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Intrinsically conducting polymers find various applications in the 

field of electronics, electromechanical devices, electroluminescence and 

sensors. Widely known intrinsically conducting polymers are polypyrrole, 

polyacetylene, polythiophene, polyaniline, polyparaphenylene, 

polyparaphenylene vinylene, and their derivatives. Owing to the 

environmental stability, excellent conductivity and facile synthesis, 

polyaniline based composites have developed fast. The conducting 

composites are widely used in electronic packaging as die attach 

adhesives, sensors, solder replacements, conductive coatings, chemical 

sensors, electromagnetic fields etc. Many factors such as diameter, 

structure, concentration of the fillers and polymers influence the 

conductivity of the composites. The composites are characterized by the 

percolation threshold at which dramatic increase of conductivity occurs. 

Hence much attention has been given to the preparation of the composites 

with low percolation threshold.  

Conducting polymer composites can be prepared by the addition of 

conducting polymers or conducting fibers in to an otherwise non-

conducting polymer. To improve the performance or extend the functions 

of conducting polymer based devices, the conducting polymers have to be 

modified. Recently composites of polyaniline with carbon nanotubes have 

been developed. The π- bonds present in the carbon nanotubes facilitate 

the formation of extended charge transfer between carbon nanotubes and 

polyaniline and improve conductivity.  Composites based on carbonaceous 

materials and polyaniline in appropriate stochiometric combinations have 

been proven to be efficient. Combination of outstanding conducting 

properties of the carbonaceous materials and conducting polymers is growing 

interest in nanotechnology. Moreover, among the aforementioned carbon 

materials, carbon nanotube (CNT) is comparatively expensive and 



graphene is difficult to prepare. Carbon nanofiber (CNF) is an alternative 

choice which is readily available and cheaper than CNT. Besides, CNF 

has a unique one-dimensional structure, excellent electrical, thermal and 

mechanical properties.  Although PANI/CNF composites have been 

studied extensively, work on the development of sensors, antibacterial 

agents and fire retardants based on this system is in the nascent state.   

The present study primarily involves the development of conducting 

polymer composites based on conducting fibers and non-conducting 

fibers. Composites were developed by using conducting carbon nanofiber 

and non-conducting cellulose fiber. Cellulose was isolated from coir 

fibers by the modification of a known method. The isolated cellulose was 

refined in to three different sizes- macro, micro and nano sizes. The 

isolated fibers were characterized by different techniques all of which 

confirmed uniform fibrillation and the size distribution in the successive 

ranges. Polyaniline was coated on the surface of cellulose and carbon 

nanofibers by the in-situ polymerization of aniline in acid medium. The 

properties of polyaniline greatly depend on the nature of the dopant used, 

monomer to oxidant ratio, purity of monomer, polymerization time and 

temperature etc. But among the variable conditions, the nature of the 

dopant used for the synthesis plays critical role. 

Polyvinyl alcohol (PVA) and poly(methylmethacrylate) (PMMA) 

are two important thermoplastic polymers, known for their chemical 

resistance and physical properties. Polyvinyl alcohol, a semi crystalline 

synthetic polymer, has been extensively investigated as a host for 

different nano-fillers and for electrolyte applications. Although a number 

of studies on PVA systems have been reported already, the dielectric 

properties of PVA systems are not well explored. PMMA is a transparent 

thermoplastic polymer widely used as the substitute for inorganic glass, 

because of their good impact strength, light weight and easy processing 

conditions. It finds as a suitable material in biomedical applications also. 



PMMA based bone cement has been found to be very efficient for the 

anchoring of artificial joints. Our aim is to develop composites, which can 

find various application in different areas. Due to the better compatibility 

and ease of processing compared to other thermoplastics, PVA and 

PMMA selected for further study.  

Excellent dielectric properties and electrical conductivity of the 

composites lead us to explore the EMI shielding property. Moreover, it 

opened up the use in high charge storage capacitors. Potential of the 

composite as a sensor for humidity and ammonia was evaluated. 

Furthermore, the antibacterial properties of PMMA based composite was 

evaluated.  

Summary of the thesis:  

The thesis is divided into 8 chapters. 

A brief introduction to the focus of the study is presented in 

Chapter 1. The significance of conducting polymers, carbon based fibers, 

natural fibers and thermoplastics are presented. Need for the development 

of sensors and capacitors is also presented. Scope and objectives of the 

present work are discussed towards end of this chapter. 

Chapter 2 of the thesis gives a detailed description of the materials 

used and the methods employed for the present study. 

Chapter 3 of the thesis reports studies on the effect of dopant on 

the properties of PANI/CNF composites.  

Chapter 4 deals with the synthesis, characterization and properties of 

PVA based composites. The chapter isdivided into part A and part B. Part 

A focuses on development of PANI/Cellulose/PVA composites. Part B 

describes the development of PANI/CNF/PVA composites.  

In part A, the isolation of cellulose from coir fibers by chemical 

and mechanical treatments is given. The effect of cellulose fiber size on 



the properties of the composite is evaluated. Electrical, dielectric, thermal, 

mechanical and water absorption are studied.  

In part B describes the synthesis, characterization and properties of 

PANI/CNF/PVA composites.  

Chapter 5 describes the development of PMMA based composites. 

The chapter is divided in to three parts. The first part deals with the 

preparation of composite by using   cellulose fiber in three different sizes.  

The second part deals with polyaniline coated CNF/PMMA composite. 

The third part describes the improvement in the mechanical properties of 

the composite by the incorporation of cellulose and silane coupling agent.  

Part A deals with the synthesis and properties of three series of 

PANI/Cellulose/PMMA composites containing fibers in three size ranges 

ie. macro, micro and nano.  

Part B describes the development of PANI/CNF/PMMA composites. 

The electrical, dielectric, thermal and mechanical properties arediscussed.  

Part C presents the enhanced the mechanical as well as thermal 

properties of PMMA/Cellulose composite by the incorporation of silane 

coupling agent. The effect of silane coupling agent, bis (3-triethoxysilylpropyl 

tetrasulphide), on the properties of the composite is compared with 

PMMA/Cellulose composite.  

Chapter 6 reports the applications of the prepared composites. The 

chapter is divided in to three parts. 

Part A presents the microwave dielectric properties and EMI shielding 

of the composite. Comparison of dielectric and EMI shielding properties 

between cellulose and CNF composites of PVA is presented in the chapter. 

Part B deals with the antimicrobial activity of PANI/CNF/PMMA 

composites. The effect of size and surface area on the antimicrobial activity 

is presented. 



Part C reports the fire-resistant property of the carbon nanofiber 

incorporated PVA and PMMA composites. The chemical changes involved 

during the heat treatment is also discussed in this chapter.  

Chapter 7 reports the development of devices based on the 

properties of the composites. This chapter is divided in to Part A, Part B 

and Part C. 

Part A describes the development of humidity sensors using PVA 

based composites. A comparative study on the sensing mechanism of 

PANI/CNF/PVA and PANI/Cellulose/PVA composites is also presented.  

Part B deals with the ammonia sensing properties of the 

PANI/CNF/PVA and PANI/Cellulose/PVA composites.  

Part C describes the fabrication of thin film capacitor with 

PANI/CNF/PVA as dielectric layer. Circuit application of the fabricated 

capacitor is also presented in this part.  

Chapter 8 presents the summary and conclusion and future outlook 

of the study. 
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1.1  Nanocomposites 

Composites are the combination of two or more materials, among 

them one is of reinforcing and it is implanted in another material which is 

called as matrix. Nanocomposites are the composites in that not less than 

one of the phases is of nanometre scale. The field of nanoscience is one of 

the most popular areas of the current research and it has changed the face 

of research in polymer chemistry. The addition of nanoparticles to a 

continuous phase or matrix have lead significant improvement in the 

properties of the composite. Thus, these materials have emerged as 

suitable alternatives to overthrown the drawbacks of macro and micro 

composites. This is due to the extremely high surface to volume ratio of 

nanoparticles which can change the properties of the composite compared 

to the bulk particles. Compared to the traditional fillers, nanomaterials are 

C
o

n
t

e
n

ts
 



Chapter 1 

 2   Department of Polymer Science and Rubber Technology 
Cochin University of Science and Technology 

 

found to be effective even at low filler loading. Huge amount of material 

is needed for the similar improvement in the bulk composites. It is the 

most effectiveness of nanocomposites in that the quantity of nanoparticles 

will be between 0.5 to 5 % by weight. In case of traditional polymer 

composites, the addition of high filler content reduces the optical clarity, 

poor toughness, and makes high melt viscosity for the composites.  

Numerous diverse topics are present in the area of nanocomposites 

such as composite reinforcement, electrical conductivity, flame retardancy, 

thermal stability, optical clarity, cosmetic applications, bactericidal properties 

etc. At the nanoscale the properties will be more size dependent than at the 

macro or micro level. Consequently, the surface chemistry of the nano-

reinforcement governs polymer nanocomposite's properties. Novel properties 

of the composite originate from the appropriate combination of the 

nanomaterials by suitable methods.  

The polymers are considered as electrical insulators, based on that 

they have widespread use in electrical and electronic fields. Though, the 

conductivity can be imparted to the insulating materials by blending the 

polymers with conducting particles like carbon based materials and 

conducting polymers [1]. Hence the conductivity increases to the range in 

between the metallic conductors and insulating materials [2,3]. The 

electrical conductivity of these composites determines their specific 

applications. So, these materials can be used as floor heating elements, in 

electronic equipments, for electromagnetic shielding, and for the dissipation 

of static energy etc. [4-7]. In addition to that recent studies have shown that 

the conducting composites are best used as sensing materials [8,9]. In 
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contrast to metallic conductors, the polymeric conductive composites are 

light weight, ease of shaping and possess wide range of electrical 

conductivity [10].  

Conducting polymer based composites are widely studied in both in 

fundamental research and in various application fields [11]. The conducting 

polymers can interact synergically with other organic or inorganic materials 

to provide the conductive backbone, improved electrical conductivity and 

plastic property[12-15]. 

1.2  Conducting polymers 

Polymers, due to their light weight, ease of fabrication and low cost, 

have replaced metal based materials in several areas. The discovery of Alan 

J. Heeger, Alan G. MacDiarmid and H. Shirakawa shown that the conjugated 

polymers can exhibit semiconducting behaviour. They discovered that 

conductivity can imparted to polyacetylene by the process called doping. 

The presence of alternating single and double bonds in conjugated polymers 

make the electrons to delocalize throughout the polymer chain[16,17]. In 

absence of extended π-conjugation the mobile charges are not developed in 

the polymer chain, hence the material is not conducting.  

Variety of conducting polymers are known these days. Polyacetylene 

is one of the simplest molecular chain which has got significant attraction. 

But due to the poor processability and environmental concerns lead adverse 

effect on the development of this polymer. Other conducting polymers are 

polyaniline (PANI), polypyorrle (PPy), polythiophene (PTh), polyphenylene 

vinylenes (PPV). Among these conducing polymers, polyaniline has shown 
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potential for different applications. Moreover, it possesses excellent 

environmental stability, biocompatibility, ease of synthesis, high redox 

stability and unusual doping-dedoping chemistry [18,19]. Polyaniline 

possesses alternating benzene and imine rings, where the nitrogen atom 

exists as SP2 or SP3 hybridized state. According to the neutral intrinsic 

redox states, polyaniline is categorized in to four classes, which is given in 

the figure 1.1. Leucoemeraldine is fully reduced form appeared pale brown. 

Partially oxidised form is emeraldine, which possesses green colour. This is 

the only conducting form of polyaniline containing both oxidised iminium 

and amine nitrogen atoms in equal amounts. Protonated emeraldine or 

nigraniline is 75 % oxidized with blue or violet colour. Pernigraniline is 

fully oxidised form which appears in black colour.  

 

Figure 1.1: Different forms of polyaniline 
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Doping of leucoemeraldine base with protonic acid produces positive 

charge on the nitrogen atom of polymer backbone. The negative counter 

ion is not chemically bonded to the polymer chain, instead it is attached to 

the backbone by the electrostatic interaction. Doping causes changes in 

the electronic structure, crystallinity, solubility and produces high electrical 

conductivity [20,21]. The conducting mechanism of polyaniline can be 

understood from the exchange of positive charge on the imine and amine 

nitrogen atoms of the polymer chain. The properties of leucoemeraldine 

can be tuned by varying the dopant. Commonly used doping agents are 

mineral acids like HCl, H2SO4, H3PO4 and organic acids such as toluene 

sulfonic acid, naphthalene sulfonic acid, camphor sulfonic acid etc. The 

dopant anions such as chloride, sulfonate, phosphate, toluene sulfonates, 

naphthalene sulfonate and camphor sulfonate etc. strongly influence the 

electrical properties of polyaniline.  

 

Figure 1.2: Protonation of emeraldine base to emeraldine salt 
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The dopant molecules can be de-doped from polyaniline reversibly 

owing to their non-redox and physical interaction. As discussed above the 

emeraldine salt is formed by the doping of emeraldine base, which results 

positive charge on the surface of nitrogen atoms and the anions are 

surrounding it. So, these anions are attached electrostatically to the polymer 

chain [22]. Thus, the synthesis of conductive form of polyaniline takes place 

in presence of a doping acid and oxidizing agent [23]. The most common 

oxidizing agent is ammonium peroxodisulfate (APS).  

1.2.1 Polymerization of aniline 

The polymerization mechanism is similar in both oxidation method 

and in electrochemical synthesis.  

 
Figure 1.3: Aniline free radical formation and resonance stabilization 

By the removal of an electron from the nitrogen atom of aniline free 

radical is formed. Then the free radical is resonance stabilized. After that 

the radical forms dimer by the head to tail reaction between radical cation 

in acid medium. The dimer formed is again oxidized resulting in the 

formation of new dimer.  
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Figure 1.4: Radical cation dimer formation of aniline 

The new radical dimer formed reacts with monomer radicals or the 

dimers yielding trimers or tetramers respectively. This step continues 

resulting in the formation of polymers.  

 
Figure 1.5: Polymerization of aniline 
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Conducting polymer composites can be prepared by the addition of 

conducting polymers or conducting fibers in to an otherwise non-conducting 

polymer. To improve the performance or extend the functions of conducting 

polymer based devices, the conducting polymers have to be modified.                   

In recent years remarkable research efforts have been made to develop 

nanoscale polyaniline/carbon based material using various approaches 

[24,25]. The π-bonds present in the carbon nanotubes facilitate the formation 

of extended charge transfer between carbon nanotubes and polyaniline by 

introducing more conductivity to the composite. Therefore, composites based 

on carbonaceous materials and polyaniline on appropriate stochiometric 

combination have been proven to be efficient [26-29]. The synergistic 

combination of outstanding conducting properties of the carbonaceous 

materials and conducting polymers is an ongoing interest in nanotechnology. 

Moreover, among the aforementioned carbon materials, carbon nanotubes 

(CNT) are comparatively expensive and the preparation of graphene is a 

complex process. Carbon nanofibers (CNF) are alternative choice of 

materials, which are readily available and cheaper than CNTs. Besides, 

CNFs have attracted great interest in recent years due its unique one-

dimensional structure, excellent electrical, thermal and mechanical properties 

[30-34]. Therefore, interest in the development of composites based on CNF 

and PANI is growing recently. Although PANI/CNF composites have been 

studied extensively, work on the development of sensors, antibacterial 

agents, fire retardants based on this composite is in the nascent state.  

Conducting polymer composites can be developed based on conducting 

and non-conducting fibers. The combination of polyaniline with various 

carbonaceous materials has been proved to be attractive to increase the 
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electrical conductivity as well as mechanical properties. On the other 

hand, non-conducting materials can be rendered electrically conducting 

by the modification with electrically conducting polymer. However, 

addition of non-conducting fibers may reduce the conductivity and hence 

deteriorate the electrical properties of the composite. Among variety of 

renewable materials for the preparation of polymer composites cellulose 

fibers certainly constitute significant role. The properties of the fibers can 

be modified with polyaniline. Here we are discussing about the two 

nanofibers, carbon nanofiber and cellulose fibers.  

1.3  Carbon nanofibers 

The development in the field of nanotechnology has influenced 

carbon based materials remarkably. In recent years research in the area of 

vapor grown carbon nanofibers has been increased after the discovery of 

carbon nanotubes. Vapor grown carbon nanofibers can be synthesized in 

the diameter range of 15 to 100 nm. Carbon nanofibers can be produced 

by passing carbon feedstock over nanosized metal particles at elevated 

temperature [35-39], which is similar to the synthesis of carbon nanotube. 

While, the geometry of carbon nanofiber is different from that of carbon 

nanotube. Carbon nanofibers are formed by regularly packing arrangement 

of truncated conical or planar layers along the filament length [40-43]. This 

structural peculiarity provides high electrically conducting active side edges 

on both inner and outer surfaces of the fiber. It presents the opportunity of 

these materials to use as potential catalysts, for the reinforcement of the 

polymer composites etc. Carbon nanofibers have high specific surface area, 

flexibility, and super strength because of their nanosized diameter. Hence 
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these fibers can be used in the electrode materials of energy storage devices, 

hybrid-type filler in carbon fiber reinforced plastics and bone tissue scaffold. 

 
Figure 1.6: Comparison of diameter dimensions on a log scale of 

several carbon fibers  
 

1.3.1 Structure 

Carbon nanofibers are sp2 hybridised linear discontinuous fibers with 

aspect ratio higher than 100 [44]. Carbon nanofibers consist of graphitic 

cylinders of diameter 1-100 nm. Graphitic planes of CNF are not always 

arranged along the axis. Depending on the angle of graphene layers, it can 

be classified as stacked and cup stacked arrangements [45]. In the stacked 

arrangements, the graphene layers will be perpendicular to the fiber axis. 

While in the cup stacked CNF, the layers are arranged at an angle 

between parallel and perpendicular to the fiber axis. Carbon nanofiber can 

be synthesized mainly by two methods. Catalytic chemical vapor deposition 

growth and electrospinning technique. Catalytic chemical vapor deposition 

technique can be used for the preparation of two types of carbon 

nanofibers. They are cup stacked carbon nanofiber and platelet carbon 
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nanofiber. Cup stacked nanofiber or conical nanofiber is first developed 

by Ge and Sattler [46]. Figure1.7 shows the formation of cup stacked 

carbon nanofiber by the CVD process.  

 
Figure 1.7: Representation of the formation of cup stacked CNF 

1.3.2 Synthesis of carbon nanofiber 

In the catalytic vapor deposition method, a metal catalyst is used. The 

catalyst should be capable of dissolving carbon, forming corresponding 

metal carbide. Generally, the metals used as catalyst are iron, cobalt, nickel, 

molybdenum, and vanadium. The carbon sources are carbon monoxide, 

synthesis gas, methane, ethene, ethyne in the temperature between 700 to 

1200 K [47]. Carbon is dissolved in presence of metal, deposits on the 

metal surface as graphitic carbon [48]. The structure of the as produced 

fibers is determined by the shape of catalysed metal particle. The size of 

the metal is usually in the range of 10-100 nm which determines the outer 
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diameter of CNF [49]. The angle of arrangement of the graphene layers 

affects the properties of CNF [50,51].  The figure 1.8 illustrates the process 

of catalytic metal deposition. The plasma enhanced CCVD produces CNF at 

comparatively low temperature of about less than 650 oC [52].  

 
Figure 1.8:  Illustration of the chemical vapor deposition growth mechanism of 

cup attacked carbon nanofibers.  

 

In electrospinning, fine tip needle syringe is used, by the application of 

high voltage, the solution is spurt out from the needle to the target material. 

With increasing the surface tension to prevent the breaking of solution 

droplets, the fiber like particles will be deposited on the target material.  

CNF based composites are capable of reversibly changing the 

electrical properties with the change in the external conditions. Li et al. 
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discovered CNF/polyacrylate composite as gas sensors based on the vapor 

detection of the gas [53]. Whereas another CNF based composite is capable 

of sensing toxic gases like NH3 and HCl by one step vapor deposition 

polymerization method [54]. In addition to that carbon-based nanomaterials 

have arose up as novel antimicrobial agents because of their high surface 

area to volume ratio and unique applications [55-57]. 

1.4  Cellulose 

Conventional composites consisting of steel, aluminum and iron etc. 

are not readily disposable, causing adverse environmental effects. In order 

to overcome these hazardous composites, the focus is on the development 

of natural composites. For that natural fibers are used as the filler material 

in composites. Cellulose is the most abundant biopolymer on earth, and it 

is present in animals and plants. Cellulose has been extracted from 

various resources such as pineapple [58], corncob [59], soy hulls [60] 

hemp fibers [61], rice husk [62] etc. While the coconut waste was studied 

extensively owing to the conscious of agricultural wastes. The hydroxyl 

groups of cellulose are connected to adjacent molecules forming 

intermolecular hydrogen bonding. The hydrogen bonding is the reason 

behind the strength of cellulose molecules. It causes the molecules to 

form bundles of cellulose chains which make the cellulose chains stiff. 

The hydrogen bonding also makes the molecule insoluble and it is 

resistant to most of the chemicals owing to the less number of available 

hydroxyl groups.  In the cell walls of the fiber, cellulose micro fibril 

bundles exist, which is surrounded by lignin and hemicellulose forming a 

multi-layered structure of cellulose with lignin and hemicellulose. To 
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extract cellulose into micro and nano fibrils it is necessary to remove 

lignin and hemicellulose from the fiber. Many efforts have been made 

recently by means of chemical and mechanical treatments to extract 

cellulose in to nano range [63]. Chemical treatments include alkali 

treatment, acid treatment, bleaching etc. Mechanical treatments like 

grinding, homogenisation, ultrasonication or else the combination of these 

processes breaks down the macro fibers in to micro and nano level. 

 

Figure 1.9: Picture of coir fiber 

Natural cellulose is synthesized mostly in plants. Coir is the fruit of 

coconut tree, which is cultivated widely in India, especially in Kerala. 

Coir is the lignocellulosic fiber obtained from the mesocarp of coconut. 

The main constituents of these fibers are lignin, cellulose, hemicellulose, 

pectin and some amount of wax. The major content of coir is lignin, it is 

approximately 40 to 45 %. Then comes cellulose of about 30-42 %. 

Cellulose extraction from coir fibers will result in the production of high 

quantity nanofibers [64]. The chemical composition of coir is given in the 

table 1.1.  
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Table 1.1: Chemical composition of coir fiber 

Cellulose 32–43 % 

Lignin 40–45 % 

Hemi-cellulose 0.15–0.25 % 

Pectins and related compounds 3–4 % 

Moisture content 8 % 

 
 

1.4.1 Structure of cellulose 

 

Figure 1.10: Molecular structure of cellulose 

 

Cellulose is linear polysaccharide polymer composed of D-glucose 

units linked by β-1,4 glycoside bonds. The polymer chains are associated 

with bundles of fibrils known as microfibrillar aggregates. Natural 

cellulose is made up of cellulose I which is a metastable state, in which 

cellulose strands are parallel to each other without intermolecular 

hydrogen bonding. Cellulose exists as six different polymorphs, I, II, IIII, 

IIIII, VI and IVII. Both Iα and Iβ are present in cellulose I, in variable 

proportions according to their origin. Cellulose extracted from algae and 

bacteria contains high amount of Iα cellulose, Iβcellulose is more when it 

is extracted from higher plants. Meta stable Iα can be converted in to the 

more stable amorphous form Iβ by thermodynamically through the 

process called annealing.  
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1.4.2  Extraction of cellulose 

The fiber consists of cellulose bundles linked together by cementing 

materials like hemicellulose, lignin, wax and oils. Hemicellulose is a 

polysaccharide molecule, possessing extensive branching, lower 

molecular mass with a degree of polymerization about 50-200. Lignin is a 

class of natural organic polymer and it is an important constituent in the 

formation of cell walls. It is randomly branched polyphenol, composed of 

three different phenyl propane units. Ligin and hemicellulose present in 

the cell wall function as binder between the cells resulting the composite 

structure with excellent strength and elasticity [65].  

Herrick et al. [66] and Turbak et al. [67] described the method to 

produce microfibrillated cellulose from natural sources. The wood pulp 

suspensions were homogenized by the means of mechanical homogenizer. 

High pressure homogenization is the process which consist of passing the 

cellulosic slurry through a small nozzle under extremely high pressures. 

Grinding is one of the other methods to produce nanofibrillated cellulose 

from its macro form. During grinding the hydrogen bonds break resulting 

in the individualization of pulp in to the nanometre scale [68]. High 

intensity ultrasonication is also employed for the production of 

nanocellulose, in which the oscillating power is used to isolate cellulose 

fibrils by hydrodynamic forces of ultrasound [69]. 

In addition to the mechanical treatments, the fibers are subjected to 

different chemical treatments including alkali treatment, acid treatment 

and bleaching. Alkalization is common technique used to remove 

hemicellulose, fats and waxes present in the fiber. It defibrillates the 
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external cellulose microfibrils and eposes short length crystallites. 

Moreover, it destroys the hydrogen bonding interaction between the 

cellulose molecules resulting in the increased surface roughness. After the 

successive acid and alkali treatments, bleaching was performed. It was 

carried out for the complete removal of the remaining cementing 

materials from the coir fiber.  

Cellulose is a naturally occurring fiber that can be refined to macro, 

micro and nano size regimes by employing appropriate processing 

techniques. Conductivity can be imparted to these fibers by depositing a 

fine layer of known conjugated polymers on the surface [70]. 

Combination of these fibers with an appropriate polymeric matrix will 

result in composites with good dielectric properties and anisotropic 

mechanical properties. Nanoparticles in polymer matrix influence the 

structural, optical and electrical properties which can be effectively tuned 

for applications such as charge storage capacitors, electromagnetic 

shielding etc. [71].  

1.5  Thermoplastic polymers 

Based on the permanence of the plastics, it is classified mainly in to 

two. Thermoplastics and thermosetting plastics. Thermoplastic polymers 

can be moulded by heating and becomes hard when it is cooled. It 

becomes again soft while heating and can be remoulded in to different 

shapes without effecting its properties. Whereas thermosetting polymers 

cannot be remoulded. This is because of the chemical bonds between the 

polymer chains, which will lead to the formation of highly cross-linked 

structures. In thermoplastic materials, the polymers are connected by the 
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Vander walls forces which forms the linear or branched structures. 

Polyvinylchloride (PVC), Polymethylmethacrylate (PMMA), Polystyrene 

(PS), Poly(vinyl alcohol) (PVA) etc. are examples of thermoplastic 

polymers. Thermoplastic polymers are of low cost, light weight and 

possess better fatigue properties, hence these materials can replace 

metals with considerable weight savings. The thermoplastic components 

are easy to manufacture in high volumes with precision. These materials 

are highly recyclable, possess high impact resistance. So, in the study I 

have employed thermoplastic materials poly(vinyl alcohol) and 

polymethylmethacrylate for the preparation of the conducting composites.  

1.5.1 Poly(vinyl alcohol) (PVA) 

Poly(vinyl alcohol) is synthesised by the hydrolysis of polyvinyl 

acetate [72]. It is benign to living tissues, harmless, and nontoxic. Because of 

its use in cross-linked products and nanofillers, the chemistry related to this 

polymer has become attractive [73-75]. It is water soluble crystalline 

polymer has the ability to form excellent films. The solubility of PVA in 

water is governed by its intrinsic properties, it requires temperature of about 

100 oC. The degree of hydrolysis varies depending on the molecular weight, 

elemental composition and crystal structure [76,77].  

 
Figure 1.11: Different structures possible for poly(vinyl alcohol) 
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Depending on the degree of hydrolysis, two types of structures are 

possible for poly(vinyl alcohol). Figure 1.11a represents the partially 

reduced form and 1.11b shows the fully reduced form of poly(vinyl 

alcohol). The molecular weight of the polymer changes with the 

polymerization conditions. The elimination of acetate groups can take 

place either in acidic condition or in the basic medium. So, the molecular 

weight depends on the degree of hydrolysis and the length of vinyl acetate 

polymer [78]. PVA exhibits similarity to the human tissues, it can absorb 

protein molecules, and results with minimum cell adhesion, without any 

toxicity. It makes this polymer suitable for biomedical applications. 

Furthermore, poly(vinyl alcohol) responds well to humidity owing to the 

large number of hydroxyl groups present that can interact through 

hydrogen bonds indicating the efficiency of the material as potential 

humidity sensor. Moreover, it is an eco-friendly polymer, by the 

absorption of water molecules it swells indicating the chain altering of 

PVA by the absorbed water molecules. PVA has been extensively 

investigated as a host for different nano-fillers and for electrolyte 

applications. Presence of hydroxyl groups of PVA make it a self-charring 

material. The fire retardancy can be improved by the incorporation of 

various organic and inorganic fillers. So, the high flexibility and polar 

nature of PVA makes ideal host for intrinsically conducting polymers. 

Poly(vinyl alcohol) with hydroxy functional backbone offers good film 

forming property. Moreover, environmental kindly and flexibility of PVA 

molecules account for its EMI shielding applications. So, the high 

flexibility and polar nature of PVA makes ideal host for intrinsically 

conducting polymers.  



Chapter 1 

 20   Department of Polymer Science and Rubber Technology 
Cochin University of Science and Technology 

 

1.5.2  Poly(methyl methacrylate) (PMMA) 

Poly(methyl methacrylate) (PMMA) is one of the promising 

polymeric materials with desirable properties such as good weatherability, 

exceptional optical clarity and dimensional stability.  PMMA is synthetic 

thermoplastic polymer formed by the block, emulsion or suspension 

polymerization of methyl methacrylate (MMA). It is highly transparent 

polymer; hence it is used as light weight and shatter resistant replacement 

for regular glasses.  

 

Figure 1.12: Structures of methyl methacrylate and polymethyl methacrylate 

 

PMMA is classified in to three categories with respect to its 

tacticity, that is depending on the way of pendant methacrylate groups are 

arranged along the polymer backbone [79]. Isotactic (mm) is when the 

adjacent monomer groups were added in the meso diad mode, and the 

ester groups on the successive asymmetric carbons are projected on the 

same side of the polymer chain. Syndiotactic (rr) is when the monomer 

groups were added in the racemic diad mode, and the ester groups on the 

successive asymmetric carbons are projected in a regular alternation on 

both sides of the plane in the polymer chain. Atactic (mr) is another 
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racemic diad mode, but the ester groups on the successive asymmetric 

carbons are projected randomly on both sides of the plane in the polymer 

chain as shown in Figure 1.13 [80,81]. 

 
Figure 1.13: Different kinds of PMMA structures 

Free radical polymerization using peroxide and azo compounds 

yields the formation of atactic polymer. PMMA can also synthesized by 

the anionic polymerization, which yields the formation of isotactic and 

syndiotactic polymers. Isotactic and syndiotactic forms are more 

crystalline in nature and are stronger and more resistant to solvents.  

PMMA is an economical alternative to polycarbonate (PC) when 

high toughness and impact strength is not required. It exhibits low 

moisture and water absorbing capacity. PMMA is a combustion material, 

it burns even after the removal of the flame. The products eliminated in 
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thermal destruction possess intoxicating effect. PMMA based composites 

were prepared by injection moulding technique and it have excellent film 

forming property also. High injection pressures are needed for moulding 

due to its poor flow characteristics.  

PMMA can be used for making contact lenses, because of its good 

degree of compatibility with human tissue. High stiffness and the 

biocompatible nature of PMMA makes this suitable for bone substitute 

applications [82,83]. PMMA based bone cement has been found to be very 

efficient for the anchoring of artificial joints. During the implantation, it is 

at high risk of infection. In order to avoid the infection, suitable 

antibacterial drugs can be coated on the surface of PMMA. So PMMA 

based composites can be used as bone cement with low infection rate. 

Hence the PMMA based composites has been the areas of numerous 

research works, focusing on the improvement of strength and durability 

[84-87]. 

1.6  Properties of conducting polymer composites  

1.6.1  Dielectric permittivity and loss factor 

The real part of permittivity is related to the capacitance of a 

material and its ability to store energy [88]. Dielectric material stores 

current without conducting to a substantial amount. The charge storage is 

due to the polarization in an electric field by the dipoles where surface 

develops a net positive charge and the opposite surface develops a net 

negative charge. The imaginary part is known as the loss factor (ε”) and 

represents the energy loss of the external electric field when applied to the 

test material.  
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When the dielectric material is placed inside a DC electric field 

mainly four types polarizations occurs; electronic polarisation, ionic 

polarization, orientation polarization and space charge polarization. By 

the application of an electric field, the positively charged nucleus moves 

in one direction and the surrounding electron cloud distorts in opposite 

direction. As a result, the centre of electron cloud is not coinciding with 

the centre of nucleus, which will cause the development of a net dipole 

moment inside the material. This kind of polarization is possible in all 

types of materials, due to the presence of nucleus and electron cloud. The 

developed dipole moment is proportional to the magnitude of the applied 

electric field.  

The ionic polarisation occurs when the molecules possessing ionic 

structure comprising of cations and anions. The cations and anions are 

held together by an ionic bond; hence these ion pairs will possess net 

dipole moment before the application of electric field, but the total may 

be zero. But after the application of the field, the materials exhibit 

spontaneous polarization it will alter the net polarization. This is called 

ionic polarization. 

Orientation polarisation occurs in molecules possessing permanent 

dipole moments. In absence of field, the dipoles will be arranged 

randomly owing to the thermal motion of the material. By the application 

of an electric field, the dipoles will be aligned with the field as a result the 

dipoles will not cancel each other causing a net dipole moment for the 

material. It occurs in a frequency range of 106 Hz to 1010 Hz.  
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Figure1.14: Schematic representation of polarization mechanisms 

Space charge or interfacial polarization involves limited movement 

of charges resulting in alignment of charge dipoles under applied field. 

This usually happens at the grain boundaries or any other interface such 

as electrode-material interface. 
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Figure 1.15: Plot of dielectric constant with frequency showing 

different polarization mechanisms  

 
By the switching of the field, the polarised molecules also switch in 

order to align with the generated field. There is a time gap for the 

switching of the polarized molecules with the alteration of the field. As a 

result, different polarization mechanism takes different relaxation times 

with the frequency of the applied field, the frequency dependence is 

governed by the resonance phenomena. Figure 1.15 shows the plot of 

dielectric constant with the frequency; the peaks represent the resonant 

phenomena of the material. Atomic or electronic polarization is the fastest 

polarization mechanism, and it exists in the frequency range of 1013-1015 

Hz. Ionic polarization occurs between 109-1013 Hz; dipolar polarization is 

caused by the movement of dipoles and it occurs below 109 Hz. Interfacial 

or space charge polarization occurs at low frequencies of about 10 Hz.  

Dielectric spectroscopy is very informative technique to determine the 

molecular motions and structural relaxations in materials with permanent 
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dipole moments [89,90]. Knowing the real and imaginary permittivity, the 

AC conductivity can be determined. Determination of AC conductivity 

provides the information about the application of the materials and it 

gives an idea about the mechanism of conduction [91].  

1.6.2 Microwave properties of the conducting polymers 

Microwaves are the high frequency radio waves having wide range 

of applications, including radar, communication and cooking. Mostly it is 

used in communication systems to transfer the information such as voice, 

video and data. It constitutes a small portion of electromagnetic system 

from 300 MHz to 300 GHz. Conducting polymers are found to be very 

efficient as microwave absorbers and it is ideal materials for effective 

welding of plastics [92]. Material characterization is important for the 

proper selection of a material for various applications. The vital applications 

of microwaves are electrostatic dissipation, microwave absorption and 

electromagnetic interference shielding.   

The high data transfer rate of microwave radiations increased the 

number of communication devices operating in the microwave region. In 

order to reduce the electromagnetic pollution, conducting and magnetic 

microwave absorbing materials are widely being used [93-101]. Owing to 

the flexibility and light weight of polymeric materials, they are preferred 

over sintered bodies. Hence the conducting polymeric composites replace 

the metals in industrial areas. Numerous microwave absorbing materials 

based on conducting polymers have been developed in the recent years 

[102,103]. Rimili et al. developed the polyaniline based highly conducting 

materials suitable for microwave absorbing in the X and S bands [104]. 



Introduction 

 27 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

1.6.3 Electromagnetic Interference shielding  

Electromagnetic interference occurs when a sensitive device 

receives electromagnetic radiation which is emitted by other electric or 

electronic devices. Consequently, the received device will malfunction 

and it will lead to the wastage of energy and cause economic loss [105-

107]. Electromagnetic radiation can also enter into the human body. As a 

result, it causes to vibrate the molecules and produces heat inside the 

body. The heat produced is not easy to get dissipated and lead to the 

weakening of vein network.  

Due to the advancement in the communication technology which in 

turn lead adverse effect in the electromagnetic radiation pollution. 

Consequently, there is an urge to protect the environment as well as the 

sensitive circuits from microwave radiations. Electromagnetic interference 

shielding denotes either reflection or absorption of electromagnetic radiation 

by a material. The EMI shielding properties of a material depends primarily 

on three factors. The foremost requirement is that, the material should 

possess high electrical conductivity and it should have good magnetic 

properties. High aspect ratio is the second condition, which will help to 

form continuous conductive network. The filler molecules must be 

properly dispersed in the matrix, which will lead to form good adhesion 

with the matrix [108].  

Shielding can be performed in two ways, either by means of a 

shield, the emitted radiation from electric circuits can be prevented or 

shield the radiation outside the boundaries of the product. In both cases, 

the shield act as the barrier for electromagnetic radiation.  
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Figure 1.16: Illustration of the use of a shielded enclosure (a) radiation from an 

electrical circuit under operation (b) to eliminate radiation from the 

external source 

 

The shielding effectiveness of a material depends on EMI attenuation, 

frequency, distance between the shield and the source, nature and 

thickness of the shielding material. It is generally expressed in decibel 

(dB). The total shielding efficiency of the material is the combination of 

absorption, reflection and multiple internal reflections [109-112].  

SE=SEA+SER+SEM 

 
Figure 1.17: Schematic representation of EMI shielding mechanism 
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Figure 1.17 represents the graphical illustration of EMI shielding 

mechanism, (a) EM wave representation (b) Splitting of electromagnetic 

wave on passing through a shield [113-114]. 

1.6.3.1 Conducting polymer composites for EMI shielding  

Earlier metals have been used for EMI shielding primarily by the 

reflection of electromagnetic radiation. Though, metals possess 

disadvantages like high density, corrosion and rigidity. One of the ways to 

overcome the issues related to EMI shielding, is the use of polymer 

composites embedded with conducting particles [115-117]. In order to 

make polymers effective for shielding the conductivity should be higher 

than 10-2 S/cm. So, by using one kind of material (eg. Carbon black) 

higher filler loading is necessary. Carbon nanofibers are conducting 

materials, the conductivity can be increased by the modification with 

suitable conducting polymers. The synergistic effect of these two-

conductive material will produce high conducting materials, with lower 

filler loading.  

1.6.4 Antibacterial Properties 

The area of antibacterial drug has found unique attention, as the 

pathogens get resistant to the existing drugs in vogue. Antimicrobial agents 

are the materials used for the treatment of diseases, inhibitory chemicals 

employed to kill micro-organisms or prevent their growth. Based on the 

application and spectrum of activity, these microorganisms are classified 

variously. Germicides are the materials that can kill the microorganisms. 

Whereas the micro biostatic agents cause the inhibition to the growth                     

of pathogens. The germicides may show selective toxicity depending on   
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their spectrum of activity. They may act as viricides (killing viruses), 

bacteriocides (killing bacteria), algicides (killing algae) or fungicides (killing 

fungi). 

There are two types of materials such as bactericidal and bacteriostatic. 

Bactericidal materials are capable of killing bacteria but not necessarily 

the bacterial spores. While the bacteriostatic materials are chemical 

species which are not killing the bacteria instead it can prevent the growth 

of microorganisms. Hence the reproduction and replication are also 

prevented. The activity of these two kinds of the chemical species can be 

evaluated by different ways. Serial dilution fluid media method, serial 

dilution solid media method, cup plate method, gradient plate method, 

ditch plate method etc. are the methods used to evaluate the activity of 

bacteriostatic materials. But mostly end point methods are used for the 

evaluation of bactericidal materials.  

We have followed the cup plate method or agar well diffusion 

method [118] for the evaluation of polymer composite activity. Hence the 

method is describing here. The agar medium is poured in to a sterile petri 

dish and it is allowing to solidify. Agar surface of each plate is marked by 

a sterile cotton swab with the reference bacterial strain. Then the agar 

plate is punched with a sterile cork borer of 4 mm size and 15 μL of the 

sample by means of a micropipette. The plates are allowed to standby for 

30 min. After that the plates are incubated at 37 °C for 48 h. 
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Figure 1.18: Agar well diffusion method with essential arrangement. 

1.6.4.1 Mode of action 

Antibacterial agents can interfere with the synthesis and function of 

the vital components of the microorganisms. The material can react with 

microorganisms differently and causes the inhibition of the growth of 

microorganisms.  

(a) Cell-wall synthesis 

(b) Protein synthesis 

(c) Nucleic acid synthesis 

(d) Enzymatic activity 

(e) Folate metabolism or 

(f) Damage cytoplasmic membrane 
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1.6.4.2 Minimum Inhibitory Concentration (MIC) 

It is the lowest concentration of the antimicrobial agent which 

inhibit the growth of test microorganisms. The methods adopted to study 

the antibacterial activity can also be used for the determination of MIC. 

Lower MIC value indicates that the drug is more powerful to bacteria. MIC 

scores are vital in diagnostic laboratories in order to confirm resistance of 

microorganisms to an antimicrobial agent and also to monitor the activity of 

new antimicrobial agents. They are using the MIC values of the drugs to 

select the antibiotics to administer to patients with specific infections and 

to identify an effective dose of antibiotic. 

1.6.5 Flame Retardancy 

Burning is a chemical process occurs when oxygen reacts with 

another material producing adequate heat and light (exothermic reaction) 

to cause ignition. During the pyrolysis of the polymer, flammable gases 

are formed. An adequate ratio between these gases and oxygen leads to 

ignition of the polymer.  

 

Figure 1.19: Char layer formation on the surface of the burning material 

The addition of flame retardants to the polymeric system increases the 

LOI values of the material. That means the flame retardants can inhibit one 

https://www.boundless.com/microbiology/definition/infection/
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or more stages of the combustion process. It can be heating process, 

decomposition, ignition, spreading of the flame or smoke process. This 

depends on the nature of the polymer and flame retardant. There are two 

types of flame retardant processes. It can be either chemical or physical 

process. In chemical process, the flame retardants benefit the polymer 

breakdown, causes the flow of polymer which in turn reduces the effect of 

flame on the material. Flame retarding materials causes the formation of 

carbon layer on the surface of the polymer. During the heating process, 

the water molecules will get eliminated, creating double bonds in the 

polymer system. As a result, it forms carbonaceous layer on the surface 

by cyclising and cross linking. The process of char formation on the 

polymer surface is illustrated in the figure 1.19.  

 

Figure 1.20:  Schematic illustration of the protective layer formation 

inhibiting combustion and volatiles  
 

When the flame retardant is acting physically, the heat transfer is 

reduced by the formation of a protective layer on the surface. It can 

reduce the flow of flammable gases and the degradation of the polymeric 

material. In other way, the flame retardant additive can degrade through 

an endothermal process. Which will reduce the temperature of the host 

material. In turn, it increases the LOI value.  
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Recent years scientist succeeded in the development of nanomaterial 

based polymer composites for the flame retardant applications. In the 

discovery of new fire safe materials, Kashiwagi et al. have developed unique 

nanocomposites consisting of CNTs or CNFs [119-122]. The improvement 

in the fire retardancy of these composites can be explained as the formation 

of protective char layer on the surface. Even after the decomposition of the 

polymer chain, the carbon nanofiber will be present which will lead to the 

formation of compact network structure. Consequently, it slows down 

the mass loss of polymer while burning. Moreover, Morgan et al. stated 

that the fire retardancy is due to the reduction in heat release rate which 

in turn reduces the mass loss rate [123]. Successively the use of carbon 

based materials for fire safety purposes is increasing in the day to day 

life.  

1.7  Applications of conducting polymer composites  

1.7.1 Sensors 

Conducting polymers, such as polypyrrole, polyaniline, polythiophene 

and their derivatives have been used as the active layers of gas sensors 

since 1980s [124]. Metal oxide based sensors are commercially available 

these days, compared to this kind of traditional sensors the conducting 

polymer sensors possesses better characteristics. Metal oxide sensors 

require high temperatures whereas room temperature sensing is possible 

for polymer sensors. In addition, polymer sensors have short response and 

recovery times. Owing to the good mechanical properties of conducting 

polymer composite lead to the facile fabrication of sensors. Thus, more 

attention has been paid to develop polymer based composites.  
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1.7.1.1 Ammonia sensors 

According to European Environment Agency (EEA), 10 million 

metric tons of ammonia are being produced per year in the areas of 

western Europe. So, it causes ammonia as one of the common High 

Production Volume(HPV) industrial chemicals. Ammonia is widely used 

in industrial work places including petrochemical, paper, pulp and in oil 

industry. It is the building block for fertilizers and pharmaceuticals. 

Anhydrous ammonia is used as coolant in large industrial refrigerants. In 

the view of environmental pollutions, it is crucial to detect and measure 

the accurate amount of the toxic polluted gases to evade the major health 

issues in the near future. Anhydrous NH3 is such a toxic gas, high levels 

of NH3 can cause irritation to eyes, skin and respiratory organs. Four 

types of ammonia sensors are used most commonly. They are infrared 

sensors, chemo sorption, electrochemical and charge carrier injection 

sensors. Polyaniline based sensors are examples of electrochemical 

sensors. Electrochemical sensors are compact, needs less power, exhibits 

excellent repeatability. Gas enters in to the sensing material undergoes an 

electrochemical reaction that causes a change in the electrical properties 

of the material. The difference in the resistance is related to the amount of 

gas absorbed in to the material. Electrochemical sensors are developed in 

such a way to reduce the effects of interfering contaminants, making the 

readings as specific as possible. 

At present metal oxide semiconductors are being used for monitoring 

of toxic gases. Usually these sensors entail high working temperature, 

moderate selectivity and are expensive. Conducting polymeric materials 
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are widely been used as ammonia sensors because of their interesting 

characteristics like high sensitivity, short response time and room 

temperature operating [125]. Among the conducting polymers, polyaniline 

has extensively been investigated as gas sensing polymer due to its 

conducting property and chemical stability [126-128]. PANI can be 

synthesized by a fast and facile in-situ polymerization technique.  Moreover, 

the size and morphology of the PANI particles can be controlled during the 

synthesis. It also opens up a way to industrial processing. The cost of sensor 

fabrication and maintenance are thus likely to be low. In the pioneering work 

of Chani et al. [129] the polyaniline sensors in the form of pellets responded 

but the response time was approximately 3-4 minutes. So, the development 

of novel and high-performance gas sensor with good sensitivity, stability and 

response remains a challenge.  

1.7.1.2 Humidity sensors 

Humidity sensors are used for the detection of relative humidity in 

various atmospherics. Humidity sensing has also become essential for 

weather prediction, historic preservation, environmental studies and mobile 

electronics etc. [130-132]. There are many domestic applications like 

intelligent control of living environment, cooking control in microwave 

ovens etc. [133]. Humidity sensing is measured as the variation of electrical 

conductivity or the variation of the capacitance value. Normally used units 

for humidity measurements are relative humidity (RH), Dew/Frost point 

(D/F PT) and Parts Per Million (PPM) [134]. Relative humidity is a 

function of temperature; hence it is a relative measurement. Relative 

humidity is expressed as percentage. Dew point is the temperature above 
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which the water vapor condenses to form liquid water. However, frost point 

is the temperature at which the water vapor condenses to form ice. Both dew 

point and frost point are independent of temperature, thus it is absolute 

humidity measurement. Parts Per Million (PPM) represents the water vapor 

content by volume fraction. Among the various humidity measurements 

relative humidity is commonly used although this measurement unit is 

relative.  

Based on the method of measurements there can be resistive type 

humidity sensors and capacitive type humidity sensors or thermal sensors. 

Resistive type humidity sensors measure the resistance of the material 

with the alteration of humidity. In capacitive type humidity sensors, the 

material is placed in between two electrodes. The change in capacitance with 

respect to the atmospheric humidity levels are measured. In thermal sensors, 

two sensing materials are used. The materials will conduct electricity based 

on the humidity of the surrounding atmosphere. Among the two sensing 

materials one is encased in dry nitrogen while the other measures the ambient 

air. The difference between the two sensing materials measures the relative 

humidity.  

Polymers are carbon hydride compounds or their derivatives. 

