive cleavage of the azo bonds (–N=N–) by the action of 

microorganisms present in the wastewaters [4, 51, 52].  Depending on the individual 

compounds, many aromatic amine metabolites are considered to be non-biodegradable or only 

very slowly degradable [53], showing a wide range of toxic effects on aquatic life and higher 

organisms [51, 52, 54]. 

According to legislations passed by the European Community on 17th July 1994, the 

application of azo dyes in textiles is restricted to those colorants which cannot, under any 

circumstances, be converted to any of the following products: 4-aminodiphenyl; 4-amino-2’,3-

dimethylazobenzene (oaminoazo-toluene); 4-aminophenylether (4,4’-oxydianiline);                    

4-aminophenylthioether (4,4’-thiodianiline); benzidine; bis-(4-aminophenyl)-methane         

(4,4’-diaminodiphenylme-thane); 4-chloroaniline (p-chloroaniline); 4-chloro-2-methylaniline 

(4-chloro-o-toluidine); 2,4-diaminotoluene (2,4-toluenediamine); 3,3’-Dichlorobenzidine 

dihydrochloride; 3,3’-dimethoxybenzidine (o-dianisidine); 3,3’-dimethylbenzidine                     

(o-toluidine); 3,3’-dimethyl- 4,4’-diamino-diphenyl methane; 2-methoxy-5-methylaniline      

(p-kresidine); 4-methoxy-1,3-phenylenediamine sulfate hydrate (2,4-diaminoanisole);           

4,4’-methylene-bis (2-chloroaniline); 2-methyl-5-nitroaniline (2-amino-4-nitrotoluene);            

2-naphthylamine; o- toluidine; 2,4,5-trimethylaniline [55]. 

1.6 Dye containing wastewater 

Dye discharged wastewater by some industries under uncontrolled and unsuitable condition 

causes significant environmental problems.  The importance of the environmental pollution 
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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. 

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. 

1.7 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, 

biological, combined treatment processes.  None of the techniques is generally regarded 

acceptable because all of them offer both advantages and limitations, which are summarised in 

Table 1.2 on page 33.  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. 

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

the effluents [56, 57].  In practice, a combination of different processes is often applied to 

achieve the desired water quality in the most economical way.  A literature survey by Crini [58] 

showed that research has been and continuing to be conducted in the areas of combined 

adsorption–biological treatments in order to improve the biodegradation of dyestuffs and to 

minimise the sludge production. 
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1.7.1 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 physico-

chemical treatment technologies such as precipitation, ion exchange, and membrane processes 

(Kurniawan et al., 2006).  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 [59, 60]. 

1.7.1.1 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 [61].  Decolourisation by adsorption is a result of two 

mechanisms, surface adsorption and ion exchange [62], and is influenced by many physio-

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

temperature, pH, and contact time [63].  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 [64]. 

Activated carbon.  Activated carbon is the most commonly used method of dye removal by 

adsorption [65] and is very effective for adsorbing cationic, mordant, and acid dyes and, to a 

slightly lesser extent, dispersed, direct, vat, and reactive dyes [66, 67].  Performance is 

dependent on the type of carbon used and the characteristics of the wastewater.  Due to its 

powdered nature, activated carbon has a large surface area, and hence has a good capacity for 

adsorption. Removal rates can be further improved by using massive doses, although 

regeneration or re-use results in a steep reduction in performance, and efficiency of dye removal 

becomes unpredictable and dependent on massive doses of carbon. Activated carbon, similar to 

many other dye-removal treatments, is well suited for one particular waste system and 

ineffective in another.  Activated carbon is expensive.  The carbon also has to be reactivated 

otherwise disposal of the concentrates has to be considered. Reactivation results in 10–15% 
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loss of the sorbent.  Moreover the granular activated carbon can only maintain its adsorption 

capacity for a short time after the available adsorption sites are exhausted with adsorbed 

pollutants [68]. 

Peat.  The cellular structure of peat makes it an ideal choice as an adsorbent.  It has also the 

ability to adsorb transition metals and polar organic compounds from dye-containing effluents.  

Peat may be considered as a viable adsorbent in countries such as Ireland and United Kingdom, 

where it is widely available.  Unlike activated carbon, (peat requires no activation) and is also 

cost effective [69].  

Wood chips.  Wood chips show a good adsorption capacity for acid dyes, but, due to their 

hardness, it is not as good as other available sorbents [70] and longer contact times are required 

[69].  Dye adsorbed wood chips are conventionally burnt to generate power, although there is 

potential of use for solid-state fermentation, which is a biomolecule manufacturing process used 

in the food, pharmaceutical, cosmetic, fuel and textile industries occurring in the absence or 

near absence of free water. 

Fly ash and coal.  Fly ash usually refers to ash produced during combustion of coal.  A high fly 

ash concentration increases the adsorption rates of dyes due to larger surface area available for 

adsorption.  This combination may be substituted for activated carbon, with a 1:1 mass ratio of 

fly ash : coal [71]. 

Silica gel.  Silica gel is an effective material for removing basic dyes, although side reactions, 

such as air binding and air fouling with particulate matter, prevents it being used commercially. 

Other materials.  The use of such substrates as natural clay, corn cobs, and rice husks for dye 

removal is advantageous mainly due to their widespread availability and cost-effectiveness.  

They are economically attractive for dye removal, compared to activated carbon, with many 

comparing well in certain situations [70].  As these materials are non-expensive, regeneration 

is not necessary and the potential exists for dye-adsorbed materials to be used as substrates in 

solid state fermentation for protein enrichment. 
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1.7.1.2 Membrane filtration 

Membrane filtration has the ability to clarify, concentrate and, most importantly, to separate 

dye continuously from effluents [72, 73].  It has several special features unrivalled by other 

methods, for example, resistance to temperature, an adverse chemical environment, and 

microbial attack.  However, the concentrated residue remained after separation poses disposal 

problems, and high capital cost, the possibility of clogging, and membrane replacement are 

some of its disadvantages.  This method is suitable for water recycling within a textile dye plant 

if the effluent contains low concentration of dyes, but it is unable to reduce the dissolved solid 

content, which makes water re-use a difficult task. 

1.7.1.3 Reverse osmosis 

Reverse osmosis membranes have a retention rate of at least 90% for most types of ionic 

compounds and produce a high quality of permeate.  Decolourisation and elimination of 

chemical auxiliaries in dye house wastewater can be carried out in a single step by reverse 

osmosis.  Reverse osmosis permits the removal of all mineral salts, hydrolysed reactive dyes, 

and chemical auxiliaries.  Notably, the higher the concentration of dissolved salt, the more 

important the osmotic pressure becomes, therefore, the greater the energy required for the 

separation process [74]. 

1.7.1.4 Filtration 

Filtration methods such as microfiltration, nanofiltration and ultrafiltration have been used for 

water recycling and chemical recovery.  In textile industry, these filtration methods can be used 

for both filtering and recycling.of not only pigment rich wastewaters, but bleaching 

wastewaters.  The specific temperature and chemical composition of the wastewater determine 

the type and porosity of the filter to be applied [75].  The major disadvantages of the filtration 

processes are the high investment costs and that they have a limited lifetime before membrane 

fouling occurs and the cost of periodic replacement must thus be included in any analysis of 

their economic.  Moreover, the potential membrane fouling produces secondary waste streams 

which require further treatment [1, 58]. 

1.7.1.5 Ion exchange 

Ion exchange was another effective treatment method.  However, due to its high sludge 

producing properties and ineffective to diversity of dyes, it became economically unfeasible 
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hence not accepted widely [76].  Moreover, ion exchange has not been widely used for the 

treatment of dye-containing effluents, mainly due to the opinion that ion exchangers cannot 

accommodate a wide range of dyes [62].  Wastewater is passed over the ion exchange resin 

until the available exchange sites are saturated.  Both cationic and anionic dyes can be removed 

from dye-containing effluent this way.  Advantages of this method include no loss of adsorbent 

on regeneration, reclamation of solvent after use and the removal of soluble dyes.  A major 

disadvantage is cost, organic solvents are expensive, and the ion exchange method is not very 

effective for disperse dyes [72]. 

1.7.1.6 Coagulation or flocculation 

Coagulation or flocculation is an economically feasible method of dye removal.  During 

coagulation or flocculation, the coagulant chemicals neutralise the electrical charges of the dye 

molecules in the water, allowing the particles to come close together and form large clumps.  

The coagulants, for example, ferrous sulfate and ferric chloride, allow excellent removal of 

direct dyes from wastewaters.  Unfortunately, poor results with acid dyes, coupled with the high 

cost of the ferrous sulfate and ferric chloride, means that it is not a widely used method.  The 

optimum coagulant concentration is dependent on the static charge of the dye in solution and 

difficulty in removing the sludge formed as part of the coagulation is a problem [72].  

Production of large amounts of sludge occurs, and this results in high disposal costs [77]. 

1.7.1.7 Irradiation 

Sufficient quantities of dissolved oxygen are required for organic substances to be broken down 

effectively by radiation.  The dissolved oxygen is consumed very rapidly and so a constant and 

adequate supply is required. This has an effect on cost.  Dye-containing effluent may be treated 

in a dual-tube bubbling reactor.  This method showed that some dyes and phenolic molecules 

can be oxidised effectively at a laboratory scale only [78]. 

1.7.2 Chemical oxidation methods 

Conventional oxidation methods by oxidising agents such as ozone (O3), hydrogen peroxide 

(H2O2) and chlorite (ClO-) have been used.  These chemical techniques are often expensive, 

and although the dyes are removed, accumulation of concentrated sludge gives rise to a disposal 

problem.  There is also the possibility that a secondary pollution problem will arise because of 

excessive chemical use.  Modification in the chemical composition of a compound or a group 
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of compounds (for example, dyes) takes place in the presence of these oxidising agents, by 

which the dye molecule becomes susceptible to the degradation [79]. 

1.7.2.1 Ozonation 

The use of ozone was first pioneered in the early 1970s, and it is a very good oxidising agent 

due to its high instability (oxidation potential 2.07 V) compared to other oxidising agent 

chlorine (1.36 V), and H2O2 (1.78 V) [80].  Oxidation by ozone is capable of degrading 

chlorinated hydrocarbons, phenols, pesticides and aromatic hydrocarbons [80].  The dosage 

applied to the dye-containing effluent is dependent on the total colour and residual chemical 

oxygen demand (which is a measure of the capacity of water to consume oxygen during the 

decomposition of organic matter and the oxidation of inorganic chemicals such as ammonia 

and nitrite) to be removed with no residue or sludge formation [81], and no toxic metabolites 

[77].  Ozonation leaves the effluent with no colour and low chemical oxygen demand suitable 

for discharge into environmental waterways.  This method shows a preference for double-

bonded dye molecules [62].  Ozonation was found to be effective in treating azo dye-containing 

wastewater due to its high reactivity with many azo dyes (by breaking azo -N=N- bond) [82].  

One major advantage is that ozone can be applied in its gaseous state and therefore does not 

increase the reaction volume and sludge, and providing good colour removal efficiencies.  

However, it has limitation towards disperse dyes and those insoluble in water, low chemical 

oxygen demand removal, short half-life, typically approximately 20 min, therefore continuous 

ozonation is required, as well as the high cost of ozone [76, 83].  The half-life can be further 

shortened if dyes are present, with stability being affected by the presence of salts, pH, and 

temperature.  Moreover in alkaline conditions, ozone decomposition is accelerated, and so 

careful monitoring of the effluent pH is required [62]. 

1.7.2.2 Sodium hypochloride (NaOCl) 

This method involves attacking the amino group of the dye molecule by the Cl+ group.  It 

initiates and accelerates azo-bond cleavage.  This method is unsuitable for disperse dyes.  An 

increase in decolouration is observed with an increase in Cl concentration.  The use of Cl for 

dye removal is becoming less frequent due to the negative effects it has when released into 

waterways [62] and the release of by-products, e.g., aromatic amines which are carcinogenic, 

or otherwise toxic molecules [3]. 
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1.7.2.3 Advanced oxidation process 

Recently, other emerging techniques, known as advanced oxidation processes, which are based 

on the generation of very powerful oxidising agents such as hydroxyl radicals, have been 

successfully applied to pollutant degradation.  Although these methods are efficient for the 

treatment of water contaminated with pollutants, they are very costly and commercially 

unattractive.  The high electrical energy demand and the consumption of chemical reagents are 

common problems.  

The use of the Fenton’s reagent (a solution of hydrogen peroxide and ferrous iron catalyst) for 

the treatment of textile wastewater is one of the most used advanced oxidation processes [84].  

The high removal efficiencies of Fenton’s reagent is due to the formation of strong hydroxyl 

radical (OH•) in the presence of hydrogen peroxide, which is added in an acid solution              

(pH 2–3) containing Fe2+ ions.  The oxidation of Fe2+ to Fe3+ leads to the formation of ferric 

hydro complexes, which then simultaneously acts as a coagulant and oxidant [85].  The 

OH•/H2O has a very strong oxidation potential of +2.73 V but it leaves a yellowish colour in 

the treated wastewater.  This method was regarded as relatively cheap and it also represents 

high chemical oxygen demand removal and decolourisation efficiencies for both soluble and 

insoluble dyes.  However, high sludge generation due to the flocculation of reagents and dye 

molecules still limit the application of this process [1]. 

Photocatalysis (H2O2/UV) is another effective advanced oxidation technology mainly because 

of achievable high colour removal (up to 95 %), no sludge formation and high chemical oxygen 

demand removal in a short retention time [86].  This method degrades dye molecules to CO2 

and H2O [87, 88] by UV treatment in the presence of H2O2.  Degradation is caused by the 

production of high concentrations of hydroxyl radicals.  UV light is used to activate chemicals, 

such as H2O2, into two hydroxyl radicals (OH•) that initiate the chemical oxidation of organic 

material.  The rate of dye removal is influenced by the intensity of the UV radiation, pH, dye 

structure and the dye bath composition [62].  This may be set-up in a batch or continuous 

column unit.  Depending on initial materials and the extent of the decolourisation treatment, 

additional by-products, such as halides, metals, inorganic acids, organic aldehydes and organic 

acids may be produced [87].  There are several advantages of photochemical treatment of dye-

containing effluent including no sludge generation and greatly reduced foul-odours.  However, 

it was found to be less effective for disperse, vat dyes and highly coloured wastewater.  
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Formation of by products and inefficient use of UV light can increase the cost of the process 

[87].  

1.7.3 Biological treatments 

Biological treatments are often the most economical alternative compared to other physical and 

chemical processes.  It is a clean-up approach and is on the front line and priority research area 

in environmental sciences.  Biodegradation methods such as fungal decolourisation, microbial 

degradation, adsorption by (living or dead) microbial biomass and bioremediation systems are 

commonly applied to the treatment of industrial effluents because many microorganisms, for 

example bacteria, yeasts, algae and fungi are able to accumulate and degrade different 

pollutants [2, 89].  However, their application is often restricted because of technical 

constraints.  Biological treatment requires a large land area and is constrained by sensitivity 

toward diurnal variation as well as toxicity of some chemicals, and less flexibility in design and 

operation [90].  Biological treatment is incapable of achieving satisfactory colour elimination 

with current conventional biodegradation processes [1].  Moreover, although many organic 

molecules are degraded, many others are also recalcitrant to biodegradation due to their 

complex chemical structure and synthetic organic origin [63].  In particular, due to their 

xenobiotic nature, azo dyes are not totally degraded [2, 89].  Another major limitation of this 

process is slow dye degradation rate [2, 89].  As biological treatment is insufficient to remove 

colour and to accomplish with current regulations, the application of specific treatments is 

required.  

1.7.3.1 Decolourisation by white-rot fungi 

White-rot fungi are organisms that are able to degrade lignin, the structural polymer found in 

woody plants [91].  The most widely studied white-rot fungus, in regards to xenobiotic 

degradation, is Phanerochaete chrysosporium.  This fungus is capable of degrading dioxins, 

polychlorinated biphenyls and other chloro-organics [92, 93].  Davis et al. [94] showed the 

potential of using P. sordida to treat creosote contaminated soil. Kirby et al. [95] has shown 

that P. chrysosporium exhibited the ability to decolourise artificial textile effluent by up to 99% 

within 7 days. 

White-rot fungi are able to degrade dyes using enzymes, such as lignin peroxidases, manganese 

dependent peroxidases [96].  Other enzymes used for this purpose include H2O2-producing 
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enzymes, such as, glucose-1-oxidase and glucose-2-oxidase, along with laccase, and a 

phenoloxidase enzyme [95, 97-99].  These are the same enzymes used for the lignin degradation 

[91, 93].  Azo dyes, the largest class of commercially produced dyes, are not readily degraded 

by micro-organisms but these can be degraded by P. chrysosporium [100].  Other fungi such as 

Hirschioporus larincinus, Inonotus hispidus, Phlebia tremellosa and Coriolus versicolor have 

also been shown to decolourise dye-containing effluent [2, 95]. 

Although white rot fungi are shown to non-specifically degrade a wide variety of poly aromatic 

compounds including azo dyes, the lignolytic oxidative enzyme production in liquid 

fermentations is known to be inconsistent [1].  This is mainly due to the unfamiliar environment 

of liquid fermentations for wood degrading fungi. The ability to utilise these fungi in their 

natural environment means that they are more likely to be more effective in solid state 

fermentation [101]. 

1.7.3.2 Other microbial cultures 

Mixed bacterial cultures from a wide variety of habitats have also been shown to decolourise 

the diazo-linked chromophore of dye molecules in 15 days [102].  Nigam and Marchant [103], 

and Nigam et al. [21] demonstrated that a mixture of dyes was decolourised by anaerobic 

bacteria in 24–30 h using free growing cells or in the form of biofilms on various support 

materials.  Ogawa and Yatome [104] demonstrated the use of bacteria for azo dye 

biodegradation.  Unfortunately, these microbial systems exhibit the drawback of requiring a 

fermentation process, and are therefore unable to cope with large volumes of textile effluents. 

The ability of bacteria to metabolise azo dyes has been investigated by a number of research 

groups [104-106].  Under anaerobic conditions, such as anoxic sediments, many bacteria 

gratuitously reduce azo dyes reportedly by the activity of unspecific, soluble, cytoplasmic 

reductases known as azo reductases.  These enzymes are reported to result in the production of 

colourless aromatic amines, which may be toxic, mutagenic, and possibly carcinogenic to 

animals. 

Increasingly, there is evidence suggesting that additional processes may also be involved in azo 

dye reduction.  Many bacteria were reported to reduce a variety of sulfonated and non-

sulfonated azo dyes under anaerobic conditions without specificity of any significance.  In 

addition, many highly charged and high molecular-sized sulfonated and polymeric azo dyes are 
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unlikely to pass the cell membrane.  Both pieces of evidence point to the existence of a reducing 

activity, which is not dependent on the intracellular availability of the azo dye [105].  This 

hypothesis was supported by the work reported by Keck et al. [105], in which they isolated a 

strain of Sphingomonas capable of using redox mediators generated during the aerobic 

metabolism of 2-naphthalenesulfonate to facilitate a 20-fold increase in its ability to reduce the 

sulfonated azo dye Amaranth [105].  These redox mediators were found to be decomposition 

products of 1,2-dihydroxynaphthalene and were able to anaerobically shuttle reduction 

equivalents from the bacterial cells to the extracellular azo dye.  Subsequently this group found 

that the isolated Sphingomonas sp. strain BN6 possessed both cytoplasmic and membrane-

bound azo-reductase activities [106]. 

Yeasts, such as Klyveromyces marxianus, are also capable of decolourising dyes. Banat et al. 

[2] showed that K. marxianus was capable of decolourising Remazol Black B by 78–98%. Zissi 

et al. [107] showed that Bacillus subtilis could be used to break down p-aminoazobenzene, a 

specific azo dye.  Further research using mesophilic and thermophilic microbes have also shown 

these bacteria to degrade and decolourise dyes [21, 108]. 

1.7.3.3 Adsorption by living / dead microbial biomass 

The uptake or accumulation of chemicals by microbial mass has been termed biosorption       

[63, 109].  Dead bacteria, yeast and fungi have all been used for the purpose of decolourising 

dye-containing effluents. 

Textile dyes vary greatly in their chemistries, and therefore their interactions with micro-

organisms depend on the chemistry of a particular dye and the specific chemistry of the 

microbial biomass [110].  Depending on the dye and the species of microorganism used, 

different binding rates and capacities will be observed.  In general, a certain dye will exhibit a 

particular affinity for binding with microbial species. 

Previously, biomass derived from the thermotolerant ethanol-producing yeast strain,                    

K. marxianus IMB3, exhibited a relatively high affinity for heavy metals [111, 112].  

Biosorption capacities supported that this type of biomass showed a significantly high affinity 

(98 mg g-1) for dye removal, and so widened the spectrum of use for biomass [111]. 
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Hu [109] demonstrated the ability of bacterial cells to adsorb reactive dyes.  Zhou and 

Zimmerman [113] used actinomyces as an adsorbent for decolourisation of effluents containing 

anthroquinone, phalocyanine and azo dyes. 

Biosorption tends to occur reasonably quickly, ranging from a few minutes in algae to a few 

hours in bacteria [109].  This is likely to be due to an increase in surface area caused by cell 

rupture during autoclaving [110]. 

The use of biomass has its advantages, especially if the dye-containing effluent is very toxic.  

Biomass adsorption is effective when conditions are not always favourable for the growth and 

maintenance of the microbial population [114].  Adsorption by biomass occurs mainly by ion 

exchange. 

1.7.4 Electrochemical techniques 

Generally, electrochemical processes have been used in metal recovery treatments.  But more 

recently, a wide range of other applications involving electrochemical processes has been 

proposed to solve technical problems associated with several effluent treatments in textile 

industry.  

Most electrochemical discoloration studies are focused on reactive dyes.  Reactive dyes 

represent about 20–30% of the total market [115] because of their solidity and brilliant colours.  

Their structure generally consists on a reactive group (which reacts with a fibre), and a 

chromophore group (which gives the colour).  The most used chromophore group is the “azo” 

(–N=N–), followed by the anthraquinone group [116].  Azo group constitutes more than half of 

worldwide production [20, 117-119].  In general, electrochemical methods are more 

economical than other methods.  But, azo dyes produce toxic aromatic products in their 

electrochemical degradation.  For example, the degradation of the azo dyes, azo benzene, p-

methyl red and methyl orange in aqueous solution at room temperature has been studied by an 

advanced electrochemical oxidation process under potential-controlled electrolysis conditions 

using a Pt anode and a carbon felt cathode.  In this process, degradation products including 1,4–

benzoquinone, pyrocatechol, 4-nitrocatechol, 1,3,5-trihydroxynitrobenzene and p-nitrophenol 

were identified [120], all of which are highly toxic compounds [121, 122]. 
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1.7.4.1 Electrocoagulation methods 

Electrocoagulation is a process consisting of generating metallic hydroxides flocs within the 

wastewater by electrodissolution of soluble anodes, usually made of iron or aluminium.  

Electrocoagulation has been applied successfully to treatment of various kind of wastewater, 

for example, heavy metals, food and protein wastes, textile wastewater, fluoride containing 

water, restaurant wastewater and textile dye solutions [123]  Electrocoagulation occurs via 

serial steps including electrolytic reactions at electrode surfaces, formation of coagulants in an 

aqueous phase, adsorption of soluble or colloidal pollutants on coagulants, which are removed 

by sedimentation or flotation. 

