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ABSTRACT 

 
Polyaniline (PANI) was chemically synthesized by oxidizing aniline with ammonium 

persulfate (APS) with and without HCl, to produce granular (G-PANI) and nanorod (NR-

PANI) forms, respectively. NR-PANI and G-PANI were dedoped with ammonium hydroxide 

to yield NR-PANIdd and G-PANIdd. SEM images revealed a typical granular morphology 

for G-PANI and G-PANIdd, while NR-PANI, formed using a ‘falling pH method’, and NR-

PANIdd, consisted of micro/nanorods and flakes. The samples were characterized using 

FTIR and the level of oxidation was determined by XPS. The surface area of the samples was 

measured by the BET method. The free radical scavenging activity, using the DPPH
•
 assay, 

showed the following ranking: NR-PANI > G-PANI ≈ NR-PANIdd > G-PANIdd. The 

radical scavenging activity of the PANIs did not correlate with conductivity or surface area 

measurements, but was critically dependent upon the level of oxidation, and higher activity 

was obtained with the more reduced PANI samples.  

The PANI samples were examined before and after dedoping (dd) using 

thermogravimetric analysis (TGA), which showed small mass losses in the 200 to 300 ºC 

temperature range, and greater mass losses due to oxidative degradation at higher 

temperatures. Furthermore, samples were treated thermally at 100, 125, 150, 175, 200, 250 

and 300 ºC for 30 min in air. SEM images did not show any pronounced effect on the 

morphologies of the samples from thermal treatment up to 300 ºC. The ratios of the 

intensities (Q/B) of the predominantly quinoid (Q) and benzenoid peaks (B) from FTIR 

spectroscopic analysis revealed that NR-PANI and NR-PANIdd underwent cross-linking 

upon thermal treatment up to 175 ºC and were oxidized after treatment above 175 ºC. G-
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PANI and G-PANIdd also underwent the same chemical changes with oxidation occurring 

above 200 ºC. The free radical scavenging capacity of the samples was evaluated using the 

DPPH assay, and was found to be independent of the spin concentrations of the samples. All 

samples exhibited a rapid decline in free radical scavenging capacity when exposed to 

temperatures above 200 ºC, indicating that any polymer processing should be undertaken at 

temperatures less than this value to achieve high antioxidant activity.  

NR-PANI/ PET blends were prepared by dispersion in a melt of PET at 265 ºC. 

Blends with 1, 2 and 3 wt% NR-PANI loading were prepared. Optical microscopy revealed 

an even distribution of NR-PANI particles within the PET matrix. The blends were 

characterized using FTIR, XPS, DSC and DMTA. Melt flow index (MFI) values suggested 

hydrolysis of PET chains to lower molecular weight units when NR-PANI was blended. 

Some PET hydrolysis was also evident from the increasing O/C ratios with an increased NR-

PANI content in the composites. While the PET glass transition temperature remained 

relatively unaffected, the degree of PET crystallinity was increased with the addition of NR-

PANI. The electrical conductivity as well as the free radical scavenging capacity of PET 

increased with greater NR-PANI loading in the matrix. The mechanical properties of PET, 

however, declined with NR-PANI loading suggesting a lack of adequate interfacial adhesion 

between the NR-PANI particles and the PET matrix. 

NR-PANI/ LLDPE were prepared by dispersing NR-PANI in the melt of LLDPE at 

150 º C. The composites had 5, 10, 15 and 20 wt% loading of NR-PANI. ESEM images 

revealed an even dispersion of NR-PANI in the LLDPE matix. Coalescence of NR-PANI 

particles and an increase in electrical conductivity was observed at higher loading of NR-

PANI. The composites were characterized further using FTIR, XPS, ESR, XRD and DSC. 
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The composites exhibited characteristic vibrational bands due to both LLDPE and NR-PANI, 

but did not show any chemical interaction between the components. With an increased 

loading of NR-PANI in the composites, the amount of NR-PANI present on the surface of 

the samples increased, and the crystallinity of LLDPE decreased. The tensile strength and 

elongation at break of LLDPE also declined suggesting a lack of interfacial adhesion 

between the NR-PANI particles and the LLDPE matrix. The Young’s modulus, however, 

increased with higher loading of NR-PANI.  The composites also demonstrated very good 

free radical scavenging activity, dependent upon the amount of NR-PANI included in the 

composites. 

The NR-PANI/ LLDPE composites were further evaluated for active packaging 

applications. The oxygen permeability decreased as the amount of NR-PANI in the 

composites increased. The composite films also exhibited antimicrobial and antioxidant 

capabilities. The oxidation of fish oil was delayed in the presence of the NR-PANI/ LLDPE 

composites, and there was a negative correlation between oxidation and the NR-PANI 

content in the films. Moreover, the composites films were biocompatible to mammalian cells, 

meaning that NR-PANI/ LLDPE films can potentially be utilized for a range of active 

packaging applications. 
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Chapter One: Introduction and Literature Review 

1.1 Introduction 

Packaging is an integral part of the food industry. Food processing and packaging 

industries spend an estimated 15 % of their total variable costs on packaging materials [1].  

The principal role of packaging is preservation and protection of foodstuffs from external 

contamination. Packaging helps protect foods from environmental influences such as heat, 

light, moisture, oxygen, microorganisms, dirt and dust particles, which are known to cause 

food deterioration [2]. It has also contributed to the globalization of the food industry by 

stabilizing food products so that they can be distributed over long distances [3]. 

Historically, the ideal packaging material is one which is inert, resistant to hazards 

and does not allow molecular transfer to and from the packaging [1]. Plastics, in addition to 

their ease of processibility, low cost and light weight, have emerged as the major food 

packaging materials. Polymers such as polyethylene (PE), polypropylene (PP), polyethylene 

terephthalate (PET), polyvinyl chloride (PVC), polycarbonate (PC), polyvinylidene chloride 

(PVdC) and polystyrene (PS) have long served the food industry as packaging materials [2]. 

However, the quest for improved packaging systems, usually driven by the demand for 

extended shelf-life and better quality of food stuffs, has led to remarkable developments in 

the area of packaging [4]. Active packaging systems are one such innovation that is attracting 

academic as well as industrial interest [3, 5]. This thesis explores the application of 

polyaniline (PANI), an intrinsically conducting polymer, as an active additive in antioxidant 

food packaging materials.  
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1.2 Active Packaging 

Active packaging refers to the incorporation of certain additives into the packaging 

systems with the aim of maintaining or extending product quality and shelf-life. The active 

additives can be either incorporated directly into the packaging matrix, attached to the 

interior of the packaging material or contained in separate containers such as sachets within 

the packaging system [6, 7], as demonstrated in Figure 1.1. 

 

   

                

 

 

 

 

 

 

 

 

Figure 1.1. Active packaging models. 

 

Active packaging provides dynamic, rather than the conventional passive, protection 

to the food it contains. It performs some desired role in food preservation other than just 

providing an inert barrier from external conditions [3, 6]. The additives incorporated in the 
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active packaging system release or absorb substances into or from the packaged food and the 

surrounding environment [4, 8, 9], thus promoting food preservation. Various active 

packaging systems, with attributes such as oxygen and carbon dioxide scavenging, 

antimicrobiology and antioxidant activity, have been developed. 

 

1.2.1 Oxygen scavengers  

 Scavenging of oxygen from packaged foods is important as oxygen is deleterious to 

most food products. The presence of oxygen can trigger oxidative rancidity, discoloration, 

nutrient degradation and growth of aerobic bacteria, yeast and molds which cause food 

spoilage [3, 6, 10]. Most of the oxygen scavengers used commercially are based on the 

principal of iron oxidation [11, 12], as follows: 

 

  2eFeFe 2  

  2OH2eOHO
2

1
22  

2

2 Fe(OH)2OHFe    

3222 Fe(OH)OH
2

1
O

4

1
Fe(OH)   

 

Byun et al. (2012) have developed an oxygen scavenging system by incorporating α-

tocopherol and iron (II) chloride in fish gelatin films. Moisture played an important role in 

triggering the oxygen scavenging reaction of the films [13]. Similary, an ascrobyl palmitate-
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β-cyclodextrin complex containing iron (II) chloride was developed for oxygen scavenging 

applications [14]. Moreover, a biological based system consisting of heat resistant Bacillus 

amyloquetaciens spores in poly(ethylene terephthalate, 1,4-cyclohexane dimethanol) plates 

has been proposed as an oxygen scavenger for PET bottles [15].  