Functional groups are attached to the back bone of polymer chain, the 

properties of the polymer are determined by the functional groups and its 

basic backbones structure. Polymeric humidity sensors are widely studied 

in applied industry [135-136]. Porous polymeric structures are mostly used 

as humidity sensors. The micropores function as the sites for water 

absorption. During the recent years polymeric sensors have been developed 
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based on quaternary ammonium salts, sulfonate compounds, and based on 

polymers containing phosphonium atoms [137-142]. 

1.7.2 Capacitor 

It is a two-terminal electrical device which has the ability to store 

electrical energy in an electrical field. Basically, a capacitor consists of two 

or more parallel conductive metal plates which are separated either by air or 

by means of an insulating material. The size and shape of the capacitor is 

based on the application. The consecutive plates can be square, rectangle, 

cylindrical or spherical.  

When DC voltage is applied on a capacitor, the charge accumulation 

taking place on the metal plates. There are two kinds of electrical charge, 

one is positive in the form of protons and the negative charge in the form 

of electrons. So, by the application of voltage, positive charges accumulate 

on one plate thus some negative charges accumulate on the other plate. 

Same number of positive and negative charges will be formed on two 

parallel plates of the capacitor, as a result the total charge of the plates 

will be neutral. But by the separation of charges, a potential difference 

will be created, consequently the capacitor will not conduct electricity. 

Charging current of a capacitor is the flow of electrons to the metal 

conductive plates. The flow of electrons stops only when the voltage 

across the plates becomes equal to the applied voltage.  

Many types of capacitors are available in the market. Among them 

the parallel plate capacitor is the simplest form, consisting of two 

metalized plates which are parallel to each other. The capacitance of the 
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capacitor depends on the surface area of the plates and the distance 

between the plates. The energy of the electron is stored as the electrical 

charge. Thus, the area of the plates is directly related to the capacitance 

value. As the area increases more and more electrons can store energy. 

Whereas the distance between the plates is inversely proportional to the 

capacitor performance for a given voltage.  

 

Figure1.21: Schematic representation of the capacitor 

The equation for the capacitance of a parallel plate capacitor is 

given as:  

C=ε*
A

d
 

where ε represents the absolute permittivity of the dielectric material 

being used. The permittivity of a vacuum, εo has the value of 8.84x10-12 

Farads per metre. A is the conductive plate area, d is the distance between 

the plates. 
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Figure 1.22 Representation of parallel plate capacitor. 

Usually the conductive plates of the capacitor are separated by an 

insulating material. Apart from the area and the distance between the 

plates, another factor determining the capacitance of a capacitor is the 

permittivity of the insulating medium. Polymer composites are good 

choice for the use of insulating material inside a capacitor. Materials 

possessing high dielectric constant can store more energy and it can serve 

as a good insulating medium. Hence this kind of materials have a great 

potential in power energy storage applications. Polymer materials with 

embedded high K nanoparticle fillers have replaced the conventional 

polymer composites with excellent characteristics [143-147]. Moreover, 

nano materials are preferred over the bulk materials, because they can 

form thinner dielectric films with higher capacitance density [148-149]. 

1.8  Scope and objectives of the work 

The current work involves development of conducting polymer 

composites based on conducting fibers and non-conducting fibers. 

Accordingly conducting carbon nanofiber and non-conducting cellulose 

fiber were selected. Cellulose was isolated from coir fibers by the 
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modification of a known method.  The isolated cellulose was refined into 

three different sizes- macro, micro and nano sizes. The isolated fibers were 

characterized by different techniques all of which supported uniform 

fibrillation and the size distribution in the successive ranges. Polyaniline 

was coated on the surface of cellulose and carbon nanofibers by the in-situ 

polymerization of aniline in acid medium. The properties of polyaniline 

greatly depend on the nature of the dopant used, monomer to oxidant ratio, 

purity of monomer, polymerization time and temperature etc. But among 

the variable conditions, the nature of the dopant used for the synthesis plays 

critical role. 

PVA and PMMA based composites were prepared by the solution 

casting method. Polyaniline modified cellulose and carbon nanofiber are 

incorporated separately in to both PVA and PMMA polymer matrices.  

The electrical, dielectric, thermal and mechanical properties of the as 

prepared composites were studied in detail. Significant improvement in 

the properties was observed for PVA based composites than that of 

PMMA composites. Characterization of the composites suggested that 

this improvement is due to the extensive hydrogen bonding present in 

PVA composites. The properties of the composite were related to the 

evenness of the fibrous fillers distributed in the polymer matrix. 

CNF/PANI composites yielded higher electrical and dielectric properties 

owing to the π-π interaction between the π orbitals of CNF and the 

quinoid rings of PANI. PANI/Cellulose composites exhibited low 

conductivity and dielectric properties than PANI/CNF composites. 

Among three different sizes of cellulose fibres excellent electric and 

dielectric properties were obtained for nanocomposites with low 
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percolation threshold. It can be due to the effective conductive network 

formed in case of nanocomposite. As the aspect ratio of the filler becomes 

high, fiber–fiber contact increases which results in effective network 

formation at lower filler concentrations. 

The relatively inferior properties of PMMA/Cellulose composite were 

thought to be due to the weak interaction between the hydrophilic cellulose 

and the hydrophobic PMMA. The compatibility of cellulose and PMMA was 

improved by the addition of Bis–(3-triethoxysilylpropyl)tetrasulphide (Si69). 

Drastic increase of mechanical properties was observed for silane coupled 

composite than PMMA/Cellulose composite. The composites were 

characterized and found that the interactions in PMMA/Cellulose/Si69 

composite were mainly chemical in nature. The result proved that Si69 is 

compactable to both PMMA and cellulose and can be used as an effective 

coupling agent for PMMA/Cellulose system. 

Excellent dielectric properties and electrical conductivity of the 

composites lead us to explore the EMI shielding property of the composites. 

The advancement in the communication technology lead increased radiation 

pollution. Consequently, there is an urge to protect the environment as well 

as the sensitive circuits from microwave radiations. PANI/CNF/PVA 

composite exhibited good EMI shielding with very low thickness.  

The redox properties of polyaniline have opened up new avenues in 

biological field, such as immobilization platform for tissue growth, 

biosensors, controlled drug delivery systems and neural probes etc. The 

antibacterial activity of polyaniline has significant effect on hydrophilicity, 

molecular weight and the electrostatic attraction between PANI and bacteria. 
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The dopant molecule is one of the key factors that affects these properties.              

In view of growing importance to antibacterial drugs I have studied                  

the effect of dopant on the antibacterial properties of PANI/CNF/PMMA 

nanocomposite.  

Carbon nanofibers are source of electrical conductivity, improves EMI 

shielding and mechanical properties of the composite. In addition, it can act 

as good flame retardant. Hence the flame retardant properties of polyaniline 

coated carbon nanofibers in PVA and PMMA matrices were studied. Large 

amounts of hydroxyl groups available in PVA make it a self-charring 

material and the charring can be improved further by proper compounding. 

Therefore, LOI values of PANI/CNF/PVA and PANI/CNF/PMMA 

nanocomposites were evaluated for investigating their flame retardant 

property. Both composites exhibited higher LOI values than pure polymers 

and increased with increasing PANI/CNF content. The flame retardant 

efficiency of PVA composite was significantly higher than PMMA 

composite. The high flame retardancy of PANI/CNF/PVA composite is 

due to the good dispersion of PANI/CNF in PVA matrix and the high 

surface area of the carbon nanofibers. The improvement is also ascribed 

to the synergistic effect of polyaniline and carbon nanofiber in self-

charring PVA matrix.  

Number of studies have indicated that poly(vinyl alcohol) is 

sensitive to moisture and can interact with water molecules through 

hydrogen bonding. Moreover, it is an eco-friendly polymer. By the 

absorption of water molecules, it swells. Humidity sensing has become 

essential for weather prediction, historic preservation, environmental 
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studies and mobile electronics etc. At the same time, it is crucial to detect 

and measure the accurate amount of the toxic polluted gases like 

ammonia to evade the major health issues in the near future. Our 

challenge was to develop humidity and gas sensor using the same material 

with good sensitivity, stability and response. PVA is water absorbing 

material, the absorbing capacity was improved by the incorporation of 

PANI/CNF or PANI/Cellulose in to the matrix.  The absorbed water 

molecules bring variation in AC capacitance. When polyaniline is 

exposed to ammonia gas, protonation/deprotonation reactions take place 

resulting in changes in the electrical resistance. The difference in the 

sensing performance was studied by the incorporation of carbon nanofiber 

and nanofibrillated cellulose (NFC). It is worth noticing that the 

properties of the composite were changed by the incorporation of 

different nanofibers. The addition of CNF resulted better sensing 

properties.  

The composites with high dielectric constant materials opened up 

many applications in the area of high charge storage capacitors, gate 

dielectrics, electroactive materials etc. PANI/CNF/PVA composite exhibited 

high dielectric constant with low dielectric loss. Hence it can be used as 

insulating material in parallel plate capacitors. Combination of conducting 

polymers with carbonaceous materials have developed as effective 

combination for the fabrication of efficient charge storage capacitors. The 

variation of capacitance and dissipation factor was measured against 

frequency. Very high capacitance with low dissipation factor was obtained 

for the thin film capacitor.  
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Specific Objectives  

▪ To develop conducting thin films and composites based on 

non-conducting polymeric matrices and conducting fillers. 

▪ To study the electrical, dielectric, thermal and mechanical 

properties of the composites developed. 

▪ To study the potential of the conducting composites prepared 

as anti-bacterial and fire-retardant material.   

▪ To develop thin, easily foldable materials with enhanced EMI 

shieling applications. 

▪ To design devices for sensing humidity and ammonia. 
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Chapter 2 

 MATERIALS AND EXPERIMENTAL METHODS 
 

 

 2.1 Materials 
 2.2  Chemicals  
 2.3 Experimental methods 
 2.4 Characterization techniques 

 

 

 

This chapter deals with the materials used, preparation of composites and 

the characterization techniques adopted in the present investigations. 

 

2.1 Materials 

Poly(methyl methacrylate) 

Thermoplastic Poly(methyl methacrylate) (PMMA), was supplied 

by Plaskolite West (Compton, CA, USA). 

Grade  PERSPEXVR CP-61 

Density 1.18 g/cm3 

The specific gravity  1.12  

Poly(vinyl alcohol) 

Poly(vinyl alcohol) (hot) was obtained from Research lab fine 

chem. Industries.  

Molecular weight  17000 g/mol 
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Carbon nanofibers 

Carbon nanofiber of 95% purity was purchased from Pyrograf 

Products, Inc., USA.  

Grade  Pyrograf III PR 19 

N2 Surface area 20-30 m2/g 

Diameter  70-90 nm  

Length  30-50 μm. 

2.2  Chemicals  

Aniline 

Aniline was obtained from Electrochem private Ltd., Mumbai. It 

was double-distilled before use. 

Ammonium peroxodisulphate 

Ammonium peroxodisulphate (APS) was obtained from S.D. Fine 

Chem, Mumbai, India 

Molecular weight 228.2 g/mol 

Sodium hydroxide 

Sodium hydroxide was supplied by Nice Chemicals Ltd., Mumbai.  

Molecular weight  40 g/mol 

Sodium chlorite 

Assay 80 % 

Sodium chlorite was obtained from Loba chemicals. 

Silane coupling agent (Si 69) 

The coupling agent, TESPT used was Si 69, obtained from B. P. 

Chemicals, Mumbai. 
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Calcium chloride 

Calcium chloride was obtained from Merck Specialties Private Ltd., 

Mumbai, India. 

Molecular weight  110.98 g/mol 

Camphor sulphonic acid 

Camphor sulphonic acid was procured from Merck Specialties Pvt. 

Ltd., Mumbai, India. 

Toluene sulphonic acid 

Toluene sulphonic acid was procured from Merck Specialties Pvt. 

Ltd., Mumbai, India. 

Hydrochloric acid 

Hydrochloric acid was obtained from Merck Specialities Pvt. Ltd., 

Mumbai. 

Glacial Acetic acid 

Assay ≥ 99.0 % 

Non-volatile substances ≤ 0.01 % 

Acetic acid was supplied by Merck Specialities Pvt. Ltd., Mumbai. 

Sulphuric acid 

Assay (H2SO4)                95-98 % 

Residue on ignition ≤ 0.005 % 

Sulphuric acid was supplied by Merck Specialities Pvt. Ltd., Mumbai. 

Phosphoric acid 

Assay (H3PO4)                95-98 % 

Molecular weight 93.13 

Boiling point  182-185 οC 

Phosphoric acid was supplied by Spectrochem Pvt. Ltd., Mumbai. 
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Ammonia gas 

Ammonia gas (1%) was procured from Baruka gas Pvt. Ltd. 

Bangalore, India. 

Bacterial cultures 

Bacterial cultures were purchased from Microbial Type Culture 

Collection (MTCC) and gene bank, Institute for Microbial 

Technology, Chandigarh, India. Microbial culture media ingredients 

such as peptone, yeast extract, NaCl, agar and potato dextrose agar 

were obtained from Himedia Laboratories Pvt. Ltd. 

2.3 Experimental methods 

2.3.1 Preparation of test specimen 

The PMMA/Cellulose/Si69 composites were injection moulded in DSM 

Explore, Micro 12 cc injection moulding machine at 190 C for 8 minutes, to 

prepare test samples for impact, tensile, and flexural testing according to the 

relevant ASTM standards. The samples were moulded at identical conditions 

and the properties were taken as the average of five samples.  
 

 

Figure 2.1: DSM Micro 12 cc Injection moulding machine 
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2.4 Characterization techniques 

A detailed account of the characterization techniques employed in 

elucidating the various sample properties is being portrayed. 

2.4.1 Morphology studies 

The morphology and microstructure of the samples were investigated 

using the following microscopic techniques. 

2.4.1.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is very powerful technique to get 

information about the topography, morphology and the structural 

information of the materials. In this technique the electrons are 

thermionically emitted from tungsten or lanthanum hexaboride cathode. 

The emitted electrons are accelerated towards the anode. These focussed 

beam of high energy electrons are scanned across the specimen and can 

generate a variety of signals at the surface. It consists of secondary 

electrons of low energy, back scattered electrons of high energy, 

diffracted back scattered electrons and X-rays. The signals are monitored 

by detectors and magnified.  

SEM observations of the samples reported in the present study were 

examined using a JEOL Model JSM.6390 LV scanning electron microscope. 

Prior to analysis, the samples were mounted on a metallic stub and an 

ultrathin coating of electrically conducting material was deposited by 

vacuum sputter coating. It is used to prevent the accumulation of static 

electric fields at the specimen due to the electron irradiation during 

imaging.  The samples were gold coated before the analysis to make it 
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conductive. A major advantage of SEM is that bulk samples can also be 

directly studied. 

2.4.1.2 Field Emission Scanning Electron Microscopy (FESEM) 

The structure of nanocellulose was studied using Hitachi SU6600 

Variable Pressure Field Emission Scanning Electron Microscope 

(FESEM). It is a better tool for imaging compared to conventional SEM. 

In this technique a field emission gun provides very narrow probing with 

high and low energies. It can provide improved special resolution, slight 

sample damage and charging. An accelerating voltage of 20 kV was used 

in the microscope.  

2.4.1.3 High Resolution Transmission Electron Microscopy (HRTEM) 

Direct imaging of individual nanoparticles with high resolution is 

made possible using transmission electron microscopy. It uses a beam of 

electrons accelerated with high voltage. When these electrons are allowed 

to pass through thin materials, it get scattered. So, the thickness of the 

material should be less than 200 nm. The sample can be magnified about 

100-100,000 times. It can provide more useful information about the 

crystalline materials than the amorphous samples. TEM analysis was 

performed for carbonaceous materials using JEOL 300 KV HRTEM 

microscope with an accelerating voltage of 200 kV. The topographic 

information obtained by TEM in the vicinity of atomic resolution can be 

utilized for structural characterization and identification of various phases 

of mesoporous materials, viz., hexagonal, cubic or lamellar [1]. 
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2.4.2 Spectroscopy 

2.4.2.1 Raman Spectroscopy 

Raman spectroscopic measurements of the samples were carried out 

on Bruker RFS27 R spectrometer using Nd: YAG laser with a 100 mW 

operating at 1064 nm in the range of 200-3000 cm-1. 

Raman spectroscopy measures the vibrational modes of a material 

like infrared spectroscopy. Raman spectroscopy is based on the scattered 

light whereas the infrared spectroscopy measures the absorption of 

photons. Raman spectroscopy is one of the most powerful technique for 

the analysis and identification of molecular structure. The G band, located 

near 1600 cm-1, could be used to determine the orientation of the 

carbonaceous materials in a composite by measuring the Raman spectra at 

angles 0-90 º. It also helps to determine the type of the material whether 

metallic or semiconducting. If the material is semiconducting, the peak 

around 1600 cm-1 will be broad and it becomes narrower when it is 

metallic [2]. The presence of D band near the 1300 cm-1 is due to the 

defects within the graphitic structure. The intensity of the peak is directly 

related to the defects present in the structure. High intense D band 

indicates more defective structure and low intense band shows that the 

structure is further perfect.  

2.4.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy is the common form of vibrational spectroscopy 

and it depends on the excitation vibrations of molecules by the absorption 

of photons. Absorption of an infrared photon occurs only if the dipole 

moment changes during the vibration. The intensity of the absorption 
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peak is proportional to the change in the dipole moment. A variety of IR 

techniques have been used to attain information on the surface chemistry 

of different solids. IR spectroscopy exploits the fact that molecules have 

specific frequencies at which they rotate or vibrate corresponding to 

discrete energy levels. FTIR aims at determining the molecular structure 

by detecting the characteristic vibrational frequencies of molecules. The 

infrared radiation is allowed to pass through the material, then some of 

the radiation will get absorbed and some will get transmitted. All 

molecules have specific frequencies at which they rotate or vibrate 

corresponding to discrete energy levels. As the different functional groups 

absorb at their unique characteristic frequencies, the resulting spectrum 

representing the molecular absorption and transmission, is the molecular 

fingerprint of the sample [3]. 

Fourier transform infrared spectra of the samples were recorded on 

Thermo Nicolet, Avatar 370 model.  

2.4.2.3 Ultra Violet - Visible (UV–Vis) Spectroscopy 

The absorption of light by a material in the ultraviolet (l0 - 420 nm) 

and visible region (420-700 nm) is measured by a spectrometer. The 

absorption of the light in this region is solely dependent on the nature of 

the functional groups present in the molecules. When a molecule is 

exposed to light energy which matches the energy difference between the 

possible electronic transition within the molecule. Hence a fraction of 

light energy will be absorbed by the molecule and it will be excited to the 

higher energy orbital. There can be various possible transitions which are 

σ-σ*, n-σ*, π-π* and n-π* depending on the sample under analysis. 
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Among these transitions n-π* transition requires minimum energy; hence 

it occurs at longer wavelengths. A spectrometer records the degree of 

absorption by the material at different wavelengths and the resulting plot 

of absorbance versus wavelength is known as a spectrum. The significant 

features of the spectrum are λmax and εmax. Where the λmax is the wavelength 

at which maximum abortion taking place, and εmax is the intensity of 

maximum absorption. By analysing the UV-Vis absorption spectra of 

materials, it is possible to estimate the absorption coefficient α, direct and 

indirect band-gap energies and the density of states. 

2.4.2.4 Solid state Nuclear Magnetic Resonance Spectroscopy  

Nuclear magnetic resonance spectroscopy provides information on 

the interaction of nucleus with an external field. The chemical shift is 

measured relative to the reference compound and it is expressed in hertz 

or ppm. The interaction of nuclear spins with externally applied magnetic 

fields is described as spin Hamiltonian H.  

H = HZ + HCS + HQ + HD + HJ ........................................... 2.1 

where HZ is a Hamiltonian, which describes the interaction of the nuclear 

spin with the external field Bo (Zeeman Interaction). The chemical shift 

Hamiltonian HCS gives information on the local environment of a 

nucleus. The chemical shift is measured relative to that of a reference 

compound (TMS in case of 29Si NMR) and is expressed in Hertz or in 

ppm with respect to the resonance frequency of the reference compound. 

HQ describes the quadrupolar interaction of the nucleus with the 

surrounding electric field gradient. HD describes the dipolar interaction 
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with other nuclei, while HJ describes the interaction with other nuclei 

through J-coupling.  

Magic angle spinning (MAS) NMR spectra for 29Si and 13C nuclei 

were recorded on BRUKER DSX300 spectrometer at 7.05T (resonance 

frequencies 59.595 MHz, rotor rate 10000 Hz, external reference of 

Si(OCH3)4 and 75.43 MHz, rotor rate 10000 Hz). Chemical and structural 

information is obtainable from the high-resolution NMR spectroscopy [4-

6]. Moreover, Magic Angle Spinning solid state NMR technique allows 

high spectral resolution as that of liquids [7].   

2.4.2.5 Mass Spectrometry (MS) 

Mass spectrometer characterizes substances by identifying and 

measuring the intensity of molecular fragment ions of different mass-to-

charge ratio (m/z). The incoming gas molecules are first ionized by the 

ion source. The positive molecular ion and fragment ions formed are then 

separated according to their m/z value by a combination of magnetic and 

electrostatic fields. A mass spectrum is recorded by scanning the field 

strength so that ions of increasing m/z ratio arrive at the detector. The 

combination of mass spectrometer with thermogravimetric analyser 

provides information about the nature of gaseous reaction products 

formed in TGA. TGA-MS gives the key idea of mass ions and fragments. It 

is possible to analyse each segment individually for further understanding 

of the material composition. In TGA coupled gas analysers, a part of the 

gas evolved from the sample is sucked into the mass spectrometer. The 

sensitivity of the sample is very high, hence only about 1 % effluent gas is 

needed.   
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The composites were analysed by TGA coupled mass spectrometer. 

The evolved gas during heating was analysed by MKS Cirrus 2 instrument, 

which was connected to Q50 thermogravimetric analyser, TA instrument.  

2.4.2.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron 

Spectroscopy for Chemical Analysis (ESCA), is an analysis technique 

used to obtain chemical information about the surfaces of solid materials. 

The sample is placed in an ultrahigh vacuum environment and exposed to 

a low-energy, monochromatic x-ray source. When x-ray is incident on the 

sample, the core level electrons get ejected. The energy of the 

photoemitted core electron is characteristic of the binding energy and the 

element from which it was emitted. Energy analysis of the emitted 

photoelectrons is the primary data used for XPS. The ejection of core 

electron from the sample reasons an outer electron fills the core hole. The 

energy of this transition is balanced by the emission of an Auger electron 

or a characteristic x-ray. Analysis of Auger electrons can be used in XPS, 

in addition to emitted photoelectrons. The photoelectrons and Auger 

electrons emitted from the sample are detected by an electron energy 

analyser and their energy is determined as a function of their velocity 

entering the detector. By counting the number of photoelectrons and 

Auger electrons as a function of their energy, a spectrum representing the 

surface composition is obtained. The energy corresponding to each peak 

is characteristic of an element present in the sampled volume. The area 

under a peak in the spectrum is a measure of the relative amount of the 
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element represented by that peak. The peak shape and precise position 

indicates the chemical state for the element. 

2.4.3 X-ray diffraction analysis (XRD) 

X-ray diffraction (XRD) is a powerful non-destructive technique to 

provide more in-depth information about crystalline compounds. It 

provides information on crystal structure, phase, preferred crystal orientation 

(texture), and other structural parameters, including identification and 

quantification of crystalline phases. X-ray diffraction peaks are formed by 

constructive interference of a monochromatic beam of X-rays diffracted 

at specific angles from each set of lattice planes in a sample. The diffracted 

x-rays are detected, processed and counted [8]. For an incident ray, at an 

angle θ, according to Bragg’s equation, path difference is given by,  

nλ = 2d sin θ ............................................................................. .2.2 

Where, n is an integer, d is the distance between atomic layers in the 

crystal, λ is the wavelength, and θ is the angle of incidence. 

The peak intensities are determined by the distribution of atoms 

within the lattice. The X-ray powder diffraction measurement was 

performed using a Bruker D2 phaser X-ray Powder Diffractometer equipped 

with Cu K radiation. The diffraction intensities of the samples were 

recorded for a range of 5-80 (2). The crystallite size was calculated by 

using the Scherrer equation, 

Lh,k,l= Kλ/bcosθ  ........................................................................ 2.3 

where, K = 0.94. 
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2.4.4 Brunauer-Emmett -Teller (BET) surface area analysis 

The specific surface area, total pore volume and average pore 

diameter of the samples were measured by N2 adsorption-desorption 

methods using a Autosorb 1C Quantachrome USA. Prior to analysis the 

samples were activated at 150 °C for 4 h under vacuum and then the 

adsorption-desorption was conducted by passing nitrogen into the sample. 

The BET method was used to calculate the total surface area at relative 

pressures of P/Po = 0.65–0.45 and to determine the total pore volume and 

average pore diameter at a relative pressure of P/Po = 0.99. 

The BET equation can be represented as:  

p/V(po-p) = 1/cVm+ [(c-1)/cVm] (p/po)…………………… 2.4 

where p is adsorption equilibrium pressure, po is saturation vapor 

pressure of the adsorbate at the experimental temperature, V is volume of 

N2 adsorbed at pressure p, Vm is volume of adsorbate required for 

monolayer coverage and c, a constant that is related to the heat of 

adsorption and liquefaction [9]. Numerous computational methods are 

available to calculate the pore size distribution of mesoporous sample. 

Among them Barrett-Joyner-Halenda (BJH) model is the most popular 

model, which is applied here to the adsorption branch of isotherm.  

2.4.5 Dynamic Light Scattering (DLS) 

The particle size of cellulose and polyaniline coated carbon nanofibers 

were determined by Microtrac Nanotrac wave using dynamic light scattering 

(DLS) method. This technique is also known as Photon Correlation 

Spectroscopy (PCS). Particle size was calculated by measuring the changes 
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in the intensity of light scattered from the mixture. The sample is 

irradiated by a laser beam and photon detector detects the fluctuations of 

scattered light at a known scattering angle θ by a fast photon detector. For 

particle size distribution, the water suspended nanofibril particles were 

diluted appropriately and analysed. 

2.4.6 Zeta potential measurement 

Zeta potential was measured using Zetasizer 2000 system (Malvern 

Instruments Ltd., Worcestershire, UK). The instrument was equipped 

with a photon correlation spectroscopic system. Zeta potential is the 

potential difference across the phase boundaries between the solid and 

liquid. Zeta potential analysis indicates the extend of electrochemical 

equilibrium on interfaces. It is dependent on the nature of both liquid and 

on the properties of the surface. It plays an important role in the theory of 

aggregative stability-DLVO theory [10,11]. Higher zeta potential value 

indicates higher stability of the system. The presence of surface charge 

develops an electrostatic filed which can affect the ions in the bulk of the 

liquid.  

The measurement of zeta potential involves the determination of 

the rate at which the charged particle moves in response to an electric 

field. The particles having a particular zeta potential moves to the 

opposite charged electrode. The rate of movement is proportional to the 

value of zeta potential. The speed is measured by the Laser Doppler 

Anemometer.  
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2.4.7 DC conductivity measurements 

DC conductivity of the composites were measured by a standard 

two-probe electrode using a Keithley 2400 source-measure unit in dry air 

at ambient temperature. The circle shaped sample was kept in between 

two copper electrodes and the resistance of the sample was directly read 

out from the instrument. Knowing the thickness and area of the sample, 

the conductivity was measured using the equation  

σ = 
1

𝑅
∗

𝐿

𝐴
 ................................................................................. 2.5 

where L is the thickness of the material, R is the resistance and A is the 

cross-sectional area of the sample.  

Temperature variation of DC conductivity was measured using 

standard four probe methods employing Keithley as per the standard 

procedure ASTM F 43-99. The powdered samples were compressed into 

pellets of 13 mm diameter and about 1-2 mm thick disk using a hydraulic 

press operated at a pressure of 200 MPa. To understand the stability of the 

sample at higher temperatures, the pelleted samples were subjected to 

heating. The temperature was increased from 30 οC to 110 οC. The DC 

conductivity variation was measured at every 5 οC intervals.  

2.4.8 Dielectric properties 

2.4.8.1 Impedance Analyser  

The dielectric properties of the samples were measured out at 

frequencies ranging from 40 Hz to 30 MHz using an impedance analyser, 

Agilent E 4980 A Precision LCR Meter. Disc shaped samples having 
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diameter of 10 mm were used for the measurements. The sample was 

placed in between two parallel metallic plates. The field between the 

plates passes through the material, hence the material is polarized.  

 

 

Figure 2.2: Impedance analyser and parallel plate capacitor fixture set up 

 

The capacitance of a sample parallel plate capacitor is given by 

C=εA/d ..................................................................................... 2.6 

Where A is the area of the plates, d is the separation between the plates and ε 

is the permittivity of the medium. When a parallel plate capacitor with a 

dielectric in between is charged, then the capacitance, C is given by 

C= εoεrA/d .............................................................................. 2.7 

Where, εo is the permittivity of free space and εr is the dielectric constant 

of the material between the plates. Permittivity is calculated knowing the 

area of the plate and the thickness of sample.  

εr =C d/εoA ............................................................................... 2.7 
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 In most analyzers the calculation is automated, making this a 

convenient technique for accurately measuring the permittivity of sheet 

materials at low frequencies. The extend of polarization is measured as 

dielectric constant of the material. Permittivity is a physical quantity that 

describes the ability of a material to store energy or it is the materials 

ability to permit an electric field. The energy can be exchanged between 

the field and the material in a lossless manner. So, this stored energy can 

be represented as the permittivity of the medium. On the other hand, 

energy may be permanently lost from the electric field and it can be 

absorbed by the material in the form of heat. This energy loss is 

represented as imaginary part of permittivity.  

2.4.8.2 Impedance analyser for capacitance measurement  

 
Figure 2.3: Wayne Kerr 6510B impedance analyser 

 

The Wayne Kerr 6510B Precision Impedance Analyzer provides 

precise and fast testing of devices at frequencies up to 10 MHz. The 

accuracy of the instrument is ±0.05 %. The accuracy and versatility make 

the precision analysers the ideal choice for many different tasks and 

applications including passive component design, dielectric material 

characterisation and manufacturing test. 
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2.4.9 Measurement of microwave properties  

The microwave properties of the conducting composites were 

studied using ZVB20 vector network analyser. The microwave 

characteristics were measured in the X band frequency region (8-12 GHz). 

The image of the cavity resonator is shown in the figure 2.5. The cavity 

resonators are constructed using brass or copper wave-guides. The inner 

walls of each cavity were silvered to reduce the wall losses. Both the 

resonators were of transmission type. The dimensions of the X band 

waveguide are 34.5 cm ×7.2 cm ×3.4 cm. 

 
Figure 2.4: Vector network analyser  

 

 
Figure 2.5: X band wave guide cavity resonator 
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2.4.9.1 Theory of microwave  

The introduction of a dielectric material into resonance cavity 

produces a field. The field perturbation due to the presence of a material 

is given by Kupfer et al. [12]. 

-(dΩ/Ω) =
[(𝜀∗−1) ∫ 𝐸.𝐸0∗𝑑𝑉]

2 ∫𝑉𝑐
|𝐸0|2 𝑑𝑉

 ................................................. 2.8 

where dΩ is the complex frequency shift; Vc and Vs are the volumes of 

the cavity and the sample, respectively. E and E0 are the perturbed and 

unperturbed fields in the cavity, respectively; and ε* is the relative 

complex permittivity of the sample material. 

ε* = ε’-jε” ............................................................................... 2.9 

here ε’ is the real part of permittivity and ε” is the imaginary part.  

Complex frequency shift is associated to the quality factor by the equation 

(dΩ/Ω) ≈ (dw/w) + j/2 [(1/Qs)-(1/Q0)] .................................... 2.10 

Qs is the quality factor of the cavity with the sample material and Q0 is the 

quality factor without sample.  

Quality factor Q can be calculated from the resonant frequency f.  

Q=f/Δf ..................................................................................... 2.11 

Where Δf is the corresponding 3 dB band width of resonant frequency.  

Assuming that E=E0 

E0 = Eomax sin (Πx/a) sin (Πpz /d), p = 1, 2 , 3 etc ................. 2.12 
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Eomax is the peak value of E0, ‘a’ is the broader dimension and ‘d’ is the 

length of the wave guide resonator. 

From the equations 2.8 and 2.10 the real and imaginary permittivity 

can be calculated as 

ε’=1+
(f0−fs )Vc

2fs Vs
 ...................................................................... 2.13 

ε” = (
Vc

4Vs
) [

(Q0−Qs)

Q0Qs
] ............................................................ 2.14 

The heating efficiency can be compared by means of a heating 

coefficient: J, which is defined as [13,14] 

J= 
1

ε’ tanδ
… ............................................................................. 2.15 

 

The absorption of electromagnetic waves when it passes through the 

medium is given by the absorption coefficient (αf), is defined as 

αf = 
ε”f

nc
 .................................................................................... 2.16 

 

where n= (ε’2+ ε”2)1/2 and c is the velocity of light 

The skin depth of a material can be calculated from the absorption 

coefficient. It is the inverse of absorption coefficient and can be defined 

as the effective distance of penetration of an electromagnetic wave into 

the material. The penetration depth of a material can be expressed as  

δf = 
1

αf
 ...................................................................................... 2.17 
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2.4.9.2 Method of measurement 

Initially the resonance frequency f0 and the quality factor Q0 of the 

cavity in the unperturbed condition was measured. Then the rectangular 

shape sample was inserted into the cavity and positioned at the maximum 

electric field. Resonance frequency fs and the quality factor with sample 

is measured. Knowing the frequency and quality factor with and without 

sample, the permittivity was calculated.  

By the application of a dielectric material in to the cavity, the 

resonance frequencies of the cavity are perturbed at the position of 

maximum electric filed. At the position of maximum electric field, the 

contribution from the magnetic field is minimum [15,16]. By the insertion 

of a sample into the cavity, the overall geometric configuration of 

electromagnetic field is changed. Hence by measuring the perturbation of 

the sample, the dielectric constant, dielectric loss, penetration depth, 

heating coefficient and AC conductivity can be determined.  

2.4.10 Electromagnetic interference shielding 
 

 

Figure 2.6: (a) X band wave-guide (b) S band wave-guide 
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EMI shielding measurements were carried out in S (2-4 GHz) band 

and X (8-12 GHz) band frequencies using wave-guides coupled to a 

ZVB20 vector network analyser. The wave-guides were of dimensions 

2.3 cm× 1 cm× 13.5 cm for X band and 7.2 cm× 3.4 cm× 35.2 cm for S 

band. The images of both X and S band wave guides are shown in the 

figure 2.5. The two test port cables of the vector network analyser are 

connected to the wave guides via co-axial adapters. The sample was 

placed between two sections of the wave guide and the transmission loss 

was determined. It gives the shielding efficiency of the material.  The 

rectangular samples of 0.5-0.09 mm thickness were inserted into 

rectangular sample holder which matches the internal dimensions of X-band 

and S-band waveguides. Scatter parameters (S-parameters), were used to 

calculate shielding parameters in a two-port EMI shielding setup. The S 

parameters are represented as Sxy. The first number in the suffix refers to 

the port where the output was measured and the second number refers to 

where the signal originated from. Hence S11 is the reflected signal and 

S21 is the transmitted signal. Hence it can be defined as 

| S11 |: Reflected voltage magnitude divided by the incident voltage 

magnitude in port 1 

| S12 |:  Transmitted voltage magnitude from port 2 to port 1 divided 

by incident voltage magnitude in port 2 

Shielding efficiency of the sample can be calculated from S21. 

Knowing reflectivity (R) and transmissivity (T), absorptivity (A) can be 

calculated using the relation  

A=1−T−R…………………………………………………….2.18 
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2.4.11 Mechanical properties 

2.4.11.1 Tensile Analysis 

Tensile properties of the composites were studied using a Shimadzu 

Universal Testing Machine (model AG-I) with a load cell of 10 kN 

capacity according to ASTM D638. The rectangular shape samples were 

used for thin films, whereas the specimens were dump bell shaped for 

injection moulded samples. The gauge length between the jaws was 

adjusted to 40 mm before the measurements. All the measurements were 

carried out at a cross speed of 50 mm/min at room temperature. A 

minimum of four samples were tested and the average value was reported.  

The ability of a material to resist breaking under tensile stress is an 

important property of elastomers. The force per unit area needed to break 

the material is known as tensile strength. Tensile modulus gives the ratio of 

stress to elastic strain in tension. The elongation at break is the percentage 

increase in length that occurs before it breaks under tension. The materials 

possessing high tensile strength and elongation are applicable to many areas.  

2.4.11.2 Flexural properties  

The flexural test determines the force needed to bend a beam under 

three-point loading conditions. Flexural modulus gives an indication 

about the stiffness of the material. Flexural properties were determined by 

three-point loading system employing UTM (Shimadzu AG-1) with a 

load cell capacity according to ASTM D 79. The flexural properties were 

measured using rectangular shaped samples at a crosshead speed of 

5mm/min. A minimum of four samples were tested for each composite 

and the average results were recorded. 
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The flexural strength is given by 

S = 3PL/2bd2  .......................................................................... 2.19 

Where S = f1exural strength, P = maximum load at the moment of break, 

b = width of the specimen, L= length of the span and d = the thickness of 

the specimen. 

The flexural modulus was calculated from the slope of initial 

portion of the flexural stress strain curve. 

2.4.11.3 Impact strength  

The impact strength is the measure of the ability of a material to absorb 

shock and impact energy without undergoing breaking. The impact strength 

is calculated as the ratio of impact absorption to test specimen cross-section. 

The area under the stress-strain curve is directly related to the material 

toughness. More the impact strength of the material, more will be the 

toughness and vice versa. 

Impact strength was measured using unnotched samples according 

to ASTM D 4812-99 on a Ceast Resil Impact analyser (Junior) using a 

hammer of 4 J at a striking rate of 3.96 m/s. The sample was placed 

vertically at the base of the instrument. A pendulum swings on its track 

and strikes the sample. The energy lost as the pendulum continuous on its 

path is measured from the distance of follow through. The impact energy 

is directly read from the machine. 

Impact strength = Impact energy (J)/Thickness (m)……………2.20 
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2.4.11.4 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analysis measures the mechanical properties 

of materials as function of time, temperature and frequency. It works by 

applying a sinusoidal deformation to samples of known geometry. The 

samples are subjected to either controlled stress or controlled strain, as a 

result it undergoes certain amount of deformation. DMA measures 

stiffness and damping of the material and these are expressed as modulus 

and tan δ. The dynamic mechanical thermal analysis was conducted with 

a dual cantilever clamp on a dynamic mechanical analyser (Model Q 800, 

TA instruments) using rectangular test specimens of 60 mm, 4 mm and 2 

mm. The tests were carried out by temperature sweep (temperature ramp 

from 40 C to 120 C at 3 C/min) method at a constant frequency of 1 

Hz to get the dynamic storage modulus and loss modulus of the samples. 

Tan  was calculated as the ratio of loss modulus to storage modulus. 

Storage modulus of a material represents the amount of stored 

energy in the system, the loss modulus measures the energy dissipated as 

heat. The storage modulus represents the elastic part while the loss 

modulus represents the viscous portion. For viscoelastic materials, the 

modulus is a complex quantity. 

E*= E’+I E” ........................................................................... .2.21 

E’  =  storage modulus corresponding to the elastic response and 

it is a measure of stiffness 

E”  =  loss modulus corresponding to the plastic response it is 

measure of dissipation of energy as heat  

E”/E’=   tan δ, used for the determination of glass transition temperature. 
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2.4.12 Thermal properties  

2.4.12.1 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a type of thermal analytical technique in 

which weight change of a material is monitored as a function of temperature 

or as a function of time. This method is used to understand the changes in 

physical and chemical properties of a material with controlled change in 

temperature or time in a controlled atmosphere. The sample placed in a 

high precision balance called thermo balance which is kept inside an 

electrically heated furnace. Results are displayed by plotting mass change 

versus temperature or time and are known as thermo gravimetric curves. 

Thermogravimetric analysis of samples was performed on Q50 

thermogravimetric analyser, TA instrument. 5-8 mg of samples were 

heated with programmed heating rate of 20 oC/min from room 

temperature to 700 oC under nitrogen, air and oxygen atmospheres. 

2.4.12.2 Differential Scanning Calorimetry (DSC) 

DSC is a thermo analytical technique in which the difference in the 

amount of heat required to increase the temperature of a sample and 

reference is measured as a function of temperature. This method is 

adopted to study the thermal transitions. The increase of temperature will 

be different for sample and the reference material. Usually this technique 

is used to study the thermal transitions like phase changes, crystallization, 

melting, glass transitions of a material as a function of temperature [17]. 

If the sample is undergoing any chemical transitions, it may yield or 

release heat compared to the reference material to maintain both sample 
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and reference at the same temperature. The quantity of heat flow to the 

material depends on the process whether it is exothermic or endothermic. 

The heat flow to the material is measured as a function of time or 

temperature. The materials, as they undergo changes in chemical and 

physical properties, which are detected by transducers, which changes into 

electrical signals that are collected and analysed to give thermograms. The 

melting and crystallization parameter, such as melting point (Tm), heat of 

fusion (ΔHf), temperature of crystallization (Tc) and hat of crystallization 

(ΔHc) were used for the comparison of composites. 

DSC measurements were carried out using Mettler Toledo DSC 822 

instrument. Tests were performed under air, oxygen and nitrogen 

atmospheres at a flow rate of 20 mL/min. The heating was done room 

temperature to 300 C and at a heating rate of 7 C/min and followed by 

cooling at 10 C/min. 

2.4.13 Limiting oxygen index 

The limiting oxygen index (LOI) or oxygen index (OI) is a method 

for evaluating the relative flammability of polymeric compounds. LOI is 

the minimum concentration of oxygen in an oxygen–nitrogen atmosphere 

which is required to support the burning of a vertically mounted 

specimen. The oxygen index was usually expressed as  

Oxygen index = 
[O2]

[O2]+[N2]
∗ 100 .......................................... 2.22 

This method is used for quality assurance purposes and indicates the 

flammability of a material. Material with high LOI value that is greater 
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than 21 indicates less flammability of the sample. The flame retardancy of 

all the composites was evaluated by the test of LOI using an oxygen index 

instrument (Dynisco, Alpha Technologies, USA) following ASTM D 

2863. The photograph of the experimental setup for the LOI analysis is 

given below.  

 
Figure 2.7: Set up for LOI measurement 

2.4.14 Water absorption measurement 

The water absorption measurement was performed for PVA based 

composites. The moisture sensitivity of the samples was measured 

according to the standard ASTM D 570 – 98. The disc shaped specimens 

were used and it was immersed in a sealed bath of distilled water (100 % 

humidity) at room temperature to study the effects of fibre treatments on 

the water uptake of composites. All the samples were placed in the oven at 

60 °C for 24 h before the water immersion. The samples were immersed in 
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the sealed water bath for long period to reach the equilibrium. The initial 

weight of the sample was recorded and the amount of water absorption was 

analysed by weighing the sample at certain time intervals (30 min). When the 

samples were taken out from water at certain time interval, the wet surface of 

the sample was quickly dried and weighted. The percentage of water 

absorption was calculated using the following equation [18] 

Mt (%)= 
wt−wo

wo
* 100 ............................................................. 2.23 

Wt. is the weight of the sample at time t, Wo is the initial weight of the 

sample.  
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Chapter 3 

 EFFECT OF DOPANT ON THE PROPERTIES OF 
PANI/CNF COMPOSITES 

 

3.1  Introduction 
3.2  Experimental 
3.3  Results and Discussion 
3.4  Conclusion 

 

 

 

 
 

Electrically conducting nanocomposites of polyaniline with carbon based 

fibers were synthesized using five different dopant acids. The morphological, 

electrical, dielectric and thermal properties of pure PANI and PANI/CNF 

composites were studied. The composites were characterized by                    

X-ray diffraction, FTIR spectroscopy, BET surface area analysis, DLS 

measurements, SEM and TEM microscopic techniques. Scanning electron 

micrographs and surface area analysis showed that phosphoric acid doped 

composite had the smallest average size and highest surface area among 

other four composites. High electrical and dielectric properties were 

obtained for all PANI/CNF composites. Higher conductivity and thermal 

stability of DC conductivity were obtained for toluene sulfonic acid doped 

composite. Further, thermogravimetric analysis showed good thermal 

stability for organic acid doped composites. 
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3.1  Introduction 

Intrinsically conducting polymers find various applications in the 

field of electronics, electromechanical devices, electroluminescence and 

sensors [1,2]. Widely known intrinsically conducting polymers are 

polypyrrole, polyacetylene, polythiophene, polyaniline, polyparaphenylene, 

polyparaphenylene vinylene, and their derivatives [3]. Owing to the 

environmental stability, excellent conductivity and facile synthesis, 

polyaniline based composites have developed fast. The properties of 

polyaniline greatly depend on the nature of the dopant used, monomer to 

oxidant ratio, purity of monomer, polymerization time and temperature 

etc. [4,5]. But among the variable conditions, the nature of the dopant 

used for the synthesis plays critical role in determining the properties of 

PANI and its composites [6,7]. The use of doping molecules improves the 

conductivity as well as the solubility of PANI [8-11]. Generally, inorganic 

acids are used for the doping of polyaniline. But the resultant products are 

of low solubility in common solvents [12,13]. Some organic acids like 

camphor sulfonic acid (CSA), toluene sulfonic acid (TSA), naphthalene 

sulfonic acid (NSA) are also used as dopants. Sulfonic acid group present 

in these acids protonate aniline during the polymerization. Polyaniline can 

be tuned to either conducting or insulating form by controlling the doping 

and de-doping processes. Moreover, it can be made semiconducting or 

conducting form by controlling the quantity of the doping ion. Doping 

process creates defects like solitons, polarons and bipolarons in the 

polymer chains. Electron hoping is one mechanism by which the polymer 

is rendered conductive.   
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Recently researchers have developed composites of polyaniline with 

carbon fibers [14-16]. The π-bonds present in the carbon fibers facilitate 

extended charge transfer process between carbon fibers and polyaniline 

thereby increasing the conductivity. In this chapter carbon nanofiber and 

polyaniline are used to prepare conductive composite. The effect of dopant 

was studied keeping all other parameters similar. The polyaniline was 

synthesized by the in-situ polymerization of aniline in presence of five 

different doping agents. The dopants used are hydrochloric acid, sulfuric 

acid, phosphoric acid, camphor sulfonic acid and toluene sulfonic acid. The 

electrical, dielectric and thermal properties are also presented. 

3.2  Experimental 

3.2.1 In situ polymerization of aniline 

 
Figure 3.1: Schematic representation of synthesis of polyaniline 

by different dopants 
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5 g of aniline was dispersed in 100 mL of 1 M HCl by sonication for 

1h. Then 6.25 g of ammonium persulfate dissolved in 100 mL 1 M HCl 

solution and it was slowly added in to the aniline/acid solution which is kept 

under constant magnetic stirring. The polymerization reaction was continued 

for 24 h at 0-4 οC. The product was filtered, washed repeatedly with 

distilled water and acetone, dried at 80 οC for 24 h. The monomer/oxidant 

ratio was kept as 1:1.5.  

3.2.2 In situ polymerization of aniline/carbon nanofiber composite 

PANI/CNF composites were prepared by the in situ oxidative 

polymerization of aniline in presence of dopant acid, APS and carbon 

nanofiber. 3 g of carbon nanofibers were dispersed in 1 M acid dopant by 

sonication for 2 h. 5 g of aniline monomers were added in to the cold 

solution of CNF in dopant acid. The solution was stirred for half an hour 

at 0-4 oC. The APS/acid solution was added slowly to the aniline/acid 

medium. Drop-wise addition was carried out using pipette over a period 

of 1.5 h. During this time, aniline oligomers were absorbed on to the CNF 

and the polymerization was continued on the fiber surface. It resulted in 

the uniform coating of polyaniline on the CNF surface. The reaction 

mixture was stirred for 4-5 h at low temperature. After that it was kept 

undisturbed for further growth. The formed polymer composite was 

vacuum filtered using distilled water and finally washed with acetone.  

The graphitization of CNF takes place during its preparation at high 

temperatures. This results in the deposition of crystalline, pyrolytic carbon            

at the outer edges of CNF. Hence the outer surface of CNF is mostly 

unreactive. Therefore, the polyaniline will not undergo any chemical 



Effect of Dopant on the Properties of PANI/CNF Composites 

 89 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

reaction with CNF. Instead, the aniline oligomers will get absorbed on to 

the fiber surface and grow as the polymerization proceeds. Many reports 

are available in the literature regarding the uniform coating of PANI on 

various substrates [17,18]. 