The metal ion generation takes place at the anode, while hydrogen gas is released from the 

cathode.  The hydrogen gas would also help to float the flocculated particles out of the water.  

The main reactions occurring at the electrode are as follows [123]: 

 Anode: Al(s) → Al3+(aq) + 3e− (1) 

 Cathode: 3H2O (l) + 3e− → 3/2H2(g) + 3OH−(aq) (2) 

Al 3+ and OH− ions generated by electrode reaction (1) and (2) react to form various monomeric 

species such as Al(OH)2+, Al(OH)2
+, Al2(OH)24+, Al(OH)4

−, and polymeric species such as 

[Al 6(OH)15]3+, [Al 7(OH)17]4+, [Al8(OH)20]4+, [Al 13O4(OH)24]7+, which transform finally into 

Al(OH)3(s) according to complex precipitation reaction as shown in reaction (3). 

 Al(aq)3+ + 3H2O(l) → Al(OH)3(s) + 3H(aq)+ (3) 

The inconvenience of electrocoagualtion in comparison to the other electrochemical methods 

is that it produces secondary residues (the complex formed with pollutant and hydroxide), 

which need to be further treated for proper disposal. 

1.7.4.2 Electrochemical reduction methods 

Electrochemical reduction methods have only been discussed in several publications because 

of poor degradation of pollutants in comparison to direct and indirect electro-oxidation methods 

[124].  Bechtold et al. [125] suggested that this method is particularly suitable for the treatment 

of highly coloured wastewaters such as the residual pad-batch dyeing bath with reactive dyes.  

The electrochemical reduction of azo dye produces amines, and its degradation steps are shown 

below [126]. 
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In another report, Vanerkova et al. [127] proposed a reduction mechanism for azo dye 

degradation at platinised titanium electrodes in the presence of NaCl.  In their study, they 

reported that hypochlorite generated by oxidation of chloride reduces azo bonds of azo dye and 

produces amino products. 

1.7.4.3 Electrochemical oxidation methods 

Electrochemical oxidation is a process based on pollutant removal by direct anodic oxidation 

or by chemical reaction with electrogenerated metal hydroxyl radical (M [OH•]) or metal oxide 

([MO]), as shown in Reactions (4) and (5) below [124].  In this process, the metal is initially 

electrochemically oxidised and produce (M [OH•]) in aqueous dye solution, which then oxidises 

dye molecule (R) and produces dye degradation product (RO). 

H2O + M → M [OH•] + H+ + e−
     (4) 

R + M [OH•] → M + RO+ H+ + e−     (5) 

Many studies have shown that the total mineralisation is possible with high efficiencies 

depending on the anode material, for example, SnO2 [128], PbO2 [129-131], boron-doped 

diamond [132-138], Ti/SnO2/SbO�/RuO2, and Ti/TiO2 [115].  However, the dye solution is not 

decolorised effectively at both glassy and reticulated vitreous carbon electrodes [115].  The 

boron-doped diamond thin-film electrodes have physical characteristics as an inert surface with 

low-adsorption properties, good corrosion stability, and a wide potential window                             

(-1.25 to +2.3 V versus standard hydrogen electrode) without significant water decomposition 

in aqueous medium [138, 139].  In spite of its high cost, boron-doped diamond electrodes have 

much greater O2 overvoltage (2 V) than conventional anodes, for example Pt, PbO2, etc. (650 

mV).  Consequently, this electrode generates an increased amount of M [OH•], which implies 

a faster oxidation of the dye molecules [140]. 

In the same way, Martínez-Huitle and Brillas [124] compared different kinds of electrodes in 

two types of wastewaters (chloride-free dye wastewaters and effluents containing chloride).  

R-N=N-Rʹ R-NH-NH-Rʹ R-NH2 + Rʹ-NH2 

Azo dye Hydrazine Amines 

Reduction Reduction 
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They supported that most of the anodes tested could destroy the chromophore group                

(e.g., –N=N–) producing its discoloration efficiently.  In the presence of chloride, the 

destruction of dyes was accelerated by active chlorine species produced. 

1.7.4.4 Indirect oxidation method 

Indirect electro-oxidation occurs when strong oxidants are generated in situ during the 

electrolysis and react with the organic pollutants such as dyestuffs, resulting in either total or 

partial degradation. 

There are mainly two methods used.  Method (i) exploits the electro-oxidation with active 

chlorine [141, 142] which is the major oxidising agent.  In this case, free-chlorine gaseous and 

or the generated chlorine-oxygen species such as hypochlorous acid (HClO) or hypochlorite 

ions (ClO−) depending on the pH, oxidise the organic matter present in the effluents, according 

to the reactions presented below.  Here, dye treatment occurs via several steps.  Initially, active 

chlorine is oxidised to chlorine gas, which then reacts with water and produces hypochlorite 

ions.  Finally, the hypochlorite ions oxidises and degrades dye molecules to dye intermediates 

and finally carbon dioxide. 

2Cl− → Cl2(aq) + 2e−       (6) 

Cl2(aq) + H2O → ClO− +Cl− + H+     (7) 

Dye + ClO− → dye intermediates → CO2 + H2O + Cl− (8) 

Method (ii) is concerned with the electro-Fenton process [143], where dye degradation occurs 

by hydroxyl radicals (OH•) formed from Fenton’s reaction between catalytic Fe2+ and H2O2 

electrogenerated from O2 reduction. The overall dye degradation steps are shown in reactions 

below: 

O2 (g) + 2H+ + 2e− → H2O2      (9) 

H2O2 (g) + Fe2+ +.H+→ Fe3+ + OH• + H2O            (10) 

Dye + OH•→ CO2 + H2O +H+              (11) 

Thus, Fe2+ is continuously regenerated from the reduction of Fe3+: 

Fe3+ + e−  →  Fe2+                 (12) 
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This technique has a major disadvantage that a strong acidic medium is required.  As the 

reactive dyeing process is usually carried out in a basic medium (pH > 10), a high amount of 

acid has to be added before the treatment. Subsequently, the treated effluent must be neutralised 

to be discharged.  Consequently, the whole process produces a high increase of the wastewater 

salinity. 

Clearly, Method (i) above is more suitable to treat effluents containing large volumes of 

chloride because there is no requirement of addition of any chemical reagent.  However, Fenton 

reagent is needed in Method (ii).  However, in Method (i), the combination of electrochemistry 

and chloride can produce haloforms such as chloroform, although it is not an inconvenience if 

the treated water is further treated in a biological plant to remove haloforms.   

In fact, the concentration of haloforms in treated water has been verified to be very low,            

(48 mg L-1) and they do not show any toxic effect on the microorganisms in biological plant 

[144].  Otherwise it is also possible to remove the generated haloforms by applying UV 

radiation to the electrochemical cell [145], or by adding H2O2 into the wastewater before UV 

radiation is started.  By applying the first approach, López-Grimau and Gutiérrez [146] found 

improved kinetic rates of electrochemical degradation of some reactive azo dyes at titanium 

coated by platinum oxide (Ti/PtO) electrodes.  The electrochemical method involving chlorine 

was found to be effective in such dye, as acid dyes [147] or disperse dyes [148].  In conjunction 

with photoelectrochemistry, Method (ii) yielded better performance for phtalocyanine dye 

degradation [149], but in this case, the metal ions liberated (as copper) have to be removed. 

1.7.4.5 Photoassisted methods 

Photoassisted electrochemical methods are based on the exposure of the effluent to a UV light 

source during the electrochemical treatment. In these procedures, the intensity and the 

wavelength of the incident light play an important role on the decolouration rate. 

The most studied photoassisted method is the photo Fenton [150], which involves the 

simultaneous use of UV light and H2O2 (electrogenerated in situ with the presence of Fe2+); and 

the photocatalysis method [151].  Photocatalysts such as TiO2, WO3, SnO2, ZnO, CdS, act via 

hydroxyl radical and generate powerful oxidants.  However, TiO2 under UV radiation has been 

the preferred photocatalyst because of its low cost, nontoxicity, water insolubility and wide 

band gap, which consequently implies good stability and prevents photocorrosion [152-158]. 
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Xie and Li [159] reported the coupling of electro-Fenton with electrocatalysis for the removal 

of the azo dye, orange-G.  In comparison to other electro-oxidation and photoassisted methods, 

their results showed 96% of the dye removal in the coupled system.  The major disadvantage 

of these methods is the excessive energy cost of the artificial UV light used.  However, the use 

of sunlight [160] may be an inexpensive energy source although it has less catalytic power.  

A brief summary of the advantages and disadvantages discussed in the above dye treatment 

methods is presented in Table 1.2.  
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Table 1.2 Advantages and disadvantages of existing dyes removal methods 

 Technology Advantage Disadvantage References 

Physico-

chemical 

treatment 

process 

Coagulation/ 

Flocculation 

Simple, economically feasible, satisfactory 

removal of disperse, sulphur and vat dyes 

Removal is pH dependent, High sludge production, 

high cost of ferrous sulphate and ferric chloride, 

handling and disposal problems 

[77] 

Biodegradation Economically attractive. Direct, disperse and 

basic dyes have high level of adsorption on to 

activated sludge. Publicly acceptable treatment. 

Slow process due to resistant to biodegradation. 

Necessary to create an optimal favourable 

environment. Maintenance and nutrition 

requirements 

[89]  

Adsorption The most effective adsorbent, great, capacity, 

produce a high-quality treated effluent 

Ineffective against disperse and vat dyes, the 

regeneration is expensive and results in loos of the 

adsorbent, non-destructive process 

[1, 66] 

Membrane filtration Removes all dyes types, produce a high-quality 

treated effluent 

High pressures, expensive, incapable of treating large 

volumes 

[1, 72, 73] 

Ion-exchange No loss of sorbent on regeneration, effective Economic constraints, regeneration is expensive, not 

effective for disperse dyes 

[1, 76] 

Chemical 

oxidation 

O3 Applied in gaseous state, no alteration of 

volume. Good removal of almost all types of 

dyes; specially suitable for reactive dyes, 

Removal is pH dependent, poor removal of disperse 

dyes, high cost of generation coupled with very short 

half-life time 

[1, 83] 



 

CHAPTER 1           1 – 34 
 

Involves no sludge formation, necessitates short 

reaction times 

ClO- No sludge production, little or no consumption 

of chemicals, efficiencnt for azo dye dyes 

Unsuitable for disperse dye, formation of aromatic 

amines by-products 

[3, 62] 

Fenton’s process Effective decolourization of both soluble and 

insoluble dyes; applicable even with high 

suspended solid concentration. Simple 

equipment and easy implementation and 

relatively cheap. Reduction of COD (chemical 

oxygen demand) possible, except reactive dyes 

Effective within narrow pH range of <3.5; and 

involves sludge generation. Comparatively longer 

reaction time required 

[1, 84] 

UV/H2O2 Involves no sludge formation, high COD 

removal, high colour removal efficiency, 

necessitates short reaction times 

Not applicable for all types of dye, pH dependent, 

inefficient use of UV light increases the cost of the 

process 

[81] 

Biological 

White-rot fungi Economically feasible, natural clean up 

approach 

Not applicable for all dyes, special azo dyes, 

technical constraints, slow process 

 [100] 

Microbial cultures Low operation cost Produce toxic aromatic amines, slow process, unable 

to cope with larger volume of wastewater 

[2] 

Microbial biomass Low operating cost, good efficiency and 

selectivity, no toxic effect on microorganisms 

Slow process, performance depends on some external 

factors(pH, salts, temperature) 

[110] 
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Electroche

mical 

Electrocoagulation Effective decolorization of soluble/insoluble 

dyes; reduction of COD possible. Not affected 

by presence of salt in wastewater 

Sludge production and secondary pollution (from 

chlorinated organics, heavy metals) are associated 

with electrocoagulation and indirect oxidation, 

respectively. Direct anodic oxidation requires further 

development for industrial acceptance. High cost of 

electricity is an impediment 

[161, 162] 

Electrochemical 

reduction 

Suitable for highly coloured reactive dyes 

containing wastewater, easy process 

Poor efficiency compared to other electrochemical 

method, generation of toxic amino compounds 

[124-126] 

Electrochemical 

oxidation 

High efficiency depending on the anode 

material, simple process 

Produce toxic by-product, high cost of electricity and 

electrode materials, strong acidic condition is 

required 

[124, 141, 

142] 

Photoassisted No sludge production, considerable reduction of 

COD, potential of solar light utilization, 

produce toxic by-products 

High cost of artificial UV light, high efficiency, 

particularly suitable for azo dye degradation  

[151, 153, 

159]  
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1.8 Conducting polymers as alternative materials for wastewater treatment 

Conducting polymers have encompassed a very wide field of electrochemical research, which 

has led to numerous new applications in different areas in the last 30 years.  Conducting 

polymer films behave similar to a redox polymer and have potential applications in 

electrocatalysis, solar energy conversion, corrosion, electronics, and many other areas.  The 

redox polymer reaction is accompanied by a change in the electrical properties of the film from 

an insulator to an electrical conductor involving both electron and ion transport within the film 

[163]. 

Conducting polymers, such as polypyrrole, polythiophene, poly(3,4-ethylenedioxythiophene) 

and polyaniline are known to possess unusually high electrical conductivity in the doped state.  

For example, the conductivity of polypyrrole, polythiophene, poly(3,4-

ethylenedioxythiophene) and polyaniline was reported to be 2000, 1000, 80 and 200 S cm-1 

respectively, [164-166].  Therefore, these materials have been of great interests to chemists as 

well as physicists since their electrical properties were reported [167].  The number of 

electrochemical papers and patents on conducting polymers is very high.  In 2011, Inzelt [168] 

published an article, in which he reported that the highest number published work was found 

for polyaniline (46%), followed by polypyrrole (34%), and polythiopene (18%), and small 

number of work with other polymers, e.g., poly(3,4-ethylenedioxythiophene), polyindole, 

polycarbazole, polyfurane, poly(o-phenylene diamine), was also observed.  

Among those conducting polymers, polypyrrole is especially promising for commercial 

applications because of its good environmental stability, facile synthesis, and higher 

conductivity (up to 2000 S cm-1) [164] than many other conducting polymers. In the past 

decade, many reports about polypyrrole have been published [163, 164, 167-174].  The 

conductivity, electrochemical property, mechanical and thermal stability of polypyrrole 

attracted most interests of researchers to use polypyrrole as an electrode material.  In 1994, 

Biswas and Roy [175] studied the thermal stability, morphological, and conductive 

characteristics of polypyrrole prepared in an aqueous medium.  The results showed that the 

polypyrrole exhibits a spongy texture, the initial decomposition temperature at 180–237 °C, 

glass-transition temperature at 160–170 °C, and conductivity below 3 S cm−1. Furthermore, all 

properties depended on the oxidising agent (e.g., FeCl3) and pyrrole feed composition. 
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Polypyrrole has been used as biosensors [169, 170], gas sensors [172, 173], conducting nano 

wires [174], microactuators [176], solid electrolytic capacitor [177], electrochromic windows 

and displays, packaging, polymeric batteries, electronic devices, functional membranes and 

coatings, etc. [178].  Polypyrrole coatings have an excellent thermal stability and are good 

candidates for use in carbon composites [179].  However, synthetically conductive polypyrrole 

is insoluble and infusible, which restricts its processing and applications in other fields.  The 

problem has been extensively investigated and new application fields have also been explored 

in the past several years.  For example, polypyrrole-based polymers can be used to load and 

release drugs and biomolecules [180].  Polypyrrole-based polymer blends can protect the 

corrosion of metals [181].  Owing to the strong adhesion of polypyrrole to iron or steel treated 

with nitric acid, polypyrrole-based polymers can be used as good adhesives [182]. 

Polypyrrole can be easily prepared by either a chemical or electrochemical oxidative 

polymerisation of pyrrole.  In chemical polymerisation, the oxidants used are generally 

(NH4)2S2O8, H2O2 and salts containing transition metal ions, for example, Fe3+, Cu2+, Cr6+, 

Ce4+, Ru3+ and Mn7+ [183].  When only (NH4)2S2O8 is used as the oxidant [183], the addition 

of anionic surfactants causes moderate increases in the yields (1.36 g to 2.65 g) and great 

decreases in the conductivities (40 S cm-1 to 5 S cm-1) [183].  In addition, it takes a very long 

time to filter the resultant polymers for the formation of fine colloidal particles.  These 

phenomena are caused by interaction between (NH4)2S2O8 and the surfactant polypyrrole doped 

with sulfonate, as the dissociation of the anionic surfactant is prevented due to the presence of 

the highly concentrated and strongly electrolytic oxidant, the undissociated molecules of the 

surfactant appear to be thickly absorbed on the polypyrrole surface in the polymerisation 

process, so that it may act as the steric stabilizer. 

The electropolymerisation reaction of polypyrrole is a complex process and its mechanism is 

still not fully understood.  A number of mechanisms has been proposed [184-187] and are 

comprehensively reviewed [188, 189].  Among these, Diaz’s mechanism [184] is the most 

accepted one and was supported by Waltman and Bargon [190, 191].  In this mechanism, the 

pyrrole activation occurs through electron transfer from the monomer forming a radical cation-

rich solution near the electrode in several steps.  Details of steps involved are given in Scheme 

1.14.  In this Scheme, step 1 involves the oxidation of the monomer, pyrrole, at the surface of 
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the electrode to form the cation radical pyrrole+•.  This step also shows several resonance forms 

of this cation radical. 
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Scheme 1.14 Mechanism of electropolymerisation of pyrrole 

The radical cation pyrrole+•, having a greater unpaired electron density in the α-position 

(resonance form (a) in step 1) dimerises via the resonance, as shown in step 2.  The coupling 

between two radicals results in the formation of a bond between their α positions and the 
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formation of the dihydromer dication (product of step 2).  In step 3, the loss of two protons 

stabilises the dihydromer dication to form an aromatic dimer.  In step 4, the polymerisation 

reaction follows the oxidation of the aromatic dimer to the dimer radical cation, in which the 

unpaired electrons delocalise and form several resonance forms of this dimer cation radical The 

positions 5-5́ (α-position) are equally the most reactive areas and the resonance form (b) in step 

4 is predominant with respect to the other forms. 

Then the resonance form (b) reacts by 5 or 5ʹ with a monomer radical cation (resonance form 

(a)) to form a trimer dication, which deprotonates to give the neutral trimer and finally oxidation 

gives the trimer radical cation (steps not shown).  The propagation continues via the same 

sequence of oxidation, coupling and deprotonation until the final polymer product, shown in 

Figure 1.15(a), is obtained. 

The electropolymerisation does not give a neutral nonconducting polymer but its oxidised 

conducting form (doped).  The final polymer chain, in fact, carries a positive charge every 3-4 

pyrrole units [188], which is counter balanced by an anion.  The structure of the doped polymer 

is shown in Figure 1.15(b). 

   

(a)          (b) 

Figure 1.15   Electropolymerised polypyrrole 

Electrochemical film formation is often followed by stoichiometric determination of the 

number of electrons donated by each molecule.  This value is generally found to be in between 

2 and 2.7, where 2 electrons serve in the film formation and the excess charge is consumed by 

the polymer oxidation [192].  This number is generally in agreement with the number of anions 

found in the polymer by elementary analysis. 
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There are several reasons why this mechanism is believed to be the best representation of this 

reaction.  Initially, this mechanism is in accord with electron paramagnetic resonance 

observations that show the existence of a π-type radical [193].  In addition, the elimination of 

H from the α-position indicated by this mechanism is in agreement with the observed drop in 

pH of the solution during polymerisation.  This mechanism is also in agreement with the number 

of electrons consumed during the reaction, which has been determined to be 2.25 to 2.33 for 

pyrrole.  In the chronoampromatric studies, Genies et al. [184] have shown that the film grows 

linearly with respect to polymerisation time and not to the polymerisation time half-life.  Their 

observation showed that the rate-determining step during film growth is a coupling process and 

not the monomer diffusion towards the electrode [184]. 

Conducting electroactive polymers such as polypyrrole and polyaniline have attracted great 

attention due to their electrical conductivity and electroactivity [189, 194, 195].  Dye removal 

technology utilising conducting polymers and their composites are a viable option because of 

their economic, eco-friendly, abundant, and efficient technique. 

The use of conducting polymer in wastewater treatment is a new area.  A great interest has been 

recently directed to conducting polymers for the removal of dyes from wastewater.  A limited 

number of conducting polymers, especially polypyrrole and polyaniline, has been reported to 

remove dyes from dye containing wastewater.  Polypyrrole doped with releasable or 

exchangeable counter ions has been utilised for the removal of anionic dyes from aqueous 

solutions based on ion exchange properties of these polymer [196].  Wang et al. [197] reported 

the applicability of chemically synthesised polypyrrole for removal of the Nuclear Fast Red 

Kernechtrot dye (acts as dopant anion) from its solution.  They also suggested that dye removal 

capacity of NaOH dedoped (NaOH treated) polypyrrole was improved by 40% compared to 

untreated polypyrrole. 

Chowdhury et al. [198] studied the dye removal efficiency of organic dyes, methylene blue and 

procion red from their aqueous solution using chemically synthesised polyaniline.  They 

reported that polyaniline as an adsorbent behaves as a charged surface and thus removes dyes 

from their aqueous solution. 

Ansari and Mosayebzadeh [199, 200] and Ansari et al. [196, 201] reported that chemically 

synthesised polyaniline and polypyrrole can be used for removal of some azo dyes (methylene 
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blue, methyl orange, eosin y, tartrazine) from their aqueous solutions.  Their dye removal 

method is mainly based on the coating on the surface of an adsorbent materials (e.g., saw dust) 

with a chemically synthesised polymer (such as polypyrrole or polyaniline) in the presence of 

an oxidising agent.  All the studies suggested that polymer coated adsorbent materials are more 

efficient in removing dyes than the adsorbent itself.  They also suggested that this technique 

promises an environmental friendly approach for removal of water soluble azo dyes from 

wastewaters. 

Ahmed and Kumar [202] reported the applicability of a chemically synthesised polyaniline / 

iron oxide composite for the removal of Amido Black 10B from its aqueous solution. They 

suggested that the composites showed considerable potential for the removal of Amido Black 

10B.  However, the removal capacity decreased with increasing pH but increased with 

temperature. 

Therefore, the electropolymerised conducting polymer such as polypyrrole can also be used as 

a dye removal materials for the treatment of dye containing wastewater, due to their conducting 

property, simple synthesis, and environmentally friendly nature and high dye removal capacity.  

Moreover, the specially improved properties, for example, conductivity, porosity, surface area, 

and thermal and mechanical stability, can give a further boost for mass production, which will 

make products considerably less expensive and can be used in large scale industrial dye effluent 

treatment. 

1.9  Electropolymerised polypyrrole as an ion exchanger membrane for the 

entrapment-liberation of Acid Red 1 

The electrochemically controlled transport of simple anions and cations across conducting 

polymer membranes has been studied extensively [203-205].  In the case of polypyrrole, the 

transport mechanism involves an entrapment-liberation mechanism of anions or cations at a 

polymer membrane during the oxidation and reduction of polypyrrole by applying an oxidation 

and reduction potential, respectively [206].  