 

1.2.2 Carbon dioxide scavengers 

Carbon dioxide, formed in some foods due to respiration reactions, also needs to be 

removed from the package to prevent it from bursting. Carbon dioxide absorbent sachets 

containing either calcium hydroxide, or calcium oxide and a dehydrating agent such as silica 

gel are commonly used for carbon dioxide removal [6, 16]. The scavenging of carbon dioxide 

occurs as follows:  

 

22 Ca(OH)OHCaO   

OHCaCOCOCa(OH) 2322   

 

1.2.3 Antimicrobials 

Antimicrobial active packaging materials help extend shelf-life and maintain product 

quality and safety by extending the lag phase and reducing the growth phase of 

microorganisms responsible for product spoilage [17]. The antimicrobial agents can be 

coated, incorporated or surface immobilized on the packaging materials to confer 

antimicrobial activity [18]. The antimicrobial effect is achieved by migration of active 
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compounds from the active surface to the packaged product, as demonstrated in Figure 1.2. 

 

 

Figure 1.2. Migration of active substances from antimicrobial packaging systems: a) coating 

before packaging, b) coating after packaging, c) incorporation in the package and d) chemical 

immobilization on the package (adapted from Quintavalla and Vicini (2002) [19]). 

 

PE and PE/ polyamide (PA) composite films, coated with sorbic acid, have exhibited 

significant inhibitory effect on Escherichia coli, when tested with Gouda cheese and pork 
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loin inoculated with the test bacteria [20]. Extruded low density PE (LDPE) films containing 

linalool or methychaviol have been proposed as antimicrobial active packaging materials 

[21]. Melt processed PP films containing thymol and carvacrol have demonstrated 

antimicrobial activity against bacterial strains potentially present in food [22]. LDPE, 

polylactic acid (PLA) and polycaprolactone (PCL) films containing lemon extract, thymol or 

lysozyme also showed antimicrobial efficacy [23]. The antimicrobial activity was found to be 

temperature dependent and the PCL films had a superior antimicrobial efficiency as they 

were processed at a lower temperature. PP films coated with whey protein isolate combined 

with nisin have exhibited significant bacterial growth inhibition against Lactobacillus 

plantarum [5]. PP/ PE films coated with soy protein isolate containing allyl isothiocyanate, 

trans-cinnamaldehyde, garlic oil or rosemary oil have been instrumental in extending the 

shelf life of fresh sprouts by reducing the total microbial counts of alfalfa, broccoli and radish 

sprouts [24]. Furthermore, PE films loaded with zinc oxide nanoparticles have shown 

potency for antimicrobial active food packaging applications as they illustrated biocidal 

action against Escherichia coli [25]. 

  

1.2.4 Antioxidants 

Antioxidants are incorporated in packaging materials or added to food stuffs to 

improve oxidation stability of lipids [16]. When incorporated within the packaging material, 

the antioxidants diffuse through the polymer bulk, towards the surface, to accomplish the 

antioxidant activity [26, 27].  Butylated hydrxoytoluene (BHT) and butylated hydroxyanisole 

(BHA) are commonly used synthetic antioxidants in food applications [27, 28]. The chemical 



 

 

8 

 

Chapter One: Introduction and Literature Review 

structures of BHT and BHA are shown in Figure 1.3. However, due to consumer preference 

for natural food ingredients, the focus has shifted to natural antioxidants [3]. Natural 

antioxidants such as α-tocopherol, L-ascorbic acid, L-tyrosine, carvacrol and aromatic plant 

extracts have been utilized in antioxidant food applications [28-38]. 

 

 

Figure 1.3. Chemical structures of BHA and BHT. 

 

PET trays sprayed with citrus fruit extracts or α-tocopherol have been developed and 

tested for active packaging applications [39]. While the trays sprayed with citrus extracts 

showed considerable reduction in the oxidation of cooked turkey meat samples, the α-

tocopherol sprayed trays did not show any antioxidant property as the active part of the 

antioxidant was not in contact with the meat surface. Extruded polylactic acid films (PLA), 

containing α-tocopherol and BHT have exhibited antioxidant activity [40]. PE films 

containing different antioxidants have also shown potency for antioxidant packaging 

applications. While LDPE films containing natural antioxidants from barley husks retarded 

the oxidation of polyunsaturated fatty acids (PUFA) in blue shark muscle [41], LDPE coated 
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with rosemary extracts delayed the lipid oxidation of minced chicken breast and thigh patties 

[42]. Moreover, ethylene vinyl alcohol copolymer (EVOH) films containing green tea 

extracts have been designed for antioxidant active packaging of aqueous as well as fatty 

foods [43, 44].  

 

1.3 Principle of Lipid Oxidation 

 Food degradation is a complex phenomenon encompassing a wide range of chemical 

processes dependent on food constituents and their concentrations. While many reactions 

involved in food degradation are unknown, lipid oxidation is considered to be the most 

important and therefore, has been studied extensively [45-49]. Major food quality issues such 

as nutritional quality, toxicity, flavor, texture and color are influenced by lipid oxidation [50]. 

Triglycerides and phospholipids, structures of which are shown in Figure 1.4, are the two 

main groups of lipids. Triglycerides are found in cells responsible for storage of fats in 

animals while phospholipids form part of the cell membranes. The oxidative degradation of 

foodstuffs of animal or vegetal origin begins with the oxidation of the phospholipids [45]. 

 Oxidation of lipids proceeds by a way of free radical mechanism, commonly known 

as autoxidation [46]. A scheme showing the autoxidation of unsaturated lipids is given in 

Scheme 1.1. Abstraction of a hydrogen atom from the methylene between a cis double bond 

pair of an unsaturated fatty acid initiates the autoxidation process. The abstraction of 

hydrogen adjacent to a double bond is favored because of the formation of a stable allylic 

radical in which the electrons are delocalized over three carbon atoms [46, 51-54]. The lipid 

radical then reacts with molecular oxygen to form a peroxy radical. In most oxygen 
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containing food systems, the lipid radicals react very quickly with oxygen resulting in a 

higher concentration of the peroxyl radicals than the lipid radicals [46, 51, 52, 55].  

 

 

Figure 1.4. Structures of triglyceride and phospholipid. 

 

The peroxy radical formed, reacts with another polyunsaturated fatty acid side chain of the 

lipid molecule to yield a lipid hydroperoxide (primary oxidation product) and a lipid radical 

thus, replenishing the number of lipid radicals in the reaction sequence. The newly formed 

lipid radical can abstract a hydrogen from another fatty acid, thereby propagating the reaction 

[46, 56]. The hydroperoxides are then converted into secondary non-radical oxidation 

products [48]. 
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Scheme 1.1. Scheme of autoxidation of unsaturated fats (adapted from Kubow (1992) [46]). 

 

At least three factors are necessary for the oxidation of organic substrates, namely the 

substrate (foodstuff), molecular oxygen and free radicals. The oxidation of foodstuffs can 

therefore, be lessened by eliminating either molecular oxygen or free radicals [45, 57]. 