3.3 Results and Discussion 

3.3.1 Characterization of PANI/CNF composites  

3.3.1.1 Scanning Electron Microscopy 

 

PANI-HCl/CNF 

  

PANI-H2SO4/CNF 

  

 

 Figure 3.2: Continued….  
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PANI-H3PO4/CNF 

  

PANI-CSA/CNF 

  

PANI-TSA/CNF 

  

Figure 3.2: SEM micrographs of PANI/CNF composites 
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PANI/CNF composites are characterized by scanning electron 

microscopy. SEM images (Figure 3.2) reveal good coating of polyaniline 

on carbon nanofiber surface for all the composites. The diameter of CNF 

is about 90 nm. While the modification of CNF with polyaniline increases 

the diameter to an average of 340 nm. It provides a strong evidence for 

the coating of PANI on the surface of CNF. The degree of coating is 

different for various dopant molecules. Among different doping agents 

phosphoric acid doped PANI/CNF composite exhibits much lower diameter, 

approximately 152 nm, i.e. half of the diameter of other PANI/CNF 

composites. 

3.3.1.2 DLS measurements 
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Figure 3.3: particle size distribution from DLS spectra 

The particle size of phosphoric acid doped PANI/CNF composite is 

confirmed by the dynamic light scattering method by measuring the 

random changes in the intensity of light scattered. The particles were 

dispersed in DMSO solvent and the analysis was carried out at ambient 
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temperature. The size distribution of PANI/CNF particles is shown in the 

figure 3.3. The data reveals lower size compared to the size obtained from 

SEM micrographs. The DLS measurement shows that most of the 

particles fall in the range of 90-100 nm. This value is lesser than the value 

obtained from SEM images. An average diameter obtained from SEM 

micrographs is about 152 nm. 

3.3.1.3 XRD analysis 
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Figure 3.4: X-ray diffraction pattern of PANI/CNF composites 

X-ray diffractograms of PANI/CNF composites are represented in 

figure 3.4. The characteristic peaks of both PANI and CNF are obtained. 

Broad diffraction peaks in between 2θ of 10  and 20  indicates the partial 

crystallinity of PANI structures. These peaks can be attributed to the 

periodicity of parallel and perpendicular rings of polyaniline chain. Since 

polyaniline chain is composed of repetitive quinoid and benzenoid rings it 
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results in low crystallinity of PANI chains. An intense peak centered on 

26.4  is indicating the (002) graphitic plane of CNF in the composite.  

The small peaks obtained at higher 2 values represent (100), (101) 

and (004) planes of the CNF. The inset shows the zoomed version of the 

sharp peak. It shows that the peak is slightly shifted to lower 2 values 

with respect to CNF. The crystallinity of CNF is retained regardless of   

the introduction of PANI. A marginal shift can be observed for the peak 

of CNF. The peak obtained for CSA-PANI/CNF, H2SO4-PANI /CNF,              

HCl-PANI/CNF, H3PO4-PANI/CNF, TSA- PANI/CNF composites are at 

26.13 , 26.25 , 26.34 , 26.39  and 26.34  respectively. Slight shift of 

the peak centered at 26.4  is observed. The peak is shifted to lower 2 

values with various dopants. The shift in the peak position implies that the 

dopants effect the ordering of the graphitic planes and hence the 

crystallinity.  

Further, the d-spacing was calculated from the (002) peaks of 

CNF, CSA-PANI/CNF, H2SO4-PANI /CNF, HCl-PANI/CNF, H3PO4-

PANI/CNF, TSA- PANI/CNF composites are respectively 3.37, 3.40, 

3.39, 3.38 and 3.37 Aο. The increased d-spacing is related to the lower 

graphitic ordering of the samples, implying slight distortion in the CNF 

matrix [19,20]. 

3.3.1.4 FTIR spectroscopy  

The FTIR spectra of PANI/CNF (figure 3.5) prepared using various 

dopants show peaks in the range 3400-3200 cm-1 corresponding to the            

N-H stretching vibrations. The C-H vibrations are observed at 2900 cm-1. 
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The peaks around 1550-1600 cm-1 and 1390 cm-1 correspond to the 

signatures of PANI backbone stretching vibrations of quinoid and 

benzenoid rings [21,22]. The peaks at 1330 cm-1 are due to the strong 

aromatic C-N stretching vibrations present in polyaniline [23,24]. 
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Figure 3.5: FTIR spectrum of PANI/CNF composites 
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Aromatic C-H in plane deformation leads to peak around 1110 cm-1. 

1,4-disubstituted aniline exhibits peaks due to the out of plane bending 

mode of aromatic C-H groups at around 800 cm-1 [25]. The stretching and 

bending vibrations present around 1600-500 cm-1 are slightly shifted upon 

the change in the dopant. It is due to the different anion present around 

the nitrogen atom of polyaniline. The interaction of dopant anion in 

polyaniline can be observed from the variation of N-H stretching 

frequency. The position of stretching band is very sensitive to the 

hydrogen bonding interaction and electron density variation which is 

based on the interaction between electron donor and acceptor molecules 

present in the composite. The oxidation degree of polyaniline is 

calculated from the relative intensity ratios of the quinoid and benzenoid 

rings. The ratio of intensity of the composites is in the range of 1-1.2, 

indicating the presence of more quinoid rings in the structure. 

Resonance stabilized hybrid orbitals of quinoid rings enables charge 

transport between the rings results in the high conductivity of the 

composites.  

Table 3.1: Observed IR frequencies of the composites 

Composite 

C-H in 

plane 

(cm-1) 

C-N 

Stretching 

(cm-1) 

Benzenoid and 

Quinoid rings 

(cm-1) 

C-H 

Stretching 

(cm-1) 

N-H 

Stretching 

(cm-1) 

PANI-HCl/CNF 1109 1339 1399 1514 1594 2934 3323 

PANI-H2SO4/CNF 1112 1335 1399 1504 1594 2934 3157 

PANI-H3PO4/CNF 1109 1339 1390 1514 1594 2934 3323 

PANI-CSA/CNF 1112 1335 1393 1511 1597 2934 3316 

PANI-TSA/CNF 1112 1338 1392 1511 1594 2934 3330 
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3.3.1.5 UV Vis Spectroscopy  
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Figure 3.6: UV- Vis spectra of PANI/CNF composites 

 

Figure 3.6 shows the UV-Vis absorption spectra of a series of acid 

doped PANI/CNF composites. Two prominent absoprtion peaks are 

obtained at 318 nm and a broad peak in the range of 600-700 nm. The peak 

in the vicinity of 322 nm can be assigned to the π-π* transition of the 

benzene rings of the polyaniline backbone and the bands at 400 nm and  

640 nm indicate the polaron-π* transition and π-polaron transiton 

respectively [26-28]. The peak at 322 nm is slighty shifted to higher 

wavelengths for organic acid doped composties than the mineral acids. This 

can be attributed to the extended conjugation between CNF and PANI. 

Hence these systems need comparatively lower energy for π-π* transitions. 

The band at 640 nm is red shifted for TSA doped PANI/CNF composite. 

Accordingly TSA-PANI/CNF composite is expected to show good DC 

conductivity. The presence of bands in the higher wavelength confirms the 

polaron band formation in the band gap of polyaniline by the acid doping. 

But very low intense band is observed for CSA doped composite due to the 
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decrease in localized defect states in the polaron band. This will end up in 

the low DC conductivity for the CSA doped composites.  

3.3.1.6 Brunauer-Emmett -Teller (BET) surface area analysis 

In order to obtain additional evidence for the size variation of PANI 

coated CNF fibers the surface area and porosity of composites were 

measured by nitrogen sorption experiments at 77.3 K. The nitrogen 

adsorption/desorption isotherms of PANI/CNF composites are shown in the 

figure 3.7. The isotherms can be characterized as type IV following the 

International Union of Pure and Applied Chemistry (IUPAC) classification. 

All composites have low surface area compared to pristine CNF owing to the 

presence of polyaniline on the surface of CNF. The surface area obtained for 

the CNF is about 45 m2/g while it is reduced to 33-14 m2/g range for 

PANI/CNF composites. The surface area is found to vary with different 

doping agents. The highest surface area is obtained for H3PO4 doped 

PANI/CNF composites. Apart from this, H3PO4 composite exhibited lowest 

pore diameter of about 15.25 nm. The pore diameter of the PANI/CNF fibres 

are distributed in the mesoporous region at 10-35 nm. H3PO4-PANI composite 

shows the highest N2 absorption at P/P0=1. The fundamental parameters 

such as the nitrogen absorption at P/P0=1, surface area, and pore diameter 

obtained from N2 adsorption/desorption study are summarised in table 3.2.  

Table 3.2: Surface area and pore size data from the N2 sorption isotherms 

composite 
V (N2) 

[mmol/g] 

Surface area 

(BET) [m2/g] 

Pore diameter 

(nm) 

PANI-HCl/CNF 2.79 26.35 16.85 

PANI-H2SO4/CNF 2.02 16.69 18.85 

PANI-H3P04/CNF 3.65 33.34 15.25 

PANI-CSA/CNF 1.72 18.95 17.52 

PANI-TSA/CNF 1.95 14.02 20.51 
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Figure 3.7: N2 adsorption-desorption curves of the composites 
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3.3.2 Properties of PANI/CNF composites  

3.3.2.1 Electrical properties 

 

Figure 3.8: DC conductivity of pure PANI and PANI/CNF composites 

The DC conductivity of PANI and its composites were measured 

and the values are given in the table 3.3. Compared to polyaniline, 

PANI/CNF composites show more conductivity due to the electron donor 

acceptor interaction between CNF and PANI. CNF is comparatively 

electron accepting molecule, whereas PANI is relatively electron donating 

molecule [29]. By the coating of PANI on CNF π-π* interaction between 

the quinoid rings of PANI and the surface of CNF is facilitated. The 

extended π bond formation is evident from the UV-Vis spectrum of the 

composites. Intense band is obtained at higher wavelength indicating polaron 

formation and hence enhanced conductivity. Among the composites, the 

highest conductivity is observed for TSA doped PANI/CNF composite. The 

dopants with sulfonate counter ion is capable of forming hydrogen bonds 
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resulting in enhanced DC conductivity [30]. But in contrast to TSA 

doping CSA doping results in lower conductivity. This can be ascribed to 

the larger size of camphor sulfonic acid which will not be able to diffuse 

in to the polymer backbone as easily as the comparatively smaller tosyl 

group [31]. The large size of the amorphous particles formed in the case 

of CSA doped PANI composite also influences the mobility of the charge 

carriers and hence the conductivity.  

Table 3.3: DC conductivity values of the samples 

Sample Conductivity (S/cm) 

PANI   2.18 

PANI-H2SO4/CNF 12.73 

PANI-TSA/CNF 19.23 

PANI-H3PO4/CNF   9.16 

PANI-CSA/CNF 11.16 

PANI-HCl/CNF 15.73 
 

3.3.2.2 Thermal dependence of DC conductivity 

 
Figure 3.9: Variation of DC conductivity with temperature 
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The thermal stability of conductivity of the composite is important 

for high temperature applications. In order to enhance the life span of the 

devices and to withstand high temperatures it is necessary to know the 

thermal stability of the device. A detailed analysis of thermal ageing of 

the composites is carried out by repeatedly measuring the DC conductivity 

with increasing temperature from 30 oC to 110 oC was carried out. The 

conductivity was measured at every 5 oC.   

The variation of DC conductivity with temperature is plotted in figure 

3.9. The electrical conductivity increases with temperature up to around 70-

90 oC for various composites. Beyond this temperature the conductivity 

drops drastically for all the composites. The increase of electrical 

conductivity is different for different doping agents. High conductivity is 

achieved for TSA and HCl doped composites whereas the conductivity is 

low for CSA and H3PO4 doped composites. At higher temperatures, 

imperfections occur in the polymer chain due to the dislocations of ions 

hence defects are formed in the composite. As a result, the conductivity is 

reduced causing discontinuity of the conduction pathways of PANI. 

Polyaniline chains consist a conducting and nonconducting parts, in which 

the protonated entities describes the conducting phase whereas the non-

conducting phase is formed by the structural defects. Pioneer work of 

Rannoue et al. [32] suggested that the decrease of conductivity at high 

temperature was due to the chemical reactions occurring in polyaniline. The 

chemical changes usually occur at high temperatures but the temperature 

range we have adopted in the current study is of 30 oC to 110 oC. So, here 

slow aerial oxidation and decomposition reactions are taking place. 

Compared to PANI the thermal stability of PANI/CNF composites is 
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improved. PANI/CNF composites are stabilized by the π-π interaction 

between the π orbitals of CNF and the quinoid rings of PANI. Even beyond 

110 oC the composites exhibit conductivity, it is due to strong interaction of 

PANI and CNF which is not disturbed by heating. PANI-TSA/CNF 

composite shows the highest conductivity at elevated temperature owing to 

the extended interaction by the presence of tosyl group in the composite.  

3.3.2.3 Dielectric properties  

3.3.2.3.1 Dielectric constant  
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Figure 3.10: Variation of A) dielectric constant and B) tan d 

with frequency of PANI/CNF composites 
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To further comprehend the effect of dopant, the dielectric properties 

of PANI/CNF composites were compared. Figure 3.10A shows the variation 

of dielectric constant with the applied frequency for a range of 40 Hz to              

30 MHz. For all PANI/CNF composites the dielectric constant decreases 

with increase of frequency. A linear decrease of dielectric constant is seen in 

the frequency range of 40 Hz to 1106 Hz. But beyond 1 MHz decrease 

becomes slower. The high dependency at low frequency region can be 

attributed to the interfacial polarization i.e. Maxwell−Wagner−Sillars 

(MWS) polarization [33,34]. 

It is worth noting that large improvement of dielectric constant is 

observed for TSA doped PANI/CNF composite. TSA doped composites 

has attained a value of 5107 at 10000 Hz which is about 245 times greater 

than other PANI/CNF composites. The large increase can be ascribed to the 

high electron withdrawing nature of toluene sulfonic acid than the other acid 

dopants. The tosyl group is comparatively more electron withdrawing 

than others. Presence of electron withdrawing groups will strengthen the 

interfacial polarization in molecules.  

3.3.2.3.2 Loss tangent  

The dissipation factors of composites as a function of frequency is 

plotted in figure 3.10B. The dissipation factors of the composites decrease 

with the applied frequency. At high frequencies the loss tangent is found 

to be low as the orientation polarization due to chain motion of polymer 

becomes out of phase with the rapidly oscillating electric field. Composites 

which exhibit large dielectric constant also show high loss tangent which 

can be related to the leakage current. High dielectric constant is obtained 
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for PANI-TSA/CNF composite. While PANI-CSA/CNF, PANI-HCl/CNF 

and PANI-H2SO4/CNF composites exhibited more or less similar 

dielectric constant value. But when comparing the tan δ values of these 

three composites, remarkable reduction in the loss factor is observed for 

PANI-HCl/CNF composite. That means, it can store energy same as that 

of CSA and H2SO4 doped composites. But less energy is dissipated as 

heat for HCl composite. Dielectric properties show that HCl doped 

PANI/CNF composites are effective with good dielectric constant and 

optimum dissipation factor. TSA and H3PO4 doped composites are good 

enough to store charges but the loss factors for those composites are also 

high.  

3.3.2.3.3 AC conductivity  
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Figure 3.11: Plot of AC conductivity with frequency 

 

A common feature of all amorphous semiconductors including 

polymer nanocomposites is that AC conductivity increases with frequency 
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according to the following equation. σ = 2πfε*ε0tanδ. That means AC 

conductivity is directly related to the dielectric constant and dielectric loss 

of the material and the frequency of applied field. Unlike other polymer 

composites, PANI/CNF composites exhibit remarkable reduction in the 

dielectric constant with increase of frequency. Hence the rate of decrease 

of dielectric constant is more than the rate of increase of frequency. So, 

the net effect is the reduction in AC conductivity with frequency.  

3.3.2.4 Thermogravimetric analysis 

To understand the effect of dopant on the thermal properties of the 

composite thermogravimetric analysis was carried out (figure 3.12). Three 

major weight losses are detected for PANI/CNF composites. The first weight 

loss occurs at temperature below 100 oC which can be attributed to the loss 

of water molecules from the composites. The second loss appears around 270 

oC, owing to the loss of counter anions of the dopant acids.  
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Figure 3.12: Thermogravimetric curves of PANI and PANI/CNF composites 
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The second weight loss temperature varies with the nature of the dopant 

used. The major weight loss occurs in a wide range of temperatures, 

between 350-500 oC related to the oxidative decomposition of PANI 

chains. In all the composites good charred residue can be observed due to 

the presence of stable CNF molecules.  

An improvement in thermal stability can be achieved for PANI/CNF 

composites than pure PANI. Moreover, the stability of the dopant 

molecules is enhanced. The loss of dopant appears at around 270 oC. The 

dopant molecules are more confined to the compact and well aligned CNF 

fibers. Hence stabilizing interactions are taking place between the dopant 

molecules and carbon nanofibers. A shift is observed for the major 

degradation peak of PANI. The results suggest presence of strong 

interaction between PANI and CNF. The extent of interaction varies with 

the dopant ion used. High thermal stability is observed for organic acid 

doped composites.  

3.4  Conclusion 

Conducting PANI/CNF composites were synthesized in presence of 

five different dopant acids. High electrical conductivities and dielectric 

constants were observed for all PANI/CNF composites. However better 

conductivity and thermal stability of DC conductivity were observed for 

organic toluene sulfonic acid dopant. It can be attributed to the better 

electron transfer in the system as evidenced from UV -Vis analysis. SEM 

images and BET analysis showed low particle size and high surface area 

for H3PO4 doped composite. Further, thermogravimetric analysis showed 

good thermal stability for organic acid doped composites. Better electrical 
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and dielectric properties were obtained for PANI/CNF composites than that 

of pure PANI. Hydrochloric acid doping resulted in moderate conductivity 

and thermal properties. Moreover, it yielded good dielectric constant with 

low loss tangent. So, concerning the dielectric properties, low cost and ease 

of preparation we have adopted HCl doping for further studies.   
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Chapter 4 

CONDUCTING POLYMER COMPOSITES BASED ON 
POLY(VINYL ALCOHOL) 

 

Part A 
Development of electrically conducting composites based on 
cellulose, polyaniline and poly(vinyl alcohol) 

Part B 
Development of electrically conducting composites based on 
CNF and poly(vinyl alcohol) 

 

Part A 

Development of electrically conducting composites based on cellulose, 

polyaniline and poly(vinyl alcohol) 

Cost effective, high performance dielectric composites based on poly(vinyl alcohol), 

cellulose fibers and polyaniline were prepared and the electrical, dielectric, thermal 

and mechanical properties were studied as a function of fiber content, fiber 

dimensions and polyaniline content. The short cellulose fibers were size-reduced to 

micro and nano levels prior to coating with polyaniline. Fiber surface was coated 

with Polyaniline by an in-situ polymerization technique in aqueous medium. The 

composites were prepared by solution casting method. Short cellulose fiber 

composites showed a dielectric constant of 2.3 x 10 5 at 40 Hz. For the micro- and 

nano- cellulose fiber composites the dielectric constant was increased to 4.5 x 105 

and 1.3 x 108 respectively. To gain insight into the inflection point of the dielectric 

data polynomial regression analysis was carried out. The loss tangent of all the 

composites remained at less than 1.5. Further, AC conductivity, real and imaginary 

electric moduli of all the composites were evaluated. PVA nanocomposite attained 

an AC conductivity of 3 S/m. The addition of PANI coated cellulose fiber improved 

the tensile strength and storage modulus for micro and nanocomposites. But due to 

the poor compatibility of macro fiber the mechanical properties were decreased. 

TGA studies showed that the thermal stability of all the composites increased with 

the addition of fibers. It showed that by controlling the size of the fiber used, it is 

possible to tune the properties to desired values over a wide range. These novel 

nanocomposites, combining high dielectric constant, low dielectric loss, good 

electrical conductivity can be effectively used in applications such as high-charge 

storage capacitors. 
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4.A.1 Introduction 

Polyaniline is well-known conjugated polymer with tunable 

conductivity, low density compared to metals and good environmental 

stability [1-5]. Cellulose is one of the most abundant natural biopolymer 

in the world. It is a renewable, biodegradable, easy to isolate, low cost 

and its chemistry finds a significant role in the active field of study. It can 

be refined to macro, micro and nano size regimes by employing appropriate 

processing techniques. These fibers can be rendered conductive by 

depositing a fine layer of polyaniline on the surface [6]. Combination                   

of these fibers with an appropriate polymeric matrix will result in 

composites with good dielectric properties and anisotropic mechanical 

properties. Nanoparticles in polymer matrix influence the structural, 

optical and electrical properties which can be effectively tuned for 

applications such as charge storage capacitors, electromagnetic shielding 

etc. [6].  

Poly(vinyl alcohol), is the world largest synthetic polymer produced 

due to its excellent chemical resistance, physical properties and good 

biodegradability [7,8]. Consequently, it finds many potential applications. 

It is a semi crystalline thermoplastic polymer, has been extensively 

investigated as a host for different nano-fillers and for electrolyte 

applications [9-12]. Although a number of studies on PVA systems have 

been reported already [13-17], the dielectric properties of PVA systems 

are not well explored. The pioneer work of Dutta and his co-workers has 

established the importance of PVA- polyaniline combination [18].  
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Polymer composites with high dielectric permittivity and conductivity 

have received great scientific and technological interest due to their 

potential applications in high-charge capacitors, artificial muscles etc. 

[19-22]. Over the years many attempts have been made to improve the 

properties of these composites by using ceramic, metallic and organic 

particulate fillers. The incorporation of these materials resulted in good 

dielectric constant, low dielectric loss and ease of fabrication. However, 

in many cases these composites had relatively low dielectric constants, 

usually<100. So, high ceramic loading had to be used to achieve high 

dielectric constant. Conducting organic fibrous fillers are alternative 

choice because of low density and better mechanical properties.  

In this chapter a novel nanocomposite system consisting of 

poly(vinyl alcohol) and polyaniline-coated cellulose fibres in macro, 

micro and nano size regimes is proposed. The mechanical, thermal, 

electrical and dielectric properties of the composite were studied as a 

function of filler loading and filler size.  

4.A.2 Experimental  

4.A.2.1 Isolation of cellulose from coir  

Cellulose was isolated from coir fiber by the modification of the 

reported method [23]. Coir fibers were chopped in 4 mm size, then it was 

treated with 5 % NaOH solution for 5 h at 60 oC. The fibers were washed 

free of alkali. After that it was treated with 5 M hydrochloric acid for 12 h. 

And the fibers were washed well removed all the traces of acid present. 

Finally bleaching was carried out to remove the lignin and hemicellulose 

present after acid and alkali treatments. It was then treated with 20 g of 
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sodium hypochlorite and 5 mL of acetic acid for 3 h at 70 oC. The process 

was repeated with 15 g sodium hypochlorite and 3 mL acetic acid. The 

fiber obtained was in the micrometer size. The fibers were mechanically 

grinded to reduce the size and homogenized for 1 h at 14000 rpm. Fibers 

in three different sizes ie. macro, micro and nano were prepared. 

4.A.2.2 Preparation of composites  

 

Figure 4.A.1: Schematic representation of the preparation of PANI/Cellulose/ 

PVA composites 

 

The cellulose fibers thus obtained were dispersed in 100 mL of 1 M 

hydrochloric acid by sonication for 1 h. Then the dispersion was kept at  

0-4 οC temperature followed by addition of 10 g of aniline. 12.50 g of 

ammonium persulfate (APS) was dissolved in 100 mL 1.25 M HCl 

solution and was taken in a burette. The APS/HCl was added drop-wise 

into the aniline-fiber solution to initiate polymerization reaction. The 

polyaniline-coated fibers (PANI/Cellulose) were then isolated. Different 

weight percentages of modified fibers were then mixed with poly(vinyl 

alcohol) solution in water at 90 οC followed by ultrasonication for 2 h. 

Films were prepared by casting and dried slowly at 70 οC for 24 h.  
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4.A.3 Results and discussion 

4.A.3.1 Characterizations 

4.A.3.1.1  Scanning Electron Microscopy & Transmission Electron 

Microscopy  

 

Surface morphology of cellulose macro fiber 

   

   

Figure 4.A.2: SEM images of A) untreated coir fiber B) treated coir fiber                  

C) PANI coated short fiber D) short cellulose fiber in the PVA 

polymer matrix  

  

(A) (B) 

(C) (D) 
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Surface morphology of cellulose micro fiber 

  

Figure 4.A.3: SEM images of PANI coated micro fiber 

Surface morphology of cellulose nano fiber 

   

Figure 4.A.4: A) TEM and B) FESEM image of nanocellulose fiber 

 
 

Figures 4.A.2A and 4.A.2B show cellulose fiber before and after 

chemical treatments. The surface of coir fiber (figure 4.A.2A) is not 

smooth. A number of nodes and irregular strips are clearly visible on the 

surface. The surface of untreated fiber will have pectin, lignin and other 

impurities. The chemical treatments will increase the amount of 

cellulose exposed on the fiber surface which will result an increase in 

the number of possible reaction sites. After chemical treatments, a 

(A) (B) 
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decrease in diameter is observed. The untreated coir fiber has a diameter 

of 0.15 mm whereas the diameter of the treated fiber is 0.08 mm. 

Chemical treatments also lead to the defibrillation as well as opening of 

fiber bundles. 

Nanocellulose fibers were prepared from the micrometer sized coir 

fibers by the repeated chemical and mechanical treatments. Nanocellulose 

fiber thus obtained was characterized by ultra-high-resolution FE-SEM 

and TEM images. Uniform fibrillation is evident from the TEM and FE-

SEM images of nanocellulose (Figure 4.A.4 A&B). After chemical 

treatments, the cellulose fibers get separated in to individual fibrils and 

the diameter of the fibers is about 10 nm. The particle size of the samples 

determined from the TEM images are in good agreement with the values 

obtained from FESEM images. From the TEM image the average size of 

the fiber is 15±4 nm. 

Polyaniline, a conjugated conducting polymer, is coated on all three 

types of cellulose fibers by the in-situ polymerization of aniline. The 

oligomeric aniline intermediates adsorbed at the fiber substrate starts the 

growth of PANI chains, resulting in uniform coating of polyaniline on the 

surface of fibers. Polyaniline coating on the fiber surface can be 

confirmed from the increase in the diameter of the fiber. An increase 

(0.08 mm to 0.13 mm) of fiber diameter is observed after PANI coating. 

Scanning electron microscopy (SEM) illustrates a uniform coating of 

fiber with PANI (Figure 4.A.2C). The coated fiber becomes thicker as the 

amount of deposited PANI increases. However, PANI is not covalently 

bonded to the fiber. Aniline oligomers adsorbed on the surface grow in 
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molecular weight [24]. A number of reports on the uniform coating of 

conducting polymers on textiles [25-27] and carbon fibers [28] as well 

as on polymer nanofibers [29] are available. Conductive network formed 

by PANI coated cellulose fiber in the PVA matrix is apparent from the 

SEM image of the PANI/Cellulose/PVA composite (Figure 4.A.2D).        

The conductive network will help to improve the electrical conductivity 

of the composite. The diameter of fiber in PVA matrix is found to be 

0.125 mm. This shows that PANI is not easily removed when added to 

PVA matrix.  

4.A.3.1.2 X-ray Diffraction 

Cellulose thus obtained from coir fiber was characterized by X-Ray 

Diffraction technique, the diffractogram (Figure. 4.A.5A) shows peaks 

around 2 of 16 ο, 22.5 ο corresponding to the typical - cellulose 

structure, for the crystallographic planes of (110) and (200) respectively. 

An increase in fiber crystallinity is observed after chemical treatments. 

This indicates the reduction of amorphous fractions of fiber and 

consequently enrichment of relative crystalline content.  

The crystallite size was calculated by using the Scherrer equation, 

Lh,k,l= Kλ/bcosθ…………………………………………….4.A.1 

Where, K = 0.94, size of crystallite peaks is found to be 2.89 nm, 3.61 nm 

for untreated and chemically treated fiber respectively. The increase in the 

crystallite peaks indicates that the fiber molecules are closely packed and 

parallel to each other. The values obtained are in accordance with the 

values available in literature [30]. 
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Figure 4.A.5. X-ray diffraction pattern of A) untreated coir, treated cellulose 

fiber and PANI coated fiber; B) PVA, PANI coated cellulose 

fiber and the composite. 

 
 

The diffractogram of the chemically treated cellulose fiber shows 

improved crystallinity, as evident from the higher peak height at a 2θ of 

22.5 ο compared to 22.4 ο of the untreated fiber. This can be ascribed to 

(A) 

(B) 
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the fact that chemical treatment removes the amorphous regions resulting 

more order and good alignment in the crystalline cellulose. 

XRD pattern of pure PVA indicates a sharp peak at 19.6 ο, typical of 

crystalline PVA (Fig. 4.A.5B). High degree of crystallinity of PVA can be 

attributed to the regularity in the molecular structure. In the case of 

nanocomposites, the intensity of crystalline peak of PVA is reduced and is 

broader. This may be due to a different thermal history of the composites and 

the presence of filler that interacts with the matrix chains. Similar amorphous 

peak has been reported in the case of hot pressed PVA molecules [31]. 

For crystalline polyaniline a peak at 6.7 ο is expected to appear. But in 

this case the peak is absent indicating that the polyaniline is not ordered. I 

have carried out the conventional coating, this will lead to deposits more and 

more PANI on the fiber surface, as the distance from the fiber surface 

increases it is not possible to distribute the polymer chains with the same 

order of periodicity. So, the crystalline peak is absent in the composite.  

4.A.3.1.3 BET surface area analysis 

The surface area and pore diameter of all three sized PANI/Cellulose 

fibers were measured using N2 adsorption-desorption experiments. 

Adsorption of N2 at subcritical temperatures (BET) is the routine 

technique for the determination of the specific surface area of dispersed 

solids [32]. The adsorption isotherms obtained at 77 K is shown in the 

figure 4.A.6. Following the general classification of adsorption 

isotherms, adsorption isotherm appears to be of type IV. The variation 

of surface area with the particle size was studied by BET analysis. 
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Figure 4.A.6: N2 adsorption-desorption plots of macro, micro 

and nano polyaniline modified cellulose fibers 
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The surface area increases with the decrease of the particle size. Moreover, 

the surface area obtained for nano cellulose particles is not very high. It is 

due to the coating of polyaniline on the surface of nanocellulose particles. 

The coated polyaniline is of micro meter size. Macro sized PANI/Cellulose 

fibers have comparatively less surface area of about 6 m2/g, whereas for 

micro PANI/Cellulose fibers the surface area is approximately 14 m2/g. But 

higher surface area is obtained for nanofibers, of about 25 m2/g. The 

surface area increases with reduction in the size of the filler. Consequently, 

better interaction is possible with the polymer matrix, which will enhance 

the properties of the nanocomposites. From the BET surface area analysis, 

nano composite is expected to show good mechanical, thermal and 

electrical properties.  

4.A.3.2 Properties of the composite 

4.A.3.2.1 DC conductivity 

The room temperature conductivity of the composites with variation 

of filler loading is given in the figure 4.A.7. The conductivity of PVA is 

about 10-9 S/m. The addition of conducting PANI/Cellulose fibers in to 

the PVA matrix lead to a drastic increase of conductivity. The 

conductivity of the composite increases by 9 orders of magnitude from 

1*10-9 S/m to 2.69  S/m as the nano PANI/Cellulose content increases 

from 10 wt.% to 50 wt.%. Nevertheless, this kind of sharp increase cannot 

be observed for micro and macro composites. For micro composite, the 

DC conductivity increases by 8 orders and for macro it is 7 orders in 

magnitude. Sudden shoot up appears for nanocomposite even after 5 % 

filler loading. This result can correspond directly to the morphological 
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differences between the composites. As the concentration of 

PANI/Cellulose in PVA increases it leads to the formation of conductive 

network which will produce good interconnectivity between conducting 

fibers. This in turn reduces the conductive resistance formed by the band 

gap at the interfaces. The network formation at higher filler concentration 

is responsible for the sharp increase of conductivity. The particle-particle 

contact becomes very efficient at low particle size. It is evident from the 

figure 4.A.7 that the percolation threshold for nano composites is much 

smaller than the other two composites. So, with minimum 

PANI/Cellulose loading the composite is able to achieve maximum 

conductivity.  
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Figure 4.A.7: Variation of DC conductivity with concentration of 

PANI/Cellulose fiber 

 
According to the percolation theory, percolation threshold is a 

mathematical concept, it is the formation of conductive network in 

random systems. Connected components are absent below the percolation 
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threshold but above that point, there exists connectivity. The high percolation 

threshold for macro composite is due to the increased particle size. Unlike 

nanocomposite minimum fiber content will not be sufficient for the 

formation of conductive pathways. So, it indicates that more filler loading 

is necessary to make macro composite conductive.  

4.A.3.2.2 Dielectric properties 

4.A.3.2.2.1 Dielectric permittivity  

The ability of dielectric material to store energy is attributed to 

different types of polarizations. Figures 4.A.8A-C show the variation of 

dielectric permittivity with frequency of PANI-coated macro, micro and 

nano sized cellulose fiber/PVA composites, respectively. 

For all the three composites (figure 4.A.8 A-C), the dielectric 

constant decreases with increasing frequency. For pure PVA the 

dielectric constant drops sharply until a frequency of ~ 300 Hz beyond 

which the it remains constant. For the macro fiber filled composites 

(figure 4.A.8A), a similar trend is observed with increasing frequency, 

though the dielectric constant values are higher. Decrease of dielectric 

constant with frequency is due to dielectric dispersion as a result of lag 

of the molecules behind the alternation of the electric field especially at 

higher frequency. A close look at the pattern shows that the point at 

which the initial higher frequency-dependence is changed, it is gradually 

shifted to higher frequency levels for composites with higher PANI 

coated fiber content. 
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Figure 4.A.8: Dielectric constant as a function of frequency A) Macro 

composites B) Micro composites C) Nano composites 
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The dielectric behavior of polymer depends on the charge distribution 

and statistical thermal motion of the polar groups. Polyaniline coated 

cellulose fiber introduces polar groups in the matrix which will lead to 

increase the dielectric constant. Polyaniline is a good dielectric material; 

polarization of a dielectric material is contributed by electronic, ionic and 

orientational polarization. Electronic polarization occurs during very short 

interval of time (10-15 s); ionic polarization occurs in the range of (10-13- 

10-12 s) whereas the orientational polarization requires comparatively 

longer time. Polyaniline noticeably enhances the electrical conductivity as 

well as the polarizability of the composite. Hydrochloric acid doped 

polyaniline contains chlorine atoms. Presence of these groups in the 

composites will increase interfacial polarization. Similar reports are 

available for electron withdrawing carboxylic acid group on CNT [33]. 

The higher the possibility of polarization the larger will be its dielectric 

constant. At low frequencies, the electric dipoles have sufficient time to 

align with the filed, before the field changes its direction. At high 

frequencies, the dipoles do not get enough time to orient with the field. In 

such cases the polarization arising from the charge accumulation decreases 

which lowers the dielectric constant [34]. High dielectric constant at low 

frequency range (102- 104) is due to the electrode effect and interfacial 

polarization [35,36]. 

Micro and nano size composites show a similar trend with respect 

to frequency and fiber content (Figures 4.A.8B &C).  However, for the 

nanocomposites containing higher wt.% of fiber, the dielectric constant is 

relatively higher. The highest value, 7.5*107 is achieved with 50 wt.% 

nanofibers. This may be associated with the higher area of PANI–coated 
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fiber surface for nanocomposite. This can well be explained based on the 

conductive network formed in the composite. At relatively low 

concentration of filler loading, the filler particles are too separate to allow 

electron transport between them. The insulating PVA polymer matrix does 

not have significant contribution to electrical conductivity. At higher wt.% 

composites the filler particles are connected to each other which will help 

to form conductive network in the composite. The nanocomposites also 

show a very sharp decrease in dielectric constant at low frequencies and 

become stable at higher frequencies. This variation in the nature of 

dielectric constant curves of macro, micro and nanocomposites can be due 

to the effective conductive network formed in case of nanocomposite. As 

the aspect ratio of the filler becomes high, fiber–fiber contact increases which 

results in effective network formation at lower filler concentrations. Due to 

large conductivity difference between the PANI/Cellulose and the insulating 

PVA matrix, there would be charge accumulation at their interfaces, known 

as Maxwell-Wagner-Sillars (MWS) effect [37-39]. The nanocellulose 

fibers will be aligned in the interfacial regions of the composite, so 

minimum quantity of filler can make an effective conductive network.  

The dielectric constant is also found to be a function of the fiber 

content. The 50 % fiber filled sample shows the highest dielectric 

constant at all frequency range. There appears to be a non-linear 

relationship between the dielectric constant and fiber content. A cross plot 

at 1000 Hz prepared against fiber content is shown in figure 4.A.9. The 

dielectric constant of macro composite shows a sudden shoot up beyond 

30 wt.% filler loading while the micro and nanocomposites show such an 

increase at 21 % and 9 % filler loadings, respectively. This shows that 
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minimum fiber content is needed for the formation of a percolative 

network. This point represents the threshold for the composites. The 

dielectric permittivity of the composites dramatically increases in the 

vicinity of the percolation threshold [40-42]. Beyond the percolation 

threshold, high dielectric constant is obtained due to the formation of 

microcapacitor or nanocapacitor network.  
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 Figure 4.A.9: Dielectric constants of the composite at a 

frequency of 1000 Hz. 

 

Significant change in the concavity of the dielectric curves is 

observed in the figures 4.A.8 A-C. These inflection points are dependent 

on filler content of the composites. With increase of filler loading the 

inflection point shifts to higher frequency. All the composites show 

similar trend. But for nano and micro composites the inflection points are 

shifted to higher frequencies than the macro composite. This shows that 

with decrease of size of the filler the inflection points are shifting to 

higher frequencies. For higher wt.% composites the inflection point 

cannot be obtained from the plots. In such case the inflections were 
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calculated using polynomial regression analysis in which the relationship 

between the dependent variable X (wt.% of filler) and the independent 

variable Y (frequency) was modeled as 3rd order (Figure 4.A.10) polynomial.  

 

Figure 4.A.10: Polynomial regression for A) macro, B) micro and C) nano 

composites 

 

The inflection frequency calculated using polynomial regression 

analysis for higher wt.% composites (40&50 wt.%) are given in table 

4.A.1. The polynomial equations used for finding out the inflection points 

of macro, micro and nano composites, respectively are: 

y = 1.576x3–32.657x2–193.88x + 193.82…………………..4.A.2 

y = 38.448x3–848.19x2 + 4709x + 224.64…………………4.A.3 

y = 80.083x3–1028.7x2 + 2396.5x + 280.64……………….4.A.4 

(A) (B) 

(C) 
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For the 50 % fiber loaded macro samples the point of inflection 

is close to 1E4. Highest inflection frequency is obtained for 50 % 

nanocomposite. Maximum filler-polymer interaction is present in 

nanocomposite containing high filler content. This results in high inflection 

frequency in nanocomposite. 

Table 4.A.1: Inflection points of higher wt.% composites. 

Sample  Frequency at inflection point (Hz) 

40 wt.% fiber 50 wt.% fiber 

Macro composite 1.6*104 7.3*104 

Micro composite 1.2*106 3.1*106 

Nano composite 3.5*106 7.5*107 

 

A comparison of dielectric constants of three composites at different 

frequencies is shown in Table 4.A.2. It is interesting to note that under the 

same filler loading the dielectric constant of PANI coated nanofiber PVA 

composites is much higher than that of micro and macro fiber PVA 

composites. Furthermore, it is found that nano PANI/Cellulose/PVA 

composite show a maximum of dielectric constant at very low frequency 

with certain PANI/Cellulose content. For nanocomposite, the highest 

dielectric constant is near 1.3*108 at the filler content of 50 wt.%, for 

micro composite, it is about 4.5*105 at the filler loading of 50 wt.%. As 

the size of the filler reduces the composite exhibits better properties. This 

dramatic increase in k is possibly due to the formation of microcapacitor 

or nanocapacitor networks by neighboring conducting polyaniline-cellulose 

fibers and the insulating PVA in between.  



Conducting Polymer Composites Based on Poly(vinyl alcohol) 

 

 129 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

Table 4.A.2: Comparison of dielectric constants of three composites at different 

frequencies.  

Frequency 

(Hz) 

Dielectric Constant 

Macro composite 

50 % 

Micro composite 

50 % 

Nano composite 

50 % 

40 9.7*104 4.4*105 4.7*107 

1000 5509 26767 2.1*106 

10000 541 2233 200600 

30000000 4.9 28 329 

 

4.A.3.2.2.2 Loss tangent 

The dielectric permittivity and dielectric loss are related to each 

other by the dissipation factor tan .  

tan =/   ........................................................................... 4.A.5 

Figures 4.A.11A-C show the dissipation factors of macro, micro 

and nano PANI/Cellulose/PVA composites, respectively as function of 

filler content and frequency. With the increasing fiber content, the loss 

tangent of the composites increases and its dependence on the frequency 

is enhanced. At high frequencies, the loss tangent is found to be low as 

the orientation polarization due to chain motion of polymer becomes out 

of phase with the rapidly oscillating electric field. Composites which 

exhibit large dielectric constant also show high loss tangent which can be 

related to the leakage current. Leakage current will be more pronounced 

near the percolation threshold when there is direct contact between 

conductive fillers. Leakage current can be minimized by preventing the 

contact between conductive fillers. 
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Figure 4.A.11: Dielectric loss as a function of frequency A) Macro 

composite, B) Micro composite, C) Nano composite 
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4.A.3.2.2.3 AC Conductivity  

Figures 4.A.12-14 show the variation of AC conductivity of the 

composites containing fibers in macro, micro and nano sizes, respectively. 

AC conductivity was calculated from the dielectric permittivity and 

dielectric loss by the equation AC=2f*tan,  is the permittivity of 

vacuum. Conductivity of all the composites increase with increase of 

frequency. This can be attributed to the presence of induced surface 

currents created by the application of external electric filed. For nanofiber 

composite a linear increase of AC conductivity with frequency is 

observed at all fiber loadings. However, for micro and macro composites 

containing higher weight percentages of fiber a linear increase of AC 

conductivity is observed. For composites containing lower fiber 

concentration, a deviation from linear dependence is observed. The 

conductivity is found to increase with the filler loading. This increase of 

conductivity can be related to the good dispersion of conductive filler in 

the PVA matrix. A fine dispersion of conducting filler generates a 

conducting network, facilitating good conductivity. The dispersion of 

fiber in the PVA matrix is favored because of the possibility of                         

H- bonding between the two. 

Generally, AC conductivity curves have two distinct regions: a low 

frequency region where the graph displays a jump and a high frequency 

region where the graph is almost horizontal. The frequency at which such 

transition occurs is called hopping frequency. Such a sharp transition is 

not observed for higher wt.% composites in the present study. 
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Usually the application of conductive nano particles to an insulating 

polymer matrix is supposed to induce an electrical conductivity, when the 

volume fraction exceeds the percolation threshold. The percolation 

threshold is considered to be lesser for fiber-shaped fillers (high aspect 

ratio) than for spherical particles. 
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Figure 4.A.12. A) Plot of AC conductivity as a function of frequency 

and B) best fits of the conductivity to the equation 

4.A.6 for macro composite 
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For the composites filled with conductive fillers, the percolation 

theory illustrates that the variations of dielectric constant with frequency 

follow a power law as the filler content approaches percolation threshold. 

The figures 4.A.12A, 4.A.13A, 4.A.14A illustrate the dependence of filler 

size on the percolation threshold. It is observed that percolation threshold has 

a strong dependence on size. It decreases with decrease in the size of the filler.  
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  Figure 4.A.13. A) Plot of AC conductivity as a function of frequency 

and B) best fits of the conductivity to the equation 

4.A.7 for Micro composite  
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 Figure 4.A.14. A) Plot of AC conductivity as a function of frequency 

and B) best fits of the conductivity to the equation 

4.A.7 for Nano composite 
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In inorganic–organic conducting-polymer based composites, the 

critical volume fraction at the percolation threshold, fc, is a key parameter 

to study the electrical properties of these composites. It is observed that 

near the percolation threshold the electrical conductivity as well as 

dielectric permittivity of the composites increases by several orders of 

magnitude. The conductivity  of the conductor- insulator composites 

near the percolation threshold can be predicted by the power laws in 

equation 

( fcpani)  (fc-fcpani)
-s-For fcpani<fc ......................................... 4.A.6 

( fcpani)  (fcpani- fc)
t -For fc<fcpani   ....................................... 4.A.7 

 

In equations 4.A.6 & 4.A.7,  is the electrical conductivity, fcpani 

is the volume fraction of PANI/Cellulose and fc is the percolation 

threshold. s and t are the critical exponents in the insulating region and 

conducting regions respectively. 

The best linear fits of the conductivity data for macro 

PANI/Cellulose/PVA composite to the log–log plots of the power laws 

for equation 1 gave fc = 30 %, s=1.24 (Figure 4.A.12B). But for micro 

and nanocomposite the fc values, respectively, are 21 % and 9 %                 

filler loading. The critical exponent in the conducting region i.e. t is found 

to be 1.21 for micro PANI/Cellulose/PVA composite and 4.75 for 

nanocomposite. In percolation theory, the critical exponents are considered 

to be universal independent of the type and properties of inclusions 

comprising the composite. The universal values for the critical exponent 
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for insulating region as well as conducting region are sun0.8–1, t1.6-2, 

respectively [43]. Nanocomposites show more deviation from the 

universal value of critical exponent than that of macro and micro filler 

composites. The large critical exponent can be attributed by the high 

aspect ratio of the fiber in the nanocomposite. Similar result in the case of 

carbon nanotube/electroactive-polymer nanocomposites has been reported 

by Dang et al. [39] 

4.A.3.2.2.4 Electric modulus  

Electric modulus represents the real dielectric relaxation process 

which corresponds to relaxation of electric field in the material when the 

electric displacement remains constant [44]. By considering the role of 

polarizing cloud hopping of charge carriers the dielectric properties of the 

sample can be described by the complex electric modulus(M*) as follows 

[45,46]. 

M∗  =
1

 ∗
=

1

( − i)
=



2 + 2 +


2 + 2 = M′ + M′′ 

Where M and M are the real and imaginary parts of the electric 

modulus. Electric modulus formalism can suppress the electrode effect 

and illustrates the conductivity relaxation. The variations of real and 

imaginary part of the electric modulus for the sample at different 

frequencies are shown in the figures below. Electric modulus formalism is 

a good method to study the polarization process. 
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Figure 4.A.15: A) Real and B) imaginary part of electric modulus 

for Short composite   
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Figure 4.A.16:  A) Real and B) imaginary part of electric modulus 

for Micro composite 
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Figure 4.A.17: A) Real and B) imaginary part of electric modulus 

for Nano composite 
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Figures 4.A.15-17 show the variation of real and imaginary electric 

moduli of PANI/Cellulose/PVA composites containing fibers in macro, 

micro and nano sizes, respectively. For all composites, real and imaginary 

electric moduli increase with increase of frequency. Sharp increase of real 

electric modulus is observed at lower frequency range, while the increase 

becomes slow at high frequencies. With further increase of frequency M` 

curves for all samples attain an asymptotic value indicating a highly 

capacitive nature of the sample.  

Small peaks can be observed for M plots, which is an indication of 

the presence of relaxation process in the composites. Normally at room 

temperature loss peaks will be absent.  The loss peaks arise with increase 

of temperature. Interfacial polarization may be the origin of these loss 

peaks. The peak position gives the evidence of transition from long range 

to short range mobility with increase of frequency. 

4.A.3.2.3 Thermogravimetric analysis 

The degradation temperature of PVA is about 242 oC. The addition 

of PANI/Cellulose fibers causes a shift in the degradation temperature of 

PVA, it is shifted to higher temperature. The shift is dependent on the 

nature and morphology of the fiber used. It is evident from the figure 

(4.A.18) that the polyaniline coated cellulose fibers are efficient fillers for 

enhancing the thermal stability of PVA. The degradation temperature is 

further shifted to higher temperatures with the addition of micro and nano 

fillers. For the same concentration of the filler, the predominant increase 

in the degradation temperature is obtained for nanocomposite. 
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  Figure 4.A.18: Thermogravimetric curves of macro composite, 

micro composite and nano composite 
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The mechanism of PVA degradation is extensively studied by 

various research groups [47-49]. The decomposition of PVA takes place 

in two steps, in the first step is the elimination of water molecules and 

side groups. The second step appears at higher temperature, it is the 

degradation of PVA backbone. The first peak appears at between 230 οC 

and 320 oC due to the elimination reactions and the second peak appears 

between 320 οC and 420 οC. A shoulder peak is observed followed by the 

second peak due to the chain scission and cyclisation reactions. The 

degradation of polyaniline occurs at 380 οC. But due to the presence of 

high intense peaks of PVA, polyaniline peak is visible only for high filler 

concentration composites. As the concentration increases, the degradation 

peaks of polyaniline start to appear beyond 400 oC. The degradation of 

cellulose takes place between 230 oC to 300 oC. While this peak is 

merging with the degradation peak of PVA.  