The synthesis of polypyrrole usually involves electrochemical oxidation of its monomer, pyrrole, 

to yield a polymeric chain with a positive backbone, as shown in Scheme 1.14.  In order to 

neutralise this charge, a counter anion (A-) is entrapped in the backbone structure (Scheme 1.15).  

Many studies have shown that this entrapment process is electrochemically reversible [207, 208], 
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enabling polypyrrole to act as an anion exchanger membrane, depending upon the mobility of the 

entrapped counter anion [209].  Clearly, mobile anions can also be easily liberated from the 

polymeric film, as shown in Scheme 1.15.  In this respect, several researchers have described the 

transport of small inorganic anions, for example, Cl-, NO3
- and SO4

2- [210, 211], and small 

organic ions such as sodium p-toluenesulfonate (NapTS) [210, 212], aza crown ether and tosylate 

[213-215] across polypyrrole by an anion exchanging mechanism. 

 

Scheme 1.15  Electrochemical oxidation and reduction of polypyrrole in presence of a 

counter anion. 

The polymerisation of pyrrole in the presence of large counter anions, such as Acid Red 1, has 

not been studied as extensively as the use of small organic and inorganic ions.  Tamm et al. 

[216] reported that the use of dodecylsulfate as a counter anion resulted in the dodecylsulfate 

ion firmly entrapped in the polymeric film and thus could not escape from the film.  Instead, 

other ions migrate into or out of the film.  Mirmohseni et al. [206] also noted the immobility of 

large counter anions such as dodecyl benzene sulfonic acid.  Gao et al. [217] studied 

polypyrrole films grown in the presence of indigo carmine.  The bulky indigo carmine dopant 

was found to be less mobile compared to small anions which can move freely in a polymer film, 

resulting in only slow diffusion over time.  

Our interest in this ion exchange system of elecropolymerised conducting polypyrrole has led 

us to consider the entrapment-liberation of charged organic molecules, such as synthetic azo 
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dyes, across conducting polymer membrane films for the development of a treatment method 

for dyes in textile effluents.  In the present work, the entrapment-liberation of the sulfonated 

aromatic compound, Acid Red 1, as an azo dye at elctropolymerised conducting polypyrrole 

was considered.  The entrapment-liberation of Acid Red 1 across the polypyrrole film is 

expected to expand the scope of potential application in the area of removing and recovering 

organic pollutants such as dyes from wastewater. 

1.10 Scope and aims of the project 

Organic dyes are commonly used as colourants in the textile industry.  However, their presence 

in effluent leads to severe environmental problems because of their toxicity, carcinogenicity 

and undesirable water colouration.  Thus it is necessary to treat dye containing wastewater 

before being discharged in hydrosphere.  However, current dye effluent treatment techniques 

suffer from several limitation such as inefficient treatment, time consuming, high cost and, most 

importantly, generation of toxic by-products.  To minimise these problems, there is a need for 

development of an alternative treatment technique that is efficient as well as environmentally 

friendly in removing dyes from industrial wastewater. 

Overall main aims of this project are to develop the use of conducting polypyrrole films as a 

potential green technology for electrochemical treatment of azo dyes in industrial effluents 

without producing any toxic by-products.  More specifically, this work aims to: 

(1) Demonstrate the feasibility of electropolymerised polypyrrole film as an efficient tool 

for the entrapment and liberation of the azo dye, Acid Red 1, from its synthetic solution; 

(2) Develop a kinetic model for Acid Red 1 entrapment at electropolymerised polypyrrole 

films and the associated thermodynamics; 

(3) Synthesise and characterise mechanically stable polypyrrole-reduced graphene oxide 

composite films for Acid Red 1 entrapment and liberation performance. 

Each of the following chapters is then devoted to the detailed description and discussion of the 

results obtained in achieving the respective aim.  

Chapter 2 will provide details of experimental techniques used in this research.  Here, we will 

describe the synthesis and characterisation techniques of polypyrrole films, as well as method 
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for the evaluation of Acid Red 1 entrapment-liberation in polypyrrole films.  This chapter will 

also describe the methods used for experimental data analysis. 

In Chapter 3, we report the characterisation of Acid Red 1 entrapped polypyrrole films and 

optimised Acid Red 1 entrapment parameters in polypyrrole films.  We will also evaluate 

entrapment-liberation efficiency of Acid Red 1 in polypyrrole films. 

In Chapter 4, we focus on the kinetics, isotherms and thermodynamics of the electrochemical 

entrapment of the Acid Red 1, at conducting polypyrrole films. 

Chapter 5 is devoted to the synthesis, characterisation and evaluation of Acid Red 1 entrapment 

and liberation at mechanically stable polypyrrole-reduced graphene oxide composite films. 

Finally, in Chapter 6, some concluding remarks on the development and applicability of 

polypyrrole and polypyrrole-reduced graphene oxide composite films for electrochemical 

entrapment and liberation of Acid Red 1 will be presented.  To this end, limitations of this 

treatment will also be discussed.  Further, several suggestions will be proposed as feasible future 

work for this project. 
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CHAPTER 2 

EXPERIMENTAL 

 

2.1 Introduction 

A long-term goal of this work is to develop an electrochemically green tool for treatment of azo 

dye containing industrial wastewater.  More specifically, this work was aimed at investigating 

the feasibility of applying eletropolymerised conducting polypyrrole films for treating azo dye 

containing synthetic wastewater.  To achieve this aim, electropolymerised polypyrrole and its 

graphene composite films were synthesised.  Polypyrrole and its graphene oxide composite 

films were then used for entrapment and liberation of the azo dye, Acid Red 1, from its synthetic 

solution by applying an oxidation and a reduction potential, respectively.  In our work, a two-

level factorial design approach was used for identification of the significant factors and their 

interactions in Acid Red 1 entrapment in polypyrrole.  Characterisation of the synthesised 

polypyrrole films were performed by cyclic voltammetry, spectroscopy, microscopy, and 

physical and mechanical properties evaluation.  Acid Red 1 entrapment and liberation 

experiments were also performed to evaluate the dye entrapment and liberation efficiency of 

the polypyrrole films.  This chapter outlines the detailed descriptions of the instrumentations 

and experimental procedures adopted to ensure that the most reliable results were obtained.  

Results obtained are then presented and discussed in the next three chapters. 

2.2 Reagents 

Graphite power, Acid Red 1, potassium nitrate and pyrrole were purchased from Sigma-Aldrich 

(Castle Hill, Sydney, Australia).  Pyrrole was always doubly vacuum distilled at 130 °C and 

then stored in a light protected bottle at 4 °C until required for use.  All aqueous solutions were 

prepared using deionised water purified by a Milli Q water system (Millipore).  High purity 

nitrogen gas (BOC) was used to purge all analyte solutions for 10 min at the beginning of an 

experiment in order to remove dissolved oxygen from solution.  
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2.3 Apparatus  

All voltammetric studies were performed using a MacLab/200 system operated by EChem and 

Chart software (eDaq Pty Ltd, Sydney, Australia).  A 50-mL vial was used as an 

electrochemical cell accommodating a three-electrode system.  Stainless steel electrodes (3 cm 

× 1.5 cm) or stainless steel mesh electrodes (3 cm × 1.5 cm) both manufactured by Macquarie 

Engineering and Technical Services, Macquarie University were respectively used as a working 

electrode and a counter electrode.  All potentials were recorded relative to a Ag|AgCl (in 3 mol 

L-1 KCl) reference electrode.  UV-visible spectroscopy for measuring absorbance of Acid Red 

1 solutions was performed using a Bio Spectrophotometer (Eppendorf, Australia). Conductivity 

measurements were performed using a locally constructed four-point probe.  Fourier transform 

infrared (FTIR) spectrometry analysis was performed using a Nicolet iS10 FTIR spectrometer 

(Thermo Scientific, USA).  The crystalline phase of the polypyrrole-Acid Red 1 film samples 

was identified using an X’Pert Pro MPD X-ray diffractometer ((Philips®, Netherlands).  X-ray 

photoelectron spectroscopy (XPS) analysis was performed using a VG scientific 

ESCALAB250Xi spectrometer (Thermo Scientific, UK).  Scanning electron microscopy 

(SEM) analysis was carried out using a JEOL JSM- 6480 LA scanning electron microscope               

(JEOL, Japan).  Brunauer, Emmett and Teller (BET) surface area analysis was carried out using 

a Tristar 3000 analyser (Micromeritics, USA) under a nitrogen environment.  

Thermogravimetric analysis was conducted using a Shimadzu TG 50 thermogravimetric 

analyser.  Mechanical   properties of polypyrrole films were measured using an Instron 4302 

tensile testing device. 

2.4 Preparation of graphite oxide and graphene oxide  

Graphite oxide was synthesised from graphite powder (1-2 μm) using a modified Hummers-

Offeman method [1].  Briefly, potassium persulfate (8 g) and phosphorus pentoxide (4 g) were 

initially dissolved in 24 mL of hot sulfuric acid and then 4 g of graphite powder was added.  

The mixture was then kept at 75 ºC for 1 h, allowed to cool to room temperature, then cooled 

in ice, and diluted with deionised water until the solution reached pH 6.  The solution was 

filtered and the residue containing modified graphite powder was dried at 80 ºC overnight.  

The activated graphite was washed 3 times with deionised water and then treated with 

concentrated cold sulfuric acid (92 mL) in an ice bath.  Potassium permanganate (12 g) and 

sodium nitrate (2 g) were gradually added over a 1 h period, after which the mixture was 
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removed from the ice bath and allowed to warm to room temperature for 2 h.  The mixture was 

then returned to the ice bath and diluted with deionised water (200 mL) for a period of 30 min.  

The ice bath was removed and then the mixture was stirred at room temperature for 2 h.  The 

resultant bright-yellow suspension was diluted by the addition of deionised water (560 mL) to 

terminate oxidation process and further treated with 30% hydrogen peroxide (10 mL).  The 

yellowish brown mixture was washed once with 1 M hydrochloric acid (100 mL) and five times 

with deionised water (300 mL each).  Finally, to obtain hydrophilic graphite oxide, the brown 

mixture was dried by vacuum filtration (pore size 0.45 µm). 

The exfoliation of graphite oxide to graphene oxide was achieved by ultrasonication of graphite 

oxide for 30 min at 45% amplitude using an Extech ultrasonic processor.  Then the exfoliated 

material was subjected to centrifugation at 1000 rpm for 2 min and discarded residue to remove 

settled graphene oxide agglomerate.  Finally, the suspension was again centrifuged at 8000 rpm 

for 15 min and dried 60 °C for 48 h under vacuum.  

2.5 Electropolymerisation experiments 

2.5.1 Electrochemical synthesis of polypyrrole-Acid Red 1 films  

Each polypyrrole–Acid Red 1 film was potentiostatically polymerised on a stainless steel 

working electrode by applying a potential of +0.88 V (the use of this potential will be justified 

in Section 3.3.1.1) in the presence of 0.2 mol L-1 pyrrole and 60 – 2000 mg L-1 Acid Red 1 for 

a duration from 20 to 480 min.  This process is schematically is shown in Figure 2.1.  The 

polypyrrole-Acid Red 1 film was carefully removed from the electrode and oven dried at 80 °C 

for 24 h before being used in further characterisation experiments.  The remaining electrolyte 

solution in the cell was analysed by UV-visible spectroscopy at 532 nm using a Bio 

Spectrophotometer (Eppendorf, Australia) for Acid Red 1 entrapment evaluation. 

2.5.2 Electrochemical synthesis of polypyrrole-reduced graphene oxide composite 

films  

In preparing mechanically stable polypyrrole-reduced graphene oxide composite films, Acid 

Red 1 initially entrapped in a polypyrrole-graphene oxide film which was potentiostatically 

synthesised by in situ polymerisation on a stainless steel mesh electrode by applying a potential 

of +1.0 V in the presence of 0.2 mol L-1 pyrrole, 1500 mg L-1 Acid Red 1 and a ratio of 20:1 

(w/w) between pyrrole and graphene oxide (justification for this mass ratio is given in Section 
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5.3.1.9) for 480 min.  The resulting composite was designated as polypyrrole-graphene oxide 

film.  The polypyrrole-graphene oxide film was then reduced by applying a reduction potential 

of -1.3 V for 240 min in 0.5 M NaOH solution to prepare polypyrrole-reduced graphene oxide 

film.  The entrapment evaluation of Acid Red 1 in a 1500 mg L-1 solution was then performed 

at the respective polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced graphene 

oxide films for duration from 20 to up to 480 min by applying an oxidation potential of +1.0 V. 

This process is schematically is shown in Figure 2.2. 

 

Figure 2.1 A three-electrode voltammetric cell used for the electropolymerisation of pyrrole. 

2.6 Optimisation experiments of synthesis of polypyrrole-Acid Red 1films 

A two-level full factorial design was used to identify the significant factors in Acid Red 1 

entrapment in polypyrrole films.  These factors included solution pH, polymerisation time, Acid 

Red 1 concentration and pyrrole concentration. 

2.7 Entrapment and liberation experiments 

All experiments were carried out at room temperature.  At the end of each polymerisation 

experiment, the remaining solution in the electrochemical cell was analysed by UV-visible 

spectrophotometry at 532 nm to estimate the final concentration of Acid Red 1.  The percentage 

of Acid Red 1 entrapped in a polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced 

graphene oxide films was then evaluated based on the difference (in mg L-1) between the initial 

concentration  (C
initial

) and the final concentration ( ) of Acid Red 1 in the solution using 

UV-visible spectrophotometry  according to Equation (2.1). 

C
final
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 100% ×
−

=
initial

initialfinal

C

CC
Entrapment  Equation (2.1) 

To evaluate the liberation efficiency, the resulting three types of Acid Red 1 entrapped films 

were subjected to a reduction process.  In our experiments, Acid Red 1 was cathodically 

liberated from dye-entrapped polypyrrole, polypyrrole-graphene oxide or polypyrrole-reduced 

graphene oxide films placed in a 0.5 M NaOH by applying a reduction potential of –0.80 V 

(versus Ag׀AgCl) for a desired time.  The resultant solution concentration ( liberationC ) was again 

spectrophotometrically analysed at 532 nm to determine the liberation efficiency according to 

Equation (2.2). 

 100% ×
−

=
initialfinal

liberation

CC

C
Liberation  Equation (2.2) 

Schematic representation of Entrapment-liberation of Acid Red 1 in polypyrrole / polypyrrole-

reduced graphene oxide composite films shown in Figure 2.2. 

2.8 Entrapment kinetics, isotherm and thermodynamics 

All entrapment experiments were carried out during the electropolymerisation of pyrrole to 

form polypyrrole in the presence of Acid Red 1, as described in section 2.7.  In addition, to 

evaluate the effect of temperature, these entrapment experiments were conducted at five 

temperatures of 298 K, 303 K, 308 K, 313 K and 318 K.  The quantity of Acid Red 1 in a 

polypyrrole film was evaluated based on the difference (in mg L-1) between the final 

concentration ( finalC ) after entrapment and the initial concentration (initialC ) of Acid Red 1 in 

an electrochemical cell using UV-visible spectrophotometry.  All Acid Red 1 concentrations 

were estimated from a plot of absorbance against concentration of standard Acid Red 1 

solutions.  Taking into consideration the total solution volume (V in L) and the total mass of the 

polypyrrole film (W in g), at the completion of an entrapment experiment, we then used the 

same concentration difference to estimate the mass of Acid Red 1 per mass of polypyrrole film 

( tq  in mg g-1).  We shall hereafter refer to tq  as the entrapment capacity after a polymerisation 

duration t. 
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Figure 2.2 Steps followed to entrap and liberate of Acid Red 1 at (a) polypyrrole film and  

(b) polypyrrole-reduced graphene oxide film. 

2.9 Characterisation 

2.9.1 XRD analysis 

XRD analysis was conducted to identify the crystalline phase of the Acid Red 1 entrapped 

polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide film 
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samples.  In these experiments, each sample was placed on a Si wafer (111) before being 

analysed on an X’Pert Pro MPD X-ray diffractometer (Philips®, Netherlands).  A voltage of 

40 kV and an anode current of 40 mA were applied.  A Cu Kα radiation (λ = 0.15405 nm) was 

used in a continuous scanning mode with 0.02 step size and 0.5 s set time for collecting the data 

in a 2θ scan range of 4°–80°. 

2.9.2 FTIR analysis 

FTIR was used to analyse polypyrrole and composite films.  The spectra were obtained over 16 

scans covering the 4000-650 cm-1 wavenumber range at 4 cm-1 resolution and at 25 °C using 

a Thermo Scientific Nicolet iS10 FTIR spectrometer. 

2.9.3 XPS analysis 

XPS analysis was carried out on a VG scientific ESCALAB250Xi spectrometer (Thermo 

Scientific, UK) using a monochromatised Al Kα X-ray source (1486.68 eV photons) with 

electrical input power of 200 V and take-off angle of 90°.  

2.9.4 SEM 

SEM studies were performed to investigate the surface morphology of all samples.  All SEM 

measurements were carried out using a JEOL JSM- 6480 LA scanning electron microscope 

(JEOL, Japan) operated with an accelerating voltage of 10 kV and in a vacuum condition.  The 

film samples were placed on an aluminium holder and then coated with a thin layer of gold. 

2.9.5 TGA  

TGA of samples was conducted using a Shimadzu TG 50 thermogravimetric analyser in the 

temperature range of 20-700 °C, at a heating rate of 10 °C min-1 under a nitrogen protection 

atmosphere.  TGA gives information about the thermal characteristics of polypyrrole and its 

composites including degradation temperature, absorbed moisture content and the level of 

oligomer in polymer. 

2.9.6 BET surface area analysis 

Specific surface area of materials is often evaluated by Brunauer-Emmett-Teller (BET) model 

using nitrogen adsorption measured as a function of relative pressure.  The technique involves 

both external area and pore area evaluations to estimate the total specific surface area in             



 

CHAPTER 2   2 – 72 
 

m2 g-1, yielding important information in studying the effects of surface porosity and particle 

size in many applications.  The surface area of polypyrrole and its composite films was 

measured by a BET plot of nitrogen adsorption desorption isotherm [2].  In this work, the 

analysis was performed on a Tristar 3000 surface area analyser (Micromeritics, USA) using the 

technique of nitrogen physisorption.  After placing a sample in a vacuum within the surface 

area analyser for 3h at 150 °C prior to analysis.  The volume of nitrogen gas adsorbed was 

evaluated and data are treated according to the BET adsorption isotherm equation [2], the 

adsorption isotherm equation of gas can be expressed as: 

 

CQP

P

CQ

C

P

p
Q mm

11

1

1

0

0

+×−=









−

 Equation (2.4) 

where Q and mQ  are the volume of nitrogen gas adsorbed at the relative equilibrium pressure

0PP (ratio between the vapour pressure above the sample ( P ) and saturation pressure (0P )), 

and the monolayer capacity of adsorbent materials respectively, C  is a dimensionless constant 

related to the interaction between the gas and the adsorbent. 

According to Equation (2.4), a plot of ( )[ ]11 0 −PPQ  versus 0PP will yield a straight line with 

a slope of CQC m/)1( − , and intercept, CQm/1 .  The value of mQ  can be estimated from the 

reciprocal of the sum of the slope and intercept.  From the value of mQ , the specific surface 

area, BETS , can be evaluated using Equation (2.5) [2]. 

 
mol

mAm
BET V

ANQ
S =  Equation (2.5) 

where, AN , is the Avogadro’s constant, mA the molecular cross-sectional area of gas, and molV

, is the molar volume of gas.  The values of mA  and molV  for nitrogen gas are 0.61620 nm2 and 

22400 mL (at standard temperature and pressure), respectively [2]. 

2.9.7 Mechanical properties  

Tensile test was conducted to determine the tensile strength and Young’s modulus of 

polypyrrole and its composite films according to ASTM D882-91 at a crosshead speed of 10 

mm min-1 using an Instron 4302 tensile testing device at room temperature.  In all experiments, 
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polypyrrole and its composite films of dimension 15 mm × 5mm × 0.30 mm were used.  The 

average of five films and standard deviation values were reported for each type of films or 

composites.  

Tensile strength (TS ) was evaluated by dividing the maximum load at break, maxP , in Newtons 

(N) by the original minimum cross-sectional area 0A  (in m2) of a film used [3].  The result is 

expressed in megapascals (MPa). 

 0max APST =  Equation (2.6) 

Young’s modulus is the modulus of elasticity, which denotes the ease of deformation by 

stretching a material.  Young’s modulus, E  can be evaluated from a stress-strain curve of a 

material.  It is unique for each material and is found by recording the amount of deformation 

(strain) at distinct intervals of tensile or compressive loading (stress).  Figure 2.3 shows a typical 

stress-strain curve.  By drawing a tangent to the linear portion (A and B) of the stress-strain 

curve, the slope of this tangent yields an estimate of E  [3], as indicated by Equation (2.7). 

 
LL

AF
E

∆
=  Equation (2.7) 

where, F is the load at the point of tangent in N, A  is the average original cross section of the 

test specimen in m2, L∆  is elongation at point on tangent in metres (m) and L is original length 

in metres (m).  The result is expressed in gigapascals (GPa). 

 

Figure 2.3 A typical stress-strain curve 
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2.9.8 Electrical property 

Conductivity measurements were performed using an in-house built four-probe conductivity 

device schematically shown in Figure 2.4.  The design of this device was derived from the 

literature [4].  Thin strips of polypyrrole and its composite films, typically ~3 mm wide and 

10~20 mm long, were cut using a scalpel and steel ruler and width and thickness measurements 

at three approximately evenly spaced site along the strips measured using vernier calipers and 

a micrometer, respectively. 

A conductivity measurement was typically carried out at room temperature using the following 

procedure.  With the electrode-facing surface of the film containing the four copper probes 

(contacts) and the thumb screws firmly tightened, 0.1 mA was passed through the outer pair of 

probes and the voltage drop across the inner pair of probes measured using E-chem software. 

Ten sets of current and voltage data were thus collected from which a single average 

conductivity value was derived for that test surface.  After this set of measurements, the same 

film strip was turned over so that the solution-facing surface now contacted the copper probes 

and the measurement procedure repeated.  Unless stated otherwise, the conductivity value for 

a strip was taken as the average of the conductivity of two surfaces.  Film conductivity (fσ in 

S cm-1) was evaluated according to Equation (2.8) [4]: 

 
Dh

s

V

I
f ×=σ  Equation (2.8) 

where I is the applied current (in mA), V the measured voltage (in mV), s the spacing of the 

inner probe pair (in cm), D the width of the polypyrrole film strip (in cm), and h the thickness 

of the polypyrrole film strip (in cm).  
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Figure 2.5 Four-point probe conductivity measuring device. 

2.10 Data analysis 

In the entrapment experiment, each entrapment data point represents the mean value of three 

measurements and the standard deviation value was calculated.  Linearity of a relation was 

assessed based on both the random pattern in the corresponding residual plot and the statistical 

significance of the correlation coefficient at the 95% confidence level using Student’s t-test.  