Various oxygen scavengers and antioxidants, discussed previously, have been utilized for 

both these purposes. However, due to various reasons such as consumers not favoring 

foodstuffs containing sachets of oxygen scavengers and material processing issues, the 

addition of antioxidants to the packaging material is preferred over elimination of molecular 
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oxygen from foods using high barrier materials or oxygen scavengers [45]. Recently, 

intrinsically conducting polymers have been considered for use as solid antioxidant materials 

as they exhibit excellent free radical scavenging properties [58]. Traditional low molecular 

weight antioxidants like BHT, BHA or organic extracts of plants, are vulnerable at the high 

temperatures required for the processing of thermoplastic packaging materials. Their 

evaporation and volatility increases exponentially at higher temperatures and they may 

decompose leaving the substrates unprotected [59]. Higher molecular weight materials such 

as intrinsically conducting polymers have the potential to replace traditional antioxidants in 

active packaging applications due to their superior thermal stability [60-62]. 

 

1.4 Intrinsically Conducting Polymers 

 Intrinsically conducting polymers are a relatively recent class of novel organic 

materials that have typical properties of traditional polymers combined with those of 

electrically conducting materials [63]. They have electrical, magnetic and optical properties 

usually associated with metals, while retaining the advantageous mechanical properties and 

ease of processing usually associated with polymers [64, 65]. Intrinsically conducting 

polymers possess an extended π-conjugation along the polymer backbone which is the source 

of their conductivity. They also exhibit a high electron affinity and a low ionization potential 

[66]. PANI, polypyrrole, poly(3,4-ethylenedioxythiophene) and polyacetylene are examples 

of intrinsically conducting polymers. Their structures are presented in Figure 1.5.  
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Figure 1.5. Structures of some intrinsically conducting polymers. 

 

Intrinsically conducting polymers exhibit minimal electrical conductivity in the 

neutral or uncharged form. However, their conductivities can be elevated by several orders of 

magnitude upon doping. Fincher et al. (1978) found that the conductivity of polyacetylene, 

the first intrinsically conducting polymer to be reported, could be systematically varied over 

twelve orders of magnitude by carefully controlling the dopant concentration [67]. Thus, 

polyacetylene could be transformed from an insulator to a metal like conductor through 

doping. Doping generally involves addition (n-doping) or removal (p-doping) of electrons 

from the polymer backbone, which induces localized charge defects in the form of polarons 

[68]. The removal of one electron locally from a carbon atom forms a polaron, while the 

removal of a second electron from an oxidized section forms a bipolaron. The formation of 

polypyrrole polaron and bipolaron is demonstrated in Scheme 1.2. Consequently, the dopant 

counter ions stabilize the charges along the polymer chains [64]. The polarons and bipolarons 
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are believed to be the charge carriers in conjugated conducting polymers. 

 

 

Scheme 1.2. Formation of polaron and bipolaron in polypyrrole. 

 

Polypyrrole and PANI are usually doped with inorganic acids such as sulfuric acid 

or bulky organic acids such as dodecylbenzensulfonic and toluene-4-sulfonic acids [69-72]. 

The concept of doping is quite diverse and sometimes widely different processes are 

involved in doping different polymers. Polyacetylene, for example, is doped through partial 

oxidation (p-doping) or partial reduction (n-doping) of the π backbone whereas PANI is 

doped through protonation of the polymer backbone, a process which neither increases nor 

decreases the number of electrons associated with the polymer chain [64, 73].  This type of 
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doping, referred to as primary doping, has been found to be reversible. Furthermore, the 

concept of secondary doping has also been utilized to further increase the conductivity of 

organic polymers. Secondary doping involves treatment of a polymer, already doped by a 

primary dopant, with an apparently ‘inert’ substance such as m-cresol (secondary dopant) 

[73]. The effects of secondary dopants are permanent and persist even after the removal of 

the dopant.  Although a range of intrinsically conducting polymers have been synthesized 

and studied, polypyrrole, polythiophene, PANI and their derivatives are the most intensely 

investigated polymers. This is attributed to their low cost, ease of synthesis and good 

environmental stability [74]. PANI is generally considered to display the optimum 

combination of stability, high conductivity and low cost [75-77].  

The antioxidant capability of intrinsically conducting polymers was reported in 1998 

by Ismail et al. when they evaluated the performance of PANI in protecting styrene 

butadiene rubber vulcanizates against oxidation and radiation deterioration [78]. Following 

this study, several researchers endeavoured to investigate the antioxidant properties of 

polyaniline and other intrinsically conducting polymers. Recently, the free radical scavenging 

properties of chemically synthesized polypyrrole, PANI and poly(3,4-

ethylenedioxythiophene) have been reported with PANI exhibiting a superior free radical 

scavenging capacity [79-86]. Therefore, PANI and its derivatives remain the intrinsically 

conducting polymers that have been considered most widely in antioxidant studies. For 

example, the free radical scavenging activity of electrochemically synthesized PANI [87], 

and poly(anilinesulfonic acid), a derivative of PANI [88] have been reported. Gizdavic-

Nikolaidis et al. (2010) have also reported the free radical scavenging activity of microwave 
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synthesized PANI copolymers, namely poly(aniline-co-2-sulfonic acid) and poly(aniline-co-

2-aminobenzoic acid) [89]. 

 

1.5 PANI 

 PANI is a phenylene - based polymer having –NH- groups on either side of the 

phenylene ring. The –NH- groups can undergo oxidation, allowing PANI to exist in a 

continuum of oxidation states [90]. The principal structure of PANI consists of two types of 

segments: the reduced benzenoid amine and oxidized quinoid imine units as shown in Figure 

1.5 [91]. Varying ratios of the benzenoid and quinoid units result in different oxidation states 

or forms of polyaniline. The three well defined oxidation states of PANI, shown in Figure 

1.6, are leucoemeraldine, pernigraline and emeraldine [92, 93]. Leucoemeraldine is the fully 

reduced, pernigraniline is the fully oxidized and emeraldine is the partially oxidized form of 

PANI. The emeraldine form is environmentally stable and does not undergo any changes in 

the chemical structure upon prolonged storage [90]. The emeraldine base, an insulating form, 

can be easily converted to emeraldine salt, the conductive form, through protonation (doping) 

as shown in Scheme 1.3 [94]. On the other hand, the emeraldine salt form can also be 

converted back to the emeraldine base after treatment with a base (dedoping). Reduction of 

the emeraldine to leucoemeraldine or oxidation of emeraldine to pernigraniline results in 

diminution of the conductivity of PANI [92, 95, 96]. 
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Figure 1.6. Different base forms of PANI. 

 

 

 

Scheme 1.3. Conversion of emeraldine base to emeraldine salt. 
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 1.5.1 Synthesis of PANI 

 PANI is synthesized by the chemical or electrochemical oxidation of aniline in 

aqueous or non-aqueous solvents [90, 97-99]. The polymerization of aniline has also been 

carried out with the aid of enzymes, plasma, ultra sonic irradiation and photo-excitation of 

the aniline monomers [97]. However, chemical synthesis is the preferred technique where 

large quantities of PANI are required. 

 

 1.5.1.1  Chemical synthesis 

 The chemical synthesis of PANI occurs with the addition of an oxidant such as 

ammonium persulfate (APS) [100-110], hydrogen peroxide and ferric chloride [111, 112] or 

ferric sulfate and ferric nitrate [113] to the aniline monomer. The polymerization is usually 

carried out in acidic conditions and several organic as well as inorganic acids like 

hydrochloric acid (HCl) [114], phosphoric acid [115], sulfuric acid [116], 

dodecylbenzenesulfonic acid (DBSA) [117, 118], p-toluenesulfonic acid (pTSA) [119], 

camphor sulfonic acid (CSA) [83] or succinic acid [120] have been used for chemical 

synthesis of PANI. The product is the corresponding acid doped emeraldine salt form of 

polyaniline. 

 The mechanism of oxidative polymerization of aniline is shown in Scheme 1.4. 