4.A.3.2.4 Mechanical properties 
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Figure 4.A.19: Variation of tensile strength with filler loading 
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The variation of tensile strength of the three different size 

composites with fiber loading is shown in figure 4.A.19. For micro and 

nano composites the tensile strength increases slightly up to 10 wt.% then 

reduces sharply. The increase of tensile strength for nanocomposite is 

about 6.5 % while for micro it is 2 %. But such an increase is not 

observed for macro composite, incorporation of macro PANI/Cellulose 

into PVA lead to the reduction in tensile strength. The initial increase of 

tensile strength for micro and nano composites is due to the reinforcing 

characteristics of the dispersed micro and nano cellulose fibers. Better 

increase in the tensile strength is observed for nanofibrillated cellulose, 

indicating an efficient stress transfer leading to the plastic deformation in 

the PVA matrix. The decrease in tensile strength at higher concentration 

is due to the agglomeration of cellulose fibers. The stress acting on a 

small part of the material surface would be much greater than the average 

stress applied to the test specimen in the presence of cellulose 

agglomerates. The reduction in the tensile strength of macro composite 

can be attributed to the incompatibility of macro cellulose in PVA matrix. 

The poor dispersion of macro sized cellulose lead to the sudden decrease 

of tensile strength of the composites. As the size increases the chances for 

the formation of voids in the composite also increases. The microstructure 

and the location of voids are significant.  It can influence whether or not a 

crack emanates from voids and propagates and finally result in failure of 

the composites.  
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4.A.3.2.4.2 Dynamic Mechanical Analysis 
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Figure 4.A.20: Plot of storage modulus against temperature for 

macro, micro and nano composites  
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The reinforcing effect of polyaniline coated cellulose on the 

mechanical properties of PVA was analyzed by dynamic mechanical 

analysis. The analysis was carried out at a fixed frequency of 1 Hz and the 

temperature was varied from 40 οC to 150 οC. The variation of storage 

modulus with the change of temperature is shown in the figure 4.A.20. 

For all the three composites, an initial increase of storage modulus is 

observed, after that the storage modulus decreases. Prominent increase of 

storage modulus is observed for nanocomposite. As the size of the filler 

increases the storage modulus decreases.  

All the composite exhibited higher storage modulus than pure PVA. 

The storage modulus for pure PVA is about 15 MPa, it is increased up to 

273 MPa for macro composite and to 324 MPa for micro composite. 

Whereas significant improvement in storage modulus is obtained for 

nanocomposite of about 473 MPa. It is due to the reinforcing effect of 

nanofillers. As the size reduces to nanometer scale better interaction is 

taking place between the conducting filler and the polymer matrix. It 

allows improved stress transfer at the matrix-filler interface. Due to the 

agglomeration at higher filler loading reduction in storage modulus is 

observed. Prominent reduction at higher filler concentration is obtained 

for macro composite. But for nano and micro fillers the reduction is not 

considerably significant. This can be ascribed to more agglomeration of 

the conducting fibers at high loading for macro composite. Particle-

particle interaction is high for the macro sized particles. As a result, large 

drop of storage modulus is observed for macro composite than the micro 

and nano composite. In case of all the three composites, 50 % composite 
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exhibits the lowest storage modulus. This is due to the poor interface 

formed at higher loading.  

4.A.3.2.5 Water absorption behavior  

The specimens for water absorption were immersed in water at 

room temperature. Initial weight of the sample was recorded and the 

amount of water absorption was analyzed by weighing the sample at 

certain time intervals (30 min). The water absorbed at the surface was 

wiped out before weighing. The percentage of water absorption was 

calculated using the following equation [50] 

Mt (%) = 
wt−wo

wo
* 100……………………………………..4.A.9 

Wt is the weight of the sample at time t, Wo is the initial weight of the 

sample.  
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Figure 4.A.21: Comparison of water absorption behavior of the composites 
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PVA is known to be a water absorbing material. The addition of 

fibers in to the PVA molecules reduces the percentage of water 

absorption. A sudden decrease of water absorption is observed for the 

initial concentration of the composites. But as the fiber content increases 

the water absorbing capability also increases. This increase can be 

attributed to the hydrophilic nature of the fiber and the increased 

interfacial area between the fiber and matrix [51]. The upsurge of 

absorption % is more for macro composite. Since the water uptake can 

also takes place from the open fiber edges of the macro composites. The 

fibers are not well dispersed in the matrix, which will also cause increased 

water absorption. The high cellulose content in coir fibers results in the 

increased water absorption, these extra water molecules penetrate through 

the voids present in the composites. In turn, these voids can cause 

additional water intake due to the capillary action, this results in the flow 

of water molecules along the fiber matrix interfacial region and also 

causes the diffusion through the PVA matrix. This will result in the de-

bonding of PANI/Cellulose and PVA in macro composite. For all the 

composites, the rate of water absorption is high at the early stages of the 

exposure, after the initial increase of water absorption becomes slow then 

reaches a saturation value. This is called Fickian diffusion process [52]. 

The initial rate of increase and the maximum water uptake increase with 

the more fiber addition. All the natural fibers are exhibiting similar 

behavior [53]. Composite failure occurs for high wt.% composites. The 

more the composite cracks, the more capillary and transport via micro-

cracks become active [54]. All the composites exhibited high water 

sensitivity and reached the saturation stage only after 72 h. 
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4.A.4 Conclusion 

Novel PANI/Cellulose/PVA composite were successfully fabricated 

by solution cast method. The electrical, mechanical and dielectric 

characteristics were investigated. Three series of PANI/Cellulose/PVA 

composites containing fibers in three size ranges i.e. macro, micro and 

nano were studied. Compared to short cellulose fiber composite, higher 

dielectric permittivity together with lower loss factor are achieved in 

nanocomposites in frequency range of 40 Hz to 30 MHz. PVA 

nanocomposite attained an AC conductivity of 3 S/m. For all the three 

composites, the real and imaginary electric moduli increase with 

conductivity. The addition of PANI coated cellulose fiber improved the 

tensile strength and storage modulus for micro and nanocomposites. But 

due to the poor compatibility of macro fiber the mechanical properties 

were decreased. TGA studies showed that the thermal stability of all the 

composites increased with the addition of fibers. The addition of micro 

and nano cellulose fibers in to PVA molecules reduced the percentage of 

water absorption while for the macro fibers the percentage of water 

intake was increased. The result obtained here is an example of how 

nanoscopic changes in the structure of conductive filler and the 

subsequent change in the interfacial polarization can affect the 

macroscopic properties of composites. These novel nanocomposites with 

high dielectric performance can find applications in high-charge storage 

capacitors. 
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Part B 

Development of electrically conducting composites based on 

CNF and poly(vinyl alcohol) 
 

Conducting polymer composites based on carbon nanofiber, polyaniline and 

poly(vinyl alcohol) were prepared by solution casting method. Polyaniline 

was coated on the surface of carbon nanofibers by the in-situ method. The 

electrical, dielectric, thermal and mechanical properties of the composite 

was measured. Compared to cellulose based composites, PANI/CNF/PVA 

composites exhibited improved electrical and mechanical properties. An 

electrical conductivity of 0.39 S/m was achieved by 50 % PANI/CNF/PVA 

composite which is about times 1012 higher than that of pure PVA. The 

dielectric constant of about 4.3*108 was obtained at 100 Hz frequency. Slight 

improvement in the mechanical properties was achieved for 10 wt.% 

composites. Higher fiber loading resulted in agglomeration hence the 

mechanical properties of the composite are deteriorated. Moreover, the 

addition of PANI/CNF into PVA matrix resulted in the drastic improvement in 

the thermal stability of poly(vinyl alcohol). So composites with high DC 

conductivity, high dielectric constant and good mechanical properties could be 

developed. 

  

4.B.1 Introduction 

Conducting polymers have been considered as the promising 

materials for capacitors, electronic devise, owing to lightweight, low cost, 

easy processability etc. [1,2]. Particularly polyaniline is considered as the 

excellent conducting polymer, due to the high conductivity in the doped 

state, high redox reversibility etc. Conducting polymer composites can be 

prepared by the addition of conducting polymers or conducting fibers in 
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to an otherwise non-conducting polymer. To improve the performance or 

extend the functions of conducting polymer based devices, the conducting 

polymers have to be modified. Recently some research groups have 

developed composites of polyaniline with carbon nanotubes [3,4]. The π- 

bonds present in the carbon nanotubes facilitate the formation of extended 

charge transfer between carbon nanotubes and polyaniline by introducing 

more conductivity to the composite. Therefore, composites based on 

carbonaceous materials and polyaniline on appropriate stochiometric 

combination have been proven to be efficient combination. The synergistic 

combination of outstanding conducting properties of the carbonaceous 

materials and conducting polymers is an ongoing interest in nanotechnology. 

Moreover, among the aforementioned carbon materials, carbon nanotubes 

(CNT) are comparatively expensive and the preparation of graphene is a 

complex process [5]. Carbon nanofibers (CNF) are alternative choice of 

materials, which are readily available and cheaper than CNTs. Besides, 

CNFs have attracted great interest in recent years due its unique one-

dimensional structure, excellent electrical, thermal and mechanical 

properties [6-9]. Therefore, interest in the development of composites 

based on CNF and PANI is growing recently. Although PANI/CNF 

composites have been studied extensively, work on the development of 

sensors, antibacterial agents, fire retarding compounds is in the nascent 

state. On the other hand, non-conducting materials can be rendered 

electrically conducting by the modification with electrically conducting 

polymer. 

During the last few years research on the vapor grown nanofiber has 

been attracted in many fields such as energy storage, energy conversion, 
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sensors, and for the composite reinforcement [10-15]. Carbon nanofibers 

are known by excellent mechanical properties, flammability, high electrical 

conductivity, extraordinary dielectric properties etc. The discovery and 

development of carbon nanofibers and carbon nanotubes have brought high 

impact on the carbon fiber industry [16]. Many reports are available in the 

literature about the reinforcing effect of CNF in polymeric materials [17-

19]. The fiber-polymer adhesion is governed by the chemical and physical 

interactions taking place between the two. If the interaction is not strong 

enough, composite failure may occur at the interface resulting in reduced 

longitudinal and transverse mechanical properties. So, one of the most 

challenging effort of the researchers is to make a strong interface 

producing good mechanical properties.  

The dispersion of carbon nanofiber in PVA matrix is one of the 

major issues. Carbon nanofibers possess a bundling nature; thus, the CNF 

fibers exist as small bundles in the polymer matrix. This will produce 

weak interface and deteriorate the properties. Surface modification of 

CNF can be done by the coating of polyaniline on the surface. Then CNF 

fibers are no longer connected to the matrix directly. Otherwise 

conducting polymer is connected to the polymer matrix. So, by the 

coating of polyaniline on the surface of carbon nanofiber will enhance the 

interfacial properties. In this chapter the preparation of novel composite 

system comprising of carbon nanofiber, polyaniline and poly(vinyl 

alcohol) is described. The electrical, dielectric and mechanical properties 

of the composite were studied as a function of fiber concentration.  
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4.B.2 Experimental 

4.B.2.1 Preparation of the composites 

3 g of CNF was dispersed in 100 mL of 1 M hydrochloric acid solution 

by ultrasonication for 1 h. Then the dispersion was kept at 0-4 οC 

temperature followed by addition of 10 g of aniline. 12.50 g of ammonium 

persulfate (APS) was dissolved in 100 mL 1 M HCl solution and was taken 

in a burette. The APS/HCl was added drop-wise into the aniline-fiber 

solution to initiate polymerization reaction. The polyaniline-coated fibers 

(PANI/CNF) were then isolated. Different weight percentages of modified 

fibers were then mixed with poly(vinyl alcohol) solution in water at 90 οC 

followed by ultrasonication for 2 h. Films were prepared by casting and 

dried slowly at 70 οC for 24 h.  

 
Figure 4.B.1:  Schematic representation of the synthetic route for the preparation of 

PANI/CNF/PVA composite. 
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The graphitization of CNF takes place at high temperatures results 

in deposition of crystalline, pyrolytic carbon at the outer edges of CNF. 

So, the outer surface of CNF is mostly un-reactive. Hence the polyaniline 

will not undergo any chemical reaction with CNF; instead the aniline 

oligomers will get attached to the fiber surface and start growing as the 

reaction proceeds (step a). As the polymerization reaction was continued 

for 24 h at 0-4 C a uniform coating of PANI on CNF surface is formed 

(step b). Many reports are available in the literature regarding the uniform 

coating of PANI on various substrates [20-22]. Polyaniline coated CNF 

fibers were added in to the solution of PVA in water (step c). Then the 

resulting composite mixture was solution casted in to thin films.  

4.B.3 Results and discussion 

4.B.3.1 Characterization of the composite 

4.B.3.1.1 Transmission Electron Microscopy 

 

Figure 4.B.2: A) TEM image of pristine CNF; A) low magnification image 

shows the length of the fiber is of few micrometres, inset to ‘A’ 

shows the open tip; B) the high magnification image of CNF 

showing the parallel cupstcked graphitc arragemenet on the outer 

wall. 

A 

 

B 
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Figure 4.B.2 represents the HR-TEM micrographs of carbon 

nanofiber at different magnifications. It is evident from the image that 

CNF possesses huge central hollow core and it has open tips. The open tip 

is marked in figure 4.B.2A and the enlarged view is given as inset. Large 

central hollow core with highly active edge sites along the inner wall of 

CNF is due to the cup stacked orientation of graphene layers. The inner 

diameter of CNF is approximately 55 nm while the outer diameter is 

about 90 nm. It confirms that these materials possess high aspect ratio 

with length of about few micrometers and diameter of few nanometers.  

4.B.3.1.2 Scanning Electron Microscopy 

SEM images of the PANI/CNF fibers are shown in figure 4.B.3. It 

shows tubular morphology with core shell structure. Carbon nanofibers as 

core encapsulated by the polyaniline resulting in the core shell structure. 

Polymerization of aniline takes place at the surface of carbon nanofibers. 

So, the nanofibers act as both core and template yielding a polyaniline 

encapsulated structure. The smooth surface of PANI/CNF fibers indicate 

the formation of polyaniline chain on CNF through the homogenous 

nucleation. The diameter of pristine CNF is about 90 nm which is evident 

from the TEM images. While the modification with polyaniline increased 

the diameter to 490 nm. SEM micrographs reveal uniform coating of 

polyaniline on CNF surface and no free CNF are present in the images. 

So, it is believed that the polymerization is starting on the surface of CNF 

and it proceeds with time.  
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Figure 4.B.3: SEM images of A, B) PANI/CNF fibers, C) PANI/CNF/PVA composite 

As shown in figure 4.B.3C, polyaniline coated CNF fibers construct 

a three-dimensional conductive network. The conductive network 

formation facilitates the electron/ion transport across the composites. The 

hydrogen bonding interaction between the hydroxyl groups of PVA and 

the counter ions of polyaniline results in the good dispersion of 

PANI/CNF in PVA matrix. PANI/CNF fibers makes an interconnected 

conducting network in which PVA molecules are entrapped. As the 

PANI/CNF content increases well defined conductive paths develop in 

the composite.  

(A) (B) 

(C) 
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4.B.3.1.3 X-ray diffraction 
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 Figure 4.B.4:  XRD pattern of PVA, PANI/CNF and 

PANI/CNF/PVA composite 
 

XRD pattern of PVA, PANI/CNF and PANI/CNF/PVA composite 

is represented in the figure 4.B.4. Pure CNF exhibits a sharp peak at 2θ of 

26.4 ο. It can be ascribed to the (002) plane diffractions from the graphitic 

carbon of CNF. Less intense peaks can also be seen at higher 2θ values 

correspond to the (100), (101) and (004) planes of the CNF. It shows that 

carbon nanofibers are well preserved in the composite.  

XRD pattern of pure PVA indicates a sharp peak at 19.6 ο, typical 

of crystalline PVA. High degree of crystallinity of PVA indicates the 

ordered packing of molecular chains. Reduction in intensity is observed 
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for the crystalline peak of PVA in the composite. This may be due to a 

different thermal history of the composites and the presence of filler that 

interacts with the matrix chains. Similar amorphous peak has been 

reported in the case of hot pressed PVA molecules [23]. The characteristic 

peaks of polyaniline and CNF are also observed in the XRD pattern of the 

composite. 

4.B.3.1.4 FTIR spectroscopy 
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Figure 4.B.5: FTIR spectra of PANI/CNF and PANI/CNF/PVA composites 

 

Figure 4.B.5 depicts the FTIR spectra of PANI/CNF fibers and 

PANI/CNF/PVA composite. All the characteristic peaks of PANI are 

reflected in the spectrum of PANI/CNF. The peak at 1339 cm-1 is due to 

the strong aromatic C-N stretching vibrations present in polyaniline. The 

peaks around 1550-1600 cm-1 and 1390 cm-1 correspond to the signatures 

of PANI backbone stretching vibrations of quinoid and benzenoid rings. 

Broad and high intense peak is observed in the spectrum of the composite. 

It can be ascribed to the presence of hydroxyl groups of PVA. The 
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nanofiber dispersion in the polymer matrix is crucial to electrical, 

dielectric, thermal and mechanical properties of the composite. Favorable 

nanofiller polymer interactions will increase better dispersion of 

nanofibers in the matrix which in turn enhances the properties of the 

composite. FTIR spectra indicates the formation of extensive hydrogen 

bonding in the composite. Strong hydrogen bonds are mainly formed by 

the hydroxyl groups of PVA and the counter ions of PANI. Hydrogen 

bonding interaction benefits to stabilize the dispersion of polyaniline 

coated carbon nanofibers in PVA matrix.  

4.B.3.2 Properties of PANI/CNF/PVA composites 

4.B.3.2.1 DC conductivity  
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Figure 4.B.6: DC conductivity variation with wt. % of the filler 

The variation of DC conductivity of the composites with PANI/CNF is 

shown in the figure 4.B.6. Tremendous increase of conductivity is observed 

upon the addition of PANI coated CNF fibers. The conductivity increases 

from 10-9 S/cm to 0.39 S/cm. This huge increase of conductivity supports 
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the formation of conductive network in the composite. The increase is about 

1012 times compared to pure PVA. The addition of 5 % PANI/CNF in to 

PVA matrix increases the conductivity from 10-9 to 10-3 S/cm. It indicates the 

highly conductive nature of PANI/CNF fibers. The conductivity keeps on 

increasing with the addition of PANI/CNF fibers, but the rate of increases is 

slow. It can be explained by the percolation theory.  

Percolation threshold of a material is characterized by the sudden 

increase of conductivity due to the formation of conductive pathway 

formed. The formation of conductive network can be well understood 

from the figure 4.B.7. 

 

Figure 4.B.7:  Schematic representation of formation of conductive network at 

higher fiber concentrations.  

The figure 4.B.7 illustrates the conductive network formation beyond 

the percolation threshold. For lower wt.% composites, the conducting fibers 

do not touch one another. Many interfaces are formed by the conducting 

fiber and insulating matrix, thereby creating energy gaps between the fibres. 

Hence continuous conducting path is not formed in low concentration 



Chapter 4 

 164   Department of Polymer Science and Rubber Technology 
Cochin University of Science and Technology 

 

composites. When the concentration reaches in the vicinity of percolation 

threshold, fibers will be in contact with each other, reducing the conductive 

resistance. It results in high conductivity values.  

4.B.3.2.2 Dielectric properties  

4.B.3.2.2.1 Dielectric constant 

The dielectric constant as a function of frequency is shown in the 

figure 4.B.8.A. For all the composites dielectric constant decreases with 

increase of frequency. The rapid decrease in the dielectric constant is 

noticed over the frequency range 40 Hz to 105 Hz. It may be attributed to 

the tendency of dipoles in composites to orient themselves in the direction 

of the applied field in the low frequency range. However, at high 

frequency range the dipoles are not getting enough time to orient with the 

alternation of frequency. The polarization due to charge accumulation 

decreases which will decrease the value of dielectric constant [24,25].  

Compared to PANI/Cellulose/PVA composite, PANI/CNF/PVA 

composite show high dielectric constant. The dielectric constant of 50 % 

PANI/Cellulose/PVA is about 7.5*107 whereas under the same fiber 

concentration the dielectric constant is 4.3*108 about for PANI/CNF/PVA 

composite. The increase in the dielectric constant is due to the good 

conductive nature of carbon nanofibers. The dielectric properties of a 

material are dependent upon the conductivity of the filler particles. The 

dielectric properties increase with the conductivity of the material. Koops et 

al. described the dielectric permittivity as the inverse of the square root of 

resistivity [26]. So accordingly, the CNF based composites shows higher 

permittivity than cellulose composites due to the conductivity difference. 
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The dielectric properties of the composites can be understood by the 

percolation theory and interfacial polarization effect. PANI coated carbon 

nanofibers are dispersed in an insulating PVA matrix. Consequently, the 

conducting fibers and PVA matrix can form lot of interfaces. The 

presence of π-orbital of CNF can provide enough domains for free 

moving electrons. By the application of electric field these electrons get 

oriented and causes the interfacial polarization. As the concentration of 

PANI/CNF increases in the PVA matrix, number of interfaces increases 

thus the interfacial polarization. As a result, dielectric polarization 

increases with the concentration of PANI/CNF in the composite.   

Like PANI/Cellulose/PVA composites, remarkable change in the 

concavity of the dielectric curves are observed for PANI/CNF/PVA 

composite also. These inflection points are dependent on filler content of 

the composites. With increase of filler loading the inflection point shifts 

to higher frequency. For higher wt.% composites the inflection points are 

beyond the frequency limit studied.  

The dielectric properties of the composite can be understood from the 

percolation theory and the interfacial polarization effect. The permittivity of 

composites dramatically increases in the vicinity of the percolation threshold 

of conductive fillers [27-30]. This kind of increase is more pronounced at 

higher filler concentrations (close to the percolation threshold) and lower 

frequency ranges. Recent studies on the dielectric properties of graphene/PVA 

composites illustrates the formation of strong MWS polarization between the 

PVA matrix and graphene nanosheets [31].  
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Figure 4.B.8: Dielectric properties of PANI/CNF/PVA composites A) variation of 

dielectric constant with frequency B) dielectric loss as a function of 

frequency and C) Variation of AC conductivity with frequency 
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4.B.3.2.2.2 Loss tangent 

Variation of Tan d with frequency is plotted in the figure 4.B.8B. 

Except PVA all the composites exhibited peak at frequencies higher than 

104 Hz. These are the relaxation peaks of the composites. Usually 

polymers possess three types of relaxations, such as α, β and γ. In the 

present study all the composites exhibit relaxation process called β 

relaxation. It is caused by the local movements of the side dipole groups 

of polyanilines. X-Ray diffractogram of the composites revealed the 

amorphous nature of the materials. In amorphous regions, the chains are 

irregular and entangled where as in crystalline regions the chains are 

regularly arranged. So, the movement of molecular chains is easy in the 

amorphous region than the crystalline region. Due to the well packing in 

the crystalline state, the density is high compared to the amorphous 

region. So, the side dipoles will orient themselves with certain frequency. 

Hence in the amorphous state these dipoles are freer to orient, thus it will 

contribute to absorption at wide frequency [32,33].  

4.B.3.2.2.1 AC conductivity  

AC conductivity of the composites was calculated from the 

permittivity and loss tangent values using the following equation 

AC=2f*tan……………………………………………4.B.1 

Where,  is the permittivity of vacuum, f is the frequency of the applied 

frilled, * is permittivity of the material and tan  is the loss tangent. The 

external electric field produces the induced charges on the surface of the 

material. Hence as the frequency increases the charge concentration also 

increases which will result in the enhanced AC conductivity at higher 

frequency ranges. The conductivity increase can be otherwise related to the 
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homogenous dispersion of the conductive filler in the matrix. Good 

dispersion produces uniformity of charges in the composites. Sudden 

increase of conductivity is observed or lower wt.% composites. At higher 

frequencies, all the composites attain almost constant conductivity. Hopping 

transition is the sudden increase followed by plateau region which occurs in 

AC conductivity curves, this kind of transition can be seen for pure PVA and 

lower wt.% composites. But for composites with higher fiber concentration 

does not lead to such a transition. The AC conductivity of the 50 % 

PANI/CNF/PVA composites reached a value of 29.59 S/m which is 108 

times higher than that of pure PVA. Significant improvement in the dielectric 

properties of the composite is resulted by the incorporation of polyaniline 

coated carbon nanofibers in PVA matrix. The remarkable improvement is 

due to the better interaction between the fiber and the polymer matrix. 

Moreover, the high conductivity of PANI/CNF enhanced the dielectric 

properties than the corresponding cellulose composites.  

4.B.3.2.3 Mechanical properties  

4.B.3.2.3.1 Tensile strength 
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Figure 4.B.9: Variation of tensile strength with filler loading 
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Figure 4.B.9 shows the variation of tensile properties with PANI/CNF 

loading. Initially the tensile strength is increased owing to better interaction 

of polyaniline coated carbon nanofibers with the PVA matrix. The tensile 

strength of pure PVA is about 29 N/mm2. The improvement of tensile 

strength can be explained by the formation of strong hydrogen bonding 

interaction between the fiber and the matrix. It results in the good dispersion 

of fibers in the matrix. Hence efficient load transfer occurs. As the 

concentration of the fiber increases above 10 wt.% reduction in the tensile 

strength is observed. Similar results are obtained for PANI/Cellulose/PVA 

composite also.  

The FTIR spectra of the composite has established hydrogen 

bonding interaction between the polyaniline coated carbon nanofibers 

and PVA matrix. Various research groups have reported on the 

enhancement of the mechanical properties of the composite by the 

incorporation of carbonaceous materials [34-40]. Many reports have 

shown that high fiber loading might reduce the mechanical properties 

owing to the particle agglomeration [41]. At higher fiber loading due to 

the poor dispersion, agglomeration of PANI/CNF fibers occurs thereby 

causing weak filler matrix interface. Hence an efficient stress transfer is 

not occurring at higher concentration of the fiber. As a result, tensile 

strength decreases to about 14.2 N/mm2 for 50 % PANI/CNF/PMMA 

composite.  
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4.B.3.2.3.2 Dynamic Mechanical Analysis 
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Figure 4.B.10: Storage modulus of PANI/CNF/PVA composites as a 

function of temperature  
 

The dynamic storage modulus of PANI/CNF/PVA composite as a 

function of temperature at 1 Hz is represented in figure 4.B.10. The storage 

modulus of all the composite decreases with increase of temperature. Sudden 

decrease of storage modulus is observed for lower wt.% composites, while as 

the fiber content increases the storage modulus decreases gradually with 

temperature. Compared to cellulose based composites, incorporation of 

PANI/CNF in to PVA shows drastic increase of storage modulus. The 

storage modulus obtained for PVA is about 78 MPa, while it is increased to 

1066 MPa for 10 % composite at 50 οC. It indicates efficient stress transfer 

between PANI/CNF and PVA matrix. The storage modulus decreases after 

10 wt.%, it may be due to the agglomeration of PANI coated CNF fibers. 

The improvement at low fiber content is because of the efficient reinforcing 

effect of the well dispersed polyaniline coated CNF fibers in PVA matrix. 

The hydrogen bonding interaction between polyaniline and PVA molecules 
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results in the uniform distribution of PANI/CNF fibers in PVA matrix. As a 

result, the PVA chains are immobilized and the storage modulus is increased. 

The effective immobilization of these chains is responsible for the drastic 

increase of storage modulus at lower fiber content. The improvement in the 

storage modulus of the composites depend on the aspect ratio of the 

dispersed fibers. Nanofiber being a rigid filler, possessing high aspect ratio 

the polymer interface adjacent to the fiber is highly restrained mechanically.  

So it can be believed that the in-situ polymerization of aniline in 

presence of CNF is the successful way of incorporating CNF in the 

polymer matrix. Carbon nanofibers serve as nucleating agents for the 

polymerization of aniline. Hence it increases the dispersibility of CNF in 

the polymer matrix. The increased mechanical and electrical properties of 

the composite is due to the efficient distribution of conducting fibers in 

the PVA matrix. The agglomerating tendency of carbon nanofibers is 

reduced by the modification with polyaniline.  

4.B.3.2.4 Thermogravimetric analysis 

100 200 300 400 500 600

0

20

40

60

80

100

W
e

ig
h

t 
(%

)

Temperature ( 

C)

 

 

 PVA

 10% PANI/CNF/PVA

 20% PANI/CNF/PVA

 30% PANI/CNF/PVA

 40% PANI/CNF/PVA

 
Figure 4.B.11: Thermogravimetric curves of PVA and PANI/CNF/PVA composites 
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To understand the effect of PANI coated CNF on the thermal 

properties of the PVA composite thermogravimetric analysis was carried 

out (Figure 4.B.11). There are two distinct steps in the TG curve of pure 

PVA, so it can be regarded as a two-step degradation process [42-44]. The 

first temperature loss corresponds to the breaking of hydroxyl groups of 

PVA chain. If PVA is heated above 120 °C water is eliminated to give 

conjugated double bonds, and it may result in the formation of ether 

cross-links. That means on heating PVA above the decomposition 

temperature, the polymer starts a rapid chain-stripping elimination of H2O 

[45]. The elimination of water molecules from the PVA chain yields a 

polyene structure. The presence of hydroxyl groups of PVA is evident 

from the FTIR spectra of the composites. Tsuchiya and Sumi [46] 

reported the formation of conjugated polyene structures by the 

dehydration of PVA. 

The second weight loss corresponds to degradation of whole 

polymer chain. It is the most important both in the rate of weight loss and 

in the total weight loss. The incorporation of PANI/CNF greatly improves 

the degradation temperature of PVA. The addition of polyaniline 

modified CNF makes the degradation of PVA more complex process. The 

degradation of PVA is shifted to higher temperatures. Moreover, the 

improved thermal stability of the composites can be understood from the 

weight of residue present for higher wt.% composites. As the content of 

PANI/CNF in PVA increases the residual mass of the char also increases.  

For pure PVA the second weight loss appears at 325 οC. The major 

degradation peak at 325 οC can be an overlap of the continual eliminations 
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and chain scission reactions which require comparatively higher energy. The 

second weight loss of PVA is not much clear from the curves of higher 

wt.% composites. For polyaniline, the major weight loss occurring in a 

wide range of temperatures, between 350-500 oC is related to the 

oxidative decomposition. 

4.B.3.2.5 Water absorption behaviour 

The specimens for water absorption were immersed in water at 

room temperature. Initial weight of the sample was recorded and the 

amount of water absorption was analysed by weighing the sample at 

certain time intervals (30 min). The water absorbed at the surface was 

wiped out before weighing. The percentage of water absorption was 

calculated using the following equation 

Mt (%)= 
wt−wo

wo
 100……………………………………..4.B.2 

Wt is the weight of the sample at time t, Wo is the initial weight of the sample.  
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Figure 4.B.12: Water absorption behaviour of PANI/CNF/PVA composites 

Figure 4.B.12 represents the percentage of water uptake as a 

function of filler concentration. The water absorption studies show that 

the addition of PANI/CNF in to PVA decreased the absorption of PVA. 

The water absorption increases with the content of PANI/CNF. Unlike 

PANI/Cellulose fibers, the PANI/CNF/PVA composites did not lead 

massive increase in the rate of water absorption. It is due to the 

hydrophobic nature of the CNF fibers incorporated in to the matrix. The 

rate of water diffusion through any solid material is determined by the 

diffusivity D, it is also known as flux. The rate of water absorption is 

more at the initial stages of exposure after that it is slowed down. This is 

in accordance with the Fickian diffusion process. The water absorption 

can take place in three different ways. Water can directly diffuse into the 

matrix, or it diffuses through the interfaces or it can be through the 

imperfections such as pores or cracks formed during the processing 

stages. Moreover, the transport of water through a material depends upon 

many factors like temperature, coating effects etc. [48].  

At higher fiber concentrations the homogenous dispersion of fibers 

may not occur, hence it may result in the increased concentration of the 

agglomerates. Consequently, the effective interaction with the matrix 

reduces and more hydroxyl groups will be available for water absorption. 

In addition to that more cracks and pores will be formed in the composites 

with poor dispersion. So it enhances the transport of water through the 

cracks. The equilibrium is attained in 39 h of time which is less than that 
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of PANI/Cellulose/PVA composites where the composites reached the 

saturation stage only after 72 h.  

4.B.4 Conclusion 

Novel PANI/CNF/PVA composite were successfully prepared by 

solution cast method. The electrical, mechanical, thermal and dielectric 

characteristics were investigated. Compared to cellulose fiber composite, 

higher dielectric permittivity together with lower loss factor are achieved 

for CNF based nanocomposites in frequency range of 40 Hz to 30 MHz. 

PVA nanocomposite attained an AC conductivity of 29.9 S/m. The 

addition of PANI coated carbon nanofiber improved the tensile strength 

and storage modulus of the nanocomposites. But due to the poor 

compatibility at higher concentration the mechanical properties were 

decreased. TGA studies showed that the thermal stability of all the 

composites increased with the addition of fibers. The addition of 

PANI/CNF in to PVA reduced the percentage of water absorption. These 

novel nanocomposites with high dielectric performance can find 

applications in high-charge storage capacitors. 
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Chapter 5 

CONDUCTING POLYMER COMPOSITES BASED ON 
POLY(METHYL METHACRLATE)  

 

Part A 
Development of electrically conducting composites based on 
cellulose and poly(methyl methacrylate) 

Part B 
Development of electrically conducting composites based on 
carbon nanofiber and poly(methyl methacrylate) 

Part C 
Impact of bis –(3-triethoxysilylpropyl)tetrasulphide on the 
properties of PMMA/Cellulose composite 

 

 

Part A 

Development of electrically conducting composites based on             

cellulose and poly(methyl methacrylate) 
 

High performance dielectric composites based on poly(methyl methacrylate) (PMMA), 
cellulose fibers and polyaniline were prepared. The electrical, dielectric, thermal and 

mechanical properties were studied as a function of fiber content, fiber dimensions and 

polyaniline content. The short cellulose fibers were size-reduced to micro and nano 
levels prior to coating with polyaniline. Fiber surface was coated with polyaniline by an 

in-situ polymerization technique in aqueous medium. The composites were prepared by 
solution casting method. An electrical conductivity of 0.0069 S/cm was achieved by 50 

% PANI/Cellulose/PMMA composite. The composites showed a dielectric constant of 

2.7 *104 at 40 Hz. For the micro- and nano-cellulose fiber composites the dielectric 
constant was increased to 2.5*105 and 1.3*108 respectively. The loss tangent of all the 

composites remained at less than 50. The PMMA nanocomposite attained an AC 

conductivity of 18.3 S/m. Minor improvement in the mechanical properties was achieved 

for 10 wt. % composites. Higher fiber loading resulted in the agglomeration and hence 

deteriorated the mechanical properties of the composite. The incorporation of 
PANI/Cellulose resulted significant improvement in the thermal stability of PMMA. 

Thus, it was confirmed that by controlling the size of the fiber used, it is possible to tune 

the properties to desired values over a wide range. These novel nanocomposites, 
combining high dielectric constant and low dielectric loss, can be effectively used in 

applications such as high-charge storage capacitors. 
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5.A.1 Introduction 

Poly(methyl methacrylate) (PMMA), having the IUPAC name of 

poly [1-(methoxy carbonyl)-methyl ethylene], is a transparent thermoplastic 

polymer widely used as the substitute for inorganic glass, because of its 

good impact strength, light weight and ease of processing. It is a promising 

material in optical, pneumatic actuation, sensing, analytical separation, and 

conductive devices [1-5]. It is a material of choice in biomedical applications 

such as drug delivery systems, polymer electrolytes, electro-osmotic flow 

etc. [6-10]. PMMA based bone cement has been found to be very efficient 

for the anchoring of artificial joints [11].  

Most of the previous works on PMMA based composites used 

inorganic fillers for reinforcement [12,13]. Numerous inorganic fillers 

like talc, calcium carbonate, mica, fly ash etc. have been incorporated in 

recent years [14-22]. Extra effort has to be taken to use inorganic filler 

because of poor compatibility with PMMA matrix [23,24]. Attempts have 

also been made to combine biodegradable materials as fillers [25,26]. The 

composites based on cellulosic materials is an important area of current 

research. Cellulose fibers exhibit attractive properties like high specific 

strength, modulus and low density arising from the unique structural 

hierarchy derived from biological origin [27-29]. Hence cellulose is being 

widely used as reinforcing filler in polymer composites for various 

applications [30,31]. Cellulose–based conducting polymer composite is an 

attractive proposal. PMMA has been the subject of numerous composite 

studies focusing on the improvement of strength and durability [32-35]. 

PMMA nanocomposites have been prepared by the incorporation of 
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various nanofillers. Improvements in the mechanical properties, thermal 

stability and flame retardancy were obtained by the addition of nanoparticles 

[36-41]. The conductivity can be imparted to the cellulose fibers by the 

modification with suitable conducting polymers. 

Contrast to bulk composites, nanocomposites possess several 

benefits like better biodegradability, good thermal resistance, flame 

retardancy, improvement in mechanical properties and they are more 

compatible [42-43]. Despite the good mechanical properties of PMMA, it 

shows rather low dielectric constant. The dielectric properties of the 

material can be improved by the incorporation of suitable conducting 

materials. The development of composite materials possessing high 

permittivity have become increasingly important for the capacitor 

applications [44]. Light weight, mechanical flexibility and low processing 

temperatures are the important characteristics of polymeric materials. 

Combining the advantages of polymers with those of high permittivity 

materials, polymer nanocomposites were made with low leakage current 

and high energy density for capacitor applications [45]. Earlier ceramic 

materials were employed for the development of high permittivity 

composites [46-48]. Ceramics were incorporated into the PMMA matrix 

to improve the overall permittivity of PMMA [49-52]. 

In this chapter, preparation and properties of cellulose fiber 

reinforced PMMA based composites are discussed.  The dielectric and 

electrical properties of the composites are studied as a function of filler 

loading and filler size.  The mechanical and thermal properties are also 

elaborated.  
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5.A.2 Experimental 

5.A.2.1 Preparation of PANI/Cellulose/PMMA composites 

The extraction of cellulose from coir fibers is described in chapter 

4A. During the chemical treatments cementing materials like hemi-

cellulose and lignin were removed. The cellulose fibers thus obtained 

were dispersed in 100 mL of 1 M hydrochloric acid by sonication for 1 h. 

Then 5 g of aniline was added and sonication was continued for another 

half an hour. 6.25 g of ammonium persulfate in 100 mL HCl was added to 

the reaction mixture from the burette. The polymerization reaction was 

continued for 24 h at 0-5 οC. The PANI-coated fibers were collected as 

solids on a filter, washed repeatedly with distilled water and acetone and 

dried at 80 οC for 24 h. 

Conducting PANI/Cellulose filler was added to the solution of 

PMMA in dichloroethane. The composites were fabricated by the solution 

casting method and the loading of the filler was adjusted to get the 10, 20, 

30, 40 and 50 wt.% compositions.  

5.A.3 Results and discussion 

5.A.3.1 Characterizations of the composite 

5.A.3.1.1 Scanning Electron Microscopy 

The untreated coir fiber has a diameter of 0.15 mm whereas the 

diameter of the treated fiber is 0.08 mm. After chemical treatments a 

decrease in diameter is observed. Polyaniline coating on the fiber surface 

can be confirmed from the increase in the diameter of the fiber. The 
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diameter increases from 0.08 mm to 0.13 mm. The formation of a 

network of PANI coated cellulose fiber in PMMA matrix is apparent from 

the SEM image (Figure 5.A.1). The network will help to improve the 

electrical conductivity of the composite. The diameter of fiber in PMMA 

matrix is found to be 0.12 mm. This shows that PANI is not easily 

delaminated when added to PMMA matrix.  

 

 

Figure 5.A.1: SEM image of PANI/Cellulose/PMMA composite 

5.A.3.1.2 X-ray diffraction  

Figure 5.A.2 illustrates the X-ray diffractograms of PMMA, 

PANI/Cellulose and PANI/Cellulose/PMMA composites in the 2θ range 

of 5-80 ο. PMMA is an amorphous polymer. Absence of any sharp peak 

confirms its non-crystalline nature. Broad diffraction peaks are observed 

at 2θ values of 14.3 ο and 30.3  ο.  
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Figure 5.A.2: XRD pattern of PMMA, PANI/Cellulose and 

PANI/Cellulose/PMMA composite 

 

Absence of sharp peaks at 6.7 ο in the diffractogram of PANI/Cellulose 

indicates the amorphous nature of polyaniline. Conventional coating of 

polyaniline on cellulose surface results in the thick deposition on the 

surface. As the thickness increases the control over ordering of chains 

during polymerization is gradually lost. This results in the lower 

crystallinity of the composite. The X-ray diffractogram of PANI/Cellulose 

shows peaks around 2 of 16 ο, 22.5 ο corresponding to the typical                   

-cellulose structure, for the crystallographic planes of (110) and (200) 

respectively. 
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5.A.3.2 Properties of the composite  

5.A.3.2.1 DC conductivity  
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Figure 5.A.3: Variation of DC conductivity with concentration of 

PANI/Cellulose fiber 
 

The room temperature conductivity of the PANI/Cellulose/PMMA 

composites against fiber concentration is shown in the figure 5.A.3. The 

incorporation of polyaniline-coated fibers results in the increase of 

conductivity. The conductivity of pure PMMA is about 10-12 S/m which is 

increased to about 6.9*10-1 S/m for 50 % nanocomposite. While such a 

tremendous increase is not observed for micro and macro composites. The 

highest conductivities of 5.2* 10-3 S/m and 5.8* 10-2 S/m are obtained for 

macro and micro composites respectively. For micro composite, the DC 

conductivity increases by 9 orders and for macro it is 8 orders in 

magnitude.  
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Inter-connected, conductive network is formed with increase of 

PANI/Cellulose reduces the conductive resistance at the interfaces. This 

result correlates directly with the morphological differences between the 

composites. The particle-particle contact becomes very efficient at low 

particle size. It is evident from the figure 5.A.3 that the percolation 

threshold for nano composites is much lower than the other two 

composites. So, with minimum PANI/Cellulose loading the composite 

exhibits maximum conductivity. 

5.A.3.2.2 Dielectric properties  

5.A.3.2.2.1 Dielectric permittivity 

The change in the dielectric permittivity with the alteration of 

frequency is shown in the figure 5.A.5. For all sized composites, the 

dielectric constant decreases with applied frequency. The dielectric 

constant decrease is fast in the case of higher wt.% composites.  That is 

the decrease is slow below the percolation threshold. It is clear from the 

images that a sudden increase of dielectric constant is observed after 

certain filler loading called percolation threshold. The permittivity at the 

vicinity of percolation threshold shows highest increase. That means 

beyond this point the filler particles are connected each other which will 

help to increase the dielectric value [53-55]. The increase in the 

permittivity near percolation threshold is more distinct at low frequency 

region. Frequency independent behaviour is observed for pristine PMMA. 

As the concentration of the conducting fiber increases the permittivity of 

the composites is more frequency dependent.  
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Figure 5.A.4: Dielectric constant as a function of frequency A) Macro 

composites B) Micro composites C) Nano composites 
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Compared to PMMA the dielectric constant of the composites is 

increased dramatically. The increase can be correlated to the interfacial 

polarization between the conducting PANI/Cellulose fibers and insulating 

PMMA matrix. The difference in the conductivity of the two causes the 

polarization at the interface.  

The dielectric constant of about 2.7 *104 is obtained for 50 wt.% 

macro composites while the dielectric constant is comparatively more for 

micro composite (2.5*105). The nanocomposite exhibits very high 

permittivity of about 1.3*108 for 50 wt.% composite. The size-dependent 

behaviour of dielectric properties can be easily understood from the 

permittivity values. The nanocomposite shows approximately 108 times 

higher permittivity. The abrupt increase of dielectric constant compared to 

pristine polymer is due to the formation of conductive paths in the nano 

cellulose composite. This significant improvement in nano composites 

can be related to the small size of the fibers. The nano size of the filler 

facilitates homogenous dispersion in the polymer matrix leading to the 

formation of more and more micro capacitor networks [56,57].  

Table 5.A.1: Comparison of dielectric constants of three composites at different 

frequencies.  

Frequency 

(Hz) 

Dielectric Constant 

Macro composite 

50 % 

Micro composite 

50 % 

Nano composite 

50 % 

40 2.7 *104 2.5*105 1.3*108 

1000 1719 11106 4.8*106 

10000 315 1384 473750 

30000000 7.9 26 550 
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A comparison of dielectric constants of three composites containing 

50 wt. % filler at different frequencies is shown in Table 5.A.1. It is 

interesting to note that under the same filler loading the dielectric constant 

of nanocomposites is much higher than that of micro- and macro- 

composites. The nanocomposite shows a maximum of dielectric constant 

at very low frequency. For nanocomposite the highest dielectric constant 

is near 1.3*108 and it is about 2.5*105 for micro composite. As the size of 

the filler reduces the composite exhibits better properties. This dramatic 

increase in dielectric constant is possibly due to the formation of 

microcapacitor or nanocapacitor networks by neighbouring conducting 

polyaniline-cellulose fibers and the insulating PMMA in between. Up to 

the percolation threshold many conductive paths are formed by PANI 

coated cellulose fibers. Most of the conductive paths will be connected to 

each other and some will be isolated by the polymer matrix. But beyond 

the percolation threshold point high dielectric constant is obtained.  

Moreover, Maxwell–Wagner–Sillars (MWS) polarization for 

heterogeneous systems, is well applicable to the current system [58]. 

According to MWS mechanism, at the insulator/conductor interface, the 

entrapment of free charges takes place. This effect is more pronounced at 

low frequency region where the dielectric constant is more dependent on 

frequency. The frequency-independent nature of lower wt.% composites 

below the percolation threshold can be related to the MWS effect. But just 

above the percolation threshold sudden increase of dielectric constant at 

low frequencies is observed. That means PANI/Cellulose particles are 

blocked by the PMMA layers and charges are accumulated at the interface 

causing interfacial polarization.   
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5.A.3.2.2.2 Loss tangent  
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Frequency-dependence of loss tangent of macro, micro and nano 

composites are represented in the figure 5.A.5. Loss tangent values 

increase with the concentration of conductive particles. Heat dissipation 

increases with the energy storage capacity of the material. Hence high 

loss tangents are observed for high wt.% composites. The frequency-

dependence of loss tangent also increases with filler loading. Small 

relaxation peaks are observed for the loss tangent curves. As represented 

in figure 5.A.6A, the tan  values are found to decrease with increasing 

frequency which may be due to the fall in electrical conductivity of the 

composites. The increase in the dielectric properties with 

PANI/Cellulose content is related to the interfacial polarization present 

in heterogeneous systems [59,60]. Hydrochloric acid doped polyaniline 

contains electron withdrawing chlorine atoms. The presence of electron 

withdrawing groups will form strong interfaces with the polymer matrix. 

This in turn increases the dielectric properties of the composite.  

5.A.3.2.2.3 AC conductivity  

AC conductivity was calculated from the dielectric permittivity and 

dielectric loss by the equation  

AC=2f*tan…………………………………..2.B.1 

Where,  is the permittivity of vacuum, * is the permittivity of the 

material, f is the frequency and tan  is the loss tangent of the material.  
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Figure 5.A.6: A) Plot of AC conductivity as a function of frequency for                        

A) Macro composite, B) Micro composite and C) Nano composite 
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Conductivity of all the composites increase with increase of 

frequency. This can be attributed to the presence of induced surface 

currents created by the application of external electric filed. For nanofiber 

composite a linear increase of AC conductivity with frequency is 

observed at all fiber loadings. However, for micro and macro composites 

containing higher weight percentages of fiber a linear increase of AC 

conductivity is observed.  

For composites containing higher fiber concentration a deviation 

from linear dependence is observed. The conductivity increases with the 

filler loading. This can be related to the good dispersion of conductive 

fillers in the matrix.  