Uncertainties associated with the slopes and ordinate intercepts of all linear relations are 

denoted by the 95% confidence intervals. 
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CHAPTER 3 

DEVELOPMENT AND CHARACTERISATION 
OF CONDUCTING POLYPRROLE FILMS AS A 
POTENTIAL TOOL FOR ELECTROCHEMICAL 
TREATMENT OF AZO DYES IN TEXTILE 
WASTEWATERS  

 

 

3.1 Introduction 

Azo dyes are among the most widely used groups of dyes in textile applications [1].  This is 

mainly due to their cost effectiveness, ease of synthesis and intense colouring properties.  

Owing to their high solubility in water [2], potential carcinogenicity [3], intense colours [4] and 

non-reactive nature [5], azo dyes are known to exhibit various adverse effects upon aquatic 

flora and fauna [2].  This becomes an even more severe issue in environments where existence 

of dyes persists for a long period of time.  Their intense colours in an aqueous system also 

inevitably decrease the amount of sunlight penetration, causing a reduction in the rate of 

photosynthesis, which in turn affects various life forms in the water body [6]. 

Several treatment methods for azo dyes have hitherto been reported.  These include microbial 

degradation [7], adsorbents (e.g. active carbon) [8, 9], sacrificial iron electrodes [10], 

electrolysis [11, 12], electrocoagulation [13, 14], ion-pair extraction [15], Fenton’s process and 

other advanced electrochemical oxidation processes [16, 17].  However, there are severe 

limitations associated with these methods.  For example, there are disposal problems associated 

with spent carbon where active carbon is used as an adsorbent [18, 19].  Fenton’s process also 

generates appreciable quantity of ferric hydroxide sludge that requires further treatment before 

proper disposal [20].  On the other hand, microbial degradation-based biological treatments are 

very slow processes due to their limitation in decomposing macromolecular dyes.  In addition, 

the majority of these dyes are chemically stable and resistant to microbiological attack as a 

result of low degradation efficiency [21].  Notably, chemical and electrochemical oxidation 
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treatments often produce toxic by-products during operation.  As an example, the 

electrochemical oxidation of the azo dyes, azobenzene, p-methyl red, methyl orange, Orange G 

and Sunset Yellow FCF produced 1,4–benzoquinone, pyrocatechol, 4-nitrocatechol, 1,3,5-

trihydroxynitrobenzene, p-nitrophenol, hydrazine, aromatic amines, respectively, which are 

carcinogenic and more toxic than the original dye molecules [15, 22, 23].  Therefore, there is a 

need for developing alternative treatments that are effective and environmentally friendly in 

removing dyes from textile effluents. 

Among the azo dyes, Acid Red 1 (5-(acetylamino)-4-hydroxy-3-[[4-(phenylamino) 

phenyl]azo]-2,7-naphthalenedisulfonic acid disodium salt), the structure of which is shown in 

Figure 3.1, has been classified as a non-biodegradable dye by the Environment Protection 

Agency [24].  This is a potential environmental concern, not only that it generates aesthetical 

problems associated with decolourisation of the water body, but there are also evidences for the 

carcinogenic effect of its degradation products in anaerobic conditions [25-27]. 

 

Figure 3.1 Structure of the Azo dye, Acid Red 1. 

Among conducting polymers, polypyrrole has received a lot of recognition due to its high 

conductivity (up to 2000 S cm-1) [28] and thermal stability [29, 30].  As shown in Figure 3.2 

below, the synthesis of polypyrrole usually involves electrochemical oxidation of its monomer, 

pyrrole, to yield a polymeric chain with a positive backbone.  In order to neutralise this charge, 

a counter anion, for example, that of p-toluene sulfonate (pTS-), is entrapped in the backbone 

structure.  The polypyrrole–pTS- film has long been known to exhibit conductivity as high as 

160 S cm-1 [31].  Many studies have shown that this entrapment process is electrochemically 
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reversible [30, 32], enabling polypyrrole to act as an anion exchanger, depending upon the 

mobility of the entrapped counter anion [33].  Clearly, mobile anions can also be easily liberated 

from the polymeric film, as shown in Figure 3.2.  In this respect, several researchers have 

described the transport of small organic molecules, for example, aza crown ether and tosylate, 

across polypyrrole by an anion exchanging mechanism [34-36].  These reports also found that 

the polypyrrole films are selective towards the original counter anion used, and the size of the 

counter anion controls the microstructure and porosity of the films.  The relation between the 

porosity of the membrane and affinity for certain anions suggests a memory effect in terms of 

selectivity of the polypyrrole films [37].  In other words, after entrapping a particular anion in 

the polypyrrole film, specific channels for the anion are formed.  This behaviour was used to 

explain the polypyrrole–anion films selectivity towards the targeted anion. 

 

Figure 3.2 Schematic diagram for pyrrole oxidation and polypyrrole reduction in the 

presence of the counter ion, pTS-. 

In this chapter, we will demonstrate the application of polypyrrole as a potential tool for 

treatment of azo dyes in textile effluents, using Acid Red 1 as a model dye.  Initially, pyrrole 

was electrochemically oxidise in the presence of Acid Red 1 as a counter ion to synthesise an 

Acid Red 1-entrapped polypyrrole film (denoted as polypyrrole-Acid Red 1 film).  The films 

obtained were then characterised by electrochemistry, scanning electron microscopy and 

spectrophotometry.  Unlike many other optimisation experiments conducted by changing- one-

parameter-at-a time procedure, experimental parameters for Acid Red 1 entrapment in 

polypyrrole film were optimised using a two level-factorial design to identify the significant 
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parameters and possible interactions among the parameters.  Finally, we will evaluate the 

liberation efficiency of Acid Red 1 after electrochemically reducing polypyrrole-Acid Red 1 

films. 

3.2 Experimental 

The details of the experimental procedure adopted for experiment in this chapter have been 

presented in Chapter 2.  Briefly, each polypyrrole-Acid Red 1 film was potentiostatically 

polymerised on a stainless steel working electrode in an electrochemical cell accommodating a 

three-electrode system in the presence of 0.2 mol L-1 pyrrole and Acid Red 1 of concentration 

60 – 2000 mg L-1 for a duration from 20 to 420 min.  The polypyrrole-Acid Red 1 film was 

carefully peeled off using a scalpel from the electrode before being used in further 

characterisation experiments such as X-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FTIR), scanning electron microscopy (SEM).  Film conductivity measurements 

were performed using a locally constructed four-point probe.  The remaining electrolyte 

solution in the cell was used to evaluate the percentage of Acid Red 1 entrapped in a polypyrrole 

film by UV-visible spectrophotometry.  The liberation experiment of the same film was also 

performed and the resultant solution was again spectrophotometrically analysed to determine 

the liberation efficiency of Acid Red 1 entrapped polypyrrole film.  A two-factorial design was 

also used to identify the significant factors in Acid Red 1 entrapment in polypyrrole films.  

These factors included solution pH, adsorption time, Acid Red 1 concentration and pyrrole 

concentration. 

3.3 Results and discussion 

3.3.1 Characterisation of electropolymerised polypyrrole films 

3.3.1.1 Electrochemical characterisation of polypyrrole-Acid Red 1 films 

In this work, we are exploiting the anion entrapping-liberating mechanism in a polypyrrole film 

to develop a feasible treatment method for dye molecules in textile effluents.  We have chosen 

the azo dye, Acid Red 1, as a model analyte in this pilot study.  Initially, cyclic voltammetry of 

0.2 mol L-1 pyrrole was conducted at a stainless steel electrode in the presence of 1500 mg      

L-1 Acid Red 1 as a supporting electrolyte.  We have used a stainless steel electrode in this 

work solely because it is an economical material for construction of bigger-size electrodes when 

necessary.  Trace (a) in Figure 3.3 shows the cyclic voltammogram obtained, in which the 
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potential was initially scanned positively from 0.0 V to 1.0 V.  This was then scanned negatively 

to -1.0 V, followed by a positive scan to 0.0 V to terminate the experiment.  Note the difference 

in current at the beginning and at the end of the scan at 0.0 V.  This has most likely arisen from 

the use of a stainless steel electrode at the beginning of the scan, and a polypyrrole coated 

stainless steel electrode towards the end of the scan, which has given rise to different residual 

current in the cyclic voltammogram.  Here, an oxidation peak at 0.76 V was observed as the 

potential was scanned from -1.0 V to 1.0 V, and a reduction peak at -0.64 V as the potential 

was scanned backward.  The former peak was attributed to the oxidation of pyrrole to form 

polypyrrole with a positively charged backbone with entrapped Acid Red 1 anion, while the 

latter peak arose from the reduction of polypyrrole to form an uncharged, Acid Red 1 liberated 

film.  The voltammogram shown in trace (a) is comparable to that of a very broad oxidation 

peak between 0.1-0.6 V and a sharper reduction peak at -0.7 V (versus Ag|AgCl) for the 

formation of polypyrrole films in the presence of 1.0 M KNO3 [38].  A peak separation of ~1.4 

V between the oxidation peak and the reduction peak was observed in Figure 3.3.  This is 

comparable to ~1.4 V in the cyclic voltammogram obtained after electropolymerising pyrrole 

in KNO3 on stainless steel electrode [39], and ~1.2 V in the cyclic voltammogram obtained 

after electropolymerising pyrrole in KCl on a platinum electrode [40].  Notably, the peak 

separation is affected by the overpotential needed to facilitate the electron transfer kinetics at 

an electrode, which will vary at different electrode materials.  In contrast, trace (b) shows a 

featureless cyclic voltammogram obtained in the Acid Red 1 supporting electrolyte without any 

pyrrole.  Notably, Wang et al. also observed no Acid Red 1 oxidation / reduction peaks at a 

glassy carbon electrode in 0.1 mol L-1 Na2SO4 solution between -1.0 V and 1.0 V [41]. There 

are two additional small oxidation peaks at +0.1 V and +0.3 V, and two additional reduction 

peaks at -0.1 V and -0.4 V.  We attribute these to the presence of unknown impurities in the 

Acid Red 1 solution.  As these peaks were not observed in identical experiments using the same 

electrochemical cell, after replacing the Acid Red 1 solution.  Note that these peaks are not of 

major concern in this work.  Based on trace (a), an oxidation potential of +0.88 V, which is 

more positive than the oxidation peak potential, but not more than +0.9 V to avoid 

overoxidation of pyrrole and a reduction potential of -0.80 V, which is more negative than the 

reduction peak potential, were selected to be the respective potential for entrapment and 

liberation of Acid Red 1 in polypyrrole films in our studies below. 
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Figure 3.3 Cyclic voltammetry of (a) 0.2 M pyrrole at a stainless steel electrode in 1500 mg 

L-1 Acid Red 1 as supporting electrolyte and (b) 1500 mg L-1 Acid Red 1 

supporting electrolyte without any pyrrole; scan rate 100 mV s-1. 

 

3.3.1.2 Conductivity of polypyrrole-Acid Red 1 films 

It was necessary to synthesise conductive films for electrochemical dye entrapment and 

liberation.  In our work, we have measured the conductivity of polypyrrole-Acid Red 1 formed 

in 0.2 M pyrrole and 1500 mg L-1 of Acid Red 1 solution to be 18 S cm-1 (with a standard 

deviation of 1.2 S cm-1; N = 7).  Our results are comparable to 2-18 S cm-1 obtained by Wang 

et al. using polypyrrole films doped with different sulfonic acids [42].  Clearly Acid Red 1 is 

bulkier and less mobile than smaller aromatic sulfonates such as pTS-, and this leads to less 

well ordered polypyrrole films of lower conductivity. 

 

3.3.1.3 Scanning electron microscopic study of polypyrrole-Acid Red 1 films 

Scanning electron microscopy was employed to study the surface morphology of the 

polypyrrole-Acid Red 1 films.  Figure 3.4 shows the scanning electron micrograph of the 

surface of a polypyrrole film directly exposed to the electrolyte in the cell.  In this micrograph, 

we observe typical ‘cauliflower’ like structures on such films, similar to those previously 

observed at polypyrrole films polymerised in the presence of pTS [43].  Notably, the film 

surface is not flat, but consists of a series of peaks and valleys with considerable surface 

roughness associated with a high degree of film porosity. 
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Figure 3.4 Scanning electron micrograph of the electrolyte-facing surface of a polypyrrole-

Acid Red 1 film. 

3.3.1.4 FTIR of polypyrrole-Acid Red 1 films 

The polypyrrole-Acid Red 1 films was also analysed by FTIR.  The spectrum of a polypyrrole-

Acid Red 1 film is shown in Figure 3.5.  For comparison, the spectra of Acid Red 1 alone and 

a polypyrrole-  film are also included in Figure 3.5.  The spectra of both polypyrrole-Acid 

Red 1 (trace a) and polypyrrole-  (trace b) show three groups of weak bands at (1) ~1660, 

1490-1530 and 1410 cm-1, (2) ~1050-1150 cm-1, (3) ~980 and 880 cm-1.  Similar results were 

observed by Zhang et al. [44] and they have assigned these three groups of bands to ring 

stretching, N-H bending of polypyrrole, in-plane and out-of-plane C-H bending, respectively.  

In addition, according to Zhang et al. [44] and Li et al. [45]  the absorption peaks at 898, 1256 

cm-1 indicate the coupling of S=O with the stretching vibration of the pyrrole ring.  In 

comparison, the FTIR spectrum of Acid Red 1 alone in Figure 3.5(c) shows characteristic 

absorption bands at 750, 1256 cm-1 corresponding to the strong stretching vibration of S=O 

group and the peak at 1750 cm-1 corresponding to C=O stretching of Acid Red 1.  Therefore, 

the presence of these peaks in Figure 3.5(a) provides further evidence of Acid Red 1 entrapment 

in polypyrrole. 

NO
3
−

NO
3
−
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Figure 3.5 FTIR spectra of (a) a polypyrrole-Acid Red 1 film, (b) polypyrrole-  film 

and (b) Acid Red 1 alone. 

 

3.3.1.5 XRD analysis of polypyrrole-Acid Red 1 films 

In this experiment, XRD analysis was carried out as a complementary technique for examining 

the entrapment of Acid Red 1 in polypyrrole films.  Previously, Ferreira et al. [46] analysed 

XRD patterns of polypyrrole synthesised with the dyes Remazol Black B and Dianix Red.  In 

their work, they proposed a structure consisting of a dye sandwiched between two polypyrrole 

NO
3
−
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chains separated by a perpendicular distance termed “d-spacing”, which can be evaluated based 

on Bragg’s law [46] in Equation (3.1). 

 λ = 2 d sin θ Equation (3.1) 

where  λ denotes the Cu Kα radiation wavelength (λ = 0.15405 nm in our work) and sin θ is 

derived from the lowest 2θ signal in a diffraction pattern.  The diffraction patterns of a 

polypyrrole-Acid Red 1 film, depicted in Figure 3.6(a), shows a sharp peak at the lowest 2θ 

diffraction angle of 8.62.  For comparison, the XRD patterns of a polypyrrole-  film alone, 

shown in Figure 3.6(b), do not reveal any distinct peaks.  The result of Acid Red 1 alone is 

displayed in Figure 3.6(c), which also shows a 2θ peak at 8.62, supporting the origin of this 

peak in Figure 3.6(a).  Accordingly, a d-spacing of 10.3 Å was estimated from Equation (3).  

This distance suggests that, Acid Red 1 is sandwiched between two polymer chains, and it may 

act as a bridge between the chains. 

Figure 3.6 XRD patterns of (a) polypyrrole-Acid Red 1, (b) polypyrrole-  and (c) Acid 

Red 1. 

3.3.2 Polypyrrole yield  

Evidently, the yield of polypyrrole obtained by electropolymerisation of pyrrole is affected by 

several factors including the counter ion, solvent, electropolymerisation conditions (e.g. 

electrode size, applied potential), temperature and pH.  This particular aspect of polymerisation 

of pyrrole to form polypyrrole has been studied by quite a few research groups [47-49].  In 

NO
3
−

NO
3
−
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particular, Maiti et al. [49] obtained a yield of ~6% by electropolymerising pyrrole (0.2 M) in 

the presence of pTS (0.05 M) at an applied voltage 2.0 V for 1 h at a temperature of 298 K.  The 

percent yield of polymer from its monomer was estimated from the ratio of the amount of 

monomer used to the amount of polymer formed.  By adopting similar approach reported by 

Maiti et al., we estimated a 2-15% yield after electropolymerising 0.2 M pyrrole,at +0.88 V in 

the presence of 60-1500 mg L-1 Acid Red 1 for 420 min, at 298 K.  In these experiments, a 

solution pH of 4 was used throughout. 

3.3.3 Optimisation of Acid Red 1 entrapment parameters 

Initially, it is necessary to determine the optimum experimental conditions for Acid Red 1 

entrapment in polypyrrole films.  In our work, we have used a two-level factorial design not 

only to identify the significant factors and determine their optimal values, but also to study 

possible interactions among these factors [50].  We have considered factors including solution 

pH (denoted as X1), pyrrole concentration (Cpyrrole; X2), Acid Red 1 concentration (CAcid Red 1; 

X3) and polymerisation time (X4).  Accordingly, a 24 factorial design for four factors (16 

experiments in total) was adopted.  Table 3.1 shows the experimental factors and their levels 

employed in the 24 factorial design.  Based on earlier experimental results and practical 

operation conditions, a low (–) and a high (+) level were assigned to each factor.  Following 

electropolymerisation under the conditions specified for each run, the percentage weight of 

Acid Red 1 adsorbed per weight of polypyrrole film was evaluated using Equation (1).  Two 

replicate measurements were conducted at each condition and the average results obtained at 

different computation of effects and interactions (X1X2, X1X3, X1X4, X2X3, X2X4, X3X4, 

X1X2X3, X1X3X4, X2X3X4, X1X2X3X4) for a 24 factorial design are shown in Table 3.2.  Also, 

in Table 3.2, the Effect row represents the average of the high (+) and the low (–) values of 

each experimental factor, while tE represents a signal-to-noise ratio calculated by the 

expression 

 t
E

=
Effect

2s
p

n
F
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where 
ps  is a pooled standard deviation, and m is the number of experimental conditions 

(m=16 in this work), nF is the number of experimental replications (nF=32).  When the absolute 

value of tE is larger than the tabulated t-value (denoted by t* of 2.12) at the 95% confidence 

level, the effect of a particular factor or interaction between factors is considered significant.  

Accordingly, the results in Table 3.2 reveal that X1, X3 and X4 are statistically significant and 

X2 is not significant.  None of the interaction was found to be significant.  These results are 

also graphically shown in a Pareto chart and interaction plots in Figure 3.7 and 3.8, respectively.  

The vertical line in the Pareto chart in Figure 3.7 shows the minimum value of 2.12 for 16 

degree of freedom at 95% confidence interval statistically significant effect.  Those factors and 

interactions with absolute effects greater than the vertical line were found to be statistically 

significant.  Figure 3.8, further support that interactions between factors are not significant.  In 

this way, a prediction equation for our system can be written as:  

 

Table 3.1 Experimental factors and their levels employed in a 24 factorial design. 

Factor Definition Label Low level (-) High level (+) 

1 Solution pH X1   2     12 

2 Cpyrrole /mol L-1 X2   0.1       0.6 

3 CAcid Red 1 / mg L-1 X3 60 2000 

4 Time / min X4 20   480 

s
p
=

(degrees of  freedom×variance)
i=1

m

∑

degrees of  freedom
i=1

m

∑

Y = 291.46− 41.62
2









X1

+ 468.46
2









X 3

+ 85.87
2









X 4

= 291.46− 20.81X
1
+ 234.23X

3
+ 42.94X

4



Table 3.2 Model matrix and the results of the 24 factorial design. 

Code X values 

Run Mean X1 X2 X3 X4 X1X2 X1X3 X1X4 X2X3 X2X4 X3X4 
X1X2X

3 
X1X3X

4 
X2X3X

4 
X1X2X3X

4 

Average 
Dye 

Entrapped / 

mg g-1 

Variance DF 

1 + − − − − + + + + + + − − − + 32.22 31.13 1 

2 + + − − − − − − + + + + + − − 6.27 6.16 1 

3 + − + − − − + + − − + + − + − 38.96 9.72 1 

4 + + + − − + − − − − + − + + + 8.00 24.50 1 

5 + − − + − + − + − + − + + + − 480.60 873.62 1 

6 + + − + − − + − − + − − − + + 450.46 2670.34 1 

7 + − + + − − − + + − − − + − + 490.75 1225.13 1 

8 + + + + − + + − + − − + − − − 460.94 2538.28 1 

9 + − − − + + + − + − − − + + − 95.87 123.56 1 

10 + + − − + − − + + − − + − + + 65.58 59.08 1 

11 + − + − + − + − − + − + + − + 98.44 65.90 1 

12 + + + − + + − + − + − − − − − 92.52 107.90 1 

13 + − − + + + − − − − + + − − + 600.56 2051.20 1 

14 + + − + + − + + − − + − + − − 520.93 3862.33 1 

15 + − + + + − − − + + + − − + − 660.75 2346.13 1 

16 + + + + + + + + + + + + + + + 540.53 3532.20 1 

                   

Σ(+) 4663.34 2165.2 2400.87 4205.5 2675.16 2321.22 2238.33 2262.06 2362.89 2371.77 2428.19 2301.85 2261.38 2350.74 2296.52    

Σ(-) 0 2498.14 2262.47 457.84 1988.18 2342.12 2425.01 2401.28 2300.45 2291.57 2235.15 2361.49 2401.96 2312.6 2366.82    

Σ(+)+Σ(-) 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34 4663.34    

Σ(+)-Σ(-) 4663.34 -332.94 138.41 3747.67 686.98 -20.9 -186.69 -139.22 62.43 80.2 193.05 -59.63 -140.59 38.13 -70.3    

                   

Effect 291.46 -41.62 17.3 468.46 85.87 -2.61 -23.34 -17.4 7.8 10.03 24.13 -7.45 -17.57 4.77 -8.79    

                   

tE  -3.37 1.4 37.93 6.95 -0.21 -1.89 -1.41 0.63 0.81 1.95 -0.6 -1.42 0.39 -0.71 t*(16)=2.12   
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Figure 3.7 Pareto chart of the standardised effects on the entrapment of Acid Red 1 in 

polypyrrole film using 24 factorial design (presented in Table 3.2) at the 95% 

confidence level. 

Figure 3.8 Interaction plots, for entrapment of Acid Red 1 using the full 24 factorial design 

(Table 3.2) at the 95% confidence level. 
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3.3.4 Entrapment of Acid Red 1 in polypyrrole films 

3.3.4.1 Effect of solution pH on Acid Red 1 entrapment in polypyrrole films 

The pH of the Acid Red 1 solutions is one of the important factors influencing the entrapment 

process.  The effect of the initial dye solution pH on Acid Red 1 entrapment efficiency in 

polypyrrole was studied between pH 2 and 12 and the results are shown in Figure 3.9(a).  A 

480 min duration was allowed to entrap Acid Red 1 at different solution pH.  In general, more 

Acid Red 1 was entrapped in polypyrrole films in the pH 2-4 range and a maximum was 

observed at approximately pH 4.  However, this entrapment efficiency of Acid Red 1 then 

decreased with higher solution pH.  Previously, pyrrole was reported to be readily oxidised 

forming thick, smooth and conducting polypyrrole films in acidic media and almost insulating 

films under neutral conditions [45].  However, no film formation was observed in alkaline 

media owing to an inhibited oxidation of pyrrole [51].  In this work, we observed that thin, 

fragile polypyrrole films were formed in neutral and alkaline media, which did not favour 

efficient entrapment of Acid Red 1. 