Initially, an aniline dimer is formed through the reaction of an anilinium cation with aniline 

[121-123]. The dimer is then oxidized via a single two-electron step to quinoidal diimine 

form because of its lower oxidation potential in comparison with aniline, leading to the 

formation of the polymer [124, 125]. The polymerization of aniline is efficient only in acidic 
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medium, where aniline exists as an anilinium cation [126]. PANI has also been chemically 

synthesized with aniline salts; aniline hydrochloride [127-132] or aniline sulfate [133], as the 

starting materials. However, recently PANI was synthesized by oxidation of aniline in the 

absence of any added acids [79, 85]. In this approach, known as the “falling pH” method, the 

polymerization is initiated at a higher pH but the pH falls as the reaction progress due to the 

generation of protons. As shown in Scheme 1.5, the initial products formed at higher pH are 

phenazine structures and regular polyaniline forms at lower pH [92]. 

 

 1.5.1.2  Electrochemical synthesis 

 Electrochemically activated polymerization by anodic current has been employed for 

the production of several intrinsically conducting polymers. Electrochemical synthesis, 

compared to chemical synthesis, yields purer polymers as no additional chemicals such as 

oxidants or surfactants are used [97, 134, 135], although scale-up to larger polymer quantities 

is more difficult. The mechanism of electrochemical oxidation of aniline is believed to be 

similar to that of chemical oxidation [125]. Electrochemical polymer synthesis is also very 

versatile and a range of approaches can be employed, including a constant current 

(galvanostatic), a constant potential (potentiostatic) and potential cycling [97, 135-139]. The 

galvanostatic method consists essentially of a two-electrode assembly dipped in an 

electrolyte solution containing the monomer. A specified level of current is passed so as to 

form the polymer film on the surface of an inert electrode such as platinum or stainless steel 

[97].  
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Scheme 1.4. Mechanism of polymerization of aniline in an acidic environment (adapted from 

Wei et al., (1989) [125]). 
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Scheme 1.5. Mechanism of polymerization of aniline in a “falling pH” environment (adapted 

from Stejskal et al., (2010) [92]). 
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While continuous cycling between the predetermined potentials produces a PANI 

film firmly adhered on the electrode surface [140], polymerization at a constant potential 

produces a polymer powder that adheres weakly on the electrode [141].  Electrochemical 

polymerization offers the option of finely controlling the thickness of the deposited polymer 

film that can be peeled of the electrode surface. Homogeneous PANI films of uniform 

thickness have been achieved using both the potentiostatic and galvanostatic regimes [142]. 

Bhadra et al. (2007) syntheiszed PANI powder by applying a constant potential of 1.3 V 

across the working graphite and the reference saturated calomel electrodes, in the presence of 

aniline solution and pTSA [143]. 

 

1.5.1.3  Other polymerization techniques 

Conducting PANI has also been successfully synthesized via plasma polymerization 

[144, 145]. In this technique, monomer molecules are fragmented by the action of plasma to 

form smaller fragments and radicals, which are then recombined to materialize larger 

molecules. Repetitive radical formation and recombination leads to the formation of plasma 

polymers [144]. In a typical plasma polymerization setup, monomer vapours are introduced 

into a chamber where plasma is generated between electrodes and, following the 

fragmentation of the monomers, the polymer grows on the walls of the chamber or on 

substrates (glass, silicon, metal, etc) provided in the chamber. Plasma polymerization 

provides an all-dry, one-step, contaminant free and relatively rapid technique for polymer 

synthesis [144]. 
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 A less considered route to synthesize PANI is the photopolymerization technique. 

PANI was obtained by adding aniline in nitric acid to a silver nitrate solution and 

illuminating at 365 nm with a 20 W germicide mercury lamp. The interaction of the photon 

with the solution generated aniline radicals which could polymerize through head-to-tail 

coupling [146]. Similary, Jing et al. (2006; 2007) accomplished polymerization with the aid 

of ultrasonic irradiation [147, 148]. Another method to synthesize PANI is a biological route 

where enzyme initiated polymerization is employed. Polyaniline has been synthesized by 

horseradish peroxide, which catalyzed aniline oxidation via the hydrogen peroxide formed 

enzymatically [149, 150].  

 

 1.5.2 Morphology 

 The evolution of the structure of PANI consists of three steps: the generation of 

nucleates, their assembly and finally the growth of PANI chains from the nucleates [92]. 

Depending on the type of nucleate organization, due to the synthesis conditions and route, the 

subsequent PANI chain growth can produce a range of morphologies such as granules, 

spheres, fibers, tubes and other complex structures [92].  

 The granular structure is the most common morphology of PANI. This morphology is 

easily obtained by chemical polymerization when using strong oxidants and high aniline 

concentration under acidic conditions (pH < 2.5) [92, 151, 152]. Laslau et al. (2009) obtained 

nano-granules measuring 15 – 30 nm by oxidizing aniline with APS at pH 2.5 [153]. The as-

prepared granular PANI, being doped by the corresponding acid in the synthesis media, is 

electrically conductive [92]. 
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 Nanofibers, sometimes also called nanowires, are prepared by oxidizing aniline at 

low concentrations in the presence of a strong acid. The diameters of the fibers are usually in 

the range 20 – 100 nm, but they can extend to several micrometers in length [92]. The 

diameters of the nanofibers are dependent on the acids employed in the synthesis. In the 

presence of HCl, CSA and perchloric acid, the average diameters of the PANI nanofibers 

were 30, 50 and 120 nm respectively [102]. The nanofibers can also extend into branched 

networks [121, 154, 155], arrays [156, 157] or bundles [158].   

 PANI nanotubes, one of the most interesting objects among conducting polymer 

nanostructures, differ from the nanofibers by the presence of an internal cavity [92]. 

However, like nanofibers, they can also extend to several micrometers in length. Nanotubes 

are synthesized as nanofibers but in the presence of a template. The synthesis of nanotubes is 

generally initiated at low acidity, pH > 3.5, and completed at pH < 2.5. Oligomers formed at 

the initial high pH act as the template for the formation of the nanotubes at lower pH [159-

162]. While the cavities of the polyaniline nanotubes are usually in the range 10 – 150 nm, 

the wall thickness are generally in the range  50 – 200 nm. The walls can be compact and 

smooth or have a rough granular morphology [92, 163]. 

 PANI microspheres have been prepared by initiating the oxidation of aniline in an 

alkaline medium [164, 165]. If the entire synthesis occurs in the alkaline medium then the 

microspheres consist largely of aniline oligomers [161]. The microspheres can be of several 

micrometers in size and depending on the synthesis conditions they can be hollow [166, 167]. 

Zhang et al. (2009) prepared hollow PANI microspheres with diameters from 310 nm to 1.2 

µm. The shell thickness of the microspheres was 80 – 110 nm [113]. PANI nanospheres with 
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diameters less than 200 nm have also been occasionally observed alongside nanotubes [160]. 

However, they have never existed as dominant products [92].  

 A range of other morphologies of PANI such as tetragonal stars [168], 3D-boxes 

[169], hairy urchin [112], cauliflower [111], leaf-like [170], flower-like [171] and dendrites 

[172] have been obtained by tuning the pH profile during the polymerization of aniline. The 

“falling pH” synthesis regime yields a variety of nanostructured PANI morphologies within 

the same sample [91]. These morphologies include nanotubes, nanorods, nanoflakes and 

nanospheres [106, 173]. 

 The origin of nanostructures consists of three steps: generation of nucleates, their 

self-assembly and growth of PANI chains from the nucleates [92]. Depending on the type of 

nucleates and subsequent PANI growth, different morphologies result.  When aniline is 

oxidized in a weak acid, the intial phenazine groups formed stack due to π-π interactions and 

hydrogen bonding. The stacking mechanism produces nanocrystallites which act as templates 

for the adsorption of N-phenylphenazines arising in the reaction mixture. The starting 

template for tubular growth is thus produced by the short N-phenylphenazines stacked around 

the oligomeric nanocrystallites.The subsequent growth of PANI chains from the stacked N-

phenylphenazine initiation centers gives rise to the walls of the nanotubes [161].  Under 

favourable conditions, PANI chains grow perpendicularly from single stack of nucleates and 

produce the body of a nanofiber [92]. A random aggregation of phenazine nucleates results in 

granular morphology [92]. At low pH and low aniline concentrations, dimers of aniline form. 