Usually the application of conductive nano particles to an 

insulating polymer matrix is supposed to induce an electrical 

conductivity when the volume fraction exceeds the percolation 

threshold. The percolation threshold is considered to be lesser for fiber-

shaped fillers (high aspect ratio) than for spherical particles. The highest 

conductivity is achieved for 50 % nano PANI/Cellulose/PMMA 

composite. The obtained AC conductivity of the composites are 0.002 

S/m, 0.014 S/m and 18.3 S/m respectively for macro, micro and 

nanocomposites.  
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5.A.3.2.3 Mechanical Properties  

5.A.3.2.3.1 Tensile strength  
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Figure 5.A.7: Variation of tensile strength with filler loading 

Figure 5.A.7 shows the variation of tensile strength with 

PANI/Cellulose fiber at different loadings. The incorporation of 

polyaniline modified cellulose fibers leads to minor increase in the tensile 

strength. Up to 10 % fiber concentration the tensile strength increases and 

thereafter it decreases.  It is due to the incompatibility of the fibers in the 

PMMA system. The composites become less compatible as the fiber 

content increases leading to lower tensile strength. Poor adhesion between 

matrix and fiber leads to voids at the fiber-matrix interface and the stress 

transfer to the fibers becomes inefficient [61]. For micro and nano 

composites the maximum tensile strength is achieved at 10 % filler 

concentration. The tensile strength of the nanocomposite increases by 

17.9 %. But the increase is less pronounced for micro composite (9.5 %). 
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Unlike PVA based composites (Chapter 4A), there are no favourable 

interactions between the fibers and the matrix in case of PMMA 

composite. Good dispersion and effective interaction of fibers with the 

PVA matrix helps to increase the tensile strength.  

5.A.3.2.3.2 Dynamic Mechanical Analysis 

The reinforcing effect of polyaniline coated cellulose fibers in 

PMMA matrix was tested by dynamic mechanical analysis at a fixed 

frequency of 1 Hz at a temperature range of 40 to 150 οC. The variation of 

storage modulus with temperature is shown in figure 5.A.8. The addition 

of macro PANI/Cellulose fibers in to PMMA matrix results in decrease of 

storage modulus. The storage modulus decreases from 1218 MPa to 495 

MPa by the addition of 10 % macro PANI/Cellulose at 50 οC. Unlike 

macro composite, sudden decrease of storage modulus is not observed for 

micro PANI/Cellulose/PMMA composite. 10 % micro composite possess 

similar storage modulus to that of pure PMMA. But further increase of 

fiber content decreases the storage modulus of the composites.  

A higher storage modulus over a temperature range of 40-145 οC is 

observed for the nanocomposites. Highest storage modulus is obtained for 

10 % nanocomposite. The storage modulus is increased from 1218 MPa 

to 1558 MPa. The increase is due to the possibility of better interaction 

through higher surface area of the nano-sized fillers. But for 30 % 

nanocomposite slight reduction in storage modulus is observed. It can be 

ascribed to the agglomeration of the fibers.  
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Figure 5.A.9: Storage modulus curves for A) Macro PANI/Cellulose/PMMA,    

B) Micro PANI/Cellulose/PMMA and                                         

C) Nano PANI/Cellulose/PMMA composites  
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The improvement in the storage modulus strongly depends on the 

aspect ratio of the dispersed fibers and their interaction with the polymer 

matrix [62-63]. The lower wt.% composites become stiff with nano 

PANI/Cellulose fibers. It suggests that better interfacial interaction is 

taking place with high aspect ratio fibers. The dispersion of the fibers is 

also found to improve with the size reduction. Pristine PMMA exhibits 

high storage modulus which decreases greatly with increase of temperature.  

Nanocomposites at all the wt.% show excellent storage modulus over a 

wide range of temperature.   

5.A.3.2.4 Thermal properties of the composite  

5.A.3.2.4.1 Thermogravimetric analysis 

The thermal stability of pure PMMA depends on many factors like 

molecular weight, impurities present and the polymerization method [64-

66]. Kashiwagi et al. [67] described the degradation in three different 

steps. The first step occurs below 200 οC due to the scissions of head to 

head linkages. The bond dissociation energy needed for the head to head 

linkages being less than the C-C back bond owing to large steric 

hindrance and inductive effect of vicinal ester groups. The second step is 

initiated by the scissions at unsaturated ends including the homolytic 

cleavage β to the vinyl group. The last step is the polymer chain 

degradation. It is caused by the random scissions. After the discovery of 

kashiwagi, Manring et al. [68] reported a thorough degradation 

mechanism of PMMA. According to him, the free radical involved in the 

reaction will be of small size and these free radicals are originating from 

the impurities present in the material.  
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Figure 5.A.9: Thermogravimetric curves of macro composite, 

micro composite and nano composite 
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Moreover, he proposed that the main chain degradation is initiated 

by the homolytic scission of methoxy carbonyl side group. Recently a 

study of PMMA degradation performed by Holland and Hay [69] 

concluded that at low temperatures (340–360 οC) the degradation was 

initiated by a mixture of chain-end and random scission, followed by de-

propagation and first-order termination. While at higher temperature 

(385–420 οC), initiation was a mixture of chain-end and chain scission 

processes followed by de-propagation to the end of the polymer chain. 

Table 5.A.2: Thermal characteristics of the composites  

Composite T onset (οC) T max (οC) Residue at 700 (%) 

PMMA 319.1 403.2   0.73 

10% macro  322.3 414.3   8.06 

20% macro  324.5 408.3 11.28 

40% macro  331.1 409.3 14.40 

10% micro  321.6 415.2   5.86 

20% micro  327.5 411.9 11.35 

40% micro  333.6 414.6 18.93 

10% nano  325.6 416.9 10.72 

20% nano  329.5 414.6 15.96 

40% nano  336.1 413.3 21.55 
 

The thermal stability of PMMA nanocomposite is improved by the 

addition of PANI/Cellulose fibers. The predominant improvement is 

observed in case of nano composites. The major degradation peak                   

of PMMA is shifted to higher temperature by the addition of 

PANI/Cellulose fibers. In the case of nanocomposite, the decomposition 

peak is shitted to significantly higher temperature. The first stage of 

degradation of PMMA occurs at about 160 οC seen as a small peak in the 

figure 5.A.9. The other two degradations are not clear from the curves. 
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The degradation steps are not completely separated out. The weight loss 

of polyaniline occurs at 350-450 οC. However, the peaks due the polymer 

degradation and PANI weight loss are overlapped due to simultaneous 

decomposition of polyaniline and PMMA. 

Table 5.A.2 gives the onset of degradation (Tonset), maximum 

degradation (Tmax) and residue (%). The percentage of char formation is 

increased in the presence of PANI/Cellulose. For PMMA 0.7 % char is 

produced which increases to about 14 % for macro composite, 18 % for 

micro composite and 21 % for nanocomposite. It shows that the 

composites are becoming thermally more resistant by the incorporation of 

polyaniline- coated cellulose fibers.  

5.A.4 Conclusion 

PANI/Cellulose/PMMA composite were successfully fabricated by 

solution cast method. The electrical, mechanical, thermal and dielectric 

characteristics were investigated. Three series of PANI/Cellulose/PMMA 

composites containing fibers in three size ranges i.e. macro, micro and nano 

were studied. Compared to macro and micro cellulose fiber composite, 

higher dielectric permittivity together with lower loss factor were achieved 

for nanocomposites in frequency range of 40 Hz to 30 MHz. Nanocomposite 

attained an AC conductivity of 18.3 S/m. The addition of PANI coated 

cellulose fiber improved the tensile strength and storage modulus for micro 

and nanocomposites. But due to the poor compatibility of macro fiber the 

mechanical properties were decreased. TGA studies showed that the thermal 

stability of all the composites increased with the addition of fibers. The result 

obtained here is an example of how nanoscopic changes in the structure of 
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conductive filler and the subsequent change in the interfacial polarization can 

affect the macroscopic properties of composites. These novel 

nanocomposites with high dielectric performance can find applications in 

high-charge storage capacitors. 
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Part B 

Development of electrically conducting composites based on 

carbon nanofiber and poly(methyl methacrylate) 

 

Polymer composite based on polyaniline/carbon nanofiber and poly(methyl 

methacrylate) was prepared by the solution casting method. The prepared 

thin films were characterized by FTIR, XRD and SEM analysis. The 

electrical, dielectric, thermal and mechanical properties of the composite 

were studied as function of fiber concentration. Mechanical properties of the 

composite were enhanced by the incorporation of polyaniline modified 

carbon nanofibers. Compared to pure PMMA 10.64 % improvement in 

tensile strength was observed for 10 wt.% PANI/CNF composites. TGA 

studies showed that the thermal stability of all the composites increased with 

the addition of fibers. The 50 % PANI/CNF/PMMA composite exhibited a 

dielectric constant of 1.4*108 at 40 Hz. This novel nanocomposite combining 

good electrical, thermal and mechanical properties can be effectively used as 

charge storage batteries and electromagnetic wave absorbers. 

 

5.B.1 Introduction 

In this chapter preparation and characterization of PMMA based 

composites containing carbon nanofiber as modifying filler is discussed. 

The electrical and dielectric properties are studied in detail. Research              

on the development of high performance composites with excellent 

conductivity and dielectric properties is gaining momentum in nanoscience 

[1-5]. The synergistic combination of high conductivity of carbon based 

materials and excellent capacitance of conducting polymers is found to 

potential breakthrough for the development of efficient composite 

materials [6-8]. Among the conducting polymer composites, PANI has 
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frequently been used in the preparation of composites with carbonaceous 

materials [9,10]. It improves the conductivity of the polyaniline and 

reduces the agglomeration of the carbonaceous materials [11,12]. Among 

carbon based materials carbon nanofiber is selected as promising carbon 

nano morphology. Since it is cheaper than carbon nanotubes and 

possessing promising properties like high aspect ratio, unique structure 

resulting from the stacking of individual graphene layers. It is reported 

that nitrogen containing polymers are used as binder and membrane 

material which enhances the dispersion of carbonaceous materials 

[13,14]. The strong π-π interaction between the carbonaceous materials 

and polymer modulates the electronic properties of the individual 

components.  

In this chapter the preparation of novel nanocomposite system 

consisting of poly(methyl methacrylate) and polyaniline-coated carbon 

nanofibres (CNF) is presented. The composites were characterized                  

by various methods. The mechanical, thermal, dielectric and electric 

properties of the composite were studied as a function of filler loading.  

5.B.2 Experimental 

5.B.2.1 Preparation of the composites 

3 g of CNF was dispersed in 100 mL of 1 M hydrochloric acid 

solution by ultrasonication for 1 h. Then the dispersion was kept at 0-4 οC 

temperature followed by addition of 10 g of aniline. 12.50 g of 

ammonium persulfate was dissolved in 100 mL 1 M HCl solution and 

was taken in a burette. The APS/HCl was added drop-wise into the aniline-

fiber solution to initiate polymerization reaction. The polyaniline-coated 
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fibers (PANI/CNF) were then isolated. Different weight percentages of 

modified fibers were then mixed with poly(methyl methacrylate) solution 

in dichloroethane at 50 οC followed by ultrasonication for 2 h. Films were 

prepared by casting and dried slowly at room temperature for 24 h.  

5.B.3 Results and discussion 

5.B.3.1 Characterizations of PANI/CNF/PMMA composites 

5.B.3.1.1 Scanning Electron Microscopy  

 

Figure 5.B.1: SEM micrograph of the PANI/CNF/PMMA composite 

To provide the insight in to the structural formation and the 

formation of conductive networks, the composites were characterized by 

SEM. Well defined conductive paths were formed in the case of PVA- 

based composites (Chapter 4B). It could be ascribed to the formation of 

extensive hydrogen bonding between the matrix and filler particles. 

Whereas such an evenness cannot be observed in PMMA composites. 

Well dispersion of nanofiber in the polymer matrix is crucial to electrical, 

dielectric, thermal and mechanical properties of the composite. The 

formation of conductive network depends on concentration, dispersion 
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and orientation of conductive fillers [15-17]. It greatly enhances the 

conductivity of the composites. Sufficient filler concentration is one of 

the criteria for high contact conductance.  

During the polymerization of aniline, aniline oligomers get 

absorbed on the carbon nanofiber surface. As a result, the diameter of 

CNF increases from 90 nm to about 400 nm. Figure 5.B.1 represents the 

surface morphology of PANI/CNF/PMMA composite. The average 

diameter of PANI coated carbon nanofibers is approximately 400 nm. 

Hence it demonstrates the deposition of polyaniline on the surface of CNF. 

The SEM micrograph of the composite suggests low DC conductivity than 

the PVA analogue.  

5.B.3.1.2 FTIR Spectroscopy  
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Figure 5.B.2: FTIR spectra of PANI/CNF and PANI/CNF/PMMA composites  
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Figure 5.B.2 depicts the FTIR spectra of PANI/CNF fibers and 

PANI/CNF/PMMA composite. All the characteristic peaks of PANI are 

seen in the spectrum of PANI/CNF. The peak at 1339 cm-1 is due to the 

strong aromatic C-N stretching vibrations present in polyaniline. The 

peaks around 1550-1600 cm-1 and 1390 cm-1 correspond to the signatures 

of PANI backbone stretching vibrations of quinoid and benzenoid rings. 

The peak around 3200 cm-1 is attributed to the N-H stretching vibration of 

polyaniline [18]. The characteristic vibration bands of PMMA appear at 

1730 cm−1 (C=O stretching mode). The small peak at 2800 cm−1 

correspond to the methylene C-H stretching of PMMA while the bands at 

1350 cm-1and 1450 cm−1 are associated with C-H symmetric and 

asymmetric stretching modes of the same group, respectively. The 

characteristic vibration peaks of polyaniline indicate that the PANI/CNF 

is well preserved during the preparation of the composite. FTIR spectra 

reveal that there is no change in the characteristic peaks. The chances for 

intermolecular interactions such as hydrogen bonding, dipolar interactions 

can be neglected. Favorable nanofiller polymer interactions will increase 

better dispersion of nanofibers in the matrix which in turn enhances the 

properties of the composite. So, in PANI/CNF/PMMA composite no 

favorable interactions are taking place between polyaniline-coated carbon 

nanofibers and PMMA matrix. It may lead to deterioration of the 

properties of the composite.  

5.B.3.1.3 X-ray Diffraction  

Comparison of X-ray diffractograms of PMMA, PANI/CNF and 

PANI/CNF/PMMA composite are shown in the figure 5.B.3. The 
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diffractogram of PMMA shows one major maximum at 2 of 14.3  and a 

small peak at 30.3 . 
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  Figure 5.B.3:  X-Ray Diffractogram for PMMA, PANI/CNF and 

PANI/CNF/PMMA composite 

 

The broad peak indicates the ordered packing of polymer chains 

whereas the small peak gives the effect of ordering inside the main 

chains. Sharp crystalline peaks are absent in PMMA diffractogram 

which suggests amorphous nature of PMMA film. Pure CNF exhibits a 

sharp peak at 2θ of 26.4 ο. It can be ascribed to the (002) plane 

diffractions from the graphitic carbon of CNF. Less intense peaks can 

also be seen at higher 2θ values correspond to the (100), (101) and (004) 

planes of the CNF. It shows that carbon nanofibers are well preserved in 

the composite. The amorphous peak of polyaniline appears at lower 2θ 

values.  
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5.B.3.2 Properties of the composites  

5.B.3.2.1 Electrical conductivity 
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Figure 5.B.4: Change of DC conductivity with PANI/CNF concentration 

Figure 5.B.4 shows the bulk electrical conductivity of the 

PANI/CNF/PMMA composites as a function of PANI/CNF loading. The 

electrical conductivity of the composite is dependent on the filler volume 

fraction. The conductivity of pure PMMA is about 10-12 S/m. The addition of 

5 % PANI/CNF increases the conductivity to 10-4 S/m. Tremendous increase 

of conductivity is observed for even 5 % composite. Conductivity 

continuously increases with the further addition of conductive filler. The 

conductivity is increased 1013 times at 50 % addition. As the concentration of 

PANI/CNF in PMMA increases it leads to the formation of conductive 

network which will produce good interconnectivity between conducting 

fibers. This in turn reduces the conductive resistance formed by the band gap 

at the interfaces. The network formation at higher filler concentration is 

responsible for the sharp increase of conductivity. 
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The critical loading at which sudden increase of conductivity is 

called as percolation threshold. It is evident from the figure 5.B.4 that the 

percolation threshold for PANI/CNF/PMMA composite is below 5 % 

concentration. After the percolation threshold, the rate of increase of 

conductivity is not much sharp as before. Connected components are 

absent below the percolation threshold; above that point, connectivity is 

established.  

Low percolation threshold compared to cellulose-based composites 

can be attributed to the large aspect ratio of CNF. Once CNF concentration 

exceeds the percolation threshold, the DC conductivity of the composite 

increases gradually and attains a stable value. It is interesting to note that 

the composite with 5 wt.% achieves satisfied electrical conductivity of 

about 5.0*10-4 S/m. Further increase of concentration results in an excellent 

electrical conductivity of about 12 S/m.  

5.B.3.2.2 Dielectric properties  

5.B.3.2.2.1 Dielectric permittivity  

Figure 5.B.5A represents the dielectric constant of PANI/CNF/PMMA 

composites as function of frequency. Large enhancement is observed for the 

dielectric permittivity by the addition of PANI/CNF in to PMMA. The 

dielectric constant of pure PMMA is about 4.9 and it increases to 33450 

by the incorporation of 10 % PANI/CNF. As the content of PANI/CNF 

fibers increases the dielectric permittivity of the composite attains very 

high values. The dielectric constant for 50 % PANI/CNF/PMMA 

composite is about 1.4*108. This value is higher than the corresponding 
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cellulose composite. The higher permittivity of CNF based composite can 

be attributed to the high conductivity of the carbon nanofiber compared to 

the cellulose nanofiber.  The dielectric constant for 50 % PANI/CNF/PMMA 

is 108 times higher than that of pure PMMA. The increase in the dielectric 

permittivity can be ascribed to the formation of micro capacitor networks 

in PMMA with the increase of PANI/CNF content in the matrix, as 

explained in chapter 5A. Polyaniline- coated carbon nanofiber introduces 

the polar groups in the matrix which will lead to increase the dielectric 

constant. Polyaniline is a good dielectric material. The observed 

polarization of a dielectric material has contribution from electronic, ionic 

and orientational polarizations. Electronic polarization occurs during very 

short interval of time (10-15 s); ionic polarization occurs in the range of 

(10-13-10-12 s) whereas the orientational polarization requires 

comparatively longer time. Polyaniline noticeably enhances the electrical 

conductivity as well as the polarizability of the composite. Hydrochloric 

acid doped polyaniline contains chlorine atoms. Presence of these groups 

in the composites will increase interfacial polarization. The higher the 

possibility of polarization the larger will be its dielectric constant. 

The dielectric constant of the PANI/CNF/PMMA composites 

decreases linearly with frequency. However, at higher frequencies the 

dielectric constant tends to be independent of frequency. High dielectric 

permittivity is observed at low frequency region which is the signature for 

all carbon-based materials [19-21]. The frequency-dependent behaviour 

of the composites at low frequency region can be attributed to the 

Maxwell- Wagner- Sillar polarization [22,23]. 
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Figure 5.B.5: Dielectric properties of PANI/CNF/PMMA composites A) variation of 

dielectric constant with frequency B) dielectric loss as a function of 

frequency and C) Variation of AC conductivity with frequency 
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The initial frequency-dependent region inflection point shifts to higher 

frequencies with fiber content. The inflection point for 40 % composite is 

close to 1MHz, and for 50 % composite it is more than 30 MHz. It may be 

recalled that in the case of PANI/CNF/PVA composites the inflection points 

for 40 % and 50 % composites are beyond 30 MHz frequency region. The 

change in the behaviour of inflection points can be related to the evenness of 

the conducting fiber dispersed in the polymer matrix. Compared to 

PANI/CNF/PVA composite lower dielectric constant is obtained for 

PANI/CNF/PMMA composite. It is mainly due to the poor dispersion of 

conducting fibers in the PMMA matrix. Hydrogen bonding interaction 

between PANI/CNF and PVA helps to get a well dispersed structure. But 

absence of such kind of interaction in PANI/CNF/PMMA composite results 

in comparatively low dielectric constant.  

The percolation threshold of material is dependent on the 

homogenous dispersion of the filler in the matrix. Near the percolation 

threshold, the electrical conductivity and dielectric permittivity of the 

composites increase by several orders of magnitude. When the frequency 

is greater than 1*10-6 Hz, the dielectric permittivity of all the composites 

attains a stable value. Due to the conductivity difference between 

PANI/CNF fibers and PMMA matrix, accumulation of charges at the 

interface occurs. As a result, interfacial polarization occurs. At low 

frequencies the dipoles have the tendency to orient with the applied field. 

However, at high frequencies dipoles will not get time to orient with the 

applied field. Hence the dielectric constant decreases at high frequency. 

The increase of dielectric constant is due to the formation of 

microcapacitor structures, which is explained in chapter 5A.  



Chapter 5 

 216   Department of Polymer Science and Rubber Technology 
Cochin University of Science and Technology 

 

5.B.3.2.2.2 Loss tangent  

Figure 5.B.5B represents the dissipation factor of the composite as a 

function of fiber loading and frequency. The dissipation factor of the 

composite increases with the concentration of PANI/CNF in the 

composite. At high frequencies, the loss tangent is found to be low as the 

orientation polarization due to chain motion of polymer becomes out of 

phase with the rapidly oscillating electric field. Composites which exhibit 

large dielectric constant also show high loss tangent which can be related 

to the leakage current. Leakage current will be more pronounced near the 

percolation threshold when there is direct contact between conductive 

fillers. Leakage current can be minimized by preventing the contact 

between conductive fillers. 

AC conductivity of the composites was calculated using the equation  

AC=2f*tan   .................................................................. 5.B.1 

Where,  is the permittivity of vacuum, * is the permittivity of the 

material, f is the frequency and tan is the loss tangent of the material. 

Variation of AC conductivity with frequency is given in the figure 

5.B.5C. AC conductivity curves show frequency-independent behaviour. 

The external electric field produces the induced charges on the surface of 

the material. Hence as the frequency increases the charge concentration 

also increases which will result in the enhanced AC conductivity at higher 

frequency ranges. The highest conductivity is achieved for 50 % 

PANI/CNF/PMMA composite which is about 672 S/m. 
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5.B.3.2.3 Mechanical properties  

5.B.3.2.3.1 Tensile properties 
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Figure 5.B.6: Tensile strength Vs % of filler loading for 

PANI/CNF/PMMA composite  

 

The mechanical properties of PANI/CNF/PMMA composites are 

studied by tensile and dynamic mechanical analysis. Considerable 

improvement is not observed in the mechanical properties for 

PANI/CNF/PMMA composite. 

The effect of PANI/CNF concentration on the tensile strength of the 

composite is shown in the figure 5.B.6. At lower filler loading slight 

increase of tensile strength is observed. The tensile strength of pure 

PMMA is about 23.9 N/mm2, by the addition of 10 wt.% PANI/CNF the 

tensile strength is increased to 26.4 N/mm2. But after 10 wt.%, the filler 

particles tend to agglomerate resulting in the reduction in the tensile 

strength. As a result, the filler particles cannot carry the load applied to 
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the system. Agglomeration of filler particles at the interface produces 

stress concentration points. The agglomeration, mostly occurs above 10 

wt.% loading. Hence the reduction in the tensile strength is observed. The 

10.46 % improvement in the tensile strength can be attributed to the large 

surface area of the PANI/CNF fibers which facilitates better interaction 

between the fibers and the polymer.  By the improved interaction between 

filler and matrix, the chain mobility of the polymer will get reduced 

which in turn increases the tensile strength. A sudden decrease in the 

tensile strength can be observed beyond 10 wt. % composites. At higher 

loading, the compatibility reduces, leading to the inefficient stress transfer 

and thereby reduces the tensile properties [24,25]. 

5.B.3.2.3.2 Dynamic mechanical analysis 
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Figure 5.B.7: Variation of storage modulus with temperature 

The effect of PANI coated CNF on the viscoelastic properties of 

PMMA was analysed by dynamic mechanical analysis. The storage 

modulus of the composites as a function of temperature is shown in the 
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figure 5.B.7.  Significant increase of storage modulus is observed by the 

addition of PANI/CNF in to PMMA matrix. The effect of fiber is 

pronounced at lower temperature region. At higher temperatures all the 

composites acquire almost similar storage modulus values. It can be 

related to the increased segmental mobility of the polymer chain. At 

lower temperature the highest storage modulus is obtained for 10 % 

PANI/CNF/PMMA composite. Compared to PMMA 104 % improvement 

is obtained. This behaviour is due to the reinforcing effect imparted by 

polyaniline coated carbon nanofibers. Hence it allows efficient stress 

transfer at the interface. However, the restraining effect of fibers is 

significantly operative at the lower temperature region. From the FTIR 

spectra of the composite, it is evident that there are no favourable specific 

interactions between PMMA and PANI/CNF. Nevertheless, upon 

increasing the concentration of PANI/CNF, the mechanical properties 

decrease.  

5.B.3.2.4 Thermal properties  

5.B.3.2.4.1 Thermogravimetric analysis 

Many reports are available on the thermal degradation of PMMA 

[26-28], which is described in chapter 5A. The first stage of degradation 

occurs at about 160 οC which is seen as a small peak in the figure 5.B.8. 

The other two degradations are not clear from the curves. The stages are 

not completely separated out. 
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 Figure 5.B.8:  Thermogravimetric curves of PANI/CNF/PMMA 

composites 

Table 5.B.1: Thermal characteristics of the composite 

Composite T onset 

(οC) 

T max (οC) Residue at 700 οC (%) 

PMMA 319.1 403.2 0.73 

10% PANI/CNF/PMMA 321.2 405.3 1.9 

20% PANI/CNF/PMMA 323.8 407.6 7.4 

40% PANI/CNF/PMMA 325.6 413.2 29.5 

 

The weight loss of polyaniline occurs at 350-450 οC. However, here 

the peaks due the polymer degradation and PANI weight loss are overlaid 

resulting in overlapping decomposition of polyaniline and PMMA. Pure 

PMMA produces char after the elimination of methoxy carbonyl side 

groups resulting in an unsaturated conjugated system [29]. Whereas the 

percentage of char formation is increased by the addition of PANI/CNF in 

to the composite. For pure PMMA, 0.7 % char is produced, which 

increases to about 30 % by the incorporation of 40 % PANI/CNF in to the 
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system. It shows that the composites are becoming thermally stable by the 

incorporation of polyaniline coated carbon nanofibers.  

5.B.4 Conclusion 

In situ polymerisation of aniline in presence of carbon nanofibers 

resulted in the uniform coating of polyaniline on CNF surface. Ultra-

sonication assisted dispersion reduced the agglomeration of PANI/CNF in 

PMMA matrix. Unlike PANI/CNF/PVA composites hydrogen bonding 

interactions are absent in these composites. Hence the property 

improvement is not as good as in PVA composites. The composite 

exhibited a dielectric constant of 1.4*108 at 40 Hz. In contrast to 

PANI/Cellulose/PMMA composites, higher dielectric permittivity together 

with lower loss factor are achieved for CNF based nanocomposites in 

frequency range of 40 Hz to 30 MHz. Mechanical properties of the 

composite were enhanced by the incorporation of polyaniline modified 

carbon nanofibers. Compared to pure PMMA 10.64 % improvement was 

observed in the tensile strength of 10 wt.% PANI/CNF. The storage 

modulus of the composite increases indicating better dispersion of the 

PANI/CNF in the matrix. TGA studies showed that the thermal stability of 

all the composites increased with the addition of fibers.  
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Part C 

Impact of bis –(3-triethoxysilylpropyl)tetrasulphide on the   

properties of PMMA/Cellulose composite 

Poly(methyl methacrylate) (PMMA)-microcrystalline cellulose composites 

with improved interfacial interaction were prepared by solution casting 

method using Bis-(3-triethoxysilylpropyl) tetrasulphide (Si69) as coupling 

agent. The incorporation of microcrystalline cellulose into PMMA enhanced 

the mechanical as well as thermal properties over that of base polymer but 

not remarkably. So in the current study Bis-(3-triethoxysilylpropyl) 

tetrasulphide (Si69) is used as a coupling agent to improve PMMA-Cellulose 

adhesion. The composites were characterized using FTIR, 13C NMR, UV-Vis, 
29Si NMR, XRD and SEM analysis. The results indicated that Si69 formed 

chemical bonds with both PMMA and cellulose. The effect of Si69 on the 

physical and mechanical properties of PMMA/Cellulose composite was 

investigated. Thermogravimetric analysis and differential scanning 

calorimetry studies showed that the degradation temperature and glass 

transition temperature of PMMA shifted to higher temperature. The addition of 

silane coupling agent in to the PMMA/Cellulose improved the mechanical 

properties. The impact strength increased up to 72 %, flexural strength by 37 %. 

The composite exhibited 49 % higher tensile strength and 50 % storage modulus 

than pristine PMMA. The addition of cellulose to PMMA increased the 

dielectric constant and attained an AC conductivity of 1.4*10-4 S/m. The result 

proved that Si69 is compactable to both PMMA and cellulose and can be used 

as an effective coupling agent for PMMA/Cellulose system. 

 

5.C.1 Introduction 

Recent surge in the ecological awareness and efforts to protect 

environment have led to the manufacture of low cost biodegradable 

materials with enhanced properties. Cellulose and its derivatives being 

abundant, renewable and eco-friendly gained great attention, as 
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reinforcing filler in polymer composite [1-8]. These include composites 

based on thermoplastic and rubbers [9-11]. Because of the flexibility 

during the processing and high stiffness and cheap rate of plastic lead to 

the drastic use as a matrix for fibers. Natural fiber reinforced composite 

with excellent tensile properties has achieved for the fiber/thermoset resin 

composites [12].  

PMMA is a versatile synthetic polymer with many desirable 

properties and industrial as well as pharmaceutical applications. High 

strength, excellent optical clarity and dimensional stability are some of 

the special features of PMMA.  

Use of organic cellulose fibers as filler in the PMMA matrix is 

expected to make it stronger and more environmental friendly. This area 

is not much explored as others. Liu et al. [26] prepared PMMA-cellulose 

composites by solvent casting method. Dong et al. [27] extracted 

nanocrystal cellulose from wood systems and used to reinforce PMMA 

fibers. The enhancement in the properties of PMMA by the incorporation 

of cellulose nanoparticles was studied by Sain et al. [28]. Fahma et al. 

observed the improvement in the mechanical and thermal properties of 

PMMA system by the incorporation of nanocellulose [29]. 

The mechanical properties of the composite strongly dependent on 

the linkage between the filler and matrix. The nature of interaction 

between the hydrophilic cellulose and the hydrophobic PMMA is critical in 

the development of strong composites. Coupling agents are the chemical 

substances that can create a chemical bridge at the interface between the 

matrix and filler to improve the strength in such composites. Silanes are 
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efficient coupling agents extensively used in composites. Large variety of 

silane coupling agents are available in the market, among them I have 

chosen Bis –(3-triethoxysilylpropyl)tetrasulphide (Si69) for this study in 

order to get better the compatibility and dispersion of cellulose fiber in 

PMMA matrix.  

This work is designed to develop PMMA/Cellulose micro composites 

and to study the effect of the coupling agent, Si69, on the dynamic 

mechanical, dielectric and thermal properties. The characterization of the 

composite has been done using FTIR, UV-Vis ,13C NMR, 29Si NMR, 

XRD and SEM analysis. 

5.C.2 Experimental 

5.C.2.1 Preparation of composites 

The composites were fabricated by the solution casting method. 

PMMA was dissolved in 1,2-dichloroethane at 80 οC. Micro crystalline 

cellulose and Si69 (10 wt. % of the filler) were added to the solution of 

PMMA. Then the reaction mixture was stirred using mechanical stirrer 

for two hours. After that it was solvent casted at 60 C. The thickness of 

casted films was about 2 mm. After that the films were crushed 

mechanically. The resulting blends were injection molded in DSM 

Explore, micro 12 cc injection molding machine at 190 C for 8 minutes, 

to prepare test samples for impact, tensile, and flexural testing according 

to the relevant ASTM standards. The samples for XRD were prepared by 

cracking injection molded specimens with sharp tools.  

 



Conducting Polymer Composites Based On Poly(Methyl Methacrlate)   

 227 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

5.C.3 Results and discussion 

5.C.3.1 Characterization of cellulose 

5.C.3.1.1 Scanning Electron Microscopy  

The morphology of microcrystalline cellulose was explored using 

Scanning Electron Microscopy. Image depicts fiber like morphology with 

an average diameter of 20 m. 

 

Figure 5.C.1: SEM image of microcrystalline cellulose 

5.C.3.1.2 BET surface area analysis 

The surface area and porosity of the cellulose were measured by 

nitrogen adsorption-desorption experiments at 77.3 K (Figure 5.C.2). 

Following the general classification of adsorption isotherms, the shape 

obtained is of type IV isotherm. BET surface area is found to be 0.9198 

m²/g. The average pore diameter obtained for cellulose is about 19.3 nm, 

indicating a mesoporous nature of the fibers.   
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Figure 5.C.2: Adoption-desorption isotherm and pore size distribution of cellulose 

5.C.3.1.3 Particle size analysis 

Dynamic light scattering method was adopted to find out the size of 

cellulose used for composite preparation. Particle size was determined by 

measuring the random changes in the intensity of light scattered from the 

water suspension of cellulose. The size distribution of cellulose is given in 

figure 5.C.3A.  

   

Figure 5.C.3: A) Particle size distribution from DLS spectrum and B) optical 

photograph of microcrystalline cellulose powder 

(A) (B) 
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The spectrum reveals that the size of most of the particles falls on the 

micrometer range i.e. about 10 µm. The optical photograph of microcrystalline 

cellulose powder is shown in the figure 5.C.3B.  

5.C.3.2. Mechanical properties of the composites  

5.C.3.2.1 Tensile properties  

The tensile strength as well as elongation at break as a function of 

increasing cellulose loading is shown in Figure 5.C.4. The tensile strength 

of the composites increases with the incorporation of cellulose whereas 

the elongation at break decreases with filler loading. The tensile strength 

increases linearly with cellulose content up to 10 wt.% and then drops 

with further cellulose loading. The composite shows 40 % improvement 

in tensile strength at optimum fiber loading. For the composite containing 

the coupling agent, the corresponding increase is 49 %. The increase in 

tensile properties can be related to the high surface area of cellulose so 

that it interacts with PMMA thereby reduces the chain mobility hence 

increasing the tensile properties. 

The addition of cellulose increased the strength and stiffness as well 

as considerable improvement in toughness. At higher cellulose loading 

the tensile properties get decreased due to the inadequate wetting of the 

filler with the matrix. The poor adhesion between PMMA and cellulose 

leads to voids at the fiber matrix interface so that it will not direct an 

efficient stress transfer between PMMA and cellulose; hence it lowers the 

tensile properties. The decrease at higher cellulose loading is less for 

silane added composite, i.e. from 67 N/mm2 to 64 N/mm2 whereas for 

PMMA/Cellulose composite tensile strength decreases from 63 N/mm2 to 
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58 N/mm2. It confirms that the cellulose fibers are well wetted in the 

matrix in presence of Si69, and at higher loading also efficient stress transfer 

taking place. Unlike PMMA/Cellulose composite a decrease of tensile 

strength for PMMA/Flyash composite has been reported by Mahanwar et al. 

[30], the tensile strength was reduced from 68 MPa to 57 MPa.  
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Figure 5.C.4: Tensile strength and Elongation at break Vs wt.% of filler loading 

for PMMA/Cellulose and PMMA/Cellulose /Si69 composites. 
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Figure 5.C.5: SEM micrographs of tensile fractured surfaces of A) PMMA,              

B) PMMA/Cellulose and C) PMMA/Cellulose/Si69 composites 

 

The figure 5.C.5 shows tensile fractured surfaces of PMMA, 

PMMA/Cellulose and PMMA/Cellulose/Si69 composites. In PMMA and 

PMMA/Cellulose the cracks possess sharp tips. The sharp edges of 

particles and holes on the fractured surface indicate poor interfacial 

adhesion between the particles [31], whereas in PMMA/Cellulose/Si69 

the cracks are with blunt tips. Cracks with sharp tips propagate easily 

compared to cracks with blunt tips. This indicates the ductile fracture of 

PMMA/Cellulose/Si69composite. In ductile materials the plastic 

deformation at a crack tip blunts the crack.  

(A) (B) 

(C) 
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5.C.3.2.2 Impact properties  

The crack initiation energy is directly related to the nature of 

matrix, filler morphology and the adhesion between the filler and matrix. 

The figure 5.C.6 shows the comparison of impact strength of 

PMMA/Cellulose and PMMA/Cellulose/Si69 composite. For both 

composites the impact strength increases with the incorporation of 

cellulose but the increase is prominent in the presence of silane coupling 

agent.   

It is well understood from the figure that Si69 coupled composites 

need more energy to break by impact. The energy increases with cellulose 

loading this agrees the enhanced ability of the composites to resist the 

fracture under stress. After reaching maximum energy it began to reduce 

for higher weight percentage composites. Cellulose can inhibit the 

propagation of cracks and it can act as load transfer medium in PMMA 

matrix. The major factors which play role in the properties of the 

composite are particle–particle interaction and particle–matrix 

interactions. The particle-particle interaction deteriorates the performance 

of the sample where as filler-matrix interaction improves the properties of 

the composites. For higher weight percentage composites, it achieves 

minimum strength. This can be ascribed to the agglomeration of cellulose 

particles which lead to adverse impact on particle-particle interaction.  

Hence the performances of the composite deteriorate.  
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Figure 5.C.6: Variation of impact strength of the PMMA/Cellulose 

composite- Effect of Si69. 

 

Maximum impact strength is observed for 10 wt.% combination for 

both PMMA/Cellulose and PMMA/Cellulose/Si69 composites. Sharp 

increase from 98 to 155 J/m is observed for PMMA/Cellulose composite, 

and then it decreases to 109 J/m for 15 % composite. Whereas for silane 

added composite the increase is more prominent it increases up to 169 J/m 

for 10 % composites then reduces to 129 for 15% PMMA/Cellulose/Si69 

composites. Excess energy is needed to break the bond formed between 

Si69 with PMMA matrix and cellulose. The impact test clearly shows 

some sort of extra energy is utilized to break silane coupled composites. 

The mechanical properties of PMMA/Flyash composites were studied by 

Mahanwar et al. For PMMA/Flyash composite [30] the addition of flyash 

into PMMA leads to decrease the strength from 42 to 35 J/m for 10wt% 

composite. But in case of PMMA grafted talc on PVC reported by 

Aznizam Abu Bakar et al. resulted an increase of impact strength [32]. 
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Figure 5.C.7 shows the surface morphology of the fractured cross sections 

of impact samples of the pure PMMA and composites.  

  

 
Figure 5.C.7: SEM micrographs of impact fractured surfaces of A) PMMA,                 

B) PMMA/Cellulose and C) PMMA/Cellulose/Si69 composites 

 

Since the mechanical properties of the composites are influenced by 

the morphology as well as interfacial interaction between components, so the 

consideration of morphologies will be very valuable. Pure PMMA exhibit a 

flat and featureless morphology. For PMMA/Cellulose composite shows a 

weak interface between the dispersed phase (cellulose) and the continuous 

phase (PMMA). It results in reduction of properties due to the agglomeration. 

Agglomeration may be due to the incompatibility between the hydrophilic 

cellulose surface and hydrophobic PMMA [33,34]. Contrast to PMMA and 

(A) (B) 

(C) 
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PMMA/Cellulose composites PMMA/Cellulose/Si69 exhibit stable cracks. 

This indicates extensive plastic deformation ahead of crack, which reveals 

better stress transfer between the components.  

5.C.3.2.3 Flexural properties  
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Figure 5.C.8: Effect of the addition of Si69 on the A) flexural strength and 

B) flexural modulus of the PMMA/Cellulose composite 
 

Flexural properties show a trend similar to tensile strength with 

varying fiber content. Flexural strength of the composites is shown in the 

(A) 

(B) 
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figure 5.C.8A. The addition of cellulose fiber increases the flexural 

strength, achieves maximum strength and then decreases. The predominant 

increase is observed by the coupling of silane with cellulose and PMMA. 

The increase in flexural strength is due to the increased compatibility and 

interfacial adhesion between the cellulose and PMMA polymer in presence 

of Si69. The interaction between Si69 and PMMA/Cellulose lead to form a 

strong interface which can sustain stress at fracture. The highest flexural 

modulus 99 MPa is obtained for 10 % PMMA/Cellulose/Si69 composite, 

and then it reduces to 94 MPa for 15 % composite. But without silane the 

highest value obtained is 87 MPa. For PMMA/Hydroxyapetite composites 

reported by Naderi et al. [33] the flexural strength and flexural modulus 

increases up to 2.5 wt.% composites then it decreases. But for 

PMMA/Flyash [30] composites the increase of flexural strength is more 

predominant than hydroxyapetite it increases from 115 to 129 MPa for 10 

wt.% composite. The increase of flexural strength indicates that the 

PMMA/Cellulose/Si69 composite became more rigid and less flexible.  

5.C.3.3 Characterization of the composites  

5.C.3.3.1 X-ray diffraction 

Comparison of X-Ray diffractogram of PMMA/Cellulose and 

PMMA/Cellulose/Si69 is shown in the figure 5.C.9. The spectrum 

obtained for cellulose is similar to the cellulose-I structure with peaks at 

2 of 16  and 22.5 . The intensity of the crystalline peak at 22.5  increases 

with cellulose content in the composite. The crystallite size was calculated 

by using the Scherrer equation, Lh,k,l= Kλ / bcosθ,  

where, K = 0.94. 
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The diffractogram of PMMA show one major maximum at 2 of 

14.3  and a small peak at 30.3 . The broad peak indicates the ordered 

packing of polymer chains whereas the small peak gives the effect of 

ordering inside the main chains. [34] Sharp crystalline peaks are absent in 

PMMA diffractogram which suggests amorphous nature of PMMA film. 

As the filler concentration increases the intensity of the crystalline peak of 

cellulose at 22.5 increases. 
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 Figure 5.C.9:  X-Ray Diffractogram for different compositions of 

PMMA/Cellulose and PMMA/Cellulose/Si69 
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5.C.3.3.2 FTIR spectroscopy  
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   Figure 5.C.10: FTIR spectra of PMMA, PMMA/Cellulose and 

PMMA/Cellulose/Si69 composites and expanded 

region from 500-1500 cm-1 
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Figure 5.C.10 depicts the FTIR spectra of neat PMMA, 

PMMA/Cellulose and PMMA/Cellulose/Si69 composites. It is evident that 

all the three spectra look more or less similar except for some changes in the 

spectra of the silane added composite. But no major differences are observed 

between the FTIR spectra of pure PMMA and PMMA/Cellulose composites. 

The characteristic vibration bands of PMMA appear at 1730 cm−1 (C=O 

stretching mode). The small peak at 2800 cm−1 correspond to the 

methylene C-H stretching of PMMA while the bands at 1350 cm-1and 

1450 cm−1are associated with C-H symmetric and asymmetric stretching 

modes of the same group, respectively. Absence of any additional bands 

by the addition of cellulose indicates no chemical bond is formed between 

PMMA and cellulose in PMMA/Cellulose composite [34,35]. 

A minor change in the C=O stretching frequency is observed for the 

PMMA/Cellulose/Si69 composite. For pure PMMA the peak obtained is 

at 1730 cm-1 while that for the composite it is about 1723 cm-1. Compared 

to PMMA a lower C=O stretching frequency is observed for 

PMMA/Cellulose/Si69 composite. This can be related to the interaction 

of carbonyl group of PMMA with Si69, thereby making carbonyl bond 

less stiff. New peak appeared at 860 cm-1 in the spectrum of 

PMMA/cellulose/Si69 composite is probably due to the S-S stretching of 

Si69. This suggests that S-S bond is not breaking in the formation of the 

composite.  
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5.C.3.3.3 29 Si NMR spectroscopy  
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Figure 5.C.11: 29Si CP/MAS spectra of (A) Si69 and (B) PMMA/Cellulose/Si69 

composite(C) Cellulose/Si69 (D) PMMA/Si69 

 

The interaction of silane coupling agent with cellulose and PMMA 

can easily be understood from the 29Si CP/MAS spectra of pure Si69 

(figure 5.C.11A) and the composite (figure 5.C.11B). For silane 

coupling agent a single peak is obtained at -47 ppm. Whereas for the 

composite three peaks were obtained at -47.5, -57 and -67 ppm. The 

peak at -47.5 ppm is due to the unreacted silane present in the 

composite. The two ethoxy (OEt) groups of silane can react with 

hydroxyl group of cellulose as well as the carbonyl carbon of PMMA. 

(A) (B) 

(C) (D) 
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Then two different silicon atoms will be formed in the composite which 

can give two different peaks. The change in the absorption maxima is 

due to the different chemical environment. When the ethoxy group 

reacts with the carbonyl carbon of PMMA, the carbon from PMMA is 

connected to two oxygen atoms. This will lead more down field shift 

compared to the reaction of silane with cellulose. The peak at -57 ppm is 

more intense than the one at -67 ppm. It can be attributed to the 

difference in degree of reaction of silane with cellulose and PMMA. The 

silane is more prone to react with hydroxyl group of cellulose than the 

carbonyl group of PMMA. So the 29Si spectra evidently show that, the 

two Si atoms of the coupling agent is connected to two different atoms, 

i.e. it can bond to cellulose as well as PMMA. For better understanding I 

have performed 29Si NMR separately for cellulose and coupling agent as 

well as for PMMA and coupling agent.  The peaks obtained for cellulose 

(figure 5.C.11C) and PMMA (figure 5.C.11D) are at -56 ppm and -65 

ppm respectively, which is similar to the peaks obtain for the composite 

(figure 5.C.11B).  

5.C.3.3.4 13C NMR spectroscopy  

Figure 5.C.12 shows the 13C NMR spectra obtained for PMMA/ 

Cellulose and for PMMA/Cellulose/Si69 composites. Though all the 

peaks are present after the addition of Si69, the main difference appears to 

be in the intensity. The intense peak at 52 ppm corresponds to the 

methoxy group of PMMA. Methyl and methelene carbon peaks of 

PMMA can be seen at 17 ppm and 58 ppm respectively.  
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Figure 5.C.12: A) 13C spectra of PMMA/Cellulose and PMMA/Cellulose/Si69 

composites, B) expanded region of hydroxyl peak of cellulose,                  

C) expanded region of carbonyl peak of PMMA 
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The chemical shifts of PMMA/Cellulose/Si69 are virtually identical 

to those obtained for PMMA/Cellulose composites. However, the intensity 

of the signals changes after the addition of Si69. This could be due to the 

reaction of Si69 with cellulose and PMMA. Carbonyl group of PMMA 

has a peak at 170 ppm, the intensity of the peak is reduced after the 

incorporation of Si69 in to the composite which can be attributed to the 

reaction of carbonyl carbon of PMMA with silane coupling agent. A 

significant reduction in the C-OH peak intensity can be seen in the 

spectrum at 74 ppm (figure 5.C.12B).  This also agrees with the result 

obtained from the 29Si NMR. In every case the observed reduction in 

intensity is only marginal as the total amount of Si 69 added is very small 

(10 wt.% on cellulose content). 

5.C.3.3.5 UV-Vis spectroscopy  
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Figure 5.C.13: UV-Vis spectra of PMMA, PMMA/Cellulose and 

PMMA/Cellulose/Si69 composites 

UV analysis of PMMA, PMMA/Cellulose and PMMA/Cellulose/Si69 

is represented in the figure 5.C.13. The spectrum of PMMA indicates an 
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absorption band of high intensity around 230 nm and a low intense band 

at 280 nm. The intense peak around 230 nm represents the -* transition. 

It is the characteristic peak of PMMA carbonyl group acting as the 

chromophor. In symmetry terms the most typical transition of carbonyl 

compounds (n-*) is forbidden. Hence the corresponding peak will be of low 

intensity. The peak obtained for PMMA at 280 nm will be corresponding to 

the n-* transition. A slight change in the peak intensity of PMMA is 

observed for the PMMA/Cellulose composite. But there is significant 

reduction in the intensity of the carbonyl peaks for PMMA/Cellulose/Si69 

composite indicating the interaction of carbonyl group of PMMA. The 

spectrum reveals that no absorption peak is seen at longer wavelength 

>285 nm. The absorbance of PMMA reduces abruptly after 325 nm. In 

the visible region it shows very low absorbance confirming to its high 

optical transparency. However, for the composites containing cellulose 

fibers, the transparency is marginally reduced, as indicated by the 

relatively higher absorption in the visible region. 