3.3.4.2 Effect of initial Acid Red 1 concentration and polymerisation time on entrapment 

Entrapment of Acid Red 1 is also affected by the initial Acid Red 1 concentration and 

polymerisation time of polypyrrole.  Figure 3.9(b) shows the extent of Acid Red 1 entrapped in 

polypyrrole films with increasing polymerisation time at various initial dye concentrations.  

Notably, when the initial Acid Red 1 concentration was increased from 60 to 2000 mg L-1, the 

extent of Acid Red 1 entrapped after 480 min increased from ~51 to 690 mg g-1.  This is clearly 

attributed to an increased driving force arising from the concentration gradient with the higher 

initial dye concentration.  However, over the same Acid Red 1 concentration range, the relative 

percentage of entrapped Acid Red 1 in polypyrrole films decreased from 68 to 44% (depicted 

in Figure 3.9(c)).  This is most likely due to a limited number of active entrapment sites on 

polypyrrole films, which were saturated at a particular concentration [52].  Figure 3.9 also 

shows that equilibrium was attained at an initial dye concentration of 1500 mg L-1 with little 

change at 2000 mg L-1. 
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Figure 3.9 Effect of (a) pH, (b) polymerisation time and (c) Acid Red 1 concentration on 

Acid Red 1 entrapment in polypyrrole films. 
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3.3.5 Liberation of Acid Red 1 from polypyrrole films 

A polypyrrole film-electrolyte system involves the redox couple, polypyrrole+• / polypyrrole 

[53], where polypyrrole+• is the radical cationic species and polypyrrole is the neutral species.  

During oxidation, polypyrrole+• will electrostatically attract the anionic Acid Red 1 in the 

polypyrrole matrix so as to maintain electroneutrality.  Similarly, during reduction, electrons 

are supplied and polypyrrole becomes neutral, leading to the liberation of Acid Red 1 from the 

polypyrrole film to the solution.  Indeed, this particular feature distinguishes the potential 

treatment method of textile effluents using polypyrrole films from many others reported in 

literature.  In this way, Acid Red 1 itself can be recovered in the process.  

In this study, using UV-visible spectrophotometry, we have evaluated the liberation percentage 

of Acid Red 1 from polypyrrole film by measuring the concentration of the liberated Acid Red 

1 in 0.1 mol L-1 KNO3 after applying a reduction potential of -0.80 V for a defined period.  

This study was conducted with polypyrrole films prepared with 1500 mg L-1 Acid Red 1.  The 

results obtained are shown in Figure 3.10.  In general, the liberation percentage of Acid Red 1 

increased as the initial Acid Red 1 concentration was increased.  However, no significant 

increase in liberation of Acid Red 1 was observed after prolonging the reduction process beyond 

180 min.  This is most likely because Acid Red 1 entrapped deep in the multilayered film matrix 

on the stainless steel electrode would be unable to diffuse out from the film interface.  

Consequently, a low recovery rate was observed.  In this experiment, in the presence of an 

initial Acid Red 1 concentration of 1500 mg L-1, a maximum liberation rate of 21% was 

estimated following a reduction period of 300 min.  

Previously, the base treatment (NaOH treatment) was reported to deprotonate the film, resulting 

in the removal of the Acid Red 1 counter ions from the film.  However, the acid treatment was 

reported to result in reprotonation of the film and its return with an oxidise state [54].  To 

improve the liberation performance of the polypyrole film, we have then attempted to measure 

liberation efficiency of Acid Red 1 in 0.5 mol L-1 NaOH solution after applying a reduction 

potential of -0.80 V for a desired period.  Figure 3.13 shows that the liberation efficiency was 

increased when the reduction process performed in NaOH solution than in KNO3.  This is 

because hydroxyl ions can react with polypryyole backbone resulting in some formation of 

quinoid units through deprotonation [55] that replace the Acid Red 1 counter anion in the 

subsequent treatment. 
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Figure 3.10 Acid Red 1 liberation percentage from polypyrrole in solution containing in 0.1 

M KNO3 and 0.5 M NaOH. 

3.3.6 Evaluation of Acid Red 1 entrapment-liberation efficiency in polypyrrole film at 

different entrapment-liberation cycles 

To reduce the treatment cost of dye containing wastewater it is necessary to reuse the 

polypyrrole film.  In order to study the feasibility of reuse of polypyrrole film for Acid Red 1 

entrapment liberation, three consecutive entrapment-liberation cycles were performed with the 

same films.  Notably, this entrapment study was conducted using polypyrrole films synthesised 

in presence of 1500 mg L-1 Acid Red 1, 0.2 M pyrrole and the initial solution pH of 4 by 

applying an oxidation potential of 0.88 V for a duration of 480 min.  

Figure 3.11 shows the Acid Red 1 entrapment percentage in polypyrrole films with three 

consecutive entrapment cycles of the same film.  The entrapment percentage of Acid Red 1 for 

second and third cycles were approximately 24% and 50% less than the first entrapment cycle, 

respectively.  Because, some dye molecules are firmly trapped to the polymer network chain, 

which was also confirmed by XRD analysis reported in section 3.3.1.8 in this chapter, resulting 

in low liberation efficiency as well as the breakdown of polypyrrole film because of swelling 

and shrinkage of the film that happened during oxidation reduction cycle, which reduces the 

Acid Red 1 re-entrapment in polypyrrole film with consecutive entrapment cycle [56-58].  The 
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maximum entrapment for first, second and third entrapment cycles was estimated to be 58%, 

34% and 10%, respectively, after a polymerisation period of 480 min.  

 

 

Figure 3.11 Acid Red 1 entrapment percentage in polypyrrole at different cycle 

To study the Acid Red 1 liberation efficiency of polypyrrole film at different liberation cycle, 

we have evaluated the liberation percentage of Acid Red 1 from polypyrrole film, by applying 

a reduction potential of -0.80 V (vs Ag│AgCl) in 0.5 mol L-1 NaOH for a duration of 300 min.  

The results obtained are shown in Figure 3.12.  In general, liberation percentage of Acid Red 1 

increases with increasing liberation time.  However, no significant increase in the liberation of 

Acid Red 1 was observed after prolonging the reduction process beyond 180 min.  This is most 

likely because Acid Red 1 was entrapped deep in the sandwiched / multilayered film matrix on 

the stainless steel electrode and it was difficult to diffuse out from the film interface.  

Consequently, a low recovery rate was observed.  Moreover, the liberation percentage of Acid 

Red 1 decrease in the second and third liberation cycle than the first liberation cycle, due to 

both compacted sandwiched film matrix and mechanical degradation of the film during reuse.  

In this experiment, in the presence of an initial Acid Red 1 concentration of 1500 mg L-1, a 

maximum liberation rate of 32%, 20% and 8% were estimated for first, second and third 

liberation cycle of Acid Red 1 entrapped polypyrrole films, respectively after a liberation time 

of 300 min. 
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Figure 3.12 Acid Red 1 liberation percentage at polypyrrole in different cycle  

3.4 Conclusion 

In this study, we have exploited the anion entrapping-liberating property of conducting 

polypyrrole films to develop a green treatment method for the model azo dye, Acid Red 1.  By 

oxidising pyrrole at 0.88 V in the presence of Acid Red 1, the dye was readily entrapped in the 

polypyrrole film.  We then employed cyclic voltammetry, conductivity measurements, FTIR 

and X-ray diffraction to characterise these polypyrrole-Acid Red 1 films and all results 

supported the presence of Acid Red 1 in polypyrrole films synthesised in this way.  In addition, 

based on a two level-factorial design, the entrapment process was found to be dependent on pH, 

concentration of Acid Red 1 in solution and polymerisation time.  The entrapped Acid Red 1 

was then liberated from a polypyrrole film by applying a reduction potential of -0.80 V.  Our 

results suggest that electropolymerised conducting polypyrrole films can be further developed 

as an effective and alternative material for treatment of dye effluents. 
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CHAPTER 4 

KINETIC MODEL AND THERMODYNAMIC 
STUDIES OF ACID RED 1 ENTRAPMENT IN 
ELECTROPOLYMERISED POLYPYRROLE 
FILMS 

 

 

4.1 Introduction 

Azo dyes are commonly used as colouring materials in the printing, textile, paper and leather 

industries.  Without proper treatment, dye-containing effluents discharged into the hydrosphere 

will contribute a significant source of pollution due to both their visibility even at low 

concentrations (<1 mg L-1) and the resultant undesirable colour to a water body [1].  Notably, 

this will not only directly reduce sunlight penetration in a water system, which will resist 

photosynthetic activity [2], but their toxic and even mutagenic degradation products are also of 

great concern [3].  In addition, azo dyes from industrial effluents are major sources of 

environmental pollution because they are non-biodegradable, non-reactive and highly soluble 

in water [4].  Therefore, stringent rules are imposed in many countries for controlling the 

discharge of industrial effluents. 

A range of conventional biological, physico-chemical and chemical treatment technologies for 

dye removal including microbial degradation [5-8], adsorbent (e.g. active carbon, natural 

cellulose-based fibre) [9, 10], sacrificial iron electrodes [11], electrolysis [12-14], 

electrocoagulation [15, 16], and ion-pair extraction [17].  Fenton’s process and advanced 

electrochemical oxidation process [18-20] has hitherto been reported.  However, there are some 

severe limitations associated with these methods.  For example, the current physico-chemical 

and adsorbent methods produce a significant quantity of residue that requires additional 

treatments.  Chemical / electrochemical oxidation and Fenton’s process generate appreciable 

quantity of toxic by-products such as aniline derivatives and ferric hydroxide sludge with toxic 

hydroxylated aromatic derivatives [18] that demand further treatment before proper disposal 
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[21].  Also, microbial degradation-based treatments are very slow processes due to their 

limitation in decomposing macromolecular dyes [22, 23].  Therefore, there is a need for 

developing alternative treatments that are effective and environmentally friendly in removing 

dyes from textile effluents. 

In Chapter 3, we reported the application of a conducting polymer, polypyrrole, as a potentially 

green technology for electrochemical treatment of azo dyes using Acid Red 1 (5-(acetylamino)-

4-hydroxy-3-(phenylazo)-2,7-naphthalenedisulfonic acid) as a model dye [24].  The structural 

formula of Acid Red 1 is depicted in Figure 3.1 of the previous section.  Polypyrrole is well 

known for its high conductivity (up to 2000 S cm-1) [25] and mechanical and thermal stability 

[26-32].  In our proposed dye treatment, the monomer, pyrrole, is electrochemically oxidised at 

+0.88 V (relative to a Ag|AgCl electrode) to yield a polymeric chain in the presence of the 

anionic Acid Red 1.  This polymeric chain is positively charged and will therefore easily attract 

the Acid Red 1 as a counter anion to neutralise the charge.  In this way, an Acid Red 1 entrapped 

polypyrrole film is synthesised.  Similarly, by applying a reduction potential of -0.80 V, the 

polypyrrole film gains electrons and becomes neutral, resulting in the liberation of Acid Red 1 

from the film [24].  In the presence of an Acid Red 1 solution, the dye is then easily re-entrapped 

in the film at +0.88 V for a desired period and again liberated at -0.80 V.  In our pilot study 

[24], we have successfully synthesised polypyrrole-Acid Red 1 films and characterised them 

by microscopy and spectroscopy, the results of which supported Acid Red 1 entrapment by 

polypyrrole during oxidation of pyrrole.  In the same study, we have used a two-level full 

factorial design to determine that the solution pH, initial concentration of Acid Red 1 and 

polymerisation time were all significant factors affecting the Acid Red 1 entrapment process in 

polypyrrole films.  Unlike many other reported methods, the feasibility of entrapping Acid Red 

1 without producing any toxic by-products and recycling the dye in the treatment makes it a 

potentially green technology. 

In this chapter, we will further study the mechanism of Acid Red 1 entrapment in 

electropolymerised polypyrrole films based on kinetics, isotherms and thermodynamic 

approaches.  Different dye adsorption kinetics, isotherms and thermodynamics at different 

materials have already been reported in literature, for example, reactive dye at chemically 

prepared polypyrrole-saw dust [33], tartrazine at chemically oxidised polypyrrole and 

polyaniline [34, 35], Amido Black 10B at chemically oxidised polyaniline/iron oxide composite 

[36], Acid blue 193 at benzyltrimethylammonium bentonite [37] and natural sepiolite [38].  In 
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contrast, a significant aspect of this work was to focus on dye entrapment mechanism at 

electropolymerised polypyrrole films.  The main purpose of this work is thus to understand the 

appropriate kinetics and to determine the applicability of different isotherm models.  Three 

different kinetic models including pseudofirst-order, pseudosecond-order and intra-particle 

diffusion model were initially examined for the entrapment of Acid Red 1.  Data obtained 

during entrapment were then also tested based on the Langmuir and Freundlich isotherm 

models.  Finally, thermodynamic parameters such as standard Gibb’s free energy (ΔG°), 

standard enthalpy change (ΔH°) and standard entropy change (ΔS°) were evaluated at 

equilibrium conditions to gain an understanding of the nature of entrapment.  Results obtained 

in such a fundamental study will be useful in designing a batch entrapment for the treatment of 

Acid Red 1 containing effluents generated in dying industries. 

4.2 Experimental 

Details of the procedure adopted for experiments described in this chapter have been presented 

in Chapter 2.  Entrapment experiments were carried out during the electropolymerisation of 

pyrrole to form polypyrrole–Acid Red 1 film in the presence of 0.2 mol L-1 pyrrole and               

60 – 2000 mg L-1 Acid Red 1 for a duration from 20 to 480 min.  These entrapment experiments 

were conducted at five temperatures of 298 K, 303 K, 308 K, 313 K and 318 K.  The quantity 

of Acid Red 1 entrapped in polypyrrole film was evaluated based on the difference (in mg L-1) 

between the final concentration (finalC ) after entrapment and the initial concentration (initialC ) 

of Acid Red 1 in an electrochemical cell.  All Acid Red 1 concentrations were estimated from 

a plot of absorbance against concentration of standard Acid Red 1 solutions.  Taking into 

consideration the total solution volume (V in L) and the total mass of the polypyrrole film          

(W in g) at the completion of an entrapment experiment, we then used the same concentration 

difference to estimate the mass of Acid Red 1 per mass of polypyrrole film ( tq  in mg g-1), as 

shown in Equation (4.1).  We shall hereafter refer to tq  as the entrapment capacity after a 

polymerisation duration t  

 

 V
W

C-C
=q initialfinal

t ×  Equation (4.1) 
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4.3 Results and discussion 

4.3.1 Entrapment of Acid Red 1 in polypyrrole films as a function of Acid Red 1 

concentration and polymerisation time 

In this work, we begin by examining tq  of Acid Red 1 in polypyrrole films from its aqueous 

solution.  In these experiments, 0.2 mol L-1 pyrrole was electropolymerised at +0.88 V in the 

presence of Acid Red 1 as a supporting electrolyte (the solution was acidified to pH 4), where 

the Acid Red 1 concentration was arbitrarily increased from 60 mg L-1 to 2000 mg L-1.  A t 

between 20 min and 480 min was used at the corresponding temperature of 298 K, 303 K, 308 

K, 313 K and 318 K.  Notably, the solution pH was found to increase to pH 5-5.5 at the end of 

the polymerisation process.  However, this is still within an acidic pH range and is thus not 

expected to have negatively affected the electropolymerisation of pyrrole [39].  Results 

obtained are shown in Figure 4.1 and each data point in the figure represents the mean value of 

three measurements.  In Figure 4.1, we have also included an expanded tq  versus t plot for   313 

K to illustrate the variability of the results.  Notably, tq  increases with Acid Red 1 concentration 

from 60 to 2000 mg L-1 at a constant temperature, which is attributable to an increased driving 

force arising from the concentration gradient with the higher initial dye concentration.  Figure 

4.1 also shows that the entrapment reached equilibrium at 1500 mg L-1, beyond which no 

significant increase of tq  was observed.  This is because polypyrrole has limited active sites for 

Acid Red 1 entrapment and presumably complete coverage of the active sites of polypyrrole at 

dye concentrations higher than 1500 mg L-1 restricts further Acid Red 1 entrapment into a 

polypyrrole film.  Moreover, tq  of Acid Red 1 increases with polymerisation time and finally 

attained saturation at approximately 420 min.  Accordingly, we have hereafter assigned an 

equilibrium time of 420 min in this work.  The results in Figure 4.1 also show tq  of Acid Red 

1 increases with temperature, most likely due to enhanced mobility of Acid Red 1 with 

increased kinetic energy, which aided in Acid Red 1 diffusion towards the polypyrrole film.  
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Figure 4.1 Entrapment capacity (tq ) of Acid Red 1 in polypyrrole film as a function of initial 

Acid Red 1 concentration and polymerisation time (t) at five different temperature 

of 298 K, 303 K, 308 K, 313 K and 318 K.  All specified Acid Red 1 

concentrations are given in mg L-1. 

4.3.2 Entrapment kinetics 

Entrapment kinetics of Acid Red 1 into polypyrrole films in an aqueous medium were studied 

at increasing Acid Red 1 concentrations in order to investigate the entrapment mechanism 

involved in this process.  Initially, we have considered a pseudofirst-order model in which the 

entrapment rate is assumed to be solely dependent on Acid Red 1 concentration.  This is 

represented by Equation (4.2) [36].  

 
log q

e
- q

t( ) = log q
e
-

k
1
t

2.303
 Equation (4.2) 

where 1k  is the pseudofirst-order rate constant for the entrapment process (in min-1),                       

eq  (mg  g-1) denote the entrapment capacity of Acid Red 1 in a polypyrrole film at equilibrium 

(approximated by the Acid Red 1 concentration at 420 min).  Accordingly, for a pseudofirst-

order model, we expect a linear relation between )log( te qq −  and t , from which 1k  is estimated 

from the slope.  From tq  at a specified temperature in Figure 4.1, plots of )log( te qq −  versus 

t  were obtained (shown in Figure 4.2) for different Acid Red 1 concentration.  Unfortunately, 

the plots obtained at 298 K, 303 K, 308 K, 313 K and 318 K are not linear and they follow an 

irregular trend with increasing Acid Red 1 concentration, which may be due to a poor fit of the 
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data with pseudofirst-order kinetic model.  The correlation coefficient, 1R , for this model was 

found to range between 0.7709 and 0.9725 (N=10).  The corresponding residual plots all 

showed non-randomly distributed data points, further supporting that this entrapment system is 

unlikely to follow a pseudofirst-order kinetic model.  Accordingly, we did not proceed further 

in estimating any kinetic parameters based on a pseudofirst-order model. 
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Figure 4.2 Pseudofirst-order kinetic plots for the entrapment of Acid Red 1 in polypyrrole 

films at various temperatures of 298 K, 303 K, 308 K, 313 K and 318 K.  All 

specified Acid Red 1 concentrations are given in mg L-1. 

We have next considered a pseudosecond-order model in which the entrapment rate is 

dependent on the square of the Acid Red 1 concentration.  This is represented by Equation (4.3) 

[40]. 

 

t

q
t

=
1

k
2

q
e( )2

+
t

q
e

 Equation (4.3) 

where 2k  denotes the rate constant of a pseudosecond-order model (g mg-1 min-1).  In Equation 

3, a tqt /  versus t  plot is expected to yield a linear relation with 2k  estimated from the ordinate 

intercept of the plot, after evaluating eq  from the slope.  When the experimental results at 298 

K, 303 K, 308 K, 313 K and 318 K were plotted according to Equation 4.3, linear plots, as 

shown in Figure 4.3, were obtained and the corresponding kinetic parameters were evaluated 

and these are tabulated in Table 4.1.  The correlation coefficient, 2R , for the pseudosecond-

order kinetic model at different concentrations and temperatures, ranges between 0.9948 and 

0.9998 (N=10), and were found to be statistically significant at the 95% confidence level.  

Similarly, residual plots with randomly distributed data points were obtained.  The values of 

2k  decreased from 7.7 × 10-4 to 0.44 × 10-4 g mg-1 min-1 at 298 K, when the initial dye 
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concentration was increased from 60 to 2000 mg L-1, most likely due to a decrease in 

availability of vacant positive sites in polypyrrole for attraction of negatively charged Acid Red 

1.  However, at an initial Acid Red 1 concentration of 60 mg L-1, the pseudo-second order rate 

constants were estimated to be 7.7 × 10-4, 7.8 × 10-4, 7.9 × 10-4, 8.0 × 10-4 and 8.2 × 10-4                  

g mg-1 min-1 at the corresponding solution temperature of 298 K, 303 K, 308 K, 313 K and 

318 K, respectively.  This increase in 2k  value is most likely due to increased mobility of Acid 

Red 1 with temperature, which confirms that the entrapment process is endothermic in nature 

[41, 42].  Good agreement between ( )expteq
 
and prede )(q  (summarised in Table 4.1) was also 

achieved.  Therefore, the pseudo second-order kinetic model provided a better fit than the 

pseudofirst-order model for the Acid Red 1 entrapment in polypyrrole films, which agree with 

the entrapment kinetics of many dye species at various materials [37, 43-46]. 
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Figure 4.3 Pseudosecond-order kinetic plots for the entrapment of Acid Red 1 in polypyrrole 

films at various temperatures of 298 K, 303 K, 308 K, 313 K and 318 K.  All 

specified Acid Red 1 concentrations are given in mg L-1. 
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In order to further investigate the entrapment mechanism of Acid Red 1 in polypyrrole films, 

an intra-particle diffusion based mechanism was also considered.  According to Cheung et al. 