The non-availability of surface for dimer deposition, unlike the phenazine templates for 

tubular growth, leads to formation of trimers. Following trimer formation, nanoparticles form 
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through radial growth. Since spherical clusters will have a lower overall surface energy than 

an elongated chain, granular morphologies form [91]. Under alkaline conditions, aniline is 

not miscible with the aqueous media and constitutes a separate phase. Oxidation at the 

interface of the aniline droplets and the oxidant aqueous phase forms microspheres. These 

microspheres may be hollow or contain aniline which can be further oxidized [161]. 

  

 1.5.3 Free radical scavenging capacity 

 The versatility of PANI, attributed to its tunable morphology, variable oxidation 

states and conductivity, has led to its application in a wide range of fields including metallic 

corrosion protection [174, 175], electromagnetic interference shielding [176], electrostatic 

discharge [177], sensors [93, 178] and actuators [179]. Recently, PANI has gained 

recognition for use as a solid antioxidant material [180-182].  

 The antioxidant activity of PANI, characterized by its free radical scavenging 

capacity, is attributed to its ability to switch easily between the reduced and oxidized states. 

The first oxidation process for the PANIs generally begins at around 100 to 200 mV 

(Ag/AgCl) in aqueous solutions, while potentials in excess of 800 mV are required to fully 

oxidize PANI under acidic conditions [88]. The similarity of PANI oxidation potentials to 

those of ascorbic acid and the most active antioxidant polyphenols in beverages (at 100 to 

200 mV (Ag/AgCl) in neutral pH solutions), created interest in considering PANI as a solid 

antioxidant material [88]. At these potentials, the oxidation of PANI can be readily coupled 

with the reduction of active radicals such as ROO
•
 and OH

•
, with formal potentials of 800 

and 2100 mV at pH 7, respectively [183]. These hydroxyl radicals, in particular are so active 
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that once formed, for example via the Fenton reaction in the presence of Fe(II) and peroxide, 

they will react with the first organic groups, of any functionality they encounter. By contrast, 

the reduction potential for the O2/H2O2 couple, frequently the first process involving oxygen 

and its interaction with food and beverages, lies around 165 mV (Ag/AgCl) at pH 7, and at 

ca. 265 mV at pH 3.6, typical of many wines and fruit juices [184].  Only ascorbic acid and 

the more active polyphenols have reduction potentials low enough to react directly with 

molecular oxygen in beverages, as do several intrinsically conducting polymers. Therefore, 

PANI with a lower formal potential, acts as a strong reducing agent when in contact with free 

radicals. This interaction leads to the oxidation of PANI and reduction of the free radicals to 

neutral species [80, 88].  

 The free radical scavenging capacity of PANI has been assessed using the DPPH
•
 

(1,1-diphenyl-2-picrylhydrazyl) [83, 88, 180] and ABTS
•+

 (2,2-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) assays [79]. The DPPH
•
 and ABTS

•+
 radicals are 

coloured but are decolourized upon reduction, for example, when intrinsically conducting 

polymers are introduced into solutions containing the free radicals. The extent of free radical 

reduction, more specifically the degree of decolourization, can be monitored by UV 

spectrophotometry, or alternatively electron spin resonance spectroscopy, and thus the free 

radical scavenging capacity of the intrinsically conducting polymers can be determined. 

Further test procedures can include the oxygen radical absorbance capacity (ORAC) assay, 

the extent of formation of peroxides in oil samples, or the formation of brown coloured 

pigments in juices, undertaken under conditions of accelerated aging [181]. 
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 1.5.4 Biocompatibility 

 PANI has always been treated with caution as the aniline monomer and subsequent 

polymerization intermediates such as aniline dimmers and oligomers can be potentially 

physiologically active. The most recognized threat is the carcinogenic effect of benzidine, the 

aniline dimer. However, pure PANI, after removal of low molecular weight polymerization 

products, has been found to be biocompatible and non-cytotoxic [185]. The biocompatibility 

and non-cytotoxicity of PANI has also been confirmed by several other studies. 

 PANI films exhibited good cell attachment and proliferation when tested with H9c2 

cardiac myoblasts [186] and PC-12 pheochromocytoma cells [187, 188] indicating 

biocompatibity of the films. Kumar et al. (2010) have demonstrated the biocompatibility of 

heavy ion irradiated PANI nanofibers by studying their haemolysis prevention activity [189]. 

The nanofibers showed reduced potency to damage blood cells and therefore, an enhanced 

hemolysis prevention activity. Kamalesh et al. (2000) assessed the biocompatibility of PANI 

films through subcutaneous implantation into male Sprague-Dawley rats beneath the dorsal 

skin for a period ranging from 19 to 90 weeks and concluded that the films were 

biocompatible [190]. Furthermore, polymer composites [191-193] and hydrogels [194] 

containing PANI have also been found to be biocompatible. The biocompatibility and non-

cytotoxicity of PANI is advantageous for applications such as food packaging where it will 

be in contact with food stuffs.  
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1.5.5 PANI based polymer substrates 

The successful utilization of PANI as a solid antioxidant requires blending with 

commercially available polymers having suitable mechanical properties and processability. 

Various techniques like solution blending, melt processing, surface deposition and surface 

grafting have been used to prepare PANI containing polymer substrates. However, melt 

processing is the industrially preferred method for large scale production, PANI incorporated 

polymer matrices. PANI is thermally stable, circumscribed by ≤ 10 % weight loss other than 

moisture loss, up to 400 ºC [195]. However, the infusibility of PANI is the major drawback 

for melt processing [97]. Nevertheless, PANI has been successfully dispersed in the melt of 

commercially available polymers such as PE [196-199], PVC [200, 201], PS [202], PET 

[203] and poly(methyl methacrylate) (PMMA) [204, 205]. Ternary blends of PANI/ ethylene 

vinyl acetate (EVA)/ PE [206] and PANI/ PMMA/ poly(vinylidene fluoride) (PVDF) [207] 

have also been prepared via melt processing. The melt blending process generally involves 

mixing or extruding PANI with another melt processable polymer and compression moulding 

the mix or extrudate into films, as shown in Figure 1.7.  

 Furthermore, other techniques have been employed to prepare PANI/ host polymer 

composites. For example, PANI was polymerized in an aqueous dispersion of corn starch to 

yield PANI/ starch composites with antioxidant properties for consideration in biomedical 

applications [182]. The free radical scavenging capacity of the composite samples improved 

with increased PANI loading. Electrospun nanofibers of CSA doped PANI and polyethylene 

oxide (PEO) have been prepared [208].  Solution blending of PANI with other polymers has 

also been extensively exploited to yield blend films. Cast films of PANI blends with PS in N-
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methyl-2-pyrrolidone (NMP) [209], poly(vinyl formal) (PVF) in chloroform [210], PS in m-

cresol [211], poly(vinyl acetate) (PVAc) in dimethyl sulfonate oxide (DSMO) [212] and 

PVC in tetrahydrofuran (THF) [213] have been prepared. 

PANI has been physically deposited on PET fibers [214-217], PET films [218-223], 

poly(tetrafluoroethylenelene) (PTFE) [224], and PE films [225, 226] by immersing the 

polymer substrates in the aniline polymerization media. Caramori and Fernandes (2008) have 

prepared PANI/ PET composites by polymerizing PANI on hydrazine activated PET [227]. 

To achieve improved adhesion, PANI has been chemically grafted on poly(acrylic acid) 

grafted polymer surfaces [228-231]. Similarly, Ji et al. (2002) carried out oxidative graft 

polymerization of aniline on PTFE films modified by surface hydroxylation and silanization 

[232]. 