The possible interface between cellulose and PMMA in presence of 

Si69 is shown in the figure 5.C.14. The mechanism is supported by the 

FTIR, UV-Vis, 29Si and 13C NMR spectroscopy etc. All the spectroscopic 

results suggest that silane coupling agent reacts differently with PMMA 

and cellulose. One end of silane reacts with hydroxyl group of cellulose 

eliminating a molecule of ethanol. Without breaking of S-S linkage of 

silane the other end reacts with PMMA. The existence of S-S bond in the 

composite is evident from the FTIR spectra. Presence of two different Si 

atoms in the composite gives different absorption peaks in the 29Si spectra 
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of PMMA/Cellulose/Si69 composite. This illustrates the S-S bond in Si69 

is not breaking in the composite, which supports the proposed reaction 

mechanism. 

 

Figure 5.C.14: Schematic diagram of the possible interface between the 

cellulose, Si69 and PMMA  

 

5.C.3.3.6 Dynamic Mechanical Analysis  

The dynamic storage modulus of PMMA/Cellulose and PMMA/ 

Cellulose/Si69 composites as a function of temperature is shown in the 

figure 5.C.15. For all the composites the storage modulus decreases with 

temperature. This can be related to the increased segmental mobility of the 

polymer chains. All composites possess higher storage modulus than the 

pure PMMA at all the temperature range. But at lower temperature the 

highest storage modulus is observed for 10 % PMMA/Cellulose composite 

whereas at higher temperature ranges 15 % PMMA/Cellulose composite 

exhibits maximum storage modulus. Compared to pure PMMA, 24 % 

increase in storage modulus can be observed for PMMA/Cellulose 

composites.  
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A sharp increase of storage modulus can be seen in silane coupled 

composites, which indicate efficient stress transfer between the matrix 

and filler in presence of Si69. The results are consistent with other 

mechanical properties obtained for the composite. Comparison of storage 

modulus at 40 C for PMMA/Cellulose and PMMA/Cellulose/Si69 

composites is shown in the figure 5.C.16. 
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  Figure 5.C.15: Storage modulus curves A) PMMA/Cellulose and 

B) PMMA/Cellulose /Si69composites  
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It is evident from the figure 5.C.16 that the storage modulus for 

PMMA/Cellulose decreases at higher weight percentage composites. 

Whereas in silane coupled composites storage modulus increases 

continuously with cellulose content. That means by the formation of 

chemical bond between silane to PMMA and cellulose efficient stress 

transfer occurs. Absence of chemical interaction in PMMA/Cellulose 

composite results in agglomeration in the case of higher weight percentage 

composites resulting in lower storage modulus. 
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Figure 5.C.16:  Comparison of storage modulus of PMMA/Cellulose 

and PMMA/Cellulose /Si69. 
 

Tan  in dynamic mechanical analysis represents the damping in the 

material and it is related to the macroscopic physical transitions. In both 

composites (PMMA/Cellulose & PMMA/Cellulose/Si69) the glass 

transition temperature (Tg) values increase with cellulose content (figure 

5.C.17). For pure PMMA, the glass transition temperature obtained is 

about 91 C. But it increased up to 99 C for 15 % PMMA/Cellulose 
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composite. This increase in Tg is due to immobilization of polymer 

molecules resulting from the good dispersion of cellulose in PMMA matrix. 

Further increase is found in PMMA/Cellulose/Si69 composite. In this case 

maximum glass transition temperature achieved is 105 C, indicating better 

dispersion in the matrix. As the dispersion increases the mobility of the 

macromolecular chain gets reduced and results in high value of Tg.  
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Figure 5.C.17: Tan  curves of A) PMMA/Cellulose and              

B) PMMA/Cellulose/Si69 composites  
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The shift of the tan δ peak towards the high temperature side 

indicates the restricted mobility of PMMA chains by the interaction with 

silane molecule. Figure 5.C.18 shows the comparison of tan  values 

obtained for PMMA/Cellulose and PMMA/Cellulose/Si69 composites. 

All the silane-coupled composites show higher Tg value than the 

PMMA/Cellulose composite. This implies the importance of chemical 

bond formed between the coupling agent with PMMA and cellulose. The 

mobility of PMMA chains is significantly reduced after the bond 

formation thereby increasing the tan  value. 
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Figure 5.C.18: Comparison of tan  value of PMMA/Cellulose 

and PMMA/Cellulose /Si69 

5.C.3.4 Thermal properties  

5.C.3.4.1 Thermogravimetric analysis  

To understand the effect of Si69 on the thermal properties of the 

composite thermogravimetric analysis was carried out (Figure 5.C.19). 

The degradation temperature of pure PMMA is 398 C, it increases with 
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the addition of cellulose and Si69. The temperature increases up to 406 C 

for PMMA/Cellulose/Si69 and 404 C for PMMA/Cellulose composite. It 

shows that the thermal stability of the composite is enhanced upon the 

addition of cellulose. There is a slight increase in the case of silane coupled 

composite compared to PMMA/Cellulose composite. Enhancement of the 

thermal stability of the composites can be attributed to better filler-matrix 

interaction where the restrained matrix delays the volatilization of the 

products generated at the time of thermolysis of the PMMA.  
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Figure 5.C.19: Thermogravimetric curves of A) PMMA/Cellulose 

and B) PMMA/Cellulose/Si69 composites  
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PMMA/Cellulose/Si69 composites show superior thermal stability 

than PMMA/Cellulose composites. In PMMA/Cellulose composites 

cellulose is not chemically bonded to PMMA. But in PMMA/Cellulose/ Si69 

composites Si69 is covalently bonds to PMMA and immobilization of 

PMMA chains takes place at higher temperature. Hence the PMMA/ 

Cellulose/Si69 composite is thermally more stable than PMMA/Cellulose 

composite. 

5.C.3.4.2 Differential Scanning Calorimetry  

 

Figure 5.C.20: DSC heating curves of PMMA, PMMA/Cellulose 

and PMMA/Cellulose/Si69 composites  

Figure 5.C.20 shows the DSC curves of pure PMMA, PMMA/ 

Cellulose, and PMMA/Cellulose/Si69 composites. The glass transition 

temperature (Tg) of pure PMMA is 64 C whereas the Tg for 

PMMA/Cellulose and PMMA/Cellulose/Si69 is shifted to 67 C and 69 C, 

respectively. The melting point obtained for pure PMMA is about 173 C. 

The addition of cellulose to PMMA increased the melting point to 188 C 

for PMMA/Cellulose composite. The presence of Si69 takes it further to 

196 C. The shift of melting temperature (Tm) to a higher temperature 
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indicates constrained mobility of the PMMA molecules in the composites. 

The presence of Si69 can induce a restricted mobility of polymer chains 

by forming covalent bonds. In PMMA/Cellulose composite hydrogen 

bonding between cellulose and PMMA results an increase of melting 

temperature, whereas prominent increase for PMMA/Cellulose/Si69 is 

due to the covalent bonding between the silane coupling agent with 

PMMA and cellulose.  

5.C.3.5 Dielectric Properties  

5.C.3.5.1 Dielectric permittivity  
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Figure 5.C.21:  Dielectric constant as a function of frequency for 

A) PMMA/Cellulose and B) PMMA/Cellulose /Si69 

composites.  
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The variation of dielectric permittivity with applied frequency is 

shown in the figure 5.C.21. For all the composites, dielectric permittivity 

decreases with increase of frequency. The decrease is more predominant 

at low frequency regions, as the frequency increases all the composites 

acquire more or less similar dielectric constant.  

From the above figure, it is apparent that the dielectric constant 

obtained is more for PMMA/Cellulose composite compared to 

PMMA/Cellulose/Si69. It indicates that by the addition of Si69 to the 

PMMA/Cellulose composite reduces the number of polar groups in the 

molecule. It means that Si69 couples with both cellulose and PMMA. The 

dielectric property of polymer depends on the charge distribution and 

statistical thermal motion of the polar groups. This also clearly shows that 

the coupling agent reacts with cellulose and the polymer matrix resulting in 

reduction of polar groups. Compared to PMMA/Cellulose, silane coupled 

composite shows a slow decrease of dielectric constant with frequency. Since 

the orientation polarization due to the ionic groups of PMMA/Cellulose 

composites reduces quickly with the alternation of electric filed. This 

reduction is deliberate in case of PMMA/Cellulose/Si69 composite. 

Decrease of dielectric constant with frequency is due to dielectric 

dispersion as a result of the lag of the molecules in the alternating electric 

field. 
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5.C.3.5.2 Loss Tangent   
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  Figure 5.C.22:  Dielectric loss as a function of frequency for              

A) PMMA/Cellulose and B) PMMA/Cellulose/Si69 

composites 

 

Loss tangent for all the composite decreases with increase of 

frequency. At higher frequencies all the composites acquire more or less 

similar value. At very high frequencies, the loss tangent is found to be 

marginally lower as the chain motion of polymer becomes out of phase 

with the rapidly oscillating electric field. 
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5.C.3.5.3 AC Conductivity    
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Figure 5.C.23: AC Conductivity as a function of frequency for               

A) PMMA/Cellulose and B) PMMA/Cellulose/Si69 

composites 

 

AC conductivity for all the composites were calculated from the 

dielectric permittivity and loss tangent using the equation AC=2f*tan,  

is the permittivity of vacuum. Figure 5.C.23 shows the variation of AC 

(A) 

(B) 
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conductivity with frequency as a function of cellulose loading. At lower 

frequencies jump of AC conductivity is observed and it attains almost 

constant value at higher frequency. This type of transition is called 

hopping transition. AC conductivity increases at lower frequencies which 

are due to the induced surface currents by the external electromagnetic 

field. At lower frequencies the conduction will be due to the displacement 

currents created by the dipoles, but at higher frequencies these dipoles 

cannot get oriented with alternation of electric field. Hence the 

displacement current will be diminished. For PMMA/Cellulose composite 

AC conductivity reaches value of 4.1*10-4 S/m which is higher than that 

of PMMA/Cellulose/Si69 composite (1.4*10-4 S/m). 

5.C.4 Conclusion 

The PMMA/Cellulose and PMMA/Cellulose/Si69 composites were 

fabricated by solution cast method. FTIR, UV-Vis, 13C NMR, 29 Si 

CP/MAS and XRD techniques showed the presence of covalent bond 

formed between silane coupling agent to PMMA and cellulose. The 

presence of Si69 in the composite marginally increases the Tg of PMMA. 

The results proved that Si69 can be used for reinforcing PMMA/cellulose 

system very effectively. The Si69 remarkably improves the tensile 

strength, impact strength and flexural strength. The storage modulus of 

silane-coupled composites is much greater than that of pure PMMA. SEM 

images revealed well dispersion of cellulose in PMMA matrix in presence 

of Si69. This is in good agreement with the improved strength of the 

composite. But for higher filler weight percentage composites the 

properties are decreased due to the agglomeration of microcrystalline 
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cellulose. The incorporation of cellulose into PMMA matrix increased the 

dielectric properties and AC conductivity reached a value of 1.4*10-4 

S/m. In short, PMMA/Cellulose/Si69 composite can be used as high 

strength material with improved thermal properties, tensile strength, high 

impact energy and high storage modulus. 
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Chapter 6 

 APPLICATION STUDIES OF THE COMPOSITES  
 

Part A 
Development of flexible carbon nanofiber and nanofibrillated 
cellulose based composite sheet as excellent electromagnetic 
shielding material  

Part B 
Effect of dopants on the antimicrobial activity of 
PANI/CNF/PMMA composites  

Part C 
Highly fire resistant composites based on 
nanofibers/polyaniline/poly vinyl alcohol composite 

 

 

Part A 
 

Development of flexible carbon nanofiber and nanofibrillated 

cellulose based composite sheet as excellent electromagnetic 

shielding material 
 

This chapter describes the microwave characterization and EMI shielding property 

of poly(vinyl alcohol) based thin and flexible composite films containing carbon 

nanofibers (CNF) and nanofibrillated cellulose (NFC). Microwave properties of the 

composites were studied in terms of permittivity, loss tangent, skin depth and 

absorption coefficient. High permittivity, absorption coefficient and low skin depth 

were obtained for carbon nanofiber based composites owing to its good electrical 

conductivity. The shielding effectiveness (SE) of two composites was measured in the 

2-4 GHz (S-band) and 8-12 GHz (X-band) frequency range. Abrupt increase of SE 

with increasing fiber concentration was observed for CNF based composite. An 

electromagnetic shielding effectiveness of about -31.5 dB in the S-band and of -32.2 

dB in the X band was achieved at 0.12 mm thickness. The SE due to absorption 

(SEA) and reflection (SER) were increased with increase of PANI/CNF content. 

Additionally, CNF based composite film had a very low density of 0.21 g/cm3. 

Compared to metals and other carbonaceous materials, this composite film 

exhibited a high specific EMI shielding efficiency of -153.3 dB cm3/g.  

C
o

n
t

e
n

t
s

 



Chapter 6 

 260   Department of Polymer Science and Rubber Technology 
Cochin University of Science and Technology 

 

6.A.1 Introduction 

The advancement in communication technology has its share of 

undesirable effect on the environment in the form of electromagnetic 

radiation pollution. There is a pressing need now to protect the environment 

as well as the sensitive circuits from such radiations. The research in the 

field of electromagnetic interference shielding, microwave absorption and 

the evaluation of dielectric properties are drawing great attention [1-7]. 

Over the last few decades metal based shielding material have emerged as 

a viable option up owing to their good conductivity, high dielectric 

constant and small skin depth [8-10]. Nevertheless, low proccessability, 

heavy weight and poor flexibility restrict its wide acceptability. Polymer 

composites with high permittivity and electrical conductivity are 

emerging as alternate option. Nanomaterial embedded composites have 

been found to exhibit broader bandwidth, good compatibility and 

exceptional EMI shielding properties [11-13]. Among the different EMI 

shielding materials conducting polymers have profound advantage due to 

tunable conductivity, corrosion resistance, lower density, cost effectiveness 

and availability of good processing techniques. Doped polyaniline, 

polypyrrole and poly(3,4-ethylenedioxythiphene) have emerged as 

promising alternatives for metal-based EMI shielding devices [14-16]. 

Conducting polymer/metal composites, multilayer sheets etc. [17] have 

also been used for EMI shielding applications.  Poly(vinyl alcohol) with 

hydroxy functional group attached to backbone has good film forming 

property and is highly flexible. When properly adjusted, it can be used as 

a good host matrix for preparing excellent EMI shielding composites.  
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EMI shielding effectiveness of a composite depends on factors like the 

conductivity of filler and aspect ratio. Recently carbon-based materials such 

as carbon nanotubes, graphite flakes, carbon nanofibers and carbon black 

have been used in the preparation of EMI shielding materials [18-21]. 

Among the carbon-based materials, carbon nanofiber has been widely 

explored owing to its large aspect ratio, comparatively low cost, 

exceptional electrical and mechanical properties [22-24]. Another major 

advantage of CNF based composites is their ability to form thin film with 

excellent EMI shielding efficiency. Insulating fibers can also be used for 

EMI shielding applications by providing them with a thin coating of a 

conducting polymer such as polyaniline on the surface.  

In this study I report, the microwave dielectric properties, EMI 

shielding efficiency of two light weight and flexible composites based on 

carbon nanofiber and cellulose fiber. PVA was used as the matrix. 

Microwave characteristics and EMI shielding efficiency were studied over a 

wide frequency range. Electromagnetic interference shielding of a material 

can be represented as the sum of the contribution from electromagnetic 

parameters i.e. its complex permittivity and permeability. In case of non-

magnetic materials, the contribution from complex permeability can be 

neglected and it solely depends on the permittivity. Hence the measurement 

of the microwave dielectric properties leads to the direct calculation of 

EMI shielding. I have adopted cavity perturbation technique using vector 

network analyzer, simple and non-destructive technique for the evaluation 

of permittivity.  
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6.A.2 Experimental 

Modification of nano-fibrillated cellulose (NFC) and carbon nanofiber 

(CNF) using aniline 

 

3 g of NFC or CNF was dispersed in 100 mL of 1 M hydrochloric 

acid solution by ultrasonication for 1 h. Then the dispersion was kept at  

0-4 οC temperature followed by addition of 10 g of aniline. 12.50 g of 

ammonium persulfate was dissolved in 100 mL 1M HCl solution and was 

taken in a burette. The APS/HCl was added drop-wise into the aniline-

fiber solution to initiate polymerization reaction. The polyaniline-coated 

fibers (PANI/CNF or PANI/NFC) were then isolated. Different weight 

percentages of modified fibers were then mixed with poly(vinyl alcohol) 

solution in water at 90 οC followed by ultrasonication for 2 h. Films were 

prepared by casting and dried slowly at 70 οC for 24 h. Thus, the casted 

composite films were thin and easily foldable. The folding nature of the 

film is illustrated in the figure 6.A.2. 

6.A.3 Results and discussion 

6.A.3.1 Scanning Electron Microscopy  

   

Figure 6.A.1: SEM images of A) PANI/CNF/PVA and B) PANI/NFC/PVA composites 

(A) (B) 
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SEM micrographs of the composites are given in figure 6.A.1. It 

shows a uniform distribution of fibers in the polymer matrix. Shielding 

efficiency of the composite is directly related to the conductivity of the 

fibrous fillers. On the other hand, the conductivity is dependent on the 

even distribution of the conducing fibers in the matrix. High conductivity 

will contribute to the SE of the composite. Continuous network of 

CNF/NFC suggests high conductivity and shielding efficiency for the 

composites.  

6.A.3.2 Physical properties of the composite film 

 

 

Figure 6.A.2: Illustrates the folding nature of the film. 
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The density of PANI/CNF/PVA and PANI/NFC/PVA films is about 

0.23 g/cm3 and 0.25 g/cm3 respectively. The flexibility of the film is clear 

from the figure 6.A.2. It illustrates multiple folds and the unfolded form 

of PANI/CNF/PVA composite. Thus, the composites films prepared using 

CNF is of light weight and easily foldable.  

6.A.3.3 Microwave dielectric properties 

6.A.3.3.1 Dielectric permittivity  

The real and imaginary permittivity of both CNF and NFC based 

composites in 8-12 GHz frequency range are shown in the figure 6.A.3. 

Four different concentrations were analyzed for each composite i.e. 10, 

20, 30 and 40 wt.% in X-band at four different frequencies. It can be 

noticed that the permittivity value is increased substantially by the 

addition of PANI/CNF and PANI/NFC fibers into PVA matrix. It is due 

to the conductive nature of fibers incorporated in the matrix.  

For all the composites, significant improvement in the permittivity 

is observed with increase of fiber loading. Better increase is observed for 

PANI/CNF/PVA composite. Koops et al. described the dielectric 

permittivity as the inverse of the square root of resistivity [25]. The CNF 

based composites show higher permittivity than NFC composites owing 

to the conductivity difference of the fibers. For PANI/CNF/PVA 

composites a dielectric permittivity of 62 is obtained at 8.55 GHz 

frequency. While for PANI/NFC/PVA composite, the value is much 

lower, it is only about 38 at the same frequency range. This is evidently 

related to the conductivity of the particles in the matrix. Well defined 

conductive network is formed at the higher wt.% of the fiber. But these 

fibers are widely dispersed in the insulating PVA matrix. Greater the 
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polarizability of the material greater will be the permittivity. Figure 6.A.4 

is the cross plot of real permittivity with fiber loading at four different 

frequencies. It shows an abrupt increase of permittivity with fiber loading 

and slight reduction with increase of frequency.  

The variation of imaginary permittivity with fiber content and the 

frequency is shown in the figure 6.A.5. The ε’’ increases with fiber 

content as the conductivity is improved in the presence of PANI-coated 

fibers. Slight reduction in the permittivity values can be observed with 

increase of frequency (figure 6.A.4). As the applied frequency increases 

the dipoles will not get enough time to orient with the frequency and 

consequently the permittivity reduces. 

The prepared composites are heterogenous mixtures of conducting 

fibers and insulating poly(vinyl alcohol). The permittivity of such 

composites is achieved by the interfacial polarization as well as the 

intrinsic electric dipole polarizations. Due to the high conductivity 

difference between polyaniline coated nanofibers and insulating PVA 

molecules, charge accumulation taking place at the interface of the two. It 

is known as Maxwell-Wagner-Sillars (MWS) effect [26-28]. Insitu 

polymerization of aniline was carried out in presence of hydrochloric acid 

dopant molecules. The doped polyaniline molecules possess positively 

charged nitrogen atoms surrounded by chloride ions. Hence dipolar 

polarization is also contributing to the total permittivity of the composites 

but not to a good extend. Since the contribution from dipolar and space 

charge polarization to the total permittivity decreases at microwave 

frequencies. At this frequency, the major contribution is by the electronic 
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and ionic polarizations. The reduction in the permittivity values can be 

attributed to the reduction in the space charge polarization with 

frequency. Compared to the lower wt.% composites more reduction in the 

permittivity values is observed for higher wt.% composites. It indicates 

that the prominent contribution of space charge polarization at higher 

fiber loading. As the concentration of PANI coated fibers in the PVA 

matrix increases, more conducting regions are formed in the composite. 

Consequently, there will be more interfacial polarization.  
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Figure 6.A.3: Variation of real permittivity with frequency for               

 A) PANI/CNF/PVA and B) PANI/NFC/PVA composites 

 

(A) 
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 Figure 6.A.4: Variation of real permittivity with A) PANI/CNF 

concentration and B) PANI/NFC concentration   
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Figure 6.A.5:  Variation of imaginary permittivity with frequency 

for A) PANI/CNF/PVA and B) PANI/NFC/PVA 

composites 
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6.A.3.3.2 Loss tangent  
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Figure 6.A.6:  Variation of tan δ with A) PANI/CNF concentration 

and B) PANI/NFC concentration   

 
 

Real and imaginary permittivities are related to each other by the 

dissipation factor tan δ. Loss tangent is the tangent of the angle δ between 

the vector for the amplitude of the total current and the amplitude of the 

charging current [29]. Figure 6.A.6 represents the frequency dependence 

(A) 

(B) 
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of loss tangent in the X-band region. Loss tangent of all the composite 

reduces with the applied frequency. Because of the leakage current, the 

composites with higher permittivity also show higher loss tangent. At the 

percolation threshold, the leakage current is more distinct because of the 

direct contact between the conducting fibers. Owing to the difference in 

the conductivity and permittivity of the particles, charge builds up occurs 

at the macroscopic interface. This kind of charge accumulation at the 

heterogenous interface causes field distortions and dielectric loss to the 

materials. The involvement of ionic conduction in the total loss becomes 

outstanding with decrease in frequency of applied field. When the 

frequency is increased the interfacial polarization, decreases resulting a 

reduction in the polarizability and loss factor. The higher the dielectric 

constant of the material greater will be its dielectric loss. Hence it absorbs 

more microwaves and becomes more opaque to electromagnetic radiation 

as the concentration of the conducting fibers increases.  

6.A.3.3.3 AC Conductivity  

Microwave conductivity is derived directly from the dielectric loss 

of the material. Hence the plots are much similar to that of the imaginary 

part of permittivity.  

ε′′ =  
σ

   2πfε0
 ........................................................................... 6.A.1 

σ = 2 π f ε0 ε’’ ........................................................................ 6.A.2 

where, ε’’ is the imaginary part of permittivity, σ is the electrical 

conductivity, ε0 is the permittivity of vacuum, and f is the applied 

frequency. AC conductivity of all the wt.% composites increases with the 
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addition of polyaniline coated fibers. This can also be related to the 

improvement of the dielectric loss of the composites. Conductivity of a 

composite material mainly depends on the shape and the intrinsic 

conductivity of the filler and also the surface tension between filler and 

matrix. 
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  Figure 6.A.7: Variation of AC conductivity with frequency                  

A) PANI/CNF/PVA, B) PANI/NFC/PVA composites  
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 Figure 6.A.8:  Variation of AC conductivity with A) PANI/CNF 

concentration and B) PANI/NFC concentration   

 
 

Fibrous particles are expected to have more inter particle contact. 

This results in low percolation threshold. Sharp increase of conductivity is 

observed for PANI/CNF/PVA composites when compared to 

PANI/NFC/PVA. It is evident from the figure 6.A.8 that the percolation 

threshold is much lesser for CNF composites. Even with 10 wt.% of the 

filler the composite shows very sharp increase of conductivity. The 
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conductivity is increased from 0.014 S/m (PVA) to 6.1 S/m for 10 wt.% 

PANI/CNF/PVA composites. At the same fiber content, the NFC 

composite shows a conductivity of 3.2 S/m. Maximum conductivity of 

19.1 S/m is obtained for PANI/CNF/PVA composite at 10.97 GHz.  

6.A.3.2.4 Absorption coefficient, Skin depth and Heating coefficient  
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 Figure 6.A.9:  Skin depth variation with A) PANI/CNF                      

B) PANI/NFC concentration  
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Figure 6.A.10:  Variation of absorption coefficient with                    

A) PANI/CNF B) PANI/NFC concentration  

 

 

The electromagnetic radiation at high frequencies cannot penetrate 

deep in to the material. It penetrates only in to the near surface of the 

material. It is called the penetration depth or skin depth. The skin depth is 

usually defined as the depth in to a material where the microwave power 

is dropped in to 36.8 % of its initial value. The penetration depth of 

composites can be calculated from other dielectric parameters. At fixed 

dielectric properties, the penetration depth of material is inversely 

(A) 

(B) 
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proportional to the applied frequency. So as the frequency increases the 

skin depth decreases and hence deeper penetration can be expected at the 

lower frequency range. More surface heating is observed at higher 

frequency values. The skin depth is reduced from 1.744 to 0.055 and 

0.050 for PANI/NFC/PVA and PANI/CNF/PVA composites, respectively. 

Absorption coefficient is a direct function of complex permittivity. It 

describes the propagation and absorption of electromagnetic waves during 

the passage within the material. It is the measure of transparency of the 

medium. Since the absorption coefficient derived from the dielectric loss, 

the curves are similar to the tan δ curves. The absorption coefficient 

exhibits sharp increase with PANI coated fiber concentration in the 

composite. Better increase is observed for PANI/CNF/PVA composite 

due to the high conductivity and good dispersion of the polyaniline 

modified CNF fibers. For pure PVA the absorption coefficient is about 

0.5732 m-1. It increases to 19.85 m-1 for CNF based composite and to 

18.32 m-1 for PANI/NFC/PVA composite. The skin depth is inversely 

proportional to the absorption loss of the material. The contribution of 

absorption to the total shielding effectiveness increases for the CNF 

composites. Hence the composites exhibit lower skin depth. The higher 

aspect ratio and excellent conductivity of CNF results in better EMI 

shielding and strong skin effect. Variation of heating coefficient with 

concentration of PANI/CNF and PANI/NFC is given in the figure 6.A.11. 

Heating coefficient of both composites decreases with frequency and fiber 

loading.  
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 Figure 6.A.11:  Heating coefficient Vs fiber concentration                

A) PANI/CNF/PVA and B) PANI/NFC/PVA  

 

6.A.3.3 EMI shielding effectiveness 

We have measured the EMI shielding efficiency of the composite 

films at 10, 20,30, 40 wt.% fiber concentrations. EMI shielding efficiency 

of a material can be defined as the ratio between the incident power and 

the transmitted power of an electromagnetic wave. SE is expressed in 

decibels (dB) 

SE = 10 log(
PI

PT
) =  20 log (

EI

ET
)………………………..6.A.3 

(A) 

(B) 
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Here, PI is the power of incident wave and PT is the power on 

transmitted wave. The shielding effectiveness of PANI/CNF/PVA and 

PANI/NFC/PVA composites containing different weight percentages of 

conducting filler were studied for S-band and X-band frequency range. 

When an electromagnetic radiation is incident on shielding material 

mainly three different processes are taking place: reflection, absorption 

and internal multiple reflections [30]. So, the total EMI SE can be 

described as the sum of the contribution from reflection, absorption and 

multiple reflections. 

SET = SER + SEA + SEM……………………………….6.A.4 

According to Schelkunoff’ s theory for single layered materials with 

SE> 10dB the contribution from the multiple reflections can be neglected 

[31]. 

SET = SER + SEA………………………………………6.A.5 

 

SE increases with the addition of PANI/NFC and PANI/CNF into the 

polymer matrices. Initially both PANI/CNF/PVA and PANI/NFC/PVA 

composite have lower SE values. With increasing PANI/NFC and 

PANI/CNF content, SE is improved significantly. It is interesting to               

note that under the same fiber concentration the shielding efficiency                

of PANI/CNF/PVA composite is much higher than PANI/NFC/PVA 

composite. PANI/CNF/PVA nanocomposites containing 10 wt.% 

PANI/CNF produces SE of approximately -9 dB while it rises to -31 dB 

upon the addition of 40 % PANI/CNF. For NFC based composite the 

highest SE is about -5.1 dB at S band frequency range. Figure 6.A.12 
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gives the total SE of the PANI/CNF/PVA and PANI/NFC/PVA 

composites at 2-4 GHz. It can be seen that the SE of the PANI/CNF/PVA 

composite is significantly higher than that of PANI/NFC/PVA composites 

at all frequencies.  
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Figure 6.A.12:  Total SE as a function of frequency range of 2-4 GHz 

for A) PANI/CNF/PVA B) PANI/NFC/PVA composites  

(A) 

(B) 



Application Studies of the Composites 

 

 279 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010

10

5

0

-5

-10

-15

-20

-25

-30

-35

 

 

S
E

(d
B

)

Frequency (Hz)

 PVA

 10% PANI/CNF/PVA

 20% PANI/CNF/PVA

 30% PANI/CNF/PVA

 40% PANI/CNF/PVA

8.00E+009 9.00E+009 1.00E+010 1.10E+010

5

0

-5

-10

 PVA

 10% PANI/NFC/PVA

 20% PANI/NFC/PVA

 30% PANI/NFC/PVA

 40% PANI/NFC/PVA

Frequency (Hz)

S
E

(d
B

)

 

 

 
 Figure 6.A.13:  Total SE as a function of frequency range of 8-12 GHz 

for A) PANI/CNF/PVA B) PANI/NFC/PVA composites  
 

 

The shielding efficiency of PVA composites containing different 

concentrations of PANI/CNF and PANI/NFC in the X-band frequency 

range is represented in the figure 6.A.13. It shows a trend similar in the S 

band. The SE of both composites increases with the fiber content. The 

figures indicate that sudden increase of SE is obtained in case of                   

CNF composites, whereas the SE gradually increases with PANI/NFC 

concentration. The SE increases from -0.35 dB to -32.2 dB by the addition of 

40 % PANI/CNF.  

(A) 

(B) 
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Conductivity of the nanoparticle plays an important role in 

determining the shielding effectiveness of the composite. When the 

shielding material is conducting, the electrical and varying magnetic 

fields of electromagnetic radiation induce currents in the material. In turn, 

the current generates the counteracting fields. So, the shielding material 

can reduce the effect of EM field. Studies have revealed that for efficient 

shielding, the filler in the polymer matrix should possess satisfactory 

conductivity and dielectric constant [32,33]. As the conductive filler 

concentration in the matrix increases the incoming radiation interacts 

more with the particles and improves the shielding effectively. But unlike 

DC conductivity EMI SE does not require conducting network formation 

unless it interacts with the conductive particles and impede the radiation 

[34]. CNF being a good conducting material, the shielding efficiency of 

PANI/CNF/PVA composite results from the synergistic effect of CNF 

and PANI. The shielding observed for PANI/NFC composites is due to 

the presence of polyaniline on cellulose fibers.  

Polymer composites containing conductive fillers are good 

shielding materials. Owing to the skin effect of the shielding material, 

the material should have small unit size and high conductivity. So, 

while considering the two different fillers such as NFC and CNF, CNF 

is of smaller in size and it has higher conductivity. High aspect ratio of 

the fiber particles helps in achieving good connectivity. Contrast to 

NFC, CNF achieved high aspect ratio which will result connectivity of 

the conducting fillers thereby increasing the conductivity of the 

composite.  
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According to percolation theory, for a material with high aspect 

ratio the formation of conductive network results at lower wt.%. The 

EMI shielding efficiency of the material increases rapidly in the vicinity 

of percolation threshold. All the properties favor the use of CNF as 

fillers in the matrix. The effect of percolation is more evident from the 

SE curves in the X-band region. Significant improvement in SE is 

observed for PANI/CNF/PVA composite at lower filler concentration 

itself. At 10 wt.% of PANI/CNF a SE of -10 dB is achieved. Further 

increase of fiber concentration in PVA matrix yields a continuous 

increase of shielding effectiveness. It shows that the percolation 

threshold for CNF based composite lies below 10 %. But such a 

tremendous increase at lower wt.% concentration is not observed for 

PANI/NFC/PVA composite.  

The high shielding efficiency of metals is due to the reflection of 

radiation from the surface owing to the excellent conductivity. The 

shielding effectiveness of the conducting polymers can be attributed to 

both reflection and absorption. The most important mechanism of EMI 

shielding is the reflection which takes place when electromagnetic 

radiation is incident on the field. It occurs by the interaction of the 

electromagnetic radiation with the free electrons present on the surface of 

the shielding material. In order to have the free electrons on the surface 

the material should be electrically conducting. 
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Figure 6.A.14: Reflection component as a function of frequency 

range of 2-4 GHz for A) PANI/CNF/PVA                         

B) PANI/NFC/PVA composites  
 

 

Absorption is secondary process of EMI shielding mechanism 

where the electric dipoles present in the shield interacts with radiation. If 

the material is more prone to polarization it can have more absorption 

value than the reflection component. There are mostly three types of 

polarization mechanisms occur in dielectric material such as electronic 

polarization, ionic polarization and orientation polarization. Electronic 

(A) 

(B) 
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polarization is present in all types of materials, whereas ionic polarization 

and orientation polarizations occur when ions and permanent dipoles are 

present in the molecule. Another involvement to polarization is the space 

charge or it can be the accumulation of mobile charges at the interfaces. 

So, in the present case mostly interfacial polarization is contributing to the 

SEA. Hydrochloric acid was used for the doping of polyaniline, therefore 

the presence of electron withdrawing groups on the surface of polyaniline 

will enhance the interfacial polarization [35,36]. Absorption loss is a 

function of *µ, here,  is the electrical conductivity and µ is the magnetic 

permeability. Hence absorption loss increases with the conductivity of the 

material. 

The calculated absorption and reflection components are plotted 

against frequency (Figure 6.A.14,15,16,17). It is observed that with the 

addition of conducting fillers both reflection and absorption increases. 

The absorption process is found to be dominant in all the composites. The 

SER increases with the incorporation of PANI/CNF and PANI/NFC. 

Better increase in SER is observed for PANI/CNF/PVA composites. The 

number of free electrons on the surface of PANI/NFC/PVA composite are 

not enough to interact with the incoming radiation, yielding low SER. 

From the results it is found that shielding efficiency due to absorption 

varies from -7.43 to -24.1 dB in the S-band and from -6.41 to -22.6 dB in 

the X-band frequency region for PANI/CNF/PVA composite. As a 

corresponding increase is not observed in SER, it can be deduced that the 

contribution of reflection to SE is relatively small.  
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Figure 6.A.15: Absorption component as a function of frequency 

range of 2-4 GHz for A) PANI/CNF/PVA                           

B) PANI/NFC/PVA composites  

 

 

For PANI/CNF/PVA composite the percentage of absorption 

increases from 59 to 78 %. It is evident from the table 6.A.1 that the total 

shielding efficiency is dominated by absorption rather than reflection. The 

contribution by the absorption increases with the increase of polyaniline 

coated fiber content, it can be related to the improvement in the electrical 

conductivity and surface area of the composite film.  
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Table 6.A.1: Calculated SER and SEA values of the composites in the 2-4 GHz 

frequency range  
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3.21 4.65 7.86 59 4.07 8.3 12.37 67 5.8 19.5 25.3 77 6.9 23.7 30.6 78 

PANI/NFC/

PVA 

0.68 0.9 1.58 56 0.76 1.16 1.92 60 1.5 1.84 3.34 55 1.58 2.15 3.73 57 
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Figure 6.A.16: Reflection component as a function of frequency 

range of 8-12 GHz for A) PANI/CNF/PVA                       

A) PANI/NFC/PVA composites  
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 Figure 6.A.17:  Absorption component as a function of frequency 

range of 8-12 GHz for A) PANI/CNF/PVA                   

B) PANI/NFC/PVA composites  

 

 

Table 6.A 2:  Calculated SER and SEA values of the composites in the 8-12 GHz 

frequency range  
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As the shielding efficiency is related to the thickness of the material, 

the challenge is to develop the material with lowest thickness possessing 

higher SE. Comparison of shielding efficiency of various composites are 

given in the table 6.A.3. It important to indicate the density of the composite 

film is much less compared to the literature reports. The density of 40 % 

PANI/CNF/PVA composite film is about 0.21 g/cm3. The composite 

exhibited maximum total shielding effectiveness of -32.2 dB at a thickness of 

0.12 mm. Therefore, the material meets the requirements for commercial 

EMI shielding applications. The efficiency increases with the thickness of 

the sample. Moreover, the EMI shielding efficiency can be further improved 

by increasing thickness or filler loading. The significance of EMI shielding 

efficiency can be effectively described in terms of specific EMI SE. 

Compared to other carbonaceous materials PANI/CNF/PVA composite 

exhibits very high specific EMI SE. 

Table 6.A.3: Comparison of specific EMI SE of with different carbon-based 

composites reported in the literature  
 

Composites  Density 

(g/cm-3) 

thickness 

(mm) 

EMI SE (dB) specific EMI 

SE (dB cm3/g) 

graphene/PMMA  .79 2.4 13-19 [37] 17-25 

MnO2 /Graphene   3 57 [38]  

Fe3O4/MWCNT/Wax  3 75 [39]  

PS/Graphene  0.45 2.5 29 [40] 64.4 

MCMB/MWCNT  0.26 0.6 31-56 [41] 119-215 

MWCNT/epoxy   0.35 19 [42]  

MWCNT/resin  0.51 0.14 32.4 [43] 63.5 

polyimide/graphene  0.28 .8 17-21 [44] 60-75 

CNT/PS  0.56  19 [45] 33.1 

graphene/PEVA   0.36 23-27 [46]  

Fe3O4/RGO/PANI  2.5 26 [47]  

carbon foam/MWCNT 0.54 2.75 85 [48] 163 

PMMA/CNT  .57 29 [49]  

Fe3O4/RGO PEI 0.40 2.5 14.3-18.2 [50] 35-45 

Fe3O4/Graphene 0.78 .03 21-24 [51] 26-31 

PANI/CNF/PVA 0.21 0.12 32.2 153.3 
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6.A.3.4 Dependence of shielding efficiency on conductivity 

0.0 0.1 0.2 0.3 0.4

0

-10

-20

-30

-40

40%

30%

20%

5%

0%

10%

Conductivity (S/cm)

S
E

 (
d

B
)

 PANI/CNF/PVA

 

 

0.000 0.002 0.004 0.006 0.008 0.010

0

-2

-4

-6

-8

-10

-12

-14

40%

30%20%

0%

10%

 

 

S
E

 (
d

B
)

Conductivity (S/cm)

 PANI/NFC/PVA

5%

 
Figure 6.A.18: Shielding efficiency as a function of DC conductivity 

at 9 Hz for A) PANI/CNF/PVA, B) PANI/NFC/PVA 

composites  
 
 

The dependence of shielding effectiveness on the conductivity of the 

composite can be understood from the figure 6.A.18. It is clear from the 

figure that for PANI/CNF/PVA composite the rapid increase of SE starts at 

lower wt.%. But gradual increase is observed for NFC composite. The 

change in the shielding efficiency at lower concentration of PANI/NFC is 

low. On inclusion of 10 wt.% PANI/NFC, DC conductivity increases five 

orders from 10-11 to 10-6. But at that concentration the SE rises faintly 

(A) 

(B) 
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from -0.41 to -1.1dB. That means small change in the PANI/NFC 

concentration makes abrupt changes in the DC conductivity while the 

influence on the shielding efficiency is low (the variation is not much 

clear from the figure). Similar behavior is observed for PANI/CNF/PVA 

composite also. For 5 wt.% composite the DC conductivity increases 

from 10-11 to 5* 10-8 S/cm and SE increase -0.41 to -5.2 dB. After the 

percolation threshold, the composites exhibit the reverse trend. The 

variation of DC conductivity becomes low and the change of SE becomes 

quite significant. Similar variation of SE has been reported in the 

literature [52,53]. It shows that the conductivity is originated from the 

network of conductive fillers while the SE requires only conductive 

particles to interact and impede the electromagnetic radiation. It can be 

evidenced from the figure that the conductivity is not the only aspect for 

controlling the SE of the material. In addition to that the size of the filler 

also plays significant role. The high aspect ratio of the material helps to 

achieve low percolation threshold for the composites. The BET analysis 

of PANI/CNF and PANI/NFC fibers (chapter 5A) shows the high surface 

area for PANI/CNF fibers. The interaction of electromagnetic waves with 

the material increases with the surface area. Thus, the increased shielding 

efficiency of PANI/CNF/PVA composite is due the combination of 

conductivity and high surface area of the fibers.  

6.A.4 Conclusion 

PANI/CNF/PVA and PANI/NFC/PVA composites were prepared 

by ultrasonication-assisted mixing of PANI coated CNF/NFC fibers with 

poly(vinyl alcohol) solution. The composite films are of light weight, 

flexible and easily foldable which exhibits high permittivity and excellent 
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EMI shielding properties in both S and X-band frequencies. The 

composites were characterized in terms of permittivity, loss tangent, skin 

depth and heat generated during microwave irradiation. The effect of 

conductivity of the two nanofibers on the microwave properties of the 

composites were studied. The results obtained here have outlined how the 

conductivity variation effecting the microwave properties. High 

permittivity with good EMI shielding efficiency was obtained for CNF 

compared to NFC based composites. It is due to the high conductivity of 

carbon nanofibers. Beside good electrical conductivity, high surface area of 

carbon nanofiber makes PANI/CNF/PVA composite efficient for EMI 

shielding. The results clearly indicate how the conductivity of the filler is 

able to significantly affect the electromagnetic properties at the microwave 

frequencies. Maximum shielding effectiveness of -32.2 dB was achieved 

for PANI/CNF/PVA composite at 0.12 mm thickness. High specific EMI 

SE of 153.3 dB cm3/g was obtained for PANI/CNF/PVA composite which 

is more than the values reported for carbon-based composites. Easily 

foldable polymer composite film with excellent absorption dominated 

electromagnetic interference shielding can be an excellent EMI shielding 

material.  
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Part B 
 

Effect of dopants on the antimicrobial activity of 

PANI/CNF/PMMA composites 
 

 

Polymeric composites based on poly(methyl methacrylate), carbon nanofiber 

and polyaniline were prepared and the effect of various dopants on the 

morphology and antibacterial property was evaluated. CNF was given a 

coating of PANI by in situ polymerization method and was used to prepare 

the composite by solution casting method. The activity of the composites 

against Escherichia coli, Klebsiella pneumoniae and Bacillus subtilis 

bacteria was evaluated by agar well diffusion method. The antibacterial 

activity was assessed by measuring the inhibition zone diameter and 

minimum inhibitory concentration. The composites showed variable toxicity 

indicating a dependence on the type of doping agent used. A zeta potential 

value of +39.60 mV was obtained for phosphoric acid doped PANI/CNF 

composites, indicating its antibacterial property. The results showed that the 

antibacterial activity of this composites is tunable. 
 

 

6.B.1 Introduction 

The antibacterial properties of polymers have been recognized in 

the past decades [1]. Among the several polymer types, conducting 

polymer received much attention because of good cellular response [2,3]. 

The redox properties of polyaniline have opened up new opportunities such 

as immobilization platform for tissue growth, biosensors, controlled drug 

delivery systems and neural probes etc. [4-9]. The antibacterial activity of 

polyaniline is greatly influenced by its hydrophilicity, molecular weight 

and the electrostatic attraction between PANI and bacteria. The electrical 

conductivity of polyaniline can be controlled by dopant ions [10-12] and the 

addition of inorganic ions [13]. The dopant molecule is one of the key factors 

that controls the properties of PANI.  
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Polymeric nanocomposite has gained special attention over the last 

decades because of the increased surface area to volume ratio, interesting 

possibilities for their structural modification, prominent activity compared 

to its micro and macro counter parts etc. [14,15]. A combination of 

polymeric nanocomposite and microbiology can prime the development 

of novel antibacterial agents. Carbon based nanomaterials have evolved as 

novel antimicrobial agents [16-19]. It has been reported that carbon based 

nanomaterials can damage the bacterial membranes owing to the 

oxidative stress [20-23]. The size and surface area of particles play 

significant role in their antibacterial activity [24]. In the nanometer scale 

the surface area will be more and consequently there will be more 

chance for interaction with the bacterial cells. On the basis of this 

carbon nanomaterial is used in PMMA/PANI to develop antibacterial 

polymer composites. Several studies have shown that carbon based 

nanoparticles such as single walled nanotubes and graphene oxide 

exhibited significant cytotoxicity to animal cells. The present study 

explores the antibacterial activity of PANI/CNF/PMMA composite with 

emphasis on the role of dopants. 

Poly(methyl methacrylate) is used as the matrix since it is 

biocompatible and it can act as host matrix for material embedding. 

PMMA based bone cement has been found to be very efficient for the 

anchoring of artificial joints [25]. During the implantation, it is at high 

risk of infection. Pioneering work of Buchholz and Engelbrech has 

cemented the way to reduce the infection rate [26]. Successively the 

contribution of Thierse [27] Wannske and Tscherne [28] proved that 
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significant reduction in the infection rate could be achieved after the 

addition of antibacterial agents in to PMMA molecules [29]. 

In view of growing importance of antibacterial drugs, I report the 

preparation of PANI/CNF/PMMA nanocomposite by insitu polymerization 

of aniline using various doping agents. Even though the antibacterial 

activity of polyaniline has been extensively reported, the effect of dopants 

has not been studied systematically. This work aims to design and 

develop antibacterial composite by tuning the properties of PANI through 

proper selection of dopants.  

6.B.2 Experimental 

6.B.2.1 Method of Preparation  

0.3 g of CNF was dispersed in 1.25 M acid dopant solution by 

sonication for 1 h. To the well dispersed solution of CNF, 5 g of aniline was 

added and ultrasonication was continued for another half an hour. The 

reaction mixture was kept at 0-4 C under constant magnetic stirring and 

ammonium persulfate (7.5 g in 50 mL 1M HCl) solution was added from the 

burette. The polymerization of aniline was continued for 24 h at low 

temperature. Then the green colored polyaniline coated CNF was filtered 

washed recurrently with distilled water, finally it was washed with acetone 

and dried at 75 C for 24 h. The same procedure was followed for all the acid 

dopants.  

Poly(methyl methacrylate) was dissolved in DMSO at 70 C. The 

synthesized PANI/CNF was added to the PMMA solution. The filler 

loading was adjusted to get 10, 20, 40, 50, 60, 70, and 80 wt. %. 
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6.B.2.2 Antibacterial activity study 

The antibacterial activity of the PANI/CNF/PMMA nanocomposites 

was tested against Escherichia coli, Klebsiella pneumoniae and Bacillus 

subtilis microorganisms. The bacterial test was performed by agar well 

diffusion method. All the test bacteria were grown in nutrient agar 

medium and it was incubated at 37 C for 24 h. The nutrient agar medium 

was prepared by using peptone (5 g), NaCl (5 g), yeast extract (2 g), agar 

(20 g) in 1000 mL distilled water. The agar medium was sterilized in 

autoclave. Then a sterile cotton swab was dipped either in gram-positive 

or gram-negative culture. The excess inoculum present was eliminated by 

pressing the saturated swab against the internal wall of culture tube. The 

entire agar surface was spread over the plate to ensure the substantial 

growth over the whole surface. The plates were dried for 5 minutes. Wells 

on the agar plates were created (6 mm) by employing the gel puncture. One 

drop of various concentrations of PANI/CNF/PMMA composite was added 

to each well using sterile micropipette and it was incubated for 24 h at               

37 C. The diameters of inhibition zone formed around each well were 

determined in millimeter. The experiments were repeated under the same 

conditions and the average diameter was considered. Pure DMSO was used 

as negative control. 

6.B.2.3 Minimum inhibitory concentration (MIC) analysis 

MIC of H3PO4 doped PANI/CNF/PMMA composite was determined 

by agar well diffusion method. Different concentrations of the composites 

(10 %, 20 %, 30 %, 40 %, 50 %, 60 %) were prepared. All the concentration 

of PANI/CNF in PMMA matrix was tested against Escherichia coli, 
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Klebsiella pneumoniae and Bacillus subtilis microorganisms. All MIC 

values reported here is based on three experimental repeats revealing the 

reproducibility of the obtained results. 