[47], intra-particle diffusion is a transport process involving movement of particles from the 

bulk of the solution to the solid phase either by a pore diffusion process through the liquid filled 

pores or by a solid surface diffusion mechanism.  They proposed that a dye entrapment system 

can be considered to involve either (i) diffusion across the liquid layer surrounding the external 

boundary film (external diffusion or film diffusion), (ii) diffusion in the liquid contained in the 

pores or along the pore walls (the intra-particle diffusion rate), or (iii) mass transfer 

(entrapment) at active sites on the surface, which is an extremely rapid process for physical and 

chemical systems and is often neglected for kinetic study.  In this work, we will therefore 

investigate whether liquid film diffusion or intra-particle diffusion or both mechanisms were 

involved in the Acid Red 1 entrapment in polypyrrole films.  In proposing an intra-particle 

diffusion model, Weber-Morris derived the following equation (4.4) [48]. 

 
q

t
= k

p
t  Equation (4.4) 

where pk  refers to the intra-particle diffusion rate constant (mg g-1 min-½).  Accordingly, a 

linear tq  versus t  plot passing through the origin is expected if the intra-particle diffusion is 

the only rate-controlling step for the entrapment process [45, 46, 49-51].  However, plots 

obtained at 298 K, 303 K, 308 K, 313 K and 318 K, as shown in Figure 4.4, displayed an initial 

non-linearity (~20-60 min), followed by a more linear dependence (~120-240 min) and a 

plateau (~300-480 min) over the duration used in this study, indicating that two or more steps 

may have been involved in the entrapment process.  In a study of acid dye adsorption at 

chitosan, Cheung et al. [47] attributed the non-linear feature to a boundary layer diffusion, the 

linear dependence to intra-particle diffusion, and the plateau to equilibrium.  As the plots in 

Figure 3.4 did not pass through the origin, the intra-particle diffusion would not be the sole rate-

controlling step, but other processes might control the rate of entrapment, all of which may be 

in operation simultaneously.  The correlation coefficients 3R
 
obtained from the linear portion 

of the plot (~120-240 min) were estimated between 0.9802 and 0.9999 (N=10), the statistical 

significance of which confirmed the linearity of that portion of the plot.  This was also supported 

by randomly distributed data points in the residual plots.  Based on the slopes of the linear 

portion of the plot in Figure 4.4, the intra-particle diffusion constant, pk , was estimated and 

data are tabulated in Table 4.1.  The data show that the rate of diffusion increased with an 
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increase in initial Acid Red 1 concentration and solution temperature.  This is due to a greater 

driving force with increasing Acid Red 1 concentration, resulting in enhancing the diffusion of 

dye from the solution towards the polymer, while reducing the diffusion of dye anions from the 

polymer interface to the solution [52].  As shown in Table 4.1, the increase in pk  with the 

temperature is due to the rise of particle movement, as a result of enhanced pore diffusion and 

intra-particle diffusion rate.  
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Figure 4.4 Intra-particle diffusion model for entrapment of Acid Red 1 in polypyrrole films 

with different initial Acid Red 1 concentrations at temperatures 298 K, 303 K, 308 

K, 313 K and 318 K.  All specified Acid Red 1 concentrations are given in             

mg L-1. 

4.3.3 Isotherm studies 

Many research groups [38, 41-44, 49, 53] have developed dye removal methods in which dyes 

were allowed to adsorb on a substrate surface for a desired period.  This has led to their 

consideration of several equilibrium adsorption isotherms including the Langmuir, Freundlich, 

Temkin and Dubinin-Radushkevich models to explain the interactive characteristics between a 

dye and the corresponding surface.  In contrast to such work, Acid Red 1 was electrostatically 

attracted to a positively charged polypyrrole backbone in the present study over a desired 

duration, resulting in Acid Red 1 being entrapped in the polymer chains.  Indeed, X-ray 

diffraction results in our earlier study provided evidence that Acid Red 1 was entrapped between 

polypyrrole chains [24], indicating that the incorporation of Acid Red 1 was not limited to 

surface adsorption.  In this context, by considering entrapment of Acid Red 1 during an initial 

polymerisation period no longer than 60 min, we assumed surface adsorption of Acid Red 1 to 

be the primary process in a polypyrrole film during this relatively short duration.  However, the 
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poor fit of the equilibrium data (not shown here, see appendix) obtained for entrapment of Acid 

Red 1 in polypyrrole films, even within a 60 min polymerisation period, demonstrating that the 

data did not obey any of the adsorption model, but Acid Red 1 was entrapped in a polypyrrole 

film.  In this way, we expect a higher entrapment of Acid Red 1 possible in a polypyrrole film 

compared to adsorption methods that required diffusion of a dye towards an adsorbate.  This 

will in turn make the entrapment method in polypyrrole films a more effective and efficient 

treatment method compared to those relying on adsorption.  Similarly, the entrapment method 

may also aid in preventing dye leakage from polypyrrole films back to a sample matrix. 

 



 Table 4.1 Kinetic data obtained for Acid Red 1 entrapment in polypyrrole films. 

Temperature 

/ K 

[Acid Red 1] 

/ mg L-1 

Pseudosecond order Intra-particle diffusion 
4

2 10×k
 

/ g mg-1 min-1 

( )predeq  

/ mg g-1 

( ) teq exp  

/ mg g-1 
2R  

pk  

/ mg g-1 min-½ 
3R  

298 

60 7.733 52.63 50.50 0.9993 1.02 0.9813 
120 3.057 102.0 95.60 0.9997 1.75 0.9984 
240 1.311 166.6 156.2 0.9951 2.80 0.9867 
480 0.6690 303.0 287.2 0.9948 6.63 0.9997 
600 0.5420 370.4 341.6 0.9968 8.78 0.9931 
900 0.4690 500.0 450.3 0.9998 9.19 0.9852 
1200 0.4750 625.0 589.1 0.9989 18.0 0.9995 
1500 0.4420 714.3 690.2 0.9983 22.3 0.9984 
2000 0.4410 714.3 695.2 0.9983 22.8 0.9981 

        

303 

60 7.822 54.05 52.90 0.9972 1.08 0.9942 
120 3.113 90.09 87.60 0.9950 1.83 0.9821 
240 1.455 188.7 181.3 0.9996 2.74 0.9999 
480 0.8480 294.1 271.9 0.9971 6.97 0.9999 
600 0.6320 357.1 331.7 0.9969 11.3 0.9977 
900 0.4880 500.0 457.3 0.9991 8.00 0.9722 
1200 0.5960 588.2 553.5 0.9981 20.1 0.9968 
1500 0.4610 714.3 700.1 0.9967 22.1 0.9999 
2000 0.4030 769.2 706.1 0.9967 21.8 0.9999 

        

308 

60 7.888 56.82 54.56 0.9995 1.11 0.9831 
120 3.388 86.96 82.16 0.9997 1.88 0.9987 
240 1.325 227.3 213.2 0.9986 4.78 0.9889 
480 0.8750 294.1 273.6 0.9987 6.87 0.9997 
600 0.6680 357.1 332.2 0.9990 9.03 0.9842 
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900 0.5070 500.0 463.5 0.9992 9.05 0.9861 
1200 0.5040 588.2 560.5 0.9996 18.0 0.9954 
1500 0.4900 714.3 714.9 0.9963 18.2 0.9999 
2000 0.4490 769.2 718.2 0.9963 22.6 0.9802 

        

313 

60 8.033 58.82 56.51 0.9984 1.23 0.9843 
120 3.554 90.09 85.17 0.9973 1.33 0.9997 
240 1.340 232.6 218.7 0.9973 5.14 0.9894 
480 0.8510 303.0 283.7 0.9964 7.40 0.9980 
600 0.6780 370.4 341.0 0.9974 8.54 0.9844 
900 0.4430 555.6 506.5 0.9987 16.0 0.9807 
1200 0.6100 588.2 572.4 0.9983 18.7 0.9957 
1500 0.5210 769.2 724.1 0.9987 21.2 0.9983 
2000 0.5120 769.2 730.2 0.9986 24.0 0.9992 

        

318 

60 8.180 59.17 57.29 0.9994 1.16 0.9831 

120 3.600 90.91 86.27 0.9994 1.18 0.9981 
240 1.340 238.1 223.9 0.9983 6.64 0.9994 
480 0.9240 303.0 287.3 0.9983 7.14 0.9997 
600 0.6820 370.4 348.8 0.9997 9.49 0.9842 
900 0.6100 555.6 518.2 0.9991 10.2 0.9843 
1200 0.5530 625.0 588.5 0.9983 19.1 0.9916 
1500 0.5350 769.2 750.6 0.9995 26.7 0.9807 
2000 0.5350 769.2 753.1 0.9994 27.0 0.9818 
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4.3.4 Thermodynamic parameters 

In order to study the effect of temperature on Acid Red 1 entrapment in polypyrrole films, 

thermodynamic parameters including the standard Gibbs free energy change ( oG∆ ), standard 

enthalpy change ( oH∆ ) and standard entropy change (oS∆ ) were also determined in the present 

work.  The free energy, G∆ , for entrapment of Acid Red 1 in a polypyrrole film is defined by 

Equation (4.5). 

 CKRTGG ln+∆=∆ o

 Equation (4.5) 

where R is the universal gas constant (8.314 J mol-1 K-1), T is the absolute temperature in K 

and CK  is the equilibrium  constant ((qe / Ce), where eC
 is the Acid Red 1 concentration at 

equilibrium).  At equilibrium, 0=∆G , we thus obtain  

 CKRTG ln−=∆ o

 Equation (4.6) 

The 0G∆  was found to be -1.46±0.78, -1.86±0.22, -2.14±0.89, -2.58±0.29 and -2.94±0.24 kJ 

mol-1 at the corresponding temperature of 298 K, 303 K, 308 K, 313 K and 318 K.  The negative 

free energy change indicates a spontaneous entrapment of Acid Red 1 in polypyrrole film during 

electropolymerisation of pyrrole at all temperatures.  Generally, the change of free energy for a 

physical process is in a range of -20 to 0 kJ mol-1, while the corresponding change for a 

chemical process is between -80 and -400 kJ mol-1 [38].  Accordingly, the 0G∆  values in this 

work indicate the Acid Red 1 entrapment in polypyrrole films is physical in nature. 

Standard enthalpy and entropy change values for Acid Red 1 entrapment in a polypyrrole film 

were evaluated from the Van’t Hoff equation: 

 
RT

H

R

S
KC

oo ∆−∆=ln  Equation (4.7) 

Both oH∆  and 0S∆  were estimated from the slope and ordinate intercept of the CKln  versus 

T1  plot shown in Figure 4.5(a).  The positive value of oH∆  (20.5±2.5 kJ mol-1; N=5) suggests 

that the Acid Red 1 entrapment in polypyrrole is endothermic.[53, 54]  Also, a positive 0S∆ , 

estimated to be 73.6±8.2 J mol-1 K-1 (N=5), indicates an increased randomness in the 

polypyrrole solid/Acid Red 1 solution interface and an affinity of Acid Red 1 towards 
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polypyrrole film.  Thus, from the thermodynamic viewpoint, entropy seems to be a driving 

force of Acid Red 1 entrapment in polypyrrole film [34] 

In addition, activation energy gives information about the entrapment mechanism.  The 

activation energy is obtained based on the Arrhenius equation: 

 
RT

E
Ak a−= lnln 2

 Equation (4.8) 

where 2k is the pseudosecond-order rate constant, aE  is the Arrhenius activation energy, A , 

the Arrhenius factor.  From the 2lnk  versus T/1  plot shown in Figure 4.5(b), a straight line 

with slope REa−
 is obtained.  In general, equilibrium is usually attained rapidly and is easily 

reversible in a physical process because the forces involved in the process are weak, leading to 

low energy requirements.  In contrast, a chemical process is specific and the forces involved 

are much stronger than in physical process.  Accordingly, low activation energy                         

(<40 kJ mol-1) is often characteristic of a physical process, while high activation energy           

(40 – 400 kJ mol-1) is associated with a chemical process [38].  In this work, the activation 

energy for the entrapment of Acid Red 1 in polypyrrole films was estimated to be 7.67±0.8 kJ 

mol-1 (N=5), indicating the Acid Red 1 entrapment in polypyrrole film is primarily governed 

by a physical process. 
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Figure 4.5 (a) Plot of CKln
 versus T/1  for estimation of thermodynamic parameters for 

entrapment of Acid Red 1 in polypyrrole films.  (b) An Arrhenius plot for the 

entrapment of Acid Red 1 in polypyrrole films. 

4.4 Conclusion 

In this chapter, we have investigated the kinetics, isotherms and thermodynamics of Acid Red 

1 entrapment in polypyrrole films.  The kinetics data strongly supported that Acid Red 1 

entrapment in polypyrrole films follows a pseudosecond order model.  Moreover, kinetic study 

revealed that intra-particle diffusion is also involved in this entrapment system but this is not a 

rate-controlling step.  The isotherm study showed that the equilibrium data of Acid Red 1 

entrapment in polypyrrole films did not obey any of the common isotherm models, confirming 

that the process is not an adsorption but an entrapment process.  From the thermodynamic study, 

a positive ΔH° (20.5±2.5 kJ mol-1) suggests that the Acid Red 1 entrapment process is 

endothermic in nature.  Also, a positive ΔS° (73.6±8.2 J mol-1 K-1) is indicative of increased 

randomness of the interface and an affinity of Acid Red 1 towards polypyrrole films.  The 

negative value (-1.46±0.78, -1.86±0.22, -2.14±0.89, -2.58±0.29 and -2.94±0.24 kJ mol-1 at the 

corresponding temperature of 298 K, 303K, 308 K, 313K and 318 K) evaluated for changes in 

ΔG° is indicative of a spontaneous entrapment process. Additionally, the low value of                 
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aE =7.67±0.8 kJ mol-1 confirms the Acid Red 1 entrapment in polypyrrole film is a physical 

process.  All the above findings demonstrated that the Acid Red 1 entrapment process in 

polypyrrole films is an efficient and effective treatment method, which will aid in further 

development of the electrochemical treatment of effluents containing azo dyes. 
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CHAPTER 5 

EVALUATION OF ACID RED 1 ENTRAPMENT-
LIBERATION PERFORMANCE BY 
ELECTROCHEMICALLY SYNTHESISED 
POLYPYRROLE-GRAPHENE OXIDE AND 
POLYPYRROLE-REDUCED GRAPHENE OXIDE 
COMPOSITE FILMS 

 

 

5.1 Introduction 

Globally, water contamination by various pollutants including dyes is a concerning 

environmental issue.  Dyes that are extensively used in many industries, for example, textile, 

leather, paint, food, pharmaceuticals and cosmetic represent a major polluting group among the 

different types of water pollutants [1, 2].  Approximately 10-25% of textile dyes are lost during 

the dyeing process and 2-20% are directly discharged as aqueous effluents [3].  Moreover, these 

dyes usually have a complex molecular structure that makes them stable and more difficult to 

biodegrade [4, 5].  As a result, the discharged dye containing wastewater can cause serious 

hazards to water bodies and plant life, introduce the potential risk of bioaccumulation and thus 

destroy the entire ecosystem [6].  Furthermore, most of the dye molecules or their metabolites 

(e.g., aromatic amines) are highly toxic, potentially carcinogenic, mutagenic and allergenic to 

exposed organisms, thus can contaminate not only the surrounding environment, but also 

traverse through the entire food chain, leading to biomagnification [7, 8]. 

Evidently, removal of dyes from effluent before discharging into the water system becomes 

environmentally important.  A range of conventional physico-chemical and biological treatment 

methods for removal of dye from the effluents, including chemical precipitation, adsorption, 

activated carbon adsorption [9], reverse osmosis [10], ion exchange, biodegradation, membrane 

filtration, coagulation and flocculation [11] have been investigated extensively.  However, the 
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above mentioned techniques can produce appreciable toxic by-products during operation.  In 

addition, there is a very limited scope for recovering precious dyes from effluents in applying 

these techniques.  

In Chapter 3, we have reported the application of the conducting polymer, polypyrrole, as a 

potential green tool for treatment of azo dye using Acid Red as a model dye [12].  Briefly, in 

our pilot study, we have successfully synthesised polypyrrole-Acid Red 1 films by 

electropolymerisation of pyrrole in the presence of Acid Red 1 to entrap the dye from its 

synthetic solution.  Similarly, Acid Red 1 liberated from dye entrapped polypyrrole film.  In 

Chapter 4, we have also reported the kinetic models and thermodynamics of the entrapment of 

Acid Red 1 in polypyrrole films and found significant entrapment capacity of 

electropolymerised polypyrrole for Acid Red 1. 

However, poor stability of polypyrrole films has limited their repeated entrapment-liberation 

process of Acid Red 1.  This poor stability was likely to have caused by swelling and shrinkage 

during the entrapment-liberation process (or oxidation-reduction cycle of polypyrrole) of Acid 

Red 1.  This has directly led to mechanical degradation of the polypyrrole films and weakening 

of their electrochemical performance [13-15].  Therefore it is essential to improve the 

mechanical strength of polypyrrole films before they can be further considered for use in 

electrochemical treatment of Acid Red 1.  Moreover, surface area or porosity of the film is also 

an important influencing factors for efficient entrapment.  Therefore, it is very necessary to 

prepare nanostructured polypyrrole film with a large surface area to improve its entrapment 

efficiency. 

The introduction of carbon-based materials into conducting polymers provides mechanical 

reinforcement and increased porosity that accommodates the volumetric changes associated 

with the charge/discharge process. In addition, the enhanced conductivity provided by the 

carbon network enables a more rapid charge/discharge [16].  Among the carbon-based 

materials, graphene, a two-dimensional monolayer of sp2-bonded carbon atoms has attracted a 

great deal of attention in recent years, due to its high electrical and thermal conductivities [17], 

great mechanical strength [18] and large surface area [19, 20].  Graphene or graphene oxide can 

be easily prepared in large scales from natural graphite. Graphene oxide sheets are heavily 

oxygenated and this will aid in improving the interaction between graphene oxide and 

polypyrrole [21].  In addition, graphene oxide is an easily available low cost material.   

Therefore, graphene oxide is often preferred over other expensive carbon-based materials such 
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as carbon nanotubes [21, 22].  Moreover, owing to its high water solubility and the presence of 

oxygen containing functional groups (e.g., epoxy, hydroxyl, and carboxyl groups), graphene 

oxide will interact strongly with polymers.  This makes graphene oxide possible to function as 

a dopant when it is incorporated in conducting polymers such as polypyrrole [21]. 

Graphene oxide based composites have attracted a great deal of attention from researchers in 

preparing conductive polymer composites due to their advantages, which include high 

conductivity, large surface area, excellent thermal and mechanical properties and low cost 

synthesis [23].  Recently, some work has been conducted on the preparation of polypyrrole-

graphene oxide and polypyrrole-graphene nanocomposites for their applications in 

supercapacitors, transparent electrodes, artificial actuators, and removal of inorganic anion 

from its aqueous solution [15, 24-29].  The thermal, mechanical and electrical properties of 

these composites were found to have improved compared to polypyrrole [30-33].  Composites 

based on polypyrrole and graphene oxide have shown synergistic properties such as 

enhancement in electrical conductivity and electrochemical cyclability [34, 35].  Bora and Dolui 

[21] synthesised polypyrrole-graphene oxide nanocomposites by liquid-liquid interfacial 

polymerization and their optical, electrical and electrochemical properties were evaluated.  

They reported that the composites exhibited significant improvement in thermal stability and 

2.5 folds increase in electrical conductivity in comparison to pure polypyrrole and showed 

excellent electrochemical reversibility and good cyclic stability even up to the one hundredth 

cycle.  Therefore, they suggested that the polypyrrole-graphene oxide composite could be 

applied to electrochemical energy storage devices, rechargeable batteries, biosensor and other 

fields [21].  Li et al. [36] studied the removal of Cr(VI) from an aqueous solution by chemically 

synthesised polypyrrole-graphene oxide composite nanosheets.  They reported that the removal 

capacity of the polypyrrole-graphene oxide composite nanosheets was about two times larger 

than that of polypyrrole.  Chandra and Kim [37] synthesised polypyrrole-reduced graphene 

oxide composites via a chemical route and a highly selective Hg2+ removal capacity of 

polypyrrole-reduced graphene oxide (85%) composite compared to polypyrrole (13%) was 

reported.  They also suggested that the highly removal capacity and recycling make this material 

practically useful for wastewater treatment [37]. 

In order to improve the thermal and mechanical stability, conductivity, effective surface area, 

and the dye entrapment efficiency of polypyrrole films, a composite of polypyrrole and 

graphene oxide was used in the present study.  In this chapter, we will evaluate Acid Red 1 
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removal performance by electrochemically synthesised mechanically and thermally stable 

polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide films.   

Initially, an Acid Red 1 entrapped polypyrrole-graphene oxide film was synthesised via 

electropolymerisation of pyrrole in presence of Acid Red 1 and graphene oxide.  Next, the 

polypyrrole-reduced graphene oxide film was electrochemically reduced to form a polypyrrole-

graphene oxide film.  The films obtained were then characterised by electrochemistry, scanning 

electron microscopy and spectrophotometry, Brunauer, Emmett and Teller (BET) surface area 

analysis, mechanical and thermogravimetric analysis.  Finally, we evaluated the entrapment-

liberation efficiency of Acid Red 1 entrapped polypyrrole-graphene oxide and polypyrrole 

reduced graphene oxide films over different entrapment-liberation cycles.  At the end of this 

Chapter, a preliminary study of Acid Red 1 entrapment in polypyrrole-reduced graphene oxide 

films in the presence of Indigo Carmine was also performed to investigate the selectivity of 

polypyrrole reduced graphene oxide towards Acid Red 1. 

5.2 Experimental 

Details of the procedure adopted for experiments described in this chapter have been presented 

in Chapter 2.  Initially, graphite oxide was synthesised from graphite powder using a modified 

Hummers-Offeman method [38] (described in Chapter 2) and exfoliation of graphite oxide was 

performed to prepare graphene oxide using an Extech ultrasonic processor.  An Acid Red 1 

entrapped polypyrrole-graphene oxide film was potentiostatically synthesised by in situ 

polymerisation on a stainless steel mesh electrode by applying an oxidation potential of +1.0 V 

(determined from the cyclic voltammogram of polypyrrole in the presence of Acid Red 1 and 

graphene oxide as discussed in section 5.3.1) in the presence of 0.2 mol L-1 pyrrole and         

1500 mg L-1 Acid Red 1 for 480 min.  The polypyrrole-graphene oxide film was then reduced 

by applying a reduction potential of -1.3 V for 240 min in 0.5 M NaOH solution to prepare a 

polypyrrole-reduced graphene oxide film.  The entrapment evaluation of Acid Red 1 in a      

1500 mg L-1 solution was then performed in the respective polypyrrole, polypyrrole-graphene 

oxide and polypyrrole-reduced graphene oxide films for a duration from 20 to 480 min by 

applying an oxidation potential of +1.0 V.  The synthesised films were then characterised by 

BET surface area analysis, FTIR, XPS tensile testing, conductivity measurements, TGA and 

SEM.  The remaining electrolyte solutions in the cell were used to evaluate the percentage of 

Acid Red 1 entrapped in the films by UV-visible spectrophotometry.  Liberation experiment at 

the same films was also performed in the presence of 0.5 M NaOH solution by applying a 
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reduction potential of -0.80 V for 300 min and the resultant solution was again 

spectrophotometrically analysed to determine the liberation efficiency of Acid Red 1 entrapped 

polypyrrole film. 