 The availability of a range of techniques to blend with other polymers fosters the 

applicability of PANI as a solid antioxidant. PE and PET are common plastics used in the 

packaging industry. Blending these plastics with PANI has the potential to yield novel 

packaging materials with antioxidant properties, which can then be used to enhance shelf life 

of cosmetics, beverages and other food products [181].  

 PANI has been exploited for its electrical conductivity; however, its application as a 

solid antioxidant is an emerging field of study. While few studies on the antioxidant property 

of PANI have emerged recently [83, 88, 180], PANI is yet to be applied as an antioxidant in 

active food packaging systems. PANI based active packaging systems have a huge potential 

in food packaging applications as the food packaging industry is in continuous need of 

improved packaging systems.  
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Figure 1.7. Melt processing of PANI/ thermoplastic blends. 
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1.6 Research Objectives 

This research aims to explore the utilization of PANI in active packaging 

applications. Accomplishment of this aim will result in the availability of PANI based active 

materials, with antioxidant capabilities, for use in the food and packaging industries. The aim 

of this research was realized through a series of more detailed objectives: 

(1) Examination of the factors affecting free radical scavenging capacity of PANI. 

(2) Evaluation of the effect of thermal treatment on the free radical scavenging 

capacity of PANI. 

(3) Incorporation of PANI in PET and PE matrices via melt processing. 

(4) Characterization of the physical and chemical properties of the melt processed 

compositess. 

(5) Assessing the suitability of the melt processed composites for active packaging 

applications.
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2.1 Introduction 

For several years, PANI has been a prominent research subject within the group of 

electrically conducting polymers. It has attracted the attention of scientists due to its 

electrical and optical characteristics [233], environmental stability, low cost and ease of 

synthesis [234]. PANI also has the potential to exist in a continuum of oxidation states. These 

properties have enabled PANI to be used in a wide range of applications such as actuators, 

chemical/ biological sensors, for electrostatic discharge, electromagnetic interference 

shielding and corrosion protection [173-175, 179, 235, 236].  

Recently PANI has been investigated for its antioxidant activity [180]. The 

scavenging of DPPH radicals has been used as a measure of the antioxidant activity of PANI 

[82, 83, 85]. The DPPH free radical method measures antioxidant activity at room 

temperature, so the risk of thermal degradation of the test molecules is minimized. Oxidation 

of conducting polymer segments is seen as the major mechanism involved in the reaction of 

DPPH radicals with PANI [84, 88].  

PANI has been successfully used as an antioxidant to protect styrene butadiene rubber 

vulcanizates from oxidative deterioration [78]. Saikia et al. (2010) have prepared antioxidant 

starch/ PANI composites for biomedical applications [182]. Since PANI is being recognized 

for its antioxidant behaviour, it is imperative that the factors affecting its antioxidant activity 

be investigated, but only a handful of such studies have been reported in the literature. 

Banerjee et al. (2010) have found that polyaniline nanofibers had enhanced antioxidant 

activity [83], which was attributed to the increased surface area of the nanofibers. This 
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phenomenon has also been observed by Wang et al. (2007) who also reported that the 

antioxidant activity increased as the average diameter of the nanofibers decreased [82].  

The oxidation level is one of the most important factors affecting the properties of 

PANI [234]. Being redox active, PANI can be switched between various oxidized and 

reduced forms. The oxidation of PANI generally involves transformations of amine (–NH-) 

groups to imine (–N=) [234]. It has been peviously observed that reduced PANI is a superior 

scavenger of ABTS
•+

 compared to as - prepared, partially oxidized, polymer samples [79]. 

The possible influence of surface area was also raised in this report, on the basis that 

nanotubular forms of PANI were superior in radical scavenging to the conventional granular 

PANI prepared in the presence of a strong acid. Nanorod or nanotubular forms develop from 

solutions that are originally acid-free and of a neutral pH, but whose pH falls during the 

chemical synthesis, due to the liberation of sulfuric acid as the ammonium persulfate oxidant 

is reduced, leading to nanotube and nanorod formation at intermediate pH values (around pH 

2.5) [237, 238]. 

In the present study PANI samples with both granular and micro/nanorod 

morphologies were prepared, and the surface area directly determined using the Brunauer-

Emmett-Teller (BET) methodology. The relationships between conductivity, surface area, 

oxidation state and the resulting radical scavenging activity were then examined. 
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2.2  Experimental 

 

2.2.1 Materials 

 Aniline, obtained from Sigma Aldrich, was distilled under reduced pressure. The 

colourless distillate was stored under nitrogen at 5 °C before use. Methanol, APS, 

hydrochloric acid (HCl), ammonium hydroxide and DPPH were also purchased from Sigma 

Aldrich and used as received.  

 

2.2.2  Synthesis of PANIs 

Four samples (NR-PANI, NR-PANIdd, G-PANI and G-PANIdd) of PANI were 

synthesized. NR-PANI was synthesized by adding 250 mL of 0.3 M APS to 250 mL of 0.2 M 

aniline solution with mechanical stirring at 5°C for 24 h. The pH of the reaction mixture 

dropped from an initial value of 6.5 to 3.0 after 3 h and to 1.3 over the 24 h reaction period. 

The reaction mixture was then filtered, washed several times with water and methanol. The 

residue obtained was vacuum dried at 40 °C overnight. 4.5 g of NR-PANI was deprotonated 

by stirring in 250 mL of 2.5 % ammonium hydroxide solution for 19 h. The product was 

filtered, washed with water several times and dried at 40 °C to obtain NR-PANIdd. 

  G-PANI was synthesized by adding 4.6565 g of distilled aniline to 100 mL of 1 M 

HCl. The pH of the solution was adjusted to 1.0 and 250 mL of 0.3 M APS was then added to 

the reaction mixture. The reaction mixture was mechanically stirred at 5 °C for 24 h. The 

product was filtered, washed and dried as described previously. G-PANIdd was obtained in 

same way as NR-PANIdd. 
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2.2.3  Characterization 

The surface morphology of the PANI samples was visualized using a Philips XL30S 

FEG scanning electron microscope. The samples were coated with platinum using a Polaron 

SC7640 Sputter Coater for 300 s at 5-10 mA and 1.1 kV.   

Infrared spectra of the polyaniline powder samples were recorded with a Thermo 

Electron Nicolet 8700 Fourier transform infrared spectrometer using a single bounce ATR 

and a germanium crystal. The average of 64 scans with resolution 4 cm
-1

 was taken. All the 

spectra were atmosphere and baseline corrected. 

The electrical conductivities of dry pressed pellets of NR-PANI and G-PANI were 

measured by the four–probe technique using a Jandel Model RM2 instrument. 

N2 adsorption isotherms were determined at liquid nitrogen temperature (-195 
o
C) 

using a Micromeritics Tristar 3000 instrument. Specific surface areas were calculated from 

the N2 adsorption data according to the Brunauer-Emmett-Teller (BET) method. Cumulative 

pore volumes and pore diameters were calculated from the adsorption isotherms by the 

Barrett-Joyner-Halenda (BJH) method. Samples were degassed at 150 
o
C for 2 h under a dry 

N2 gas purge prior to the N2 adsorption measurements. 

X-ray photoelectron spectroscopy (XPS) data of the samples were collected on a 

Kratos Axis UltraDLD instrument equipped with a hemispherical electron energy analyser. 

Samples were mounted on standard VG sample studs by means of indium wafers. Spectra 

were excited using monochromatic Al Kα X-rays (1486.69 eV) with the X-ray source 

operating at 150 W. The analysis area was a 300 by 700 µm spot. The core level scans were 

collected with pass energy 20 eV. The analysis chamber was at pressures in the 10
-9

 torr 
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range throughout the data collection. Data analysis was performed using CasaXPS. Core 

level data were fitted using Gaussian-Lorentzian peaks with a Shirley background. The peak 

full width at half maxima (FWHM) was maintained constant for all the components in a 

particular spectrum. The binding energy scale was corrected for the neutraliser shift using the 

C 1s signal from saturated hydrocarbon at 284.6 eV.  