6.B.3 Results and discussion  

6.B.3.1 Characterizations of the composites  

The size of the particle is an important factor in determining the 

antibacterial activity. The SEM images of the polyaniline coated CNF 

fibers are given in chapter 3. SEM images of PANI/CNF show an 

average diameter of CNF fiber after PANI coating with various dopants 

is about 340 nm. i.e. the fiber diameter is increased from 90 nm to                    

340 nm. Phosphoric acid doped PANI/CNF composite exhibit much 

lower diameter, approximately 152 nm, i.e. half of the diameter of other 

PANI/CNF composites. Recent reports have indicated that the size of              

the particles plays a significant role in the inactivation of microorganisms 

[32]. 

In order to obtain additional evidence for the size variation PANI 

coated CNF fibers the surface area and porosity of all five different 

PANI/CNF composites were measured by nitrogen sorption experiments 

at 77.3 K. The nitrogen adsorption/desorption isotherms are given in 

chapter 3. The surface area obtained for the CNF is about 45 m2/g while it 

is reduced to 33-14 m2/g range for PANI/CNF composites. The surface 

area is found to vary with different doping agents. In a comparison of the 

BET surface area of the composites, it is obvious that the highest surface 

area is obtained for H3PO4 doped PANI/CNF composites. Apart from this, 

H3PO4 composite exhibited lowest pore diameter, it is about 15.25 nm.      
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The pore diameter of the PANI/CNF fibres is distributed in the mesoporous 

region, i.e. 10-35 nm. H3PO4-PANI composite shows highest N2 absorption 

at P/P0=1. 

6.B.3.1.1 Zeta potential analysis 

Zeta potential measurement was carried out to comprehend the 

stability of nanoparticles in the solution and to examine the effect of 

PANI/CNF particles on the membrane surface potential. The zeta 

potential analysis (figure 6.B.1) confirmed a positive surface charge of + 

39.60 mV for the PANI/CNF nanoparticles. As a result, the 

nanoparticles will absorb on to the negative bacteria cell wall, 

destabilizing the microbial cell wall. Ahn et al. [39] have reported that 

the use of cationic aluminium ions affected the surface negativity of the 

root cell membranes, resulting the destabilization of the membranes. 

Harkes et al. [40] witnessed the absence of growth of microorganisms 

(E. coli) on the positively charged poly(methyl methacrylate) films. So, 

in the process of cation induced activity, there is significant impact on 

the measurement of zeta potential. The cations present in the composite 

interfere with the membrane bound ATPs, effecting the membrane 

potential. APTase are responsible for regulating the membrane potential 

by the movement of hydrogen ions. So, the zeta potential analysis of the 

current study reveals the potential application of PMMA composite as 

an antibacterial agent.  
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Figure 6.B.1:  Plot of zeta potential Vs intensity for PANI/CNF/PMMA 

composite 

 

6.B.3.2 Anti-bacterial properties  

The agar well diffusion method was adopted to explore the 

antibacterial activity of PANI/CNF/PMMA composites. The test was 

carried out for three bacterial strains viz. Escherichia coli, Klebsiella 

pneumoniae and Bacillus subtilis. The zones of inhibition obtained for 

PANI/CNF/PMMA composites containing various dopants are shown in 

the figure 6.B.2. All the composites exhibit good resistance against the               

E. coli. E. coli was inhibited strongly by H3PO4-PANI/CNF/PMMA 

composite.   
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Figure 6.B.2:  Average zones of inhibition obtained for different nanocomposites against 

Escherichia coli, Klebsiella pneumoniae and Bacillus subtilis. 
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The antibacterial activity of the compounds can be classified as the 

strong, moderate and low depending on the zone of inhibition diameter. 

When the zone of inhibition is greater than 16 mm it is strong activity. For 

moderate antibacterial activity, the zone of inhibition lies in the range of              

10-16 mm and low activity is reported when the diameter is less than 10 mm. 

Strong antibacterial activity is observed for the PANI/CNF/PMMA 

composite when the PANI/CNF concentration is greater than 50 wt.%. 

Polyaniline exhibits strong antimicrobial activity due to electrostatic 

attraction between polyaniline and the organisms, hydrophilic nature of 

PANI, the possibility of direct contact between the polyaniline molecules 

and bacterial cell wall and the high molecular weight of the polymer [41-

44]. After doping, the polyaniline chain will be positively charged and the 

dopant anions will be present around the positively charged nitrogen 

atom. By the electrostatic interaction between the positive charge on the 

polyaniline surface and the negative bacterial cell wall, PANI chains will 

get anchored to the cell wall at several positions on the membrane. Ion 

channels present on the cell membrane are responsible for the passive 

transport of positively and negatively charged ions across the biological 

membranes. When PANI is anchored to the cell wall the ion channel 

experiences, changes in the potential gradient which will cause to destroy the 

normal influx-efflux of electrolyte [45]. When polyaniline is anchored on to 

the cell wall, PANI releases the dopant ions attached to it resulting a change 

in the potential of hydrogen. In turn, it affects the permeability of the 

bacterial cell. The PANI molecules attached to the cell wall breaks inside the 

cell and damages the cells through the interaction with DNA and protein 

present. It may also alter the cell composition and leads to cell lysis. 
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Figure 6.B.3: Mechanism of action of PANI/CNF/PMMA composite against 

microorganisms. 

 

The activity of the different acid doped samples depends on the nature 

of the dopant used. The activity increases with the acid strength. It is well 

explained in the literature that polyaniline is highly electroactive at low pH 

values [46]. But exceptionally high activity is obtained for phosphoric acid 

doped PANI composite. It can be related to the smaller size of the particles. 

Several reports are available in the literature on the antibacterial activity of 

nanoparticle and composite because of the high surface area and the size [47-

49]. From the SEM micrographs of PANI/CNF composites it is evident that 

phosphoric acid doped PANI has the smallest size. Surface area and size of 

particles also play a major role in determining the toxicity against 

microorganisms. As the size reduces particles are capable of reacting more 

with outer membrane of the cells. All the five different PANI/CNF 

composites have same length, but the difference is in the thickness of 

coating. So, the aspect ratio will be very high for phosphoric acid doped 

PANI/CNF composite. The high aspect ratio of the composites increases the 

opportunity of the composites to react with microorganisms.  

SEM micrographs and DLS measurement revealed particle size of 

about 100 nm diameter for H3PO4 doped composite. BET surface area 

measurement indicated very high surface area of the phosphoric acid 

doped PANI/CNF particles in comparison to other PANI/CNF 
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composites. The smallest particles present in the composite can penetrate 

into the cell wall, and it will interfere with the metabolic pathways such as 

ATP synthesis and DNA replication [50]. The particles can reach the 

nuclear content of the bacteria much easily for H3PO4 doped composite 

when compared to other composite particles. The larger particles present 

interact with the bacterial cell membranes, which in turn disturbs in-cell 

transport or respiratory functions of the bacteria [51]. Due to the high 

surface area of H3PO4 doped PANI/CNF particles stronger bactericidal 

interaction is possible [52,53]. Furthermore, the electrostatic interaction 

between positively charged particles and negatively charged bacterial cell 

wall is another significant aspect for the antimicrobial activity. The zeta 

potential analysis of the particles revealed positive surface charge of 

+39.60 mV indicating the effectiveness of these material as a cell toxin. 

As most of the bacteria carries a net negative charge, so the positive 

charged materials can adhere in to the bacterial cell wall. Therefore, the 

cationic surfaces are suggested as efficient antibacterial coatings so that 

these materials can bind to the microorganisms by strong multivalent 

electrostatic attraction, thus effecting the bacterial viability. 

Table 6.B.1: Average of inhibition zones formed for various composites                 

(40 wt.%) against three bacterial strains.   
 

Sl. 

No. 

Sample E. coli (Gram 

negative) Zone 

of Inhibition in 

mm 

Klebsiella (Gram 

negative) Zone of 

Inhibition in mm 

Bacillus (Gram 

positive) Zone 

of Inhibition in 

mm 

1 PANI-TSA/CNF/PMMA 10 11 13 

2 PANI-H2SO4/CNF/PMMA 13 7 8 

3 PANI-HCl/CNF/PMMA 9 12 10 

4 PANI-H3PO4/CNF/PMMA 14 10 13 

5 PANI- CSA/CNF/PMMA  8 NIL NIL 

 Tetra cyclin 24 27 -- 
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It is surprising to note that the highest toxicity against K. 

pneumoniae, a cause for many respiratory infections, is observed for HCl-

PANI/CNF/PMMA composite. But the size of HCl-PANI/CNF composite 

is approximately 524 nm. In this case size cannot play a key role; instead 

the pKa value of the acid dopant has significant effect on the activity of 

the composite. Since hydrochloric acid is being strong, the chloride 

counter ion presents in the polyaniline molecule creates comparatively 

low pH. As a consequence, PANI/CNF/PMMA composite also exhibit 

more antibacterial activity. The average diameter of the inhibition formed 

for various composites against three bacterial stains are given in the            

table 6.B.1. 

 

   

Figure 6.B.4:  Antibacterial activity against Klebsiella sp., E. coli and Bacillus Sp. 

[(I) 40 %,(II) 50 %, (III) 60 % of H3PO4-PANI/CNF/PMMA] 

 
 

On comparing the activities of these composites, a higher zone of 

inhibition is observed for H3PO4-PANI/CNF/PMMA composite. Hence 

this composite was further studied for MIC. The average size of inhibition 

zones against concentration of H3PO4-PANI/CNF in PMMA matrix is 

shown in the figure 6.B.4 and 6.B.5. No or weak antibacterial activity is 

observed up to 20 wt.% PANI/CNF concentrations. After that the activity 
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increases sharply as the concentration of PANI/CNF increases. The 

inhibition zones increase from 8 to 16 mm for Bacillus sp.,10 to 17 mm 

for E. Coli and 6 to 12 mm for Klebsiella sp. This result reveals that the 

PANI coated carbon nanofibers are the chief biocide in nanocomposite 

systems.  
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Figure 6.B.5: Plot of zone of inhibition against the concentration of 

H3PO4-PANI/CNF/PMMA composite 

 
The results reveal that the antimicrobial activity of polyaniline 

based composites can be tuned by proper doping. The antimicrobial 

activity can be increased by the unique redox properties of polyaniline 

which will enhance the controlled ion transport through the membrane. 

So, I believe that these novel PMMA based composite can be a good 

alternative choice for the bone cement with low infection rate. 
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6.B.4 Conclusion 

Novel PANI/CNF/PMMA composites were prepared by solution 

casting method. Polyaniline was coated over the carbon nanofiber surface 

by chemical oxidative polymerization of aniline using five different 

dopants. Several spectral characterization techniques were used to 

comprehend the effect of dopant on the properties of PANI in the 

composite. The antibacterial activity of various acid doped 

PANI/CNF/PMMA composite was studied against Escherichia coli, 

Klebsiella pneumoniae and Bacillus subtilis employing agar well 

diffusion method. The composite showed variable toxicity with different 

doping agents. The highest antibacterial activity was observed for 

phosphoric acid doped PANI/CNF/PMMA composite owing to its 

smallest size, highest surface area and the greatest surface charge 

compared to other composites. This novel nanocomposite has high 

potential in biomedical applications such as PMMA based bone cement. 
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Part C 

Highly flame-resistant composites based on 

nanofibers/polyaniline/poly(vinyl alcohol) composite 
 

 

The flammability and the thermal stability of the polyaniline/carbon 

nanofiber/poly(vinyl alcohol) and polyaniline/carbon nanofiber/poly(methyl 

methacrylate) composites were studied using vertical burning test and 

thermogravimetric analysis. High Limiting Oxygen Index (LOI) value of 42 

was obtained for 50 % PANI/CNF/PVA composite. The drastic increase of 

LOI value suggest the possibility of structural changes and chemical 

reactions in composites during heat treatment. The thermogravimetric 

analysis of the composite showed that the degradation temperature of PVA 

shifted from 381 οC to 588 οC. The evolved gas analysis and the elemental 

analysis suggested that the nitrogen atoms were retained even after the high 

temperature treatment. The formation of graphene like structures during 

heating was confirmed by the XRD analysis of the char residues. Detailed X-

ray photoelectron spectroscopy analysis of the samples showed that pyridinic 

type nitrogen as the major component at higher temperatures. Hence the 

high thermal stability of the PVA composite could be attributed to the 

formation of polyconjuagted ladder structures through dehydrogenation and 

cyclization reactions.  
 

 

6.C.1 Introduction 

Though polymer nanocomposites with excellent electromagnetic 

interference shielding properties have found a wide range of applications        

[1-5], one of the disadvantages of these composites are the high flammability. 

Various additives such as halogenated materials [6], metal hydroxides [7], 

nanoclay [8], and graphene [9] has been tried as flame retardants. Though 

halogenated additives impart good flame retardancy [10,11], they emit 
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toxic gases during burning [12-15]. Halogen-free flame retardant is one of 

challenging effort of the chemists [16,17]. Carbon nanofibers is a non-

halogen filler that can improve flame-resistance apart from improving 

EMI shielding efficiency and mechanical properties of the composite. 

The hydroxyl groups available in PVA matrix can exhibit latent 

charring property. The charring can be improved by the addition of 

various flame retardants. Chen et al. [7] reported the self-synthesized bis 

neopentyl glycol dithio pyrophosphate with melamine formaldehyde 

(MF) in PVA solution to produce flame retardant polymer. They have 

achieved a flame retardancy of 31.8. A number of studies have been 

carried out to improve the flame retardant properties of PVA. The flame 

retardant system could accelerate the dehydration and char formation of 

PVA [18-22]. Still, the high LOI values these polymers are not commercially 

successful as the added flame retardants greatly reduce the properties of 

the composite [23-25]. 

Poor compatibility between the flame retardants and polymer 

always results in the migration of retardant particles to the surface  [26-

29]. Polyaniline containing alternating amine and imine groups, is one of 

the important conjugated polymer in this context. Gu et al. reported that 

polyaniline functioned as a coupling agent to improve the dispersion of 

nanoparticles in epoxy matrix [30,31]. So, it is expected that combination 

of CNF and PANI can impart excellent flame retardancy to PMMA and 

PVA apart from improving mechanical, electrical and dielectric 

properties. 
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6.C.2 Experimental  

A detailed description of the methods employed for the preparation 

PANI/CNF/PVA and PANI/CNF/PMMA composites is given in chapter 

4B and 5B.  

Polyaniline was prepared by the chemical oxidative polymerization. 

5 g of aniline monomer was dispersed in 200 mL distilled water for 1 h. 

The solution was pre-cooled to 0-4 οC in an ice bath. 6.25 g of ammonium 

persulfate (APS) was dissolved in 100 mL 1M HCl solution and was 

taken in a burette. The APS/HCl was added drop-wise into the aniline 

solution to initiate polymerization reaction. PANI/PVA composites were 

prepared by mixing different wt.% of polyaniline with poly(vinyl alcohol) 

solution in water at 90 οC followed by ultrasonication for 2 h. Films were 

prepared by casting and dried slowly at 70 οC for 24 h.  

6.C.3 Results and discussion 

6.C.3.1 Flammability of PMMA and PVA composites 

Limiting Oxygen Index (LOI) of the composites was determined by 

the vertical burning test. LOI measures the relative permeability of 

polymers by burning the material in a controlled atmosphere of nitrogen 

and oxygen. It is based on the ranking of polymers on their combustibility. 

The index is measured by increasing the concentration of oxygen and 

reducing the concentration of nitrogen. The increase in the oxygen level 

will support the combustion of the samples. The sample is placed 

vertically and it is ignited with flame. It burns downward in to the 

material. 
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The limiting oxygen index is the lowest percentage of oxygen 

which is used to support flame combustion. Since the normal oxygen 

level in air is about 21 %, so in order to have good fire resistance the 

material should possesses limiting oxygen index greater than 21. The 

materials with index below 21 will burn easily under normal conditions. 

The values of PMMA and PVA composites are listed in the table 6.C.1. 

Pure PMMA is flammable, as indicated by the low LOI value of 18. It 

shows serious dripping behaviour. LOI value of the composite increases with 

PANI/CNF content. It increases to about 24 for 50 % PANI/CNF/PMMA 

composite. 

Table 6.C.1: Limiting Oxygen Index values of the PANI/CNF/PMMA composites 

PANI/CNF/PMMA 

Composites* 

LOI PANI/CNF/PVA 

composite** 

LOI 

PM0 18 PV0 20 

PM10 19 PV10 24 

PM20 20 PV20 30 

PM30 21 PV30 34 

PM40 23 PV40 39 

PM50 24 PV50 42 

* PM0 to PM50 stand for PMMA composites with 0 to 50 wt.% PANI/CNF. 

** PV0 to PV50 stand for PVA composites with 0 to 50 wt.% PANI/CNF. 
 

In contrast to PMMA, PVA is marginally more fire resistant with an 

LOI value of 20. It is due to the presence of hydroxyl groups in PVA 

chain. After ignition for few seconds, PVA film is burned rapidly with 

formation of fine ash. The incorporation of 50 wt.% polyaniline-modified 

carbon nanofiber increases the LOI value up to 42. The flame spread is 

also reduced considerably in the case of the PVA composites. The char 

formation is increased noticeably for PVA composites.  
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Compared to the PMMA based composites significant improvement 

in LOI is observed for PVA composites. In PVA composite, PANI/CNF 

fibers are strongly interacting with matrix.  Hence the motion of the 

polymer chains is limited, as explained in the chapter 4A. This result in 

additional stabilization in case of PVA composites. The charring quality of 

the composite is related to the even distribution of the flame retardants in the 

polymer matrix. Poor dispersion of the PANI/CNF fibers in PMMA matrix 

results in low LOI value. Nanoparticles are found to interact with the 

polymer chains in a way that forces the arrangement of macro molecular 

chains and restricts the thermal motions of polymer domains [32,33]. The 

thermal stability of polymer composites depends on the wt.% and the 

dispersion of the nanoparticles. The good compatibility of PANI/CNF fibers 

and PVA matrix helps to increase the LOI value better than in PMMA 

composites. 

It is usually well accepted that the high fire resistance in 

nanocomposites is mainly due to the char formation which hinders the 

out diffusion of decomposition products. Despite this the exact 

degradation mechanism of PVA composites is not clear. Such a behavior 

is probably associated with the structural changes in the PVA molecular 

chain in the composites. 

The significance of polyaniline on the thermal stability of PVA 

system is studied in detail. Different wt.% of PANI/PVA composites were 

prepared and the fire resistance was measured. The LOI values of the 

PANI/PVA composite indicates efficient fire resistance of the material 

even in the absence of carbon nanofibers. Like PANI/CNF/PVA composite, 
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significant increase in the LOI value of the composite is observed for 

PANI/PVA composite. It increases from about 20 to 38 (table 6.C.2).  

 

Table 6.C.2:  Limiting Oxygen Index values of the 

PANI/PVA composites 
 

Sample LOI 

PVA 20 

PANI/ PVA 20 27 

PANI/PVA 50 38 

 

The photographs of the PANI/CNF/PVA composites after LOI test 

are presented in the figure 6.C.1. Pure PVA and lower wt.% composites 

show serious dripping in the burning test. When 20 % PANI/CNF is 

added the dripping is partly reduced. The higher wt.% composites results 

in the formation of intumescent char layer on the surface. It could 

effectively hinder the mass and heat flow and thus improves the flame 

resistance of the composite [34].  

 

 

Figure 6.C.1: Micrographs of the sample residues during the burning test 
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A protective char layer on the surface of the composite reduces the 

flammability of the material. It reduces the transfer of heat, supply of 

oxygen and other flammable gas molecules through the material. As a 

result, more amount of oxygen is needed to make the material flammable. 

The efficient char formation will prevent the heat and mass transfer 

between the flame zone and the burning material. Thus, it protects the 

remaining substrate from further burning (figure 6.C.2).  

 
Figure 6.C.2: Formation of protective char layer on the surface of 

PANI/CNF/PVA film. 

 

The mechanism of flame retardancy can be of three types, physical, 

chemical or combination of the two. It can function in the condensed 

phase or in the vapor phase.  

In the condensed phase, char formation has significant effect in 

improving the flame retardancy of the polymer composite. Thin wall 

products have much dependence on the surface properties than the thick 

wall products. Hence, the surface char formation produces high impact on 

the properties of thin films. During burning both PMMA and PVA based 
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composites lead to the formation of char on the surface. As the concentration 

of flame retardant PANI/CNF in the polymer matrix increases, the composite 

produces char more quickly than the lower wt. % composites. Therefore 

higher wt. % composites are exhibiting higher efficiency.  

6.C.3.2 Thermogravimetric analysis 

To better understand the thermal stability of PVA composites 

thermogravimetric analysis was performed. Thermal stability was 

determined by heating the samples up to 700 οC under nitrogen, air and 

oxygen atmospheres at a heating rate of 10 οC/min using thermogravimetric 

analyzer coupled with differential scanning calorimeter and mass 

spectrometry. The effect of PANI/CNF on the degradation temperature of 

PVA is determined. Under nitrogen atmosphere the major degradation of 

pure PVA takes place at 381 οC and two small peaks are observed at 444 οC 

and 480 οC (Figure 6.C.4A). While in presence of air, the degradation 

shifts to comparatively lower temperature of 328 οC (Figure 6.C.4B).  
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  Figure 6.C.3:  Thermogravimetric curves of PVA, PANI/PVA and 

PANI/CNF/PVA in air 
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Figure 6.C.4:  Thermogravimetric curves of A) PVA in nitrogen atmosphere, 

B) PANI/CNF/PVA composite in air and oxygen atmospheres  

 

While the thermal degradation of PVA composite is sufficiently 

dominant compared to pure PVA. With the addition of PANI/CNF, the 

thermal degradation mechanism tends to be more complex. Due to the 

retardant effect of PANI/CNF it is more difficult to be degraded. Hence it 

requires more reaction activation energy during the process. In air, the 

major degradation of PANI/CNF/PVA composite takes place around 588 

οC. The shift in the degradation peak towards higher temperature indicates 

the changes in the molecular structure of the PVA chain. The difference 

in the degradation pattern of the curves implies that the degradation 

mechanism of the nanocomposite differs from that of pure PVA.  

The effect of polyaniline on the thermal stability of PVA was 

studied. The thermal behaviour of 50 % PANI/PVA composite was 

studied by thermogravimetric analysis and the degradation curves are 

plotted in the figure 6.C.3. The degradation patterns of the two 

composites (PANI/CNF/PVA and PANI/PVA) are almost similar. Both 

composites exhibit enhanced thermal stability to pure PVA. Both 

composites firstly degrade and release the dopants from the polyaniline at 

(A) (B) 
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a temperature around 200 οC. Hence it indicates that, polyaniline plays a 

key role in reducing the flammability and enhancing the thermal stability 

of the composite. 

The presence of carbon nanofibers in PANI/CNF/PVA makes the 

composite more stable than PANI/PVA composite. From the DTG curves 

of the two composites, it is clear that the PANI/CNF/PVA composite 

shows wider degradation peak than the PANI/PVA composite. Due to the 

improvement in thermal resistance of PANI/CNF/PVA composite, the 

whole degradation process of the nanocomposite is protracted.  

Thermogravimetric analysis provides quantitative information on 

the mass change of the sample. The combination of thermogravimetric 

analyser with DSC and mass spectrometer allows the nature of gaseous 

reaction products formed. Several gases are evolved during heating, MS 

spectra characterizes specific gases eliminated. 

6.C.3.3 Mass spectroscopy  

The mass spectra of the evolved gases during heat treatment for 

PVA and composites is shown in the figure 6.C.5. The mass spectra 

indicate the evolution of high amount of carbon monoxide, showing the 

high intense peak at molecular weight 28. At the degradation temperature 

of pure PVA and the composites, CO2 elimination is high. The peaks at 

the molecular mass of 30, 44 and 62 is corresponding to the evolution of 

nitrogen oxides. But the intensity of these bands is very less. It implies 

that the nitrogen atoms of the composite are not eliminating in the form of 

oxides from the composite.  
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Figure 6.C.5: Mass spectra of the evolved gases during heat treatment 
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6.B.3.4 Differential Scanning Calorimetry  
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 Figure 6.C.6: DSC heating curves of PVA, PANI/PVA and 

PANI/CNF/PVA composites 

 

Differential scanning calorimetry displays the temperature at which 

the composite decomposes. The decomposition peak is obtained from the 

temperature at which the maximum reaction rate occurs. Figure 6.C.6 

shows the DSC thermograms during the heating process. A small 

endothermic peak around 220 οC indicates the glass transition temperature 

of pure PVA and the composites. With increase of temperature, the 

exothermic nature increases and it results in an intense exothermic peak at 

the degradation temperature. A high intense peak is observed for 

PANI/CNF/PVA composite. The exothermic nature of the composite 

during degradation is evident from the DSC heating curves.  
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6.C.4 Residue analysis 

To investigate the form of components and the reaction mechanism 

in the heated system the char residues were analysed by different 

techniques. For this char residues were collected under similar conditions 

at 400 οC, 500 οC and 600 οC temperatures. 

6.C.4.1 Scanning Electron Microscopy  

The microstructure of the char residue formed after burning was 

investigated by scanning electron microscopy. The figure 6.C.7 shows 

the SEM images of char from pure PVA, PANI/CNF/PVA and 

PANI/CNF/PMMA composites. No residue is left after the ignition of 

pure PMMA, so the SEM image is not included here.  

PVA exhibits smooth and continuous char layer indicating the rapid 

volatilization at the surface of the material. While the surface of the PVA 

composite is not much smooth as that of pure polymer, many char 

fragments are observed for the composite. The presence of holes in the 

char of PVA composite indicates the possibility of the evolution of gases 

during heating. But the nature of PMMA composite is different (figure 

6.C.7C). It indicates that the gases are trapped in between the layers and 

have more chances to undergo secondary reactions. Hence the 

degradation pathways could be promoted in case of PMMA composites 

resulting in low LOI values. Due to the char formation at the surface of 

PVA composites, the surface becomes impermeable to gases. Hence it 

limits the oxygen diffusion inside the nanocomposites during thermal 

degradation. So, at higher temperature, the surface restrains the diffusion 

of gases evolved during degradation.  
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Figure 6.C.7: SEM images of char residues A) PVA, B) PANI/CNF/PVA 

composite and C) PANI/CNF/PMMA composite 
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6.C.4.2 Elemental analysis 

Char residue was further investigated by elemental analysis. It 

provides the wt.% of carbon, nitrogen and hydrogen present in the 

sample. Little difference is noted in the elemental profiles of the char 

residues at three different temperatures.  

Table 6.C.3: The elemental analysis of the char residues at different temperatures  

Sample N wt.% C wt.% H wt.% 

Residue at 400 οC 7.39 74.55 3.34 

Residue at 500 οC 7.11 79.86 1.68 

Residue at 600 οC 6.87 80.24 0.94 
 

The presence of nitrogen atoms in the structure is evident from the 

elemental analysis. The percentage of nitrogen atoms in the composite 

remain more or less unaltered even at higher temperatures. The result is 

consistent with the evolved gas analysis. The wt.% of carbon in the 

composite increases with the increase of temperature. Whereas the wt.% of 

hydrogen in the composite is reducing. It reduces from 3.34 wt.% to 0.94 

wt.%. The increase of carbon wt.% and decrease of hydrogen wt.% may be 

due to the elimination of hydrogen from the system. Hence the aliphatic 

structures are converting to more stable aromatic forms. The elemental 

analysis indicates that the high thermal stability of the composite is due to the 

formation of more stable aromatic structures with retention of nitrogen 

atoms. At higher temperature polyconjugated structures are formed with the 

dehydrogenation and cyclization reactions. Hence these graphitic structures 

are thermally stable and withstands up to higher temperatures. The reduction 

in the wt.% of hydrogen without reducing the wt.% carbon indicates the 

possibility of dehydrogenation reactions.  
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6.C.4.3 X-ray Diffraction  
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Figure 6.C.8:  X-ray diffractogram of A) PVA, PANI/CNF/PVA and 

its char residues at different temperatures B) zoomed 

version of the peak 

 

X-ray diffraction pattern of PVA, PANI/CNF/PVA and the char 

residues of PANI/CNF/PVA at different temperatures are shown in the 

figure 6.C.8. XRD pattern of pure PVA indicates a sharp peak at 19.6 ο, 

typical of crystalline PVA. High degree of crystallinity of PVA can be 

attributed to the regularity in the molecular structure. In the case of 

(A) 

(B) 
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nanocomposites, the intensity of crystalline peak of PVA is reduced and is 

broader. This may be due to a different thermal history of the composites and 

the presence of filler that interacts with the matrix chains. Similar amorphous 

peak has been reported in the case of hot pressed PVA molecules [35]. 

Pure CNF exhibits a sharp peak at 2θ of 26.4 ο. It can be ascribed to 

the (002) plane diffractions from the graphitic carbon of CNF. Less 

intense peaks can also be seen at higher 2θ values correspond to the (100), 

(101) and (004) planes of the CNF. When the composite is heated to 

higher temperatures the peak at 26.4 ο becomes broader.  
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 Figure 6.C.9:  X-ray diffractogram of char residues of PANI/PVA 

and PANI/CNF/PVA composites at 500 οC 

 

The heating of PANI/PVA composite resulted in a wide peak 

around 25ο. It indicates the presence of graphite like crystallites in 

presence of polyaniline and poly(vinyl alcohol). So it can be confirmed 

that the graphene like structures are formed in even in absence of carbon 

nanofiber. It is evident from the figure 6.C.9.  
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6.C.4.413 C NMR analysis 
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Figure 6.C.10 : 13C NMR spectra of char residues of PANI/CNF/PVA 

composite at different temperatures  

 

 

Figure 6.C.10 shows the 13C NMR spectra of char residues at 

different temperatures. Though all the peaks are present after the high 

temperature treatment, the major difference appears to be in the intensity. 

The appearance of peaks at low ppm (30-40) corresponds to the aliphatic 

carbons. It can be seen that at 500 οC, significant reduction occurs in the 

intensity of the peak. The aromatic carbons possess peaks around 127 

ppm. High temperature treatment does not alter the intensity of the peak 

at 127 ppm. That means the peak intensity of aromatic carbons is not 

decreased as aliphatic carbons. It could be due to the presence of more 

number of aromatic rings at higher temperatures indicating more stability 

to the composite.  
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6.C.4.5 FTIR spectroscopy  
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Figure 6.C.11: FTIR spectra of char residues of PANI/CNF/PVA 

composite at different temperatures  

 

FTIR spectra of PANI/CNF/PVA composite char residues at 

different temperatures is shown in the figure 6.C.11. The indication of the 

chemical reaction in the composite during heat treatment is apparent from 

the FTIR spectra. The absorption bands at 2931 cm-1 and 2854 cm-1 is due 

to the alkyl C-H vibrations. But as the heating temperature increases the 

intensity of the peak reduces. It may be due to the conversion of aliphatic 

groups to more stable aromatic rings. The characteristic peaks of carbonyl 

absorption are present for the char residues at 400 οC and 500 οC. After the 

high temperature treatments at 500 οC, the absorption bands at 1745 cm-1, 

1633 cm-1 disappeared and new absorption bands at 1462 cm-1, 1373cm-1 

and 730 cm-1 are appeared. The peaks at 1462 cm-1,1373 cm-1 and 730 cm-1 

can be attributed to C-H, C-N stretching vibrations and C-H stretching in 

aromatic structures respectively. So, the FTIR spectroscopy specifies the 

formation of aromatic structures with the inclusion of nitrogen atoms.   
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6.C.4.6 Raman Spectroscopy  
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Figure 6.C.12: Raman spectra of PANI/CNF/PVA composite at 

400 οC and 500 οC 
 

Carbonaceous materials typically show two characteristics bands in 

the Raman spectrum. The bands present around 1340 cm-1 and 1560 cm-1 

are assigned to the disordered turbostratic structures and ordered graphitic 

structures. The intensity ratio of the D and G bands (ID/IG) can be used to 

estimate the extent of disorder within the samples. Raman spectroscopy 

provides excellent information about the defects in the graphitic structure 

[36]. Hence Raman spectroscopy was employed to study the chemical 

changes after the heat treatments. Figure 6.C.12 shows the Raman spectra 

of the composite residue at different temperatures. Both samples exhibit 

similar pattern, but differ in the intensity of the peak and position. The D, G 

and 2D bands respectively occurred at 1342 cm-1, 1566 cm-1 and 2671 cm-1. 

Slight change in the peak is observed for the composites after 500 οC 

heating. The bands are shifted to 1340 cm-1, 1560 cm-1 and 2667 cm-

1respectively. The appearance of D, G and 2D band with more intensity 

indicates the presence of ladder polyconjugated structures at higher 

temperatures. Hence this results the higher thermal stability to the 
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composites. The ID/IG ratio is calculated for the composite residue at 400 

οC is about 0.5 and it is increased to 0.64 for the residue at 500 οC. The 

higher ID/IG ratio indicates more defects in the composite [37], suggesting 

the formation of less ordered graphitic structure. The ratio of D band and 

G band intensities increases with the pyrolysis temperature.  

6.C.4.7 X-ray Photoelectron spectroscopy 

X-ray photoelectron spectroscopy provides useful information about 

the elemental composition and the nitrogen content. Furthermore, it helps 

to identity the nitrogen present in the samples based on the bonding 

interactions. In the full survey of XPS spectra, three major peaks are 

obtained corresponding to C 1s, O 1s, N 1s. The intense peak at 284.45 

eV is due to the C 1s sp2 carbon. The nitrogen and oxygen peaks are 

observed respectively at 400 eV and 530 eV. The atomic percentages of 

elements in two samples were measured. High nitrogen content is 

obtained in the char residue at higher temperature of 500 οC. 
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Figure 6.C.13: Full survey of XPS spectra of the PANI/CNF/PVA 

composite char residues at different temperatures  
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Table 6.C.4: Atomic percentages from the area of XPS peaks 

 Residue at 400 οC (at. %)  Residue at 500 οC (at. %) 

Carbon  84.93 86.45 

Nitrogen  2.66 5.87 

Oxygen  12.42 7.68 

 

The carbon/oxygen ratio of the composite at 400 οC is 6.83. After 

high temperature treatment this is increased to 11.25, signifying the removal 

of oxygen moieties from the composite. The carbon/nitrogen ratio is 

decreased from 31.92 to 14.72. So it indicates that after high temperature 

treatment the oxygen containing groups are removed from the composite and 

nitrogen groups are retained.  

The characteristic C1s, N1s and O1 s peaks were subjected to 

further scrutiny in order to ascertain the nature groups in each sample. 

The figures (6.C.14, 6.C.15, 6.C.16) represent the deconvoluted C 1s, N 

1s and O 1s peaks for the two samples.  

In the deconvoluted peak of C 1s, the intense peak at 284.45 eV is 

due to the presence of sp2 carbons [38-41]. After high temperature 

treatment, the peak corresponding to the carbon in sp3 configuration at 

285.25 eV is significantly increased. This indicates the partial conversion 

of sp2 carbons to sp3 configurations.  

The peaks corresponding to the oxygen functional groups are 

reduced significantly after high temperature treatment. Hydroxyl groups 

result in a peak around 286.59 eV and carbonyl groups at 288.33 eV [42-44]. 

These two peaks are visible in the C 1s deconvoluted spectrum of the char 
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residue at 400 οC. While after high temperature treatment the two new 

peaks are formed corresponding to the nitrogen functional groups in sp2 

(286.05 eV) and sp3 (286.76 eV) configurations [45].  
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Figure 6.C.14:  The deconvoluted C 1s spectra of the PANI/CNF/PVA 

composite at A) 400 οC and B)500 οC 
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The nitrogen deconvoluted spectra of the composite char residues 

are shown in the figure 6.C.15. In the composite at 400 οC, the major peak 

is located at 399.12 eV. It may be corresponding to the pyrrolic nitrogen 

atom in the structure. In the residue at 500 οC, the N 1s peak is 

deconvoluted into four major peaks corresponding to the binding energies 

of 398.74, 399.57, 400.45, 401.11 eV, which can be assigned to pyridinic, 

pyrrolic, graphitic and oxidized nitrogen respectively. It is evident from the 

figure 6.C.15, that at 400 οC, the pyrrolic nitrogen is the major component. 

With increase of temperatures, the intensity of peak at 399.57 eV increased, 

indicating the increased contribution of pyridinic nitrogen atoms. It 

suggests the formation more stable aromatic structures. Moreover, the 

intensity of the graphitic nitrogen at 400.45 eV is increased at higher 

temperature. This is also consistent with the other characterization 

techniques. Among the various types of nitrogens, both pyridinic and 

pyrrolic nitrogens contribute to the conjugated π-system in the graphene 

layers. The relative intensity of oxidic type (at 401.11 eV) and pyrrolic 

nitrogen decreases with increase of reaction temperature. It suggests that 

the highly stable structures are formed at temperature between 400 οC and 

500 οC. Hence it results thermal stability to the composite. A portion of 

nitrogen is also found to present as amine functional groups which is 

manifested as a peak at 397.02 eV [46,47]. The intensity of this peak is 

more at low temperature. It is significantly reduced after high temperature 

treatment.  



Application Studies of the Composites 

 

 335 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

396 398 400 402 404

0

10

20

30

40

50

60

70

In
te

n
s

it
y

 

Binding energy (eV)

397.02

397.90

399.12

400.54

401.63

395 400 405

0

30

60

90

120

150

180

In
te

n
s

it
y

 

Binding energy (eV)

398.74

400.45

401.11399.57

397.4

 
 Figure 6.C.15: Deconvoluted N 1s spectra of PANI/CNF/PVA 

composite at A) 400 οC and B)500 οC 

 
A comparison of deconvoluted O 1s part is given in the figure 

6.C.16. The figure reveals that both the samples have almost similar 

pattern. The peak at 531.37 eV can be assigned to the organic C-O 

groups. While a new peak located at 532.47 with high intensity arises 

after the high temperature treatment. It corresponds to the C=O group 

functionalization [48,49]. The existence of C=O groups is mainly due to 

(A) 
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the ketones and quines located at the edges of graphene like structures. It 

can also be found at the basal plane as the carbonyl groups [50,51]. The 

presence of carbonyl groups is also manifested from the FTIR spectra of 

the char residues.  
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  Figure 6.C.16:  Deconvoluted O 1s spectra of PANI/CNF/PVA 

composite at A) 400οC and B) 500 οC 
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X-ray photoelectron spectroscopy demonstrated the formation of 

graphene like polyconjugated structures. The results showed that the 

polyconjugated structures are not formed below 400 οC. It is formed in 

the temperature range of 400-500 οC. The changes in the molecular 

structure of PVA and hence the formation of graphene like structures 

makes the PANI/CNF/PVA composites fire resistant. 

6.C.5 Conclusion 

The flame retardancy of PANI/CNF/PVA and PANI/CNF/PMMA 

were analysed by the vertical burning test. Compared to PANI/CNF/PMMA 

composite, PANI/CNF/PVA exhibited high limiting oxygen index. The 

LOI value of pure PVA was about 20, it increased to 42 for 50 % 

PANI/CNF/PVA composite. The drastic increase of LOI value suggest 

the possibility of structural changes and chemical reactions involved 

during heat treatment. The thermal stability of the composite increased 

from 381 οC to 588 οC. The presence of nitrogen in the char is confirmed 

by the elemental analysis. In addition to that the evolved gas analysis 

showed no or less nitrogen oxides eliminating from the composite. X-ray 

diffractogram exhibited a peak at 25 ο indicating the formation of graphene 

like structure. X-ray photoelectron spectroscopy analysis indicate that it not 

the nitrogen content but nitrogen bonding configuration especially pyridinic 

and graphitic types play major role in the enhanced thermal stability. Hence 

the high thermal stability of the PANI/CNF/PVA composite can be 

attributed to the formation of polyconjuagted ladder structures by the 

dehydrogenation and cyclization reactions. 
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Chapter 7 

 THE DEVELOPMENT OF DEVICES 
 

Part A 
Novel humidity sensor based on 
nanofibers/polyaniline/poly(vinyl alcohol) composite 

Part B 
Novel ammonia sensor based on 
nanofibers/polyaniline/poly(vinyl alcohol) composite 
 

Part C 
Thin film capacitor with PANI/CNF/PVA as dielectric layer 
 

 

 

 

Part A 
 

Novel humidity sensor based on 

nanofibers/polyaniline/poly(vinyl alcohol) composite 

 

An efficient sensor for monitoring humidity was fabricated using nanofibers, 

polyaniline and poly(vinyl alcohol). The sensor was fabricated using two 

nanofibers, i.e. carbon nanofiber (CNF) and nano-fibrillated cellulose 

(NFC). The sensor film was prepared by casting of the hot aqueous PVA 

solution containing the nanofibers modified with polyaniline. The composites 

(PANI/CNF/PVA and PANI/NFC/PVA) were studied using TEM, SEM, and 

FTIR spectroscopy. The response of the sensor was evaluated from the 

change in capacitance with varying humidity levels. The analysis revealed 

that the sensors had a short response time (41 s) and good shelf life. The AC 

capacitance of the sensor film was measured over a relative humidity (RH) 

range of 30 % to 100 %. Compared to PANI/NFC/PVA composite, 

PANI/CNF/PVA composite exhibited higher sensitivity, shorter response time 

(41 s) and better recovery (46 s). The change of sensitivity for CNF based 

composite was from 290 % to 6570 % at 100 Hz frequency.  
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7.A.1 Introduction 

Polymer based sensing material gained much attention in the 

development of electronic systems owing to their low cost, easy preparation, 

relatively simple modulation of properties by functionalization [1,2]. Among 

various of chemical and biological sensors known humidity sensing 

materials are widely used for the measurement of relative humidity. 

Humidity sensing has become essential for weather prediction, historic 

preservation, environmental studies and mobile electronics etc. [2-4]. 

Diverse materials like organic polymers, inorganic composite materials 

and ceramics have been used for the sensing applications [5-9]. Polymer 

based humidity sensors are classified into resistive or capacitive type 

sensors. In distinction to resistive type sensors, capacitive sensors feature 

ease of fabrication, less power requirement and possess much better 

linearity. The capacitive type sensors make use of the variation of 

capacitance of the hygroscopic dielectric layer [10] with relative 

humidity. Presently electric hygrometers are preferred to the traditional 

hair hygrometers owing to high precision and compact size [11-12].  

The most challenging part is to find out suitable materials for the 

purpose. Conducting polymer based sensors possess some advantages like 

short response and recovery times. Among the conducting polymers, 

polyaniline has extensively been investigated as sensing polymer due to 

its conducting property and chemical stability [13-15]. PANI can be 

synthesized by a fast and facile in-situ polymerization technique. 

Moreover, the size and morphology of the PANI particles can be 

controlled during the synthesis. It also opens up a way to industrial 

processing. The cost of sensor fabrication and maintenance are thus likely 
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to be low. In the pioneering work of Chani et al. [16], the polyaniline 

sensors in the form of pellets responded towards humidity, but the 

response time was approximately 3-4 minutes. So, the development of 

novel and high-performance humidity and gas sensor with good 

sensitivity, stability and response remains a challenge.  

In recent decades, a number of studies have indicated that 

poly(vinyl alcohol) responds well to humidity owing to the large number 

of hydroxyl groups present that can interact through hydrogen bonds [17-

20]. By absorbing water molecules, PVA swells indicating altering of 

chain conformation. Ogura et al. [21] and Ming-Zhi Yang et al. [22] 

deployed a combination of PANI-PVA for the fabrication of extremely 

sensitive and linear resistive humidity sensor. But the sensitivity of as-

prepared sensor was very low.  

The low sensing response of polyaniline lowered the pace of 

development of PANI based sensors. To boost the properties of PANI and 

PVA I have used carbon nanofiber (CNF) and nano-fibrillated cellulose 

(NFC) separately. The effect of nanofibers on the sensing properties was 

studied in terms of change in capacitance and recovery times. The 

synergetic effect of the fibers along with PANI and PVA has not been 

studied. Hence efforts are aimed at developing nanocomposite humidity 

sensor with high selectivity, sensitivity and stability. In this I describe the 

cost-effective development of polyaniline/poly(vinyl alcohol)/carbon 

nanofiber based humidity sensor. A comparison humidity sensing 

property of PANI/CNF/PVA and PANI/NFC/PVA composites was 

carried out. The moisture sensitivity, hysteresis, repeatability and 

response time were evaluated at room temperature.  
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7.A.2 Experimental 

7.A.2.1 Modification of nano-fibrillated cellulose (NFC) and carbon 

nanofiber (CNF) using aniline 

3 g of NFC or CNF was dispersed in 100 mL of 1 M hydrochloric 

acid solution by ultrasonication for 1 h. Then the dispersion was kept at   

0-4 οC temperature followed by addition of 10 g of aniline. 12.50 g of 

ammonium persulfate was dissolved in 100 mL 1M HCl solution and was 

taken in a burette. The APS/HCl was added drop-wise into the aniline-

fiber solution to initiate polymerization reaction. The polyaniline-coated 

fibers (PANI/CNF or PANI/NFC) were then isolated. Different weight 

percentages of modified fibers were then mixed with poly(vinyl alcohol) 

solution in water at 90 οC followed by ultrasonication for 2 h. The wt.% 

of the fiber was adjusted to make 10, 20, 30 and 40 % compositions. 

Films were prepared by casting and dried slowly at 70 οC for 24 h. Circle 

shaped samples of diameter 20 mm and thickness of 0.2-0.5 mm was used 

for humidity sensing applications.  

7.A.2.2 Humidity response measurement 

The response of sensors towards the changing humidity was measured 

by customized humidity chamber. The humidity inside the chamber was 

controlled by placing fused calcium chloride. The reference sensor used 

was HTC-2 Digital Thermo-Hygrometer with a resolution of 0.1/0.2 and an 

accuracy of ±3 %RH. The variation of capacitance with humidity for a 

frequency range of 40 Hz to 30 MHz was measured by using Agilent 4294A 

impedance analyser. The impedance analyser was connected to a computer 

and the changes were monitored. The humidity inside the chamber was 
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maintained constant by adding adequate quantity of calcium chloride and the 

sensor response was measured until the capacitance registered constant 

value. All the measurements were carried out at a constant temperature 

of 30 οC. 

       

Figure 7.A.1: Schematic diagram of the humidity sensor showing 

humidifier, humidity chamber and measurement setup.  
 

7.A.3 Results and discussion 

7.A.3.1 Characterizations 

7.A.3.1.1 Transmission Electron Microscopy  

   
Figure 7.A.2: TEM micrographs of nano-fibrillated cellulose (A) and carbon 

nanofiber (B) 

(A) (B) 
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The morphological structures and average diameter of NFC and 

CNF are shown in the figure 7.A.2. The length of both fibers falls in 

micrometer range and the diameter of NFC is much smaller than that of 

CNF. The length of carbon nanofiber is about 2.3 µm while that of 

cellulose nanofiber is approximately 1 µm. The diameter of the NFC 

comes around 23 nm whereas the diameter of CNF is approximately 60 

nm. Consequently, the aspect ratios of both the fibers are similar. Larger 

the surface to volume ratio the larger will be the response towards 

humidity. Shirale et al. [23] observed higher sensitivity with increasing 

aspect ratio in the case of single polypyrrole nanowire. So, in terms of 

aspect ratio both fibers are expected to show comparable sensitivity. As 

the diameter of the nanofiber decreases the number of surface charges 

increases. Hence it will reduce the interrupted conduction resulting an 

increased conductivity. Elfström et al. [24] proved that the sensitivity is a 

function of sensor surface area. TEM analysis suggests that both the 

composites will exhibit similar sensing properties.  

7.A.3.1.2 Scanning Electron Microscopy  

    

Figure 7.A.3: SEM images of PANI/CNF/PVA composites A) before water 

absorption, B) after water absorption  

(A) (B) 
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Figure 7.A.3 shows the SEM images of the composites. A network 

of PANI coated NFC fibers is seen in the figure 7.A.3A. After water 

absorption PVA swells. As a result, the fibers get separated out as seen in 

figure 7.A.3B. The water absorbing capacity of the composite can be well 

understood from the SEM images of the composites. The water molecules 

are a kind of polar molecules having long relaxation time. The water 

molecules are bonded to PVA molecules by hydrogen bonding. Water 

molecules being polar are easily polarized resulting in significant increase 

in the capacitance.  