5.3 Results and discussion 

5.3.1 Characterisation 

5.3.1.1 Cyclic voltammetry 

In order to determine the appropriate oxidation-reduction potential for entrapment and 

liberation of Acid Red 1, cyclic voltammetry of 0.2 mol L-1 pyrrole was conducted at a stainless 

steel mesh electrode in the presence of 1500 mg L-1 Acid Red 1 or 1500 mg L-1 Acid Red 1 

and graphene oxide (20:1 between pyrrole and graphene oxide) as a supporting electrolyte and 

Acid Red 1 alone.  The amount of graphene oxide was chosen based on the conductivity of 

films as discussed in Section 5.3.1.9.  The results obtained are shown in Figure 5.1(a).  In all 

voltammograms, as the potential was scanned from -1.2 V to +1.5 V, a current increase 

observed between +1.0 V and +1.5 V in the voltammograms obtained at both polypyrrole-Acid 

Red 1 and polypyrrole-graphene oxide, while a broad reduction peak between -0.80 and -1.0 V 

was observed as the potential was scanned backward.  The former peaks were attributed to the 

oxidation of pyrrole to form polypyrrole with a positive charged backbone with entrapped 

anion, whereas the latter peaks arose from the reduction of polypyrrole with uncharged, anion 

liberated film.  Notably, no oxidation / reduction peaks were observed at the stainless steel 

electrode in Acid Red 1 alone.  Witkowski et al. [39] reported that overoxidation of pyrrole 

would occur at potential higher than +1.0 V, while Schlenoff and Xu [40] reported an 

irreversible oxidation after applying potential greater than +1.4 V.  Under overoxidation or 

irreversible oxidation, electroactivity of the film was negatively affected and the counter anion 

would not be reincorporated into the film [41].  Based on cyclic voltammetry of pyrrole in the 

presence of Acid Red 1 or graphene oxide, an oxidation potential of +1.0 V was used in this 

study to avoid overoxidation of pyrrole and a reduction potential of -0.80 V was adopted.  These 

two potentials were then used in the entrapment and liberation of Acid Red 1, respectively, in 

polypyrrole and polypyrrole-graphene oxide films in our investigations. 
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Figure 5.1 Cyclic voltammograms of (a) polypyrrole in the presence of Acid Red 1 or 

graphene oxide and Acid Red 1 alone; (b) reduction of graphene oxide in a 

polypyrrole film, and (c) Schematic conversion of graphene oxide to reduced 

graphene oxide. 

The potential for reducing graphene oxide to reduced graphene oxide was then determined.  In 

this experiment, a potential range from 0.0 to -1.5 V was applied to a polypyrrole-graphene 

oxide film electrode in 0.5 M NaOH aqueous solution.  The cyclic voltammogram in Figure 

5.1(b) shows a cathodic current peak between -0.80 V and -1.3 V. This large reduction current 
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arose from the reduction of the surface oxygen groups of graphene oxide.  Based on this cyclic 

voltammogram, -1.3 V was selected as a sufficiently negative potential to reduce graphene 

oxide in the polypyrrole-graphene oxide film to a polypyrrole-reduced graphene oxide film as 

the reduction occurs at more negative potentials [42].  As illustrated in Figure 5.1(c), during the 

reduction process, the number of oxygen containing functional groups decreased, but the π 

conjugation was enhanced, leading to an increase in conductivity of the film. 

5.3.1.2 FTIR analysis 

Figure 5.2 shows the FTIR spectra of graphene oxide (trace a), Acid Red 1 entrapped 

polypyrrole (trace b), polypyrrole-graphene oxide (trace c) and polypyrrole-reduced graphene 

oxide (trace d) composite films.  In trace a, the peaks at 3400, 1750, 1400 and 1045 cm-1 are 

assigned to the stretching vibration of OH, C=O in COOH, and C-O in C-OH / C-O-C (epoxy) 

functional groups, respectively.  These observations are consistent with 3415, 1730 and       

1407-1057 cm-1 for the vibration of OH, C=O and C-O, respectively in the FTIR spectra of 

graphene oxide reported by Feng et al. [29].  In trace b, the characteristic peaks located at 1490, 

1050 and 898 cm-1, due to the pyrrole ring stretching, N-H bending of polypyrrole, and               

in-plane / out-of-plane C-H bending, respectively.  Similar results were observed by Feng et al. 

[29] and Zhang et al. [43] for the spectra of polypyrrole.  In the FTIR spectra of both Acid Red 

1 entrapped polypyrrole-graphene oxide film (trace c) and polypyrrole-reduced graphene oxide 

film (trace d), all these characteristics peaks of polypyrrole film appeared but either positively 

or negatively shifted due to the interaction of graphene oxide with polypyrrole.  This serves as 

an indication of the presence of polypyrrole in the composite films [29, 44].  In addition, FTIR 

spectra of Acid Red 1 entrapped polypyrrole (trace b) and polypyrrole-graphene oxide (trace c) 

show characteristic peaks at 775 and 1256 cm-1 that correspond to the strong stretching vibration 

of S=O group of Acid Red 1 and the peak at 1750 cm-1 corresponds to C=O stretching of Acid 

Red and / or graphene oxide [12, 43].  Moreover, in the FTIR spectra of polypyrrole-graphene 

oxide (trace c), a small peak at 1400 cm-1 for stretching of C-O in C-OH and a broad peak at 

3400 cm-1 assigned for stretching of OH confirm the presence of graphene oxide in the film.  

However, disappearance of peaks at 3400, 1750, and 775 and 1256 cm-1 in the FTIR spectra of 

polypyrrole-reduced graphene oxide film (trace d) may be due to the reduction of OH and C=O 

groups of graphene oxide and the liberation of Acid Red 1 from the film, respectively, after 

electrochemical reduction of polypyrrole-graphene oxide film to polypyrrole-reduced graphene 

oxide film. 
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Figure 5.2 FTIR spectra of (a) graphene oxide, and Acid Red 1 entrapped (b) polypyrrole, 

(c) polypyrrole-graphene oxide and (d) polypyrrole-reduced graphene oxide 

composite films. 
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5.3.1.3 XRD analysis 

The structure of the polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced 

graphene oxide composite films was investigated by XRD measurements.  Figure 5.3 shows 

the XRD patterns of graphene oxide (trace a), polypyrrole in the presence of KNO3 (trace b), 

and Acid Red 1 entrapped polypyrrole (trace c), polypyrrole-graphene oxide (trace d) and 

polypyrrole-reduced graphene oxide (trace e) composite films.  The XRD pattern of graphene 

oxide only (trace a) exhibits a strong peak at °= 4.112θ , corresponding to the peak for 

graphene oxide.  A θ2 peak at °4.11 was obtained by Bora and Dolui [21], and they attributed 

this to (001) reflection peak for graphene oxide.  The spectrum of a polypyrrole film synthesised 

in the presence of KNO3 (trace b) displays a broad diffraction peak at approximately  

°= 9.242θ .  This is consistent with the peak obtained by Liu et al. [24] and Bora and Dolui 

[21], which arose from the amorphous nature of polypyrrole.  After electropolymerisation of 

pyrrole in the presence of Acid Red 1 (trace c), in addition to the peak at °= 9.242θ for 

polypyrrole, a peak at °= 7.82θ  was found for Acid Red 1, indicating the entrapment of Acid 

Red 1 in the polypyrrole film [12].  A polypyrrole film prepared in the presence of both Acid 

Red 1and graphene oxide (trace d) shows the same peaks at °= 7.82θ  for Acid Red 1 and 

°6.25 for polypyrrole, while the peak at °= 4.112θ for graphene oxide in trace a has shifted to

°8.13 with a significantly reduced peak intensity.  This decrease in the peak intensity may be 

due to the exfoliation of graphene oxide layers upon ultrasonication and low graphene oxide 

concentration [21].  Moreover, the presence of these three peaks indicates the successful 

entrapment of Acid Red 1 in the polypyrrole-graphene oxide composite film.  Thus the XRD 

results reveal that the graphene oxide sheets were well intercalated and uniformly dispersed in 

the polypyrrole matrix.  On the other hand, the XRD pattern of polypyrrole-reduced graphene 

oxide composite film (trace e), which was prepared by electrochemical reduction of 

polypyrrole-graphene oxide film, shows a broader diffraction peak at approximately 

°= 4.242θ , which is almost similar to that in the XRD pattern of polypyrrole in trace b.  

Chandra and Kim [37] also reported a broad peak at °= 252θ  for polypyrrole-reduced 

graphene oxide and suggested that this peak arose from both the polypyrrole intermolecular 

spacing and reduced graphene oxide. 
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Figure 5.3 X-ray diffraction patterns of (a) graphene oxide alone, (b) polypyrrole in presence 

of KNO3, (c) Acid Red 1 entrapped polypyrrole, (d) Acid Red 1 entrapped 

polypyrrole-graphene oxide and (e) polypyrrole-reduced graphene oxide 

composite films. 

5.3.1.4 XPS analysis 

XPS is a useful technique for characterising carbon-based materials.  XPS can provide 

information about the actual composition and chemical state of surfaces of a materials.  Figure 

5.4 shows the C1s core-level spectra of Acid Red 1 entrapped in (a) polypyrrole,                            

(b) polypyrrole-graphene oxide, and (c) polypyrrole-reduced graphene oxide composite films.  

The bands centered at 284.8 are known to be associated with C1s [45].  The C1s core-level 

spectra of all polypyrrole composite films (Figure 5.4 (a), (b) and (c)) show peaks at the binding 

energies of 284.7, 285, 286.7, and 288.3 eV, which correspond to the chemical bonds of             
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C-C/C=C, C-N/C=N, C-O and C=O/O-C=O, respectively by comparing to 284.7, 285.6, 286.7 

and 288.3 eV reported by Si et al. [27].  The relative peak intensities of C-O and C=O/O-C=O 

are substantially decreased for polypyrrole-reduced graphene oxide (Figure 5.4(c)) after the 

electrochemical reduction polypyrrole-graphene oxide.  Si et al. [27] and Feng et al. [29] 

observed similar results after electrochemical reduction of polypyrrole-graphene oxide film.  

They suggested that the decreased peak intensity was due to the removal of the oxygen 

functionalities on the surface of graphene oxide in the composite material during the 

electrochemical reduction (see Schematic in Figure 5.1(c)).  The wide region scanning XPS 

spectra of Acid Red 1 entrapped polypyrrole, polypyrrole-graphene oxide and            

polypyrrole-reduced graphene oxide composite films are shown in Figure 5.4(d).  The peaks at 

approximately 399-401 eV in the N1s spectra of Acid Red 1 entrapped polypyrrole, 

polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide (Figure 5.4(d)) are 

associated with C-N and C-N+, indicating the presence of polypyrrole in the composite films.  

These results are comparable to 399.6 and 401.7 eV observed by Feng et al. [29].  In Figure 

5.4(d), the peaks at 531.1 eV for polypyrrole, polypyrrole-graphene oxide and polypyrrole 

reduced graphene oxide are associated with O1s.  However the peak intensity decreased in 

polypyrrole reduced graphene oxide compared with polypyrrole-graphene oxide because of the 

removal of oxygen functionalities after electrochemical reduction.  A small peak at 

approximately 168 eV in the S2p XPS spectra in Figure 5.4(d) correspond to the sulfur content 

of Acid Red 1 in polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced graphene 

oxide composite films. 

The atomic percentage of a given chemical moiety in the near surface region of a film can be 

evaluated from the area under the peak of the XPS spectra, which is proportional to the number 

of atoms that contribute to a given intensity.  Accordingly, the atomic percentages of carbon, 

nitrogen, oxygen and sulfur in the composite films were evaluated and data are summarised in 

Table 5.1. 
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Figure 5.4 The C1s core-level spectra of Acid Red 1 entrapped (a) polypyrrole, (b) 

polypyrrole-graphene oxide, and (c) polypyrrole-reduced graphene oxide 

composite films and (d) the wide region canning XPS spectra Acid Red 1 

Table 5.1 Relative atomic percentages of carbon, nitrogen, oxygen and sulphur in Acid Red 

1 entrapped polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced 

graphene oxisde composite films. 

Element 
Polypyrrole-Acid Red 1 

Polypyrrole-graphene 
oxide 

Polypyrrole-
reduced graphene 
oxide 

Atomic % 

C 71.75 63.21 66.16 

N 12.41 2.84 8.72 

O 12.72 28.85 21.12 

S 1.91 0.69 0.86 
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5.3.1.5 SEM analysis 

Figure 5.5 shows the scanning electron micrographs of (a) polypyrrole (in the presence of 

KNO3), (b) Acid Red 1 entrapped polypyrrole, (c) polypyrrole-graphene oxide and                       

(d) polypyrrole-reduced graphene oxide composite films.  In Figure 5.5(a), the polypyrrole film 

prepared in presence of KNO3 shows a rough surface morphology of polypyrrole, which is 

commonly observed on polypyrrole film synthesised in the presence of small anions     

(e.g.ClO4 ,̄ ), and as previously reported by Chang et al. [28].  On the other hand, a 

polypyrrole film prepared in the presence of Acid Red 1 (Figure 5.5(b)) exhibits a typical 

cauliflower morphology composed of large nodules after the entrapment of Acid Red 1 in the 

polypyrrole film, similar to those previously observed in polypyrrole films polymerised in the 

presence of pTS¯  [46].  Scanning electron micrographs of polypyrrole-graphene oxide        

(Figure 5.5(c)) presents a similarly wrinkled or crumbled surface to that observed by Yang et 

al. [47] at the surface of electrodeposited polypyrrole-graphene oxide film, resulting from the 

formation of a thin layer of graphene oxide nanosheets within the polypyrrole film [47], that 

experienced an electrostatic repulsive interaction between the negatively charged adjacent 

graphene oxide nanosheets [27].  However, the surface of polypyrrole-reduced graphene oxide 

film appears cracked and porous microstructures.  Pore and channel, resulting from the 

liberation of Acid Red 1 from the film during electrochemical reduction of                    

polypyrrole-graphene oxide film to polypyrrole-reduced graphene oxide film.  Similarly porous 

microstructures of polypyrrole-reduced graphene oxide film synthesised by electrochemical 

reduction of polypyrrole-graphene oxide was also observed in chemically synthesised 

polypyrrole-reduced graphene oxide by Chandra et al. [37] and in electrochemically 

synthesised polypyrrole-reduced graphene oxide by Yang et al. [47]. 

 

NO
3
−
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Figure 5.5 Scanning electron micrographs of (a) polypyrrole film in presence of KNO3, and 

Acid Red 1 entrapped (b) polypyrrole, (c) polypyrrole-graphene oxide, and          

(d) polypyrrole-reduced graphene oxide composite films. 

5.3.1.6 TGA 

The thermal stability of polypyrrole and its composite films was studied by TGA.  Figure 5.6 

shows the TGA curves of graphene oxide, polypyrrole in the presence of KNO3, Acid Red 1 

entrapped polypyrrole, Acid Red 1 entrapped polypyrrole-graphene oxide and Acid Red 1 

entrapped polypyrrole-reduced graphene oxide composite films, and the percentage of weight 

loss estimated from these TGA curves are tabulated in Table 5.2.  In the TGA curves the weight 

loss of all samples at 100 °C was due to the removal of adsorbed water.  As shown in            

Figure 5.6, graphene oxide exhibited a complete combustion at ~190 ºC, , which is comparable 

with the complete combustion of graphene oxide occur at around 150 ºC, due to the presence 

of large amount of oxygen containing groups as reported by Si et al. [27] and Lim et al. [48].  

The polypyrrole and Acid Red 1 entrapped polypyrrole, polypyrrole-graphene oxide and 

polypyrrole-reduced graphene oxide films exhibited a dynamic mass loss in the temperature 
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range between 150 and 700 °C.  The results in Figure 5.6 also show that polypyrrole is 

somewhat less thermally stable than the polypyrrole-composite films, with approximately 30% 

mass loss of polypyrrole occurred at 300 °C and then the weight decreased slowly up to 55% 

of the original weight at 700 °C.  Above 300 °C, the polypyrrole-graphene oxide and 

polypyrrole-reduced graphene oxide films exhibited a weight loss trend similar to polypyrrole 

up to 700 °C. The initial weight loss between 100 and 250 °C for polypyrrole,              

polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide films are probably due to 

the volatilization of oligomers and elimination of unreacted monomer, as well as the removal 

of the oxygen-containing functional groups.  At higher temperatures, the protonic acid 

component of the polymer was then lost, and finally, at more extreme temperatures, cleavage 

of the polymer chain can lead to the production of volatile gases [49].  Approximately 57%, 

56% and 57% of the weight remained for Acid Red 1 entrapped polypyrrole, polypyrrole-

graphene oxide and polypyrrole-reduced graphene composite films at 700 °C, respectively    

(see Table 5.2).  Despite the similar thermal degradation process, the major degradation in the 

composite films started at a higher temperature compared to polypyrrole.  Thus, we have used 

these results to infer that the incorporation of graphene oxide in the polypyrrole matrix has 

enhanced the thermal stability of the polypyrrole composite films. 

 

Figure 5.6 TGA of graphene oxide, polypyrrole in KNO3, Acid Red 1 entrapped polypyrrole, 

polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide composite 

films in a nitrogen atmosphere. 
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Table 5.2 TGA data of polypyrrole and polypyrrole composite films 

Sample 
Weight loss / % at temperature / °C Weight 

retention /% 
at 700 °C 100 200 300 400 500 600 700 

Polypyrrole-KNO3 7.8 18.0 28.7 32.0 35.3 39.7 44.1 55.9 

Polypyrrole-Acid Red 1 8.5 12.5 17.6 25.9 34.2 38.7 42.4 57.6 

Graphene oxide 17.7 98.0 98.2 98.2 98.3 98.5 98.8 1.3 

Polypyrrole-graphene oxide 8.9 13.3 17.9 25.7 34.4 39.1 43.8 56.2 

Polypyrrole-reduced graphene oxide 10.1 13.1 18.9 24.2 31.2 36.5 42.1 57.9 

 

5.3.1.7 BET Surface area analysis 

In our work, BET surface area analysis was conducted in order to estimate the specific surface 

area of polypyrrole and its composite films.  Figure 5.7(a) shows the nitrogen adsorption 

desorption plots (Volume adsorbed versus Relative pressure 0PP ) of (i) polypyrrole film in 

presence of KNO3, (ii) Acid Red 1 entrapped polypyrrole, (iii) polypyrrole-graphene oxide and 

(iv) polypyrrole-reduced graphene oxide composite films at -196 ºC.  The volume of gas 

adsorbed was observed to be greater for the Acid Red 1 entrapped polypyrrole-graphene oxide 

and polypyrrole-reduced graphene oxide composite films than the polypyrrole itself, suggesting 

a higher surface area or larger total pore volume.  According to Equation (2.4) in Chapter 2, a 

plot of ( )[ ]11 0 −PPQ  versus 0PP , which yields a straight line as shown in Figure 5.7(b) was 

obtained with a slope of CQC m/)1( − , and intercept, CQm/1 .  The value of mQ  can be 

estimated from the reciprocal of the sum of the slope and intercept.  From the value of mQ , the 

specific surface area, BETS , can be evaluated using Equation (2.5) in Chapter. Using BET 

analysis, the specific surface area of polypyrrole (in the presence of KNO3), and Acid Red 1 

entrapped polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide 

composite films were estimated to be 4.72, 11.41, 21.33 and 34.73 m² g-1, respectively.  Our 

results are comparable to those observed by Bose et al.[50] and Chandra et al. [37], who found 

a high surface area for polypyrrole-graphene nanosheets and polypyrrole-reduced graphene 

oxide film, respectively, than polypyrrole itself.  They suggested that the increased surface area 

is due to the incorporation of graphene oxide nanosheets with high surface area into the 

polypyrrole network.  The increased surface area of the polypyrrole-composite films will thus 

increase the entrapment capacity of dye molecule in the polypyrrole-composite films. 
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Figure 5.7 (a) Plots of the nitrogen adsorption desorption of (i) Polypyrrole in KNO3, and 

Acid Red 1 entrapped (ii) polypyrrole, (iii) polypyrrole-graphene oxide and        

(iv) polypyrrole-reduced graphene oxide composite films at -196 °C. (b) BET 

surface area plot. 

5.3.1.8 Mechanical properties of polypyrrole composite films 

Mechanical stability of polypyrrole film is an important factor for consideration in repeated use 

of the film for Acid Red 1 entrapment and liberation process.  Clearly, repeated use will aid in 

reducing the cost of treatment.  The poor mechanical stability of polypyrrole films synthesised 

in the presence of Acid Red 1 is a major cause for the mechanical degradation of the polypyrrole 

films and weakening of the Acid Red 1 entrapment-liberation performance in repeated use of 

the film, as previously discussed in Section 3.3.6 in Chapter 3.  To minimise polypyrrole film 
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degradation, we have prepared polypyrrole-graphene oxide and polypyrrole reduced graphene 

oxide films.  In this work, we have evaluated the mechanical properties of entrapped 

polypyrrole films, Acid Red 1 entrapped polypyrrole films, Acid Red 1 entrapped     

polypyrrole-graphene oxide films and Acid Red 1 entrapped polypyrrole-reduced graphene 

oxide composite films by Instron 4302 tensile testing device according to ASTM D882-91.  The 

results obtained are tabulated in Table 5.3.  Polypyrrole-reduced graphene oxide film shows 

higher mechanical strength compared to entrapped polypyrrole film, Acid Red 1 

entrapped polypyrrole and Acid Red 1 entrapped polypyrrole-graphene oxide film.  The tensile 

strength of both polypyrrole-graphene oxide (14.5 MPa) and polypyrrole-reduced graphene 

oxide    (15.2 MPa) composite films were found to be higher than those of polypyrrole alone 

(1.2 GPa) and Acid Red 1 entrapped polypyrrole film (1.5 GPa).  The Young’s modulus of        

polypyrrole-reduced graphene oxide film (7.5 GPa) was also found to be approximately 6 times 

higher than that of polypyrrole alone (1.1 GPa) and Acid Red 1 entrapped polypyrrole film   

(1.2 GPa).  Zare et al. [51] reported that both the tensile strength and Young’s modulus of 

polypyrrole graphene oxide were increased in comparison to the pure polypyrrole.  The increase 

in the mechanical properties of polypyrrole-reduced graphene oxide is due to the superior 

mechanical strength and high aspect ratio of the graphene oxide sheets, the molecular-level 

dispersion of graphene sheets in the polypyrrole matrix, and the strong interfacial bonding 

between graphene oxide and polypyrrole [52], due to H-bonding and the π-π interaction 

between the graphene oxide layers and the aromatic polypyrrole rings [53]. 

5.3.1.9 Electrical properties of polypyrrole composite films 

The average electrical conductivities of NO3
- entrapped polypyrrole films and Acid Red 1- 

entrapped polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide 

composite films are tabulated in Table 5.3.  The  entrapped polypyrrole film shows a 

relatively low conductivity of 8 S cm-1, which lies between 12.3 S cm-1 reported by Si et al. 

[27] and 1.8 S cm-1 reported by Konwer et al. [15] for SO4
2- entrapped and ClO4- entrapped 

polypyrrole films, respectively.  The electrical conductivity of all polypyrrole composite films 

was found be increased dramatically in comparison to the polypyrrole film.  For example, the 

average conductivity of Acid Red 1 entrapped polypyrrole, polypyrrole-graphene oxide and 

polypyrrole-reduced graphene oxide composite films was 16, 102 and 127 S cm-1, respectively.  

Notably, a ratio of 20:1 (5% w/w) between pyrrole and graphene oxide was used in this 

experiment to obtain sufficiently highly conductive films that could be also easily removed 
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from the electrode.  In this work, a conductivity of (~42 S cm-1) was measured using films 

synthesised based on a 40:1 ratio (2.5% w/w).  However, thick and fragile films were obtained 

using a ratio higher than 5% w/w and it was difficult to remove these films from the electrode.  

The increased conductivity of polypyrrole-graphene oxide was also observed as reported by Si 

et al. [27] and Konwer et al. [15].  Such enhancement of the conductivity of the composite films 

might be attributed to extended H-bonding between the polypyrrole and graphene oxide or Acid 

Red 1 that allows the π-π stacking between the graphene oxide layers and polypyrrole in the 

polymer chains for which the electron mobility inside the composite system increases [15, 21]. 