 

2.2.4  Radical scavenging activity assay 

 20 mL of a 255 µM methanolic DPPH solution was added to 1 mg of test sample, 

weighed using a 5 digit balance to ensure a weight in the range from 1.00 to 1.05 mg 

(weighing error <5 %). The samples were left to react at room temperature for 24 h after 

which the absorbance of the supernatant at 516 nm, λmax of the DPPH solution, was measured 

using a Shimadzu UV-1700 UV-visible spectrophotometer. Three trials of each sample were 

undertaken. A control experiment, without any test sample, was also set up. The amount of 

DPPH
•
 which reacted over a 24 h period was then calculated after subtracting away the 

background loss of a DPPH
•
 solution without added test sample, using an adaptation of the 

DPPH assay for use with polymeric samples [79, 80]. 

 

2.3 Results and Discussions 

 

2.3.1  Morphology 

 The scanning electron microscope (SEM) micrographs of the PANI samples, depicted 

in Figure 2.1, clearly present different morphologies for NR-PANI and G-PANI. While NR-
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PANI consisted largely of micro/nanorods, the presence of some flakes was also evident. By 

contrast, G-PANI exhibited a granular morphology typical of high acid–doped PANI. All the 

samples were dark colored materials. 

The morphologies of NR-PANIdd and G-PANIdd were not significantly different 

from NR-PANI and G-PANI respectively. NR-PANIdd consisted of micro/nanorods and 

flakes while G-PANIdd had a granular morphology. Dedoping with ammonium hydroxide 

did not have a substantial effect on the morphologies of PANI samples. 

 

 

Figure 2.1. SEM micrographs of a) NR-PANI, b) NR-PANIdd, 

c) G-PANI and d) G-PANIdd. 
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2.3.2  Fourier–transform infrared spectroscopy (FTIR)  

 Figure 2.2 shows the FTIR spectra of NR-PANI, NR-PANIdd, G-PANI and G-

PANIdd. All the samples show characteristic peaks at about 1585 cm
-1

 (C=C stretching mode 

of the quinoid rings), 1500 cm
-1

 (C=C stretching mode of benzenoid rings), 1310 cm
-1

 and 

1250 cm
-1

 (C–N stretching mode), confirming that the samples were in a partially-oxidized 

state, referred to as the emeraldine PANI state. The vibrational bands at about 1155 and 830 

cm
-1

 are assigned to the aromatic ring in–plane and out–of–plane C–H bending [87, 138]. 

The intensity of the C-N band of NR-PANI and G-PANI at about 1310 cm
-1

 decreased after 

dedoping. This suggests a higher proportion of quinoid units in the polymer chains of NR-

PANIdd and G-PANIdd compared to NR-PANI and G-PANI. NR-PANI and NR-PANIdd 

exhibited a peak at 1040 cm
-1

 which could be assigned to sulfonate groups attached to the 

benzene rings [239], along with some bisulfate included as counterions [159, 173] but the 

peak persisted after dedoping. This peak was absent from G-PANI and G-PANIdd samples.   

 Further peaks at about 1413 and 1447 cm
-1

 are also characteristic of PANI 

nanostructures formed under falling pH conditions [239]. Previous studies indicate that flake-

like morphology in PANI, synthesized in a falling pH environment, could contain phenazine-

like, highly branched structures, which exhibit these bands [237, 238].  This authenticates the 

SEM results where flakes alongside micro/nanorods were visible for NR-PANI and NR-

PANIdd. G-PANI and G-PANIdd, having a granular morphology, did not exhibit these 

bands. Previous studies of nanorod formation under falling-pH conditions have demonstrated 

that the interior core structures, formed at a higher pH and containing phenazine groups, are 

coated by a layer of more regular PANI under the lower pH conditions that apply later in the 
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synthesis [153, 238]. It is this outer polyaniline surface that will be exposed to test solutions 

in the first instance, although the contribution of interior material, and of phenazine groups, 

also needs to be considered for the likes of radical scavenging. 

 

 

Figure 2.2.  FTIR spectra of a) NR-PANI, b) NR-PANIdd, c) G-PANI and d) G-PANIdd. 

Typical micro/ nanorod peaks have been highlighted with asterisks. 
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2.3.3  Electrical conductivity 

 The electrical conductivities of NR-PANI and G-PANI were 2.3 x 10
-3

 and 5.2 x 10
-1

 

S cm
-1

 respectively. As is well known, polyaniline exhibits its highest conductivity when 

partially oxidised and in an acid-doped state [21]. G-PANI, being doped by HCl, had a higher 

conductivity than NR-PANI which was synthesized in the absence of any initial acid. The 

conductivities of dedoped samples were too low to be determined by the technique employed 

in this study, and were likely less than 10
-5

 S cm
-1

 in each case. 

 

2.3.4  Surface area 

 The specific surface areas, cumulative pore volumes and the average pore diameters 

of the PANI samples are presented in Table 2.1. The various samples had a similar specific 

surface area, cumulative pore volume and average pore diameter. The specific surface area 

was in fact about 25 % larger in the case of the granular samples formed under higher acid 

conditions: G-PANI and G-PANIdd. This finding was counter to the initial expectation that 

the micro/nanorod NR-PANI would have a higher surface area. The presence of flakes 

alongside micro/nanorods may have influenced the surface area values for NR-PANI.  

 The specific surface areas and average pore diameter of the samples investigated in 

this study compared well with those reported previously. The specific surface area and 

average pore size of PANI, synthesized by oxidizing aniline with APS in the presence of HCl 

without any stirring, were given as 18.8 m
2
g

-1
 and 16.1 nm respectively [240]. Chowdhury et 

al. (2008) prepared PANI samples in a similar way and reported specific surface areas 

ranging from 11 to 29 m
2
g

-1
 [241]. Moreover, PANI nanofibers, formed by interfacial  
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Table 2.1. Specific surface area, cumulative pore volume and average 

 pore diameter of the PANI samples. 

Sample Specific surface 

area 

 (±0.2 m
2
g

-1
)
a 

Cumulative 

pore volume 

(±0.01cm
3
g

-1
)
b 

Average pore 

diameter   

(±2 nm)
b 

NR-PANI 22.3 0.13 25 

NR-PANIdd 22.6 0.11 22 

G-PANI 27.8 0.14 22 

G-PANIdd 28.2 0.11 17 

                                 a determined from the N2 physisorption isotherm by BET method 
                          b

 determined from the N2 physisorption isotherm by BJH method 

 

polymerization, with specific surface areas ranging from 34.2 to 54.7 m
2
g

-1
, and 

microspheres with specific surface areas 46 m
2
g

-1
 have also been reported [102, 242, 243]. 

 Huang and Kaner (2004; 2006) have observed an 8.7–19.7 % increase in the specific 

surface area of polyaniline nanofibers after dedoping with base, indicating that the free 

volume of the nanofiber samples increased after the removal of dopants [102, 242]. However, 

in the present study dedoping did not affect the specific surface areas of NR-PANI and G-

PANI to a significant extent; an increase of only about 1 % was observed. NR-PANI and G-

PANI were degassed at 150 ºC and it is possible that the dopants exuded upon the thermal 

treatment. This would render the surface area of NR-PANI and G-PANI similar to that of 

NR-PANIdd and G-PANIdd respectively.  
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2.3.5  Level of oxidation 

    The N1s core level XPS spectra of NR-PANI, G-PANI, NR-PANIdd and G-PANIdd 

are given in Figure 2.3. The major peaks of all samples were decomposed into four sub-

bands. The peaks corresponding to quinoid imine nitrogen (-N=) and benzenoid amine 

nitrogen (-NH-) are centered at 398.3 eV and 399.7 eV respectively. The two peaks centered 

at binding energies above 400 eV are attributed to positively charged nitrogen centres (N
+
) 

[234]. The phenazine nitrogen peak also appears around 398 eV [244] and these could also 

contribute to the quinoid imine peaks of NR-PANI and NR-PANIdd. However, as XPS is a 

surface sensitive technique and mainly profiles the outer 10 nm of the sample, the inner 

phenazine-containing material formed initially at a higher pH is unlikely to contribute greatly 

to the measured XPS peaks. The relative contributions of various nitrogen groups in the 

samples resulting from fitting of Gausian-Lorentzian components are summarized in Table 

2.2.  