7.A.3.1.3 FTIR spectroscopy  

3500 3000 2500 2000 1500 1000
0

20

40

60

80

100

0

20

40

60

80

100

3500 3000 2500 2000 1500 1000

 

Wavenumber (cm
-1

)

 Before water absorption

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

 

 

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

 After water absorption

 
Figure 7.A.4: FTIR spectra of the PANI/CNF/PVA composites 

before and after water absorption 
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Figure 7.A.4 depicts the FTIR spectra of the PANI/CNF/PVA 

composite before and after water absorption. The peaks at 1550-1600 cm-1 

correspond to the stretching vibrations of quinoid and benzenoid rings of 

polyaniline. For the water swollen composite the peak at 1598 cm-1 is 

merged and appears at 1648 cm-1. The bending vibration of water 

molecules appears as absorption at 1643 cm-1. The lower frequency 

vibrations of the water molecules are attributed to the stronger hydrogen 

bonds whereas the higher frequency vibrations are due to the weaker 

hydrogen bonds [25].  The O-H stretching band at around 3231 cm-1 

shows strong evidence for the absorption of water molecules and the shift 

to lower frequency indicates the intermolecular hydrogen bonding. The 

peak at 2328 cm-1 corresponds to the C-H stretching vibration. FTIR 

spectra show that the composite absorbs good amount of water and results 

in hydrogen bonding interaction. 

7.A.3.2 Humidity Sensing  

The effect of humidity was explored by measuring the variation of 

capacitance with frequency under a wide range of humidity levels. 

Poly(vinyl alcohol) based composites were found to be very effective 

humidity sensor owing to its water absorbing and desorbing property. 

Figure 7.A.5 A-I represent variation of capacitance with frequency 

over a range of 100-30 % RH. For both PANI/NFC/PVA and 

PANI/CNF/PVA composites the capacitance decreases with decrease of 

humidity. It is evident from the figure 7.A.5 that all composites exhibit 

higher sensitivity than that of pure PVA. The variation of capacitance 

with humidity is more apparent at lower frequencies, while at higher 
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relative humidity levels all composites exhibit more or less similar 

capacitance. The variation is not as much clear as at low frequency. This 

can be attributed to the fact that the absorbed water molecules introduce 

leak conduction [26].  

The equation for capacitance with leak current can be expressed 

as [27] 

C=ε*C0= (εr -i
γ

ωε0
)C0…………………………………………..7.A.1 

where ε*, εr, C0, represent the complex dielectric constant, relative 

dielectric constant and capacitance of ideal capacitor, respectively. ω is 

the angular frequency, ε0 gives the permittivity of the free space                

and γ is the conductance. From this relationship, it is evident that 

capacitance of a material is inversely proportional to the frequency of 

the applied field and is directly related to the conductance of the 

medium. So, for all the composites the capacitance decreases with the 

frequency. The conductance of the composites increases with the 

number of absorbed water molecules. As the humidity increases the 

absorbed water also increases. Consequently, more will be its 

conductance. As a result, the composites exhibit higher capacitance 

value at higher humidity.  
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Figure 7.A.5: Capacitance variation as a function of frequency                                

A) PVA, B) 10 % PANI/NFC/PVA, C) 20 % PANI/NFC/PVA,                

 D) 30 % PANI/NFC/PVA, E) 40 % PANI/NFC/PVA,                            

 F) 10 % PANI/CNF/PVA, 

(A) 
(B) 

(C) (D) 

(E) (F) 
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Figure 7.A.5: Capacitance variation as a function of frequency                                

G) 20 % PANI/CNF/PVA, H) 30 % PANI/CNF/PVA,  

 I) 40 % PANI/CNF/PVA 
 
 

A cross plot of capacitance against relative humidity is given in 

figure 7.A.6. It shows that the composites have better sensitivity to 

relative humidity compared to PVA. For PVA the variation of capacitance 

is very limited. This is improved in the case of the composites. As the 

PANI-modified fiber concentration in the matrix increases the sensitivity 

increases. For composites with higher fiber content, the change in 

capacitance is relatively rapid. At lower humidity levels, a gradual 

increase of capacitance is observed. In contrast to PVA, all the 

composites exhibit good capacitance response for the range of humidity 

(G) (H) 

(I) 
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studied. Significant improvement is observed for PANI/CNF/PVA 

composites in all the humidity levels in the frequency range 40 Hz-30 

MHz. The best response of the capacitance is observed for 40 wt.% 

composite. For 40 % PANI/CNF/PVA composite the capacitance at 30 

RH % is about 70 pF which increases to 3400 pF at 100 RH %.  
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Figure 7.A.6: Capacitive response with relative humidity for different 

concentrations of PANI/NFC/PVA composite (A) and 

PANI/CNF/PVA composite (B) at 10 KHz 

Hydrochloric acid doped polyaniline contains positively charged 

nitrogen atoms surrounded by negative chlorine atoms. After the 

modification of cellulose by polyaniline, the chlorine atoms of PANI will be 

(A) 
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hydrogen bonded to the hydroxyl groups of cellulose whereas only Van der 

Waals interaction exists between carbon nanofiber and PANI. The 

mechanism of water absorption can be explained on the basis of proton 

transport and polarization of OH groups. Under low humidity levels the 

water molecules will be hydrogen bonded to the hydroxyl groups of PVA 

and chlorine atoms of PANI. More chlorine atoms will be available in case 

of PANI/CNF/PVA composites than that of PANI/NFC/PVA composites. 

Since in PANI/NFC/PVA composite, the polyaniline modification of 

cellulose results in the hydrogen bonding interaction between chlorine atoms 

of PANI and hydroxyl groups of cellulose. Whereas only Vander walls 

interaction is taking place between CNF and polyaniline. So, the chlorine 

atoms of polyaniline are more available for the hydrogen bonding interaction 

with the incoming water molecules. So, in PANI/CNF/PVA composites 

more active sites are available for hydrogen bonding interaction for the water 

molecules. Hydrogen bonding interaction plays significant role on the 

humidity sensing mechanism, since the water molecules can get transferred 

through the bonds [29]. Hence stronger water absorption can be observed in 

CNF based composite. It results in the formation of continuous water layer 

on the surface of the composite. With increase of humidity, the sites for 

hydrogen bonding will get saturated. The further increase of humidity, the 

excess water molecules will get attached to the water molecules which are in 

direct contact with the PVA molecules. At the first layer, the water molecules 

are highly bonded to the hydroxyl groups on the surface. Hence these water 

molecules cannot move freely. Whereas the water molecules in the other 

layers, are bonded by weak hydrogen bonds and they are easy to get 

polarized. At higher humidity values, weakly bonded water molecules will 
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get ionized producing huge number of hydronium ions. In contrast to 

PANI/NFC/PVA composites PANI/CNF/PVA composites exhibit high 

sensitivity towards the variation of humidity (figure 7.A.7). This is attributed 

to the more number of hydronium ions and chloride ions released during the 

absorption of water molecules which will act as charge carriers by the 

application of external electrical field. Consequently, it will enhance the 

capacitance.  

 

 
Figure 7.A.7: The mechanism for the improved humidity sensitivity of 

PANI/NFC/PVA and PANI/CNF/PVA composites 
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The capacitance of PANI/CNF/PVA composite is more due to the 

increased number of absorbed water molecules in the system.  For 

instance, the capacitance value for 40 % PANI/CNF/PVA is 3290 pF at 

100 % RH whereas it is only 231 pF for 40 %PANI/NFC/PVA composite 

at the same humidity. This increase is due to the conductive nature of 

CNF compared to cellulose and the increased water absorption.  
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Figure 7.A.8: Hysteresis – relative humidity relationship for 30 % 

PANI/NFC/PVA and PANI/CNF/PVA composites  

 

The relationship between capacitance and relative humidity during 

absorption-desorption processes is important for any sensor applications 
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of the composite. In order to evaluate the repeatability of the sensor the 

capacitance was measured at 30 % RH to 100 % RH in 50 minutes time to 

ensure absorption saturation. Then the chamber humidity was reduced to 

30 % RH at the same rate as earlier. The figure 7.A.8 represents the 

change of capacitance with the variation of humidity in the case of 

humidity increase and dehumidification processes. The increase of 

capacitance during the water absorption is faster than the decrease during 

the water desorption process. Steady increase of water absorption is 

observed up to 75 % RH. Beyond that the capacitance increases rapidly. 

The field produced by the dipoles of water molecules will be enough to 

saturate the polarization of hydroxyl groups of poly(vinyl alcohol) at 75 

% RH or lower relative humidity ranges. So up to 75 % RH the water 

molecules will be hydrogen bonded into the matrix and after that the 

excess water molecules will be physisorbed on to the composite leading 

to the sharp increase of capacitance. During the water desorption process 

the weakly bonded water molecules are removed first, followed by the 

removal of chemisorbed water molecules. But the rate of removal is 

comparatively slow. The higher capacitance values during desorption 

process indicate incomplete removal of water molecules because of the 

positive energy necessity for the desorption process. Therefore, the water 

molecules will contribute more to the effective capacitance, consequently 

yielding high capacitance value. As a result of this rate difference, 

hysteresis is observed at higher humidity levels. The hysteresis in not 

seen at lower by humidity ranges. 



The Development of Devices 

 357 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

0 50 100 150 200 250 300 350 400 450 500

560

580

600

620

640

660

 

 

 

 Time (s)

C
a

p
a

c
it

a
n

c
e

 (
p

F
)

 30% PANI/CNF/PVA

0 50 100 150 200 250 300 350 400 450 500

5.2

5.4

5.6

5.8

6.0

6.2

6.4

 

 

C
a

p
a

c
it

a
n

c
e

 (
p

F
)

Time (s)

 30% PANI/NFC/PVA

 
Figure 7.A.9:  Response time curves for A) 30 % PANI/CNF/PVA and 

B)30 % PANI/NFC/PVA composites 

 

For the evaluation of a sensor performance the important 

characteristics are recovery and response times. The time taken by the sensor 

to attain 90 % of the total capacitance change is the response time or the 

recovery time during the adsorption or desorption process of water 

molecules. The figure 7.A.9 A & B represent the change in capacitance with 

time in seconds for PANI/CNF/PVA and PANI/NFC/PVA composites, 

respectively. From the figure, it is seen that for NFC based composites the 

response time is of about 47 s when the humidity level is increased from 

30 % to 100 % and the recovery time is 58 s when it is dehumidified from 

100 % to 30 %. But PANI/CNF/PVA composite respond more quickly 

(A) 

(B) 
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than NFC composite. The response time for CNF composite is about 41 s 

and takes 50 s to come back to the original state. CNF based composites 

exhibit higher sensitivity, better response and recovery times.  

Wen Chuang et al. defined an equation correlating capacitance 

variation and relative humidity [30]. 

 

S (%)=
CRH−C30

C30
 * 100 ............................................................ 7.A.2 

Here CRH represents the capacitance measured at a particular RH 

value and C30 represents the capacitance at RH 30 %. The effect of 

frequency on the sensing parameters are examined by monitoring the 

capacitance response with relative humidity under 5 different frequencies 

and the variation of capacitance at different humidity values is plotted. As 

evident from the figure 7.A.10 that the sensitivity variation is higher at 

lower frequencies. As the frequency increases the capacitance variation and 

sensitivity are lowered. At 100 Hz, the sensitivity increases from 290 % to 

6570 % whereas at 1000 Hz variation is from 200 % to 3500 %.  
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Figure 7.A.10: Sensitivity response with relative humidity for 30 % PANI/CNF/PVA 

composite  



The Development of Devices 

 359 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

The sensor reported here represents small but acceptable degree of 

hysteresis. All the above results show that PVA composite based on 

polyaniline-modified fibers can be used as humidity sensor with good 

sensitivity and stability.  

7.A.4 Conclusion 

PANI/CNF/PVA and PANI/NFC/PVA composites were prepared 

by ultrasonication-assisted mixing of PANI coated CNF/NFC fibers with 

poly(vinyl alcohol) solution. The composites performance as humidity 

sensor was investigated at room temperature. The results revealed that the 

synergic effect of PANI/CNF and PVA led to high selectivity and fast 

response towards humidity. PVA is a water absorbing material. The 

absorbing capacity was improved by the presence of PANI/CNF or 

PANI/NFC which in turn altered the capacitance of the matrix. The 

influence of nanofibers on the sensing property was investigated. The 

response and recovery times, sensitivity and the stability of the sensing 

films were evaluated for both composites. Compared to PANI/NFC/PVA 

composite PANI/CNF/PVA composite exhibited higher sensitivity, faster 

response and recovery times and better stability towards humidity 

sensing. Thus, the prepared PANI/CNF/PVA composite offers great 

practical application as excellent humidity sensor. 
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Part B 
 

Novel ammonia sensor based on 

nanofibers/polyaniline/poly(vinyl alcohol) composite 
 
 

A sensor for ammonia gas monitoring was fabricated using nanofibers, 

polyaniline and poly(vinyl alcohol). The sensor film was prepared by casting 

of the hot aqueous PVA solution containing the nanofibers modified with 

polyaniline (PANI). The response of the films to ammonia was investigated 

over a range of 0-100 ppm at room temperature.  The observed sensitivity of 

the film was varied from 10 to 84. PANI/CNF/PVA composite was found to 

have much better response time (46 s) and sensitivity for ammonia sensing. 

This improvement in the sensing performance of CNF composite was 

attributed to the higher pores size. 
 

 

7.B.1 Introduction 

Recently, gas sensors have been developed very fast all over the world 

due to their wide application in various fields such as environmental 

monitoring, modern industry and agriculture, military affairs, national 

defence and even disease diagnosis [1-10]. Polymer based sensing material 

gained much attention in the development of electronic systems owing to 

their low cost, easy preparation, relatively simple modulation of properties 

by functionalization [11,12]. In view of environmental pollutions, it is crucial 

to detect and measure the accurate amount of the toxic pollutant gases.  

Anhydrous NH3 is such a toxic gas which causes irritation to eyes, skin and 

respiratory organs. At present metal oxide semiconductors are being used           

for monitoring toxic gases. Usually these sensors entail high working 

temperature, moderate selectivity and are expensive. So, our interest lies in 

the room temperature-sensing of ammonia gas. The most challenging part is 

to find out suitable materials for the purpose. It is understood that conducting 

polymers can play a key role in ammonia sensing. Conducting polymer 



The Development of Devices 

 363 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

based sensors possess some advantages like short response and recovery 

times. Among the conducting polymers, polyaniline has extensively been 

investigated as gas sensing polymer due to its conducting property and 

chemical stability [13-16]. PANI can be synthesized by a fast and facile in-

situ polymerization technique.  Moreover, the size and morphology of the 

PANI particles can be controlled during the synthesis. It also opens up a way 

to industrial processing. The cost of sensor fabrication and maintenance are 

thus likely to be low.  

The sensing property of PANI and PVA was compared by the 

incorporation of two nanofibers; carbon nanofiber (CNF) and nano-

fibrillated cellulose (NFC) separately. The effect of nanofibers on the sensing 

properties was studied in terms of change in resistance and recovery times. 

The synergetic effect of the fibers along with PANI and PVA has not been 

studied. Hence efforts are aimed at developing nanocomposite ammonia 

sensors with high selectivity, sensitivity and stability.  

Here, I report the cost-effective development of polyaniline/ poly(vinyl 

alcohol)/carbon nanofiber based ammonia sensors. A comparison of 

ammonia sensing properties of PANI/CNF/PVA and PANI/NFC/PVA 

composites was carried out. From the obtained results it could be concluded 

that this material had the potential to sense ammonia gas.  

7.B.2 Experimental  

7.B.2.1 Modification of nano-fibrillated cellulose (NFC) and 

carbon nanofiber (CNF) using aniline 

3 g of NFC or CNF was dispersed in 100 mL of 1 M hydrochloric 

acid solution by ultrasonication for 1 h. Then the dispersion was kept at 0-
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4 οC temperature followed by addition of 10 g of aniline. 12.50 g of 

ammonium persulfate was dissolved in 100 mL 1M HCl solution and was 

taken in a burette. The APS/HCl was added drop-wise into the aniline-

fiber solution to initiate polymerization reaction. The polyaniline -coated 

fibers (PANI/CNF or PANI/NFC) were then isolated. Different weight 

percentages of modified fibers were then mixed with poly(vinyl alcohol) 

solution in water at 90 οC followed by ultrasonication for 2 h. The wt.% 

of the fiber was adjusted to make 10, 20, 30 and 40 % compositions. 

Films were prepared by casting and dried slowly at 70 οC for 24 h. Circle 

shaped samples of diameter 20 mm and thickness of 0.2-0.5 mm was used 

for humidity sensing applications.  

7.B.2.2 Ammonia gas sensing 

 

Figure 7.B.1: Schematic diagram of the ammonia sensor showing gas containers, 

mass flow controller, gas chamber and measurement setup.  

 

Figure 7.B.1 shows the schematic representation of the gas sensor 

device. The sample was placed in the gas chamber and the desired NH3 
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concentrations was achieved by diluting the concentrated NH3 gas (1%) 

with nitrogen. The sensitivity measurements are carried out at room 

temperature. The resistance variation with NH3 was measured using 

Keithley two-probe Nanovoltmeter. 

7.B.3 Results and discussion 

7.B.3.1 Characterization of the fiber 

7.B.3.1.1 BET surface area analysis 

The surface area and pore size distribution of the sensing material 

play a key role in the overall performance of the sensors. I  have 

measured the surface area and porosity of PANI/CNF and PANI/NFC 

composites by nitrogen sorption experiments at 77.3 K. According to the 

usual classification of adsorption isotherms, shape of the isotherm is of 

type IV. The surface area and porosity of PANI/CNF is higher than 

PANI/NFC composites. The BET surface area for PANI/CNF composites 

is 34 m2/g and the average pore diameter is 21.2 nm. Whereas, the surface 

area is 17 m2/g and the pore diameter is 17.1 nm for PANI/NFC 

composite. If the solubility of ammonia gas is similar in both PANI/CNF 

and PANI/NFC composites the gas diffusion is directly related to the pore 

size of the material [17]. The surface area and pore size distribution 

analysis suggest that PANI/CNF/PVA composite might show superior gas 

sensitivity.  
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Figure 7.B.2: Adsorption-desorption isotherm and pore size distribution 

of PANI/NFC and PANI/CNF composites  
 

7.B.3.2 Ammonia Sensing 

To investigate the ammonia gas sensing properties of the composite a 

device was fabricated (Figure 7.B.3) and the responses of the 

PANI/CNF/PVA and PANI/NFC/PVA under different ammonia gas 

concentrations at room temperature were studied.  The sensitivity to various 

gas concentrations under effective response time can be defined as  

S=
R−R0

R0
=
∆R

R0
  ............................................................... 7.B.1 

where R is the steady state resistance of the material when exposed to 

NH3 gas at a particular concentration, R0 is the initial resistance in pure 
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N2. Figure 7.B.3 gives the change in sensitivity of the two composites 

with varying ammonia gas concentration.  

The response of CNF based composites is much linear than the 

NFC composites. At 20 ppm of NH3, 30 % PANI/CNF/PVA composite 

exhibits a sensitivity of 10 where as it is only 4.4 for 30 % 

PANI/NFC/PVA composite. While at higher concentration of about 100 

ppm NH3 the sensitivity is increased to 83 and 34 for CNF and NFC 

composites respectively. Very high response at high NH3 concentration 

indicate that the availability of maximum number of active sites on the 

sensing material. As the concentration of PANI in the composites 

increases the number of reactive sites for NH3 molecules also increases 

[18]. Moreover, for high wt.% composites the CNF concentration is also 

high and this will increase the pore sites for the absorption of ammonia 

molecules, thereby increasing the sensitivity of the composites.   
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Figure 7.B.3: Variation of sensitivity of the composites with 0-100 

ppm NH3 gas concentration 



Chapter 7 

 368   Department of Polymer Science and Rubber Technology 
Cochin University of Science and Technology 

 

It shows that PANI/CNF/PVA composites exhibits higher 

sensitivity to ammonia. This may be due to the fact that the hydrogen ion 

availability around nitrogen atom is more in PANI/CNF/PVA composites. 

Polyaniline bonds with nano-fibrillated cellulose is stronger than with 

CNF. In PANI/NFC/PVA composites the surface hydroxyl groups of 

cellulose provide more binding sites for polyaniline and a conduction path 

is formed. Consequently, it results in less number of hydrogen atoms 

available for interacting with NH3 molecules. As a result, resistance of the 

material changes only marginally. Whereas in PANI/CNF/PVA composites, 

NH3 molecules react with hydrogen ions of polyaniline to form NH4
+ 

ions.  

The doping of polyaniline results in the formation positively 

charged localized centers around the nitrogen atoms. The doping and the 

number of sites can be controlled by the doping agents. When polyaniline 

is exposed to the ammonia gas, the NH3 molecules takes up the protons of 

NH groups of polyanilines, there by forming neutral polyaniline and NH4
+ 

ions. Polyaniline in its base form is non-conducting, so when polyaniline 

is exposed to NH3 the resistance of the composite increases. When NH3 

atmosphere is removed the NH4
+ ion decomposes giving NH3 molecule 

and hydrogen. The protonation-deprotonation reaction of polyaniline is 

reversible (figure 7.B.4).  

The sensing properties of a material is highly dependent on the 

porosity of the material. In contrast to NFC, CNF possesses a porous 

structure. As a result, it is easy for gas molecules to diffuse from all the 

directions. This has significant influence on the sensing properties of the 
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composites. PANI/CNF/PVA composites exhibit high sensitivity than 

PANI/NFC/PVA composites. The sensitivities of the tested devices are 84 

and 50 for PANI/CNF/PVA and PANI/NFC/PVA composites respectively.  

 

Figure 7.B.4: NH3 gas detection mechanism of PANI/CNF composites 

The reproducibility study of the sensor reveals that the composite 

maintained the initial resistance value with short response as well as 

recovery times. The figure 7.B.5 represents the response of the 

composites as the sensors are alternatively exposed to NH3 and N2 gases 

at 60 ppm. Both sensors recovered their initial resistance after the removal 

of NH3 atmosphere, with only very minimal baseline shift. It suggests that 

both composites exhibit almost complete desorption of NH3 molecules 

from the composites.  
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Short response time (46 s) and recovery time (62 s) are noted at 60 

ppm of NH3 gas concentration for PANI/CNF/PVA composites. A slight 

increase of response and recovery time is observed for PANI/NFC/PVA 

composites at the same NH3 level. But at lower NH3 concentrations of 20 

ppm both composites take more time to respond (89 s) while the recovery 

time is reduced to 35 s. As NH3 concentration increases both composites 

show lower response times and higher recovery times. At higher NH3 

concentration, the active sites of polyaniline are completely occupied with 

the NH3 molecules, i.e. large number of H+ ions are removed from the 

nitrogen atom of PANI. So, by the removal of NH3 atmosphere, the 

composite is taking much time to restore their original energy level. So, 

from the response-recovery observation, it is clear that the response time 

increases with NH3 gas concentration whereas the recovery time 

decreases. Complete recovery of the sensing material to its baseline value 

and the short response and recovery times make this composite a good 

sensor material. 

7.B.4 Conclusion 

PANI/CNF/PVA and PANI/NFC/PVA composites were prepared 

by ultrasonication-assisted mixing of PANI coated CNF/NFC fibers with 

poly(vinyl alcohol) solution. The composites performance as ammonia 

gas sensor was investigated at room temperature. The results revealed that 

the synergic effect of PANI/CNF and PVA led to high selectivity and fast 

response towards ammonia. When polyaniline is exposed to ammonia 

gas, protonation/deprotonation reactions cause the changes in the 

electrical resistance of the material. This was made use in the sensing of 
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ammonia gas. The influence of nanofibers on the sensing property was 

investigated. The response and recovery times, sensitivity and the stability 

of the sensing films were evaluated for both composites. Compared to 

PANI/NFC/PVA composite PANI/CNF/PVA composite exhibited higher 

sensitivity, faster response and recovery times and better stability towards 

ammonia gas sensing. This improvement in the sensing performance of 

CNF composite was attributed to the higher pores size and the interaction 

between PANI/CNF and PVA molecules. Thus, the prepared 

PANI/CNF/PVA composite offers great practical application as excellent 

ammonia sensor. 
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Part C 
 

Thin film capacitor with PANI/CNF/PVA as dielectric layer 

 

 

High K, Metal-Insulator-Metal (MIM) capacitor was fabricated using 

polymer thin film. The insulating material possessing high dielectric 

constant and low leakage current was developed using polyaniline, 

carbon nanofiber and poly(vinyl alcohol). The capacitance and 

dissipation factor were measured over a frequency range of 100 Hz to 20 

MHz. At 100 Hz the thin film capacitor exhibited a capacitance of about 

89.9 mF. Excellent charge storage was observed at lower frequency 

range with moderate dissipation factor. Embedded capacitor prototype 

using PANI/CNF/PVA composite achieved a capacitance density of about 

89.9 mF/cm2. Circuit application of the fabricated capacitor was also 

evaluated by measuring the charging and discharging times. This 

embedded capacitor technique improved the performance and reduced 

the cost of fabrication of traditional discrete capacitor technology.  
 

 

7.C.1 Introduction 

In recent years the introduction of high dielectric constant materials 

has boosted the development of high charge storage capacitors, gate 

dielectrics, electroactive materials etc. [1-3]. The materials possessing 

high dielectric constant and low dielectric loss are used as the insulating 

material in the parallel plate capacitors [4,5]. Variety of materials have 

been evaluated for the use in embedded capacitor applications.  

Earlier, ferroelectric materials possessing permanent dipole moment 

and high dielectric constant were used for the fabrication of capacitors. 



The Development of Devices 

 375 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

But these materials required very high processing temperatures of more than 

600 oC which limited its wide use in high charge storage applications. Owing 

to the mild processing requirements polymeric materials are good 

alternatives. Nevertheless, the low dielectric constant of polymeric materials 

is a drawback. One of the ways to improve the dielectric properties of the 

polymeric materials is to couple it with high K materials.   

Efforts have been made to prepare polymer composites that will 

meet the requirements of high charge storage capacitor [6-14]. 

Incorporation of nanomaterials as fillers is one of the preferred methods 

owing to the higher dielectric constant.  Moreover, the nanocomposites 

possess good processability and better mechanical properties in addition 

to its excellent electrical, magnetic and dielectric properties. Due to the 

interfacial polarization in insulator-conductor systems ultra-high dielectric 

constant values can be obtained. Sometimes the effective dielectric 

constant of the metal-insulator composite could be three or four orders 

higher than that of the insulating polymer matrix. 

Combination of conducting polymers with carbonaceous materials 

have developed as effective combination for the fabrication of efficient 

charge storage capacitors [15-22]. Though there are numerous reports on 

the high charge storing capacitors based on metal oxides and conducting 

polymers. The combination of the conducting polymer, carbon nanofiber 

and insulating polymer matrix is not much explored. In this chapter the 

fabrication of thin film capacitor with high dielectric constant and low 

dissipation factor using PANI/CNF/PVA as dielectric layer is discussed. 

Circuit application of the fabricated capacitor were also evaluated.  
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7.C.2 Theoretical background 

Capacitance (C) is a measure of how much electric charge can be 

stored in a capacitor. The relationship between capacitance C and 

dielectric constant εr (k) is given by the following equation: 

C =
ε0εrA

t
………………………………………………….….7.C.1 

where ε0 is the dielectric constant of the vacuum, A is the area of the 

material, t is the thickness of the dielectric layer, and εr is the dielectric 

constant of the dielectric material. It is evident that the larger the 

dielectric constant, the larger the capacitance which can be realized in a 

given space. Therefore, materials of high dielectric constant are more 

favourable in practical use of embedded capacitors for miniaturization. 

Due to the planar nature and the area dependency of the materials, the 

capacitance of the material can be described as the specific capacitance.  

7.C.3 Experimental  

7.C.3.1 Fabrication of capacitor 

A detailed description of the methods employed for the 

preparation PANI/CNF/PVA composite is given in chapter 4B.  

7.C.3.1.1 Thermal deposition of electrode 

The glass substrate was cleaned chemically and was ultrasonicated 

for half an hour. After cleaning, the substrate was dried in air oven. Silver 

was used as electrode. It was coated on the glass plate which served as the 

bottom electrode. The metal was coated on the glass plate by vacuum 

deposition method to a thickness of about 0.05 mm. The vacuum 
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deposition technique was used at a vacuum level of 10-6 torr by thermal 

evaporation process. Silver was used for the deposition of the top 

electrode also. The electrode was deposited on the surface of the dielectric 

layer.  

7.C.3.1.2 Deposition of dielectric material 

The composite material was coated on the electrode by drop casting 

technique. The dielectric material was drop-casted by means of a 

micropipette and uniform thickness was assured by placing the glass 

electrode in an equilibrated surface. The thickness of the dielectric layer 

was determined by measuring the thickness of the glass plate before and 

after drop casting. The schematic representation of the process of the 

fabrication of the parallel plate metal-insulator-metal capacitor is shown 

in the figure 7.C.1.  

 

 

Figure 7.C.1: Fabrication of the MIM parallel plate capacitor 
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7.C.4 Results and discussion  

7.C.4.1 Dielectric measurement of the capacitor 

The capacitance and dissipation factor were measured by Wayne 

Kerr 6500 Impedance analyzer over a frequency range of 100 Hz to 20 

MHz. The measurements were conducted at room temperature. Low 

frequency range was selected owing to the fact of Coulomb Blockade 

effect and interfacial polarization effect occurring in polymer 

nanocomposites. Moreover, the interfacial loss appears to be more in the 

high frequency region than the lower range [23]. 
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Figure 7.C.2: Variation of capacitance with the frequency 

 

The capacitance variation of composite film with the alteration of 

frequency is given in the figure 7.C.2. At lower frequencies high 

capacitance is obtained. Excellent charge storage is observed at low 

frequency range. As the frequency increases the capacitance decreases. A 

capacitance of 89.9 mF is obtained at a frequency of 1000 Hz. This high 

value of capacitance strongly suggests use in high charge storage 
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applications. But the value reduces to about 1.3 nF when the frequency 

reaches 20 MHz. A capacitance density of 89.9 mF/cm2 is achieved 

owing to the piling of charges at the interfaces of the composite. Due to 

the conductivity difference of PANI/CNF and PVA matrix interfacial 

polarization occurs. As a result, charges will be accumulated at the 

interface which in turn leads to the high dielectric constant.  
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Figure 7.C.3: Dissipation factor of PANI/CNF/PVA composite with frequency 

Table 7.C.1:  Summarizing the capacitance, dissipation factor and capacitance 

density at different frequencies. 
 

Frequency Capacitance Dissipation factor 
Capacitance Density 

(mF/cm2) 

 100 Hz 89.9 mF  38.7  89.9 

50000 Hz 0.1 mF 18.7  0.1 

 500000 Hz 2.1 µF  2.5  0.0002 

10 MHz .049 µF 1.16  4.9*10-5 
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Variation of dissipation factor with frequency is represented in 

figure 7.C.3. Dissipation factor is also following the same trend as 

capacitance variation. At lower frequencies, the composite exhibit very 

high dissipation factor which reduces when the frequency is increased. 

The high charge-storing efficiency also increases the dissipation factor. 

This means in higher storage conditions the composites dissipate more 

charge as heat. Generally, dissipation factor of a material depends on the 

distortional, interfacial, dipolar and conduction loss. Distortional loss is 

originated from the electronic and ionic polarization mechanism. The 

movement of atoms or rotation of filler particles cause the polarized 

interfaces in the composite. Interfacial loss occurs due to the movement or 

rotation of the molecules at the interface. Conduction loss is related to the 

DC conductivity of the composite. So the dissipation factor increases with 

the charge storing capacity of the capacitor.  

7.C.4.2 Circuit application of the device 

A capacitor can store charge due to the electrostatic attraction 

between the positive and negative charges. At some point the capacitor 

plates will be charged completely beyond which the charges cannot be 

added more. It represents the capacitance of the capacitor. 

The circuit application of the fabricated capacitor was studied by 

designing a simple circuit using capacitor, resistor, switch and DC voltage 

source. In this circuit the battery is used to induce the electric potential 

across the capacitor. It causes equal and opposite charges to build on the 

plates of the capacitor. When the capacitor is not connected to battery 

there will not be any potential difference across the plates. That means the 
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capacitor is in the balanced condition. The capacitor was charged by 

closing the circuit. 9 V DC voltage source and 10 K resistor was used. So, 

the current will be of 0.9 A. At the beginning the voltage (Vc) across the 

capacitor will be zero and the current (Ic) will be maximum. As soon as 

the capacitor starts charging the voltage across the capacitor increases and 

the current reduces slowly. So, the capacitor is charged fully. The addition 

of the resistor in the circuit in series with the capacitor will not affect the 

potential difference across it, whereas it influences the charging time of 

the capacitor. After that the circuit is opened and the time taken for 

discharge was measured. Due to the internal leakage resistance the 

capacitor discharges slowly. The discharge current is maximum at the 

beginning of the discharge process and it reduces slowly until the charge 

becomes zero.  

At any instance of charging process,  

V = Vr + Vc……………………………………………7.C.2 

V = IcR + Vc…………………………………………...7.C.3 

 

Where Vc is the potential difference across the capacitor, Ic is the 

charging current  

The total voltage is the sum of the voltage drop across the resistor R 

and the voltage between the plates of the capacitor. 

 

Figure 7.C.4: Circuit consisting of 9 V battery, 10 K resistor, 

switch and the fabricated capacitor 
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Figure 7.C.5: Variation of current and voltage with time 

 

The variation of current and voltage with time during charging is 

plotted in the figure 7.C.5. When the capacitor is charged by closing the 

switch, the voltage across is the capacitor is zero and the current is 

maximum. The current reduces from 0.8 A to about 0.04 A within a time 

period of about 79 s. At the beginning the increase of voltage is very fast 

and reaches a constant value of about 8.6 V. The rate of increase is fast 

during the initial stages of the charging, then the rate decreases with time 

to a constant value.  



The Development of Devices 

 383 Development of PVA and PMMA based Composites with Improved Fire Resistance for Chemical Sensing,                                                         
Energy Storage and Antibacterial Applications 

 

The discharge time of the capacitor is measured when the circuit is 

open. The discharge time of the devise is about 93 s. During the 

discharging process the rate of decrease is more at the beginning and 

slows down as the time proceeds. It is evident from the figure 7.C.5 that 

the capacitor never fully charges or discharges  

7.C.5 Conclusion 

Metal insulator metal capacitor was fabricated using polymer 

composite material. This prototype achieved high capacitance with low 

dissipation factor. The variation of capacitance with frequency was studied 

for a range of frequency 100 Hz to 20 MHz. At low frequency the composite 

exhibited highest capacitance of about 89.9 mF with a dissipation factor of 

38.7. Embedded capacitor prototype using PANI/CNF/PVA composite 

achieved a capacitance density of about 89.9 mF/cm2. Both the capacitance 

and dissipation factor were reduced with the increase of frequency. The 

circuit applications of the developed capacitor were analyzed. The charging 

and discharging time of the developed capacitor was about 79 s and 93 s. 

Hence the developed composite material can be a good alternative choice for 

the development of embedded capacitors.  
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Chapter 8 

SUMMARY AND CONCLUSIONS
 

 

 

Intrinsically conducting polymers find various applications in the field 

of electronics, electromechanical devices, electroluminescence and sensors. 

Novel devices based on conducting polymer composites possessing low 

percolation threshold, high conductivity, good dielectric properties and 

improved mechanical properties have been fabricated. The performance 

of the conducting polymer is improved by the modification with 

carbonaceous materials. Polyaniline/Carbon nanofiber composites 

facilitate the formation of extended charge transfer bands by introducing 

more conductive paths. PANI/CNF composites are prepared by the 

appropriate stoichiometric combination. Our strategy was to develop 

conducting polymer composites based on conducting fibers and non-

conducting fibers. PANI/CNF and PANI/Cellulose composites were 

prepared by the in-situ polymerization of aniline in presence of carbon 

nanofibers and cellulose fibers separately.  

The effect of dopant on the properties of PANI/CNF composite was 

studied using five different acid dopants. The dopants used were 

hydrochloric acid, sulfuric acid, phosphoric acid, camphor sulfonic acid 
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and toluene sulfonic acid. The electrical, dielectric and thermal properties 

were studied. High electrical conductivities and dielectric constant were 

observed for all PANI/CNF composites compared to pure PANI. However 

better conductivity and thermal stability of DC conductivity were observed 

for organic toluene sulfonic acid dopant, due to the better electron transfer 

in the system. Hydrochloric acid doped composites yielded good dielectric 

constant with lower loss tangent. Owing to the low cost and ease of 

processing HCl was selected as dopant for further studies.  

Novel PANI/Cellulose/PVA composites were successfully 

fabricated by solution cast method. Cellulose was isolated from coir fibers 

by the repeated chemical and mechanical treatments. The isolated 

cellulose was refined in to three different sizes: macro, micro and nano 

sizes by employing appropriate processing techniques. The isolated fibers 

were characterized by different techniques all of which confirmed 

uniform fibrillation and the size distribution in the successive ranges. 

Three series of PANI/Cellulose/PVA composites containing fibers in 

three size ranges, i.e. macro, micro and nano were studied. The electrical, 

mechanical and dielectric characteristics were investigated. Compared to 

short cellulose fiber composite, nanocomposites exhibited higher 

dielectric permittivity together with lower loss factor in frequency range 

of 40 Hz to 30 MHz. PVA nanocomposite attained an AC conductivity of 

3 S/m. For all the three composites, the real and imaginary electric moduli 

increased with conductivity. The addition of PANI coated cellulose fiber 

improved the tensile strength and storage modulus for micro and 

nanocomposites. But due to the poor compatibility of macro fiber the 

mechanical properties were decreased. TGA studies showed that the 
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thermal stability of all the composites increased with the addition of 

fibers. The addition of micro and nano cellulose fibers in to PVA 

molecules reduced the percentage of water absorption while it increased 

for the macro fibers. 

Poly(vinyl alcohol) based conducting polymer composites were 

prepared using carbon nanofiber and poly(vinyl alcohol). 

PANI/CNF/PVA composite was prepared by the solution casting method. 

Compared to cellulose based composites, PANI/CNF/PVA composites 

exhibited improved electrical and mechanical properties. An electrical 

conductivity of 0.39 S/cm was achieved by 50 % PANI/CNF/PVA 

composite which is about times 1012 higher than that of pure PVA. Higher 

dielectric permittivity together with lower loss factor was achieved for 

CNF based nanocomposites in frequency range of 40 Hz to 30 MHz. The 

addition of PANI coated carbon nanofiber improved the tensile strength 

and storage modulus of the nanocomposites. But due to the poor 

compatibility at higher concentration the mechanical properties were 

decreased. Moreover, the addition of PANI/CNF into PVA matrix resulted 

in marked improvement in the thermal stability of poly(vinyl alcohol). The 

addition of PANI/CNF in to PVA molecules reduced the percentage of 

water absorption unlike PANI/Cellulose/PVA composite. 

Cost effective, high performance dielectric composites based on 

poly(methyl methacrylate), cellulose fibers and polyaniline were 

prepared. The electrical, dielectric and mechanical properties were studied 

as a function of fiber content, fiber dimensions and polyaniline content. 

Among three different sizes of cellulose fibres excellent electric and 
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dielectric properties were obtained for nanocomposites with low 

percolation threshold. It can be due to the effective conductive network 

formed in case of nanocomposite. The composite exhibited almost similar 

properties as that of PANI/Cellulose/PVA composite. But, significant 

improvement in the properties was observed for PVA based composites 

than that of PMMA composites. Characterization of the composites 

suggest that this improvement is due to the extensive hydrogen bonding 

present in PVA composites. The properties of the composite were related 

to the even distribution of the fibrous fillers in the polymer matrix.  

Polyaniline coated carbon nanofibers were incorporated into the 

PMMA matrix, yielded PANI/CNF/PMMA composite. Unlike PANI/CNF/ 

PVA composites hydrogen bonding interactions are absent in PMMA 

composites. Hence the property improvement is not up to that of PVA 

composites. The composite exhibited a dielectric constant of 1.4*108at             

40 Hz. In contrast to PANI/Cellulose/PMMA composites, higher dielectric 

permittivity together with lower loss factor was achieved for CNF based 

nanocomposites in frequency range of 40 Hz to 30 MHz. Mechanical 

properties of the composite were enhanced by the incorporation of 

polyaniline modified carbon nanofibers. 

The relatively inferior properties of PMMA/Cellulose composite were 

thought to be due to the weak interaction between the hydrophilic cellulose 

and the hydrophobic PMMA. The compatibility of cellulose and PMMA 

was improved by the addition of Bis–(3-triethoxysilylpropyl)tetrasulphide 

(Si69). The composites were characterized and found that the interactions 

in PMMA/Cellulose/Si69 composite were mainly chemical in nature. The 
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presence of Si69 in the composite marginally increased the Tg of PMMA. 

The results proved that Si69 could be used for reinforcing PMMA/cellulose 

system very effectively. The Si69 remarkably improved the tensile 

strength, impact strength and flexural strength. The storage modulus of 

silane-coupled composites was much greater than that of pure PMMA. 

SEM images revealed well dispersion of cellulose in PMMA matrix in 

presence of Si69. This was in good agreement with the improved strength 

of the composite. But for higher filler weight percentage composites the 

properties were decreased due to the agglomeration of microcrystalline 

cellulose. The incorporation of cellulose into PMMA matrix increased the 

dielectric properties. The AC conductivity was reached a value of 1.4*10-

4 S/m. In short, PMMA/Cellulose/Si69 composite can be used as high 

strength material with improved thermal properties, tensile strength, high 

impact energy and high storage modulus. 

Excellent dielectric properties and electrical conductivity of the 

composites led to the exploration of EMI shielding property of the 

composites. The advancement in the communication technology leads 

increased radiation pollution. Consequently, there is a pressing need to 

protect the environment as well as the sensitive circuits from microwave 

radiations. The effect of conductivity of the two nanofibers on the EMI 

shielding was studied. Microwave characterizations of the composites 

were done in terms of permittivity, loss tangent, skin depth and absorption 

coefficient. High permittivity, absorption coefficient and low skin depth were 

obtained for carbon nanofiber based composites owing to its good electrical 

conductivity. The shielding effectiveness of two composites were measured 

in the 2-4 GHz (S-band) and 8-12 GHz (X-band) frequency range. Abrupt 
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increase of SE with increasing fiber concentration was observed for CNF 

based composite. An electromagnetic shielding effectiveness of about -

31.5 dB in the S band region and of -32.2 dB in the X band was achieved 

at 0.12 mm thickness. The SE due to reflection and absorption were 

increased with increase of PANI/CNF content though the increase of SEA 

was higher than SER. Additionally, CNF based composite film exhibited 

very low density of 0.21 g/cm3. Higher permittivity with good EMI 

shielding efficiency was obtained for CNF composites compared to NFC 

based composites. It is due to the high conductivity of carbon nanofibers. 

Beside good electrical conductivity, high surface area of carbon nanofiber 

made PANI/CNF/PVA composite efficient for EMI shielding. The results 

clearly indicate how the conductivity of the filler is able to significantly 

affect the electromagnetic properties at the microwave frequencies. 

Compared to metals and other carbonaceous materials, this composite 

film resulted high specific EMI efficiency of -153.3 dB cm3/g. Highly 

flexible polymer composite film with excellent absorption dominated 

electromagnetic interference shielding could serve as a promising EMI 

shielding material.  

The redox properties of polyaniline have opened upnew avenues in 

biological field such as immobilization platform for tissue growth, 

biosensors, controlled drug delivery systems and neural probes etc. The 

hydrophilicity, molecular weight and the electrostatic attraction between 

PANI and bacteria have significant effects on antibacterial activity of 

polyaniline. The dopant molecule is one of the key factors that affects these 

properties. In view of growing importance to antibacterial drugs the effect of 

dopant on the antibacterial properties of PANI/CNF/PMMA nanocomposite 
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was studied. The antibacterial activity of the composites against Escherichia 

coli, Klebsiella pneumoniae and Bacillus subtilis was evaluated by agar well 

diffusion method. The activity was assessed by measuring the inhibition zone 

diameter and minimum inhibitory concentration. The composites showed 

variable toxicity indicating the dependence on doping agents. Positive zeta 

potential value of +39.60 mV obtained for H3PO4-PANI/CNF composites 

proved to be detrimental to bacteria. The highest antibacterial activity was 

observed for phosphoric acid doped composite. This was attributed to the 

high surface area, smallest size apart from the high positive zeta potential. 

The results revealed that the antimicrobial activity of polyaniline 

composites is tunable. 

The flame retardant properties of polyaniline coated carbon 

nanofibers in PVA and PMMA matrices were studied. Large amounts of 

hydroxyl groups available in PVA make it a self-charring material and the 

charring can be improved further by proper compounding. Therefore, LOI 

values of PANI/CNF/PVA and PANI/CNF/PMMA nanocomposites were 

evaluated for investigating their flame retardant property. Both composites 

exhibited higher LOI values than pure polymers and increased with 

increasing PANI/CNF content. The flame retardant efficiency of PVA 

composite was significantly higher than that of PMMA composite. By the 

heat treatment PANI/CNF/PVA composite undergoes dehydrogenation and 

cyclization reaction resulting in the formation of polyconjugated ladder 

structures. This contributed to low flammability and high thermal stability 

of PVA composites.  
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Number of studies have indicated that poly(vinyl alcohol) is 

sensitive to moisture and can interact with water molecules through 

hydrogen bonding. Humidity sensing has become essential for weather 

prediction, historic preservation, environmental studies, mobile 

electronics etc. Sensor based on PVA composite was fabricated. The 

response of the sensor was evaluated from the change in capacitance with 

varying humidity levels. The analysis revealed that the sensors had a short 

response time (41 s) and good shelf life. The AC capacitance of the 

sensor film was measured over a relative humidity (RH) range of 30 % to 

100 %. Compared to PANI/NFC/PVA composite, PANI/CNF/PVA 

composite exhibited higher sensitivity, shorter response time (41 s) and 

better recovery (46 s). The change of sensitivity for CNF based composite 

was from 290 to 6570 % at 100 Hz frequency. 

At the same time, it is also crucial to detect and measure the accurate 

amount of the toxic pollutant gase like ammonia. The challenge was to 

develop humidity and gas sensor using the same material with good 

sensitivity, stability and response. When polyaniline is exposed to ammonia 

gas, protonation/deprotonation reactions take place resulting in changes in 

the electrical resistance.The difference in the sensing performance was 

studied by the incorporation of carbon nanofiber and nanofibrillated cellulose 

(NFC). The addition of CNF resulted better sensing properties. The response 

of the films to ammonia was investigated over a range of 0-100 ppm at room 

temperature.  The observed sensitivity of the film was varied from 10 to 84. 

PANI/CNF/PVA composite was found to have much better response time 

(46 s) and sensitivity for ammonia sensing. This improvement in the sensing 

performance of CNF composite was attributed to the higher pores size and 
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the enhanced hydrogen bonding interaction with water molecules. Thus, 

the prepared PANI/CNF/PVA composite offers great practical application 

as excellent ammonia and humidity sensor. 

The materials with high dielectric constant opened up many 

applications in the area of high charge storage capacitors, gate dielectrics, 

electroactive materials etc. Metal Insulator Metal (MIM) capacitor was 

fabricated using PANI/CNF/PVA composite. This prototype achieved 

high capacitance with low dissipation factor. The variation of capacitance 

with frequency was studied for a range of frequency 100 Hz to 20 MHz. 

At low frequency the composite exhibited highest capacitance of about 

89.9 mF with a dissipation factor of 38.7. Embedded capacitor prototype 

using PANI/CNF/PVA composite achieved a capacitance density of about 

89.9 mF/cm2. Both the capacitance and dissipation factor were reduced with 

the increase of frequency. The circuit applications of the developed capacitor 

were analysed. The charging and discharging time of the developed capacitor 

was about 79 s and 93 s respectively.   

Four different types of composites were developed based on PVA and 

PMMA thermoplastic polymers. Among them significant improvement in 

the mechanical, electrical and dielectric properties were obtained for 

PANI/CNF/PVA composite. Moreover, it could be used for flame 

retardant applications, exhibited excellent EMI shielding effectiveness. It 

could also be used for humidity and ammonia sensing. This composite 

has been found to be more efficient as a sensor in contrast to other 

polymeric composites as it can monitor both humidity and ammonia at 

room temperature. 
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Future Scope of the work 

There are several lines of research arising from this work which 

should be pursued. Future work concerns  

▪ The deeper analysis of the flame retardant mechanism of the 

PANI/CNF/PVA composite. 

▪ Study the effect of thickness of the composite film on the EMI 

shielding efficiency. 

▪ The use of PMMA based composites as dielectric material in 

the fabrication of capacitor.   

 

…..….. 
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