Table 5.3 Comparative study of mechanical and electrical property of polypyrrole 

composites.  All uncertainties represent standard deviations of the measurements 

(N=5).  

 Materials   
Tensile strength 

/ MPa 

Young's modulus 

/ GPa 

Conductivity  

/ S cm-1 

Polypyrrole-KNO3 1.2±0.2 1.1±0.4 8±0.2 

Polypyrrole-Acid Red 1 1.5±0.3 1.2±0.2 16±0.5 

Polypyrrole-graphene oxide 14.5±0.5 6.8±0.4 102±1.6 

Polypyrrole-reduced graphene oxide 15.2±0.5 7.5±0.3 127±0.8 

 

5.3.2 Evaluation of Acid Red 1 entrapment in polypyrrole and composite films 

The polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide 

composite films characterised above were applied to the study of Acid Red 1 entrapment.  In 

the study of the entrapment efficiency and stability of Acid Red 1 entrapped polypyrrole-

graphene oxide and polypyrrole-reduced graphene oxide composite films, seven consecutive 

entrapment cycles for Acid Red 1 was performed at the same film after liberating Acid Red 1 

by electrochemical reduction of the film.  The results obtained were compared in terms of the 

entrapment efficiency of Acid Red in polypyrrole film.  Figure 5.8 shows the Acid Red 1 

entrapment percentage in polypyrrole, polypyrrole-graphene oxide and polypyrrole-reduced 

graphene oxide films for seven entrapment cycles.  The maximum entrapment percentage of 

Acid Red 1 in polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide was 

significantly higher than the polypyrrole film in all entrapment cycles.  This can be explained 

by the large surface area in both the polypyrrole-graphene oxide and polypyrrole reduced 

graphene oxide films for Acid Red 1 entrapment than the polypyrrole film, as supported by the 
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BET surface area analysis results presented in Section 5.3.1.7.  However, Acid Red 1 

entrapment in polypyrrole-reduced graphene oxide is 13% higher than that in polypyrrole-

graphene oxide.  There may be steric hindering between negatively charged Acid Red 1 and 

negatively charged functional groups (such as -OH, -O-, -COOH) of graphene oxide in a 

polypyrrole-graphene oxide film.  During the reduction of polypyrrole-graphene oxide to 

polypyrrole-reduced graphene oxide, many of the negative functional groups of graphene oxide 

were reduced and this would favour the entrapment of Acid Red 1 in the polypyrrole-reduced 

graphene oxide film. 

Additionally, in Figure 5.8, the maximum entrapment percentage of Acid Red 1 in polypyrrole, 

polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide films was estimated to be 

56%, 82% and 95%, respectively.  However, a lower entrapment percentage was obtained in 

all consecutive entrapment cycles.  This decrease of the entrapment capacity may be attributed 

to the incomplete liberation of entrapped Acid Red 1 from the films, as, some dye molecules 

were firmly attached to the polymer network chain.  Also, the degradation of polypyrrole during 

the oxidation- reduction cycles would reduce the Acid Red 1 re-entrapment in polypyrrole films 

with consecutive entrapment cycles.  However, we observed in this work that, the mechanical 

strength of Acid Red 1 entrapped polypyrrole films was subsequently lowered after three 

repeated entrapment experiments, rendering the film not suitable for further entrapment-

liberation experiment.  On the other hand, polypyrrole-graphene oxide and polypyrrole-reduced 

graphene oxide films were observed to have significantly retained the Acid Red 1 entrapment 

capacity, 39% and 63%, respectively, even after five repeated entrapments (see Figure 5.8), 

indicating that the composite films exhibit excellent entrapment capacity and strong mechanical 

stability during oxidation-reduction cycle before the result decreased dramatically to 9% and 

17%, respectively, after the seventh entrapment cycle.  These results demonstrated that, under 

the laboratory conditions the polypyrrole-reduced graphene oxide films were capable of 

repeated good entrapment for up to 5 repetitions, which will reduce the cost of dye containing 

wastewater treatment process. 

5.3.3 Liberation of Acid Red 1 from polypyrrole and composite films 

UV-visible spectrophotometry was used to evaluate the liberation efficiency of Acid Red 1 in  

0.5 mol L-1 NaOH after applying a reduction potential of -0.80 V for 300 min at Acid Red 1 

entrapped polypyrrole films.  This study was conducted using polypyrrole and its graphene 

oxide composites films synthesised in the presence of 1500 mg L-1 Acid Red 1.  The results 
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obtained are shown in Figure 5.9.  In this experiment, following a liberation duration of 300 

min, a maximum Acid Red 1 liberation of 36%, 65% and 73% was estimated from polypyrrole, 

polypyrrole-graphene oxide and polypyrrole-reduced graphene oxide films, respectively.  The 

enhanced liberation efficiency of polypyrrole-graphene oxide and polypyrrole reduced 

graphene oxide films was most likely due to the high surface area and mechanical stability of 

the films than the corresponding polypyrrole film. 

In general, the liberation percentage of Acid Red 1 decreases in each subsequent liberation 

cycle for all film types.  This is most likely because some dye molecules are firmly attached to 

the polymer chain network after each entrapment cycle and the dye molecule cannot escape 

from the film, as confirmed by XRD analysis reported in Section 3.3.1.8, resulting in low 

liberation efficiency.  Moreover, the degradation of polypyrrole films caused by swelling and 

shrinkage of the film during their reuse (oxidation-reduction cycle), would reduce the Acid Red 

1 re-entrapment in the polypyrrole film with consecutive entrapment cycle [13-15].  However, 

the maximum liberation efficiency was observed to dramatically decreased for polypyrrole 

during its repeated, due to its low surface area and weak mechanical stability during 

entrapment-liberation cycle and no more dye liberated after 3rd cycle.  On the other hand, the 

polypyrrole-reduced graphene oxide composite film shows quite high liberation efficiency up 

to 4th liberation cycle (42%) compared to both polypyrrole and polypyrrole-graphene oxide 

composite film. 

 

Figure 5.8 Entrapment percentage of Acid Red in polypyrrole, polypyrrole-graphene oxide 

and polypyrrole-reduced graphene oxide films 
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Figure 5.9 Acid Red 1 liberation efficiency of polypyrrole, polypyrrole-graphene oxide and 

polypyrrole-reduced graphene oxide films. 

5.3.4 A preliminary study of Acid Red 1 entrapment in polypyrrole-reduced 

graphene oxide films in the presence of Indigo Carmine 

This work has hitherto been focussed on the entrapment of a single dye of Acid Red 1 in a 

polypyrrole-reduced graphene oxide film.  Clearly, real-life textile effluents are likely to be 

made up of a mixture of many dyes.  Therefore, we have also devoted part of this work to the 

preliminary investigation of Acid Red 1 entrapment in a polypyrrole-reduced graphene oxide 

film in a dye mixture.  However, to minimise the possible degree of complexity, we have limited 

this study to the entrapment of Acid Red 1 in the presence of a second azo dye, Indigo Carmine.  

In this experiment, we have initially synthesised a polypyrrole-graphene oxide film in the 

presence of 1500 mg L-1 Acid Red 1 for a duration of 480 min as described in Section 2.5.2.  

After applying -1.3 V for 240 min to liberate Acid Red 1 and to reduce graphene oxide, an 

oxidation potential of 1.0 V was applied to the same film placed in a solution containing 1500 

mg L-1 Acid Red 1 and 1500 mg L-1 Indigo Carmine to begin a re-entrapment experiment for a 

duration of 480 min.  The entrapment percentages of both Acid Red 1 and Indigo Carmine 

estimated spectrophotometrically are presented in Figure 5.10. 

In Figure 5.10, the respective entrapment of Acid Red 1 and Indigo Carmine was observed to 

increase with time.  However, while there was an approximate maximum of 80% of                 
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Acid Red 1 being entrapped, only 10% of Indigo Carmine was entrapped after 480 min.  This 

difference in entrapment percentage may be rationalised by the selectivity of the polypyrrole-

reduced graphene oxide film for Acid Red 1, which was originally synthesised in the presence 

of Acid Red 1 as a counter ion, and also by the different structure of the Acid Red 1 and Indigo 

Carmine molecules.  During the polymerisation of pyrrole in the presence of Acid Red 1, 

channels were opened up within the polypyrrole film to allow the Acid Red 1 molecules to be 

incorporated into the film and to counter balance the positive charges present in the polypyrrole 

backbone.  After applying the reduction potential of -1.3 V, Acid Red 1 was liberated from the 

film, leaving specific channels in the film that only fit Acid Red 1.   As a result, when the film 

was placed in a solution of Acid Red 1 and Indigo Carmine, mainly Acid Red 1 was entrapped 

in the film.  In addition, as shown in Figure 5.11, Indigo Carmine is a longitudinally larger 

molecule than Acid Red 1 molecule and is therefore not expected to fit into the channels but 

only non-specifically adsorb at the surface of the polypyrrole film.  Notably, a similar degree 

of selectivity was reported by Beelen et al. [54], who investigated the electrochemical 

behaviour of polypyrrole films synthesised in the presence of small counter ions including 

  NO3
−,  ClO4

−, Cl¯ , Br¯ , F¯  and toluene sulfonate.  They observed that the polypyrrole films 

have high affinity for the specific anion that was initially doped during electropolymerisation 

of pyrrole. 

The above explanation of selective entrapment of Acid Red 1 in polypyrrole-reduced graphene 

oxide film was further supported by XRD results.  Figure 5.12 shows the XRD spectra of (a) 

polypyrrole in presence of KNO3, (b) Indigo Carmine entrapped polypyrrole-reduced graphene 

oxide and (c) Acid Red 1 entrapped polypyrrole-reduced graphene oxide films.  Based on a 

regular structure, the d-spacing between polypyrrole chains can be estimated from the Bragg’s 

Law (details were described in Section 3.3.1.8 in Chapter 3).  In Figure 5.12, a featureless 

spectrum, shown in trace a, was obtained with a -entrapped polypyrrole film, but a sharp 

peak at °= 8.52θ was clearly observable in the spectrum obtained at an Indigo carmine-

entrapped polypyrrole-reduced graphene oxide film (trace b) and a peak at °= 7.82θ (trace c) 

in the corresponding spectrum obtained at an Acid Red 1-entrapped-reduced graphene oxide 

film.  The result at the Indigo Carmine-entrapped polypyrrole-reduced graphene oxide film was 

similar to that reported by Girotto et al. [55], who observed a signal at °= 8.52θ for Indigo 

Carmine in the XRD spectra of electropolymerised polypyrrole-Indigo Carmine film.  As 

shown in Section 3.3.1.8 in Chapter 3, by applying Bragg’s Law, d-spacing of 10.2 Å and 15.3 

NO
3
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Å were obtained for Acid Red 1 entrapped polypyrrole-graphene oxide and Indigo Carmine 

entrapped polypyrrole-graphene oxide films, respectively. These results are in good agreement 

with simulated results presented in Figure 5.11, estimated by a Chem 3D Plus calculation based 

on the MM2 (version 13.0.2.3021, Ultra ChemBio3D). 

The above unique effects observed during the electrochemical oxidation-reduction of 

conducting polymers make their applications possible in the field of memory devices [56, 57].  

During the electropolymerisation of pyrrole, the counter anions from the electrolyte solutions 

are incorporated in the polymeric film.  This incorporation of the counter anions strongly 

modifies the electrochemical activity of the polymeric materials by inducing pores formation 

[54].  In other words, the size of the anion controls the microstructure and porosity of the 

polypyrrole film [58]. 

A possible mechanism of the memory effect of polypyrrole films involves the rearrangement 

of the chain configuration, which follows the incorporation and extraction of the counter ions 

upon oxidation and reduction.  Just after discharging, opened channels are left by the counter 

ions in the polymeric network [57].  The dimension of these channels are dependent on the size 

and shape of the counter ions incorporated [54].  

 

Figure 5 10 Re-entrapment of Acid Red 1 from a mixture of 1500 mg L-1 Acid Red 1 and 

1500 mg L-1 Indigo Carmine solution at an Acid Red 1 liberated polypyrrole-

reduced graphene oxide film  
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Figure 5.11 Molecular dimensions of Acid Red 1 and Indigo Carmine estimated by a Chem 

3D Plus calculation based on the MM2 (version 13.0.2.3021, Ultra ChemBio3D) 

 

Figure 5.12 XRD spectra of (a) polypyrrole in the presence of KNO3, (b) Indigo Carmine 

entrapped polypyrrole-reduced graphene oxide and (c) Acid Red 1 entrapped 

polypyrrole-reduced graphene oxide films. 
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5.4 Conclusion 

In this chapter, we reported the synthesis, characterisation and evaluation of Acid Red 1 

entrapment and liberation at mechanically stable polypyrrole-graphene oxide and polypyrrole-

reduced graphene oxide composite films.  Initially, we anodically synthesised polypyrrole-

graphene oxide film by an in situ electropolymerisation of pyrrole and graphene oxide.  A 

reduction potential was then applied to obtain a polypyrrole-reduced graphene oxide film from 

a polypyrrole-graphene oxide composite film.  The synthesised composite films were then 

characterised by FTIR, XRD, XPS surface analysis, TGA and SEM.  Brunauer, Emmett and 

Teller surface area analysis showed a 7.4-fold increase in surface area of a polypyrrole-reduced-

graphene oxide film compared to that of a polypyrrole film.  Also, mechanical testing results 

revealed that the tensile strength of polypyrrole-reduced graphene oxide films was enhanced by 

12.7 folds compared to that of  entrapped polypyrrole film.  The conductivity of 

polypyrrole-reduced graphene oxide increased 15.9 folds than the corresponding  

entrapped polypyrrole film.  We evaluated the entrapment-liberation efficiency of Acid Red 1 

entrapped polypyrrole composite films and estimated that the entrapment percentage of Acid 

Red 1 in polypyrrole-reduced graphene oxide films was 95%, which is significantly higher than 

58% in polypyrrole films.  Similarly, the liberation efficiency for polypyrrole-graphene oxide 

was found to be higher (73%) than both polypyrrole-reduced graphene oxide (65%) and 

polypyrrole (36%) films.  Finally, a preliminary study of Acid Red 1 entrapment in polypyrrole-

reduced graphene oxide films in the presence of Indigo Carmine was also conducted to evaluate 

the selectivity towards Acid Red 1 of polypyrrole-reduced graphene oxide film. We observed 

that electropolymerised polypyrrole-reduced graphene oxide film showed excellent memory 

effect for selective entrapment of Acid Red 1. 
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CHAPTER 6 

CONCLUSION 

 

6.1 Concluding remarks 

Industrial wastewater pollution is an ever growing global environmental problem, which needs 

to be promptly and effectively addressed.  Hence, appropriate treatment processes must be 

recommended to treat polluted effluents, especially dye containing effluents. 

Dye containing effluents have been shown to cause detrimental effects upon the overall health 

of waterways through their potential toxicity, carcinogenetic and intense colouring capabilities.  

In order to remove these dyes from effluents and to ensure adequate environmental protection, 

there is a real need for the development of an efficient, applicable, inexpensive, and 

environmentally friendly system of treatment. 

The main aim of this project was to develop an environmentally friendly electrochemical 

technique to not only remove dye, but also to recover dye from dye containing effluents.  To 

fulfil this aim, the conducting polymer, polypyrrole, was employed as an alternative electrode 

substrate.  The unique feature of polypyrrole acting as an anion exchanging membrane can be 

directly applied to an electrode surface by electropolymerisation.  This then encourage the 

anionic dye of Acid Red 1 to be readily entrapped.  The dye could also be easily liberated from 

the polypyrrole film by applying a reduction potential.  In this way, the polypyrrole film was 

successfully used to entrap (remove) the Acid Red 1 from a laboratory solution, and then 

liberate (recover) it from the polypyrrole film.  In conjunction with spectroscopic techniques 

including FTIR and XRD, our results have confirmed that Acid Red 1 was entrapped during 

oxidation of pyrrole to form polypyrrole films and then liberated during reduction of 

polypyrrole.  This entrapment-liberation was found to be reversible.  This was then exploited 

to develop a cost effective treatment method in which the films can be repeatedly used.  
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Attentively, the film can also be applied as a single use.  In addition, based on a two level-

factorial design, the entrapment process was found to be dependent on pH, Acid Red 1 

concentration in solution and polymerisation time.  Moreover, the kinetic study revealed that 

Acid Red 1 entrapment in polypyrrole films follows a pseudosecond order model involving an 

intra-particle diffusion.  The thermodynamic study also suggested that the Acid Red 1 

entrapment in a polypyrrole film is a spontaneous process, endothermic and physical in nature.  

However, problems such as the mechanical strength of the films and possible irreversible 

oxidation resulted in films having limited life times.  To minimise the limitation of using 

conducting polypyrrole films as an electrochemical treatment tool for entrapment-liberation 

cycle of Acid Red 1, it was necessary to improve the mechanical strength of polypyrrole films.  

In order to improve the stability and entrapment efficiency of polypyrrole films, a combination 

of polypyrrole and reduced graphene oxide to form a composite film has also been studied.  We 

observed a significantly higher entrapment (95%) and liberation (73%) efficiency of Acid Red 

1 in polypyrrole-reduced graphene composite films.  Mechanical testing and surface area 

analysis revealed that enhanced entrapment-liberation efficiency of Acid Red 1 in polypyrrole-

composite film is most likely due to the increased mechanical stability and higher surface area 

of the film.  All these factors contributed to the increased life times of the film up to several 

entrapment-liberation cycles. 

Very significantly, some of the advantages in the use of polypyrrole composite films in the 

treatment of dye containing effluents include the ability to remove and recover the dye from the 

solution without the formation of toxic dye degradation by-products, the simplicity and 

inexpensive procedure in fabricating the electrodes, and the ability to easily replace the 

electrode.  

6.2. Limitations 

In the present work, a relatively low Acid Red 1 liberation efficiency was achieved mainly 

because dye molecules can be firmly trapped in the polypyrrole chain network, giving rise to a 

multiple layered dense sandwich structure.  Additionally, unlike small doping anions which can 

move freely into and out of the polymer film, the bulky Acid Red 1 is less mobile and showed 

only slow liberation over time.  Moreover, over oxidation of polypyrrole film was likely to have 

occurred during dye entrapment–liberation cycle.  During overoxidation, the polypyrrole film 

would lose their conductivity as well as electrochemical entrapment-liberation performance.  
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Therefore, in applying a polypyrrole-Acid Red 1 film for anion exchanging, problems 

concerning the spontaneous or gradual overoxidation of the film and the mobility of Acid Red 

1 in and out of the film may be encountered.  This will be one of the determining factors that 

will define the success and application of this polypyrrole electrode as an anion exchanging 

membrane for the removal of Acid Red 1 from effluents. 

6.3 Future directions 

A possible direction in this work is the application of the system to much larger vessels by 

increasing the size of the polypyrrole composite films.  This can be achieved by using large 

stainless steel electrodes for polymerisation of pyrrole in the presence of a dye molecule.  A 

large surface area contained polypyrrole film may be achieved with the use of stainless steel 

supports that have column or fibular like structure on their surface.  In addition, the surface area 

of the electrode can be increased using highly porous carbon fibre cloth-polymer composite or 

nanoparticle embedded polymer composite.  Carbon fibre cloth is available and inexpensive 

material, thus can be used on a commercial scale.  This direction needs to be considered so that 

the next step in applying this electrodes to a real-life system may be achieved.  The simple 

entrapment-liberation of azo dye molecules in polypyrrole film may lead to applications where 

polymerisation is performed in the presence of more than a single dye, enabling the removal of 

a large proportion of multiple dyes in a dye vat by a single film.  Also, studies need to be 

performed on the large range of possible reagents used in different dying process (e.g., NaCl, 

Na2SO4, NaOH, NaHCO3, Na2CO3, NaOCl and H2O2), which may act as interfering anions on 

degradative agents of the films. 

Additional improvements to the polypyrrole electrode lifetime may be possible by applying 

porous coatings such as Nafion, which may increase the mechanical strength and may also act 

as a coating to inhibit the incorporation of other unwanted anions. 

In summary, further studies on the use of these electrodes will need to increase surface area and 

mechanical strength as well as highly porous polypyrrole film, explore the possibility of 

employing the films to remove multiple dyes with one film, to explore the effect of other 

chemicals on the film behaviour, and to increase the mechanical strength of the film via the 

application of some porous coating. 
 



 

APPENDIX 

 

Isotherm studies 

The equilibrium data obtained for entrapment of Acid Red 1 in polypyrrole films with an initial 

concentration from 60 to 2000 mg L-1 was examined based on the Langmuir and the Freundlich 

isotherm models.  The Langmuir adsorption is based on a monolayer adsorbate coverage on a 

structurally homogeneous substrate surface with no interaction between adjacent adsorbate 

molecules, while the Freundlich isotherm model is an empirical equation employed to describe 

a heterogeneous surface coverage system and not restricted to the formation of a monolayer.  

The Langmuir and Freundlich models can be described by Equation 1 and Equation 2, 

respectively. 

 

1
q

e

=
1

x
m

bC
e

+
1
x

m

 Equation 1 

 
logq

e
= logk

f
+

1

n
logC

e
 Equation 2 

where mx  (mg g-1) denotes the Langmuir constant related to maximum entrapment capacity, b  

(L mg-1) the energy of entrapment, C
e
 (mg L-1) the equilibrium concentration of Acid Red 1, 

eq  (mg g-1) the equilibrium entrapment of Acid Red 1 in polypyrrole film, n the intensity of 

entrapment, and fk  (L g-1) the Freundlich constants.  From Equation 1, a plot 1/q
e
 versus        

1/C
e
 will give a straight line.  However, using the equilibrium data obtained for entrapment of 

Acid Red 1 in polypyrrole films, the corresponding plot did not yield a straight line (Figure 1).  

Similarly, from Equation 2, a linear eqlog  versus eClog  plot is expected but the corresponding 

experimental plot displayed nonlinearity (Figure 2).  The experimental data thus did not obey 

any of the adsorption model, indicating Acid Red 1 was not adsorbed, but was entrapped in a 

polypyrrole film.  In this way, we expect a higher entrapment of Acid Red 1 possible in a 

polypyrrole film compared to adsorption methods that required diffusion of a dye towards an 

adsorbate.  This will in turn make the entrapment method in polypyrrole films a more effective 
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and efficient treatment method compared to those relying on adsorption.  Similarly, the 

entrapment method may also aid in preventing dye leakage from polypyrrole films back to a 

sample matrix. 

Therefore, we are of the view that it is unnecessary to consider other isotherms, such as Temkin, 

Dubinin-Radushkevich, Redlich-Peterson, Flory-Huggins, Hill, Sips, Toth, Koble-Corrigan 

models, which are often derived based on the Langmuir isotherm (for homogeneous surface 

adsorption) and Freundlich isotherm (for heterogeneous surface adsorption). 

 

 

Figure 1 Langmuir isotherm model for entrapment of Acid Red 1 in polypyrrole films. 

 

Figure 2 Freundlich isotherm model for entrapment of Acid Red 1 in polypyrrole films. 