Table 2.2. Intensities of N 1s deconvoluted peaks and the oxidation level of  

PANI samples. 

 

Samples 

N1s deconvoluted peak intensities (%) 

 

Oxidation level 

   







  

N Total

NN
 

 

-N= 
a 

-NH- 
b 

 

N
+ c 

NR-PANI 3.0 82.8 14.2 0.17 

NR-PANIdd 29.7 63.8 6.5 0.36 

G-PANI 3.7 72.6 23.7 0.27 

G-PANIdd 22.8 58.5 18.7 0.42 
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Figure 2.3. N 1s core level spectra of a) NR-PANI, b) NR-PANIdd, 

c) G-PANI and d) G-PANIdd. 
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The oxidation of PANI entails the conversion of benzenoid to quinoid moieties. 

During this process, the amine nitrogens are transformed to positively charged species and 

then to imine nitrogens [245]. The degree of oxidation of polyaniline can therefore be 

determined by estimating the total imines and positively charged nitrogens in the sample. The 

oxidation levels of the PANI samples were calculated using the method employed by Kumar 

et al. (1990) [246].  

 The oxidation level of NR-PANI was lower than that of G-PANI, showing that the 

synthesis conditions had led to a more reduced polymer in the ‘falling pH’ synthesis method. 

The chemical nature of such micro/nanorod forms of PANI is still a matter of some 

discussion, with various branched and phenazine – type structures having been suggested 

[91, 237, 238]. NR-PANIdd and G-PANIdd had higher oxidation levels than NR-PANI and 

G-PANI, respectively. Treatment of NR-PANI and G-PANI with a base increased the –N= 

concentration and hence elevated their oxidation levels likely due to the influence of 

atmospheric oxygen during the procedure. This is consistent with other studies where an 

increase in –N= concentration was observed after treating the PANI samples with base [246, 

247]. Overall, the oxidation levels of the PANI samples were in the following order: G-

PANIdd > NR-PANIdd > G-PANI > NR-PANI.  

  

2.3.6  Radical scavenging activity 

 The results for DPPH radical scavenging capacity, a widely used method to provide 

an estimate of antioxidant activity, are presented in Figure 2.4. The DPPH radical scavenging 

capacity of the PANI samples was in the following order: NR-PANI > G-PANI ≈ NR-
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PANIdd > G-PANIdd. The important finding was that the micro/nanorod NR-PANI sample, 

while exhibiting a 25 % smaller BET surface area, showed a 16 % higher radical scavenging 

capacity compared to G-PANI. It can be noted here that NR-PANI was in the lowest 

oxidation state, and thus had a higher capacity to act as a reducing agent in scavenging DPPH 

radicals. Likewise treatment with a base increased the oxidation level of both NR-PANI and 

G-PANI, and this resulted in NR-PANIdd and G-PANIdd having a lower radical scavenging 

activity compared to the as-prepared samples. The phenazine type units of NR-PANI may 

have contributed to its higher radical scavenging capacity, and this is a matter of further 

investigation. 

 

Figure 2.4. DPPH radical scavenging capacity of PANI samples. 
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 The free radical scavenging capacity of PANIs has been shown in other studies to be 

dependent on the surface area, such that higher surface area samples were said to show better 

scavenging activity [82, 83, 89]. The radical scavenging activities in these studies were 

evaluated 15 [83] and 30 minutes [82, 89] after introducing the sample to the DPPH solution. 

In the present study the radical scavenging activity was evaluated after 24 h of exposure, 

found to be necessary to fully assess the radical scavenging capacity of conducting polymers 

[79, 85]. The prolonged time interval employed here allowed the DPPH solution to access the 

entire polymer sample. It is possible that the initial rate of radical scavenging is surface area 

related, as observed earlier [82, 83], although in these cases any difference in initial polymer 

oxidation state also needs to be considered. However, the overall radical scavenging activity 

will be related primarily to the total redox capacity, given by the amount of conducting 

polymer, its initial oxidation state, and its chemical nature; such as the unknown influence of 

phenazine-containing structures in the micro/nanorod interiors.   

 

 

Scheme 2.1. Reaction of DPPH radical with PANI. 
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As reported earlier, DPPH radicals oxidize the reduced (benzenoid) units of PANI as 

shown in Scheme 2.1 [84]. This process involves the conversion of the benzenoid units of 

polyaniline to quinoid and quenching of the DPPH radical. Therefore, PANI samples having 

a low level of oxidation, characterized by a high proportion of benzenoid units, are able to 

scavenge more DPPH
•
 and exhibit superior antioxidant activity [85]. This effect held even 

when the conductivity of the samples was lowered by several orders of magnitude through 

alkaline dedoping. This further indicates that electroactivity, including the state of oxidation, 

is the more critical aspect of conducting polymer performance in free radical scavenging 

tests, rather than high polymer conductivity. NR-PANI had lower conductivity but higher 

radical scavenging activity than G-PANI. NR-PANIdd and G-PANIdd, being the dedoped 

non-conducting forms of PANI, also exhibited appreciable antioxidant activity. The chemical 

nature of NR-PANI, with phenazine type structures, could have also contributed to its higher 

free radical scavenging capability. 

 

2.4  Conclusions 

 PANI samples with similar surface areas but varying oxidation levels were 

synthesized and the radical scavenging activity of the as-prepared and the dedoped samples 

were evaluated using DPPH assay. Micro/nanorod forms of PANI did not exhibit higher BET 

surface area values compared to regular PANI, and there was no correlation between the 

conductivity and the radical scavenging activity. The oxidation level of the samples, arising 

from the reaction conditions, in decreasing order was G-PANIdd, NR-PANIdd, G-PANI and 

NR-PANI. The antioxidant activity of the samples was in the reverse order: NR-PANI > G-
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PANI ≈ NR-PANIdd > G-PANI. Higher antioxidant activities were observed with lower 

oxidation level. Hence, obtaining a more reduced conducting polymer, either during the 

original synthesis or through later treatments, is important to take into account when 

preparing conducting polymers for antioxidant applications. 
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3.1  Introduction 

 PANI has received considerable attention as an antioxidant [80, 83, 84, 89 182]. The 

ability to scavenge free radicals is the motivation for considering the application of PANI as 

a solid antioxidant material. PANI has been shown to be a proficient scavenger of ABTS and 

DPPH free radicals [79]. Free radicals are considered to be a prime cause of the deterioration 

and rancidity of foodstuffs [83]. Therefore, the free radical scavenging properties of PANI, 

when included within packaging materials, can potentially be utilized for the protection of 

foodstuffs. 

 Blending PANI with conventional thermoplastics has the potential to yield novel 

packaging materials with antioxidant properties. From an industrial point of view, melt 

processing would be the preferred method of incorporating PANI into thermoplastics [248]. 

PANI has been melt processed with poly(vinyl chloride) [200, 248] and poly(ethylene 

terephthalate) [203]. Melt processing involves subjecting PANI to the high processing 

temperatures of conventional thermoplastics. Therefore, it is important to assess the influence 

of thermal treatments on the stability and final properties of PANI samples. 

 The thermal stability of PANI has been investigated previously. Thermogravimetric 

analysis (TGA) showed that the chemically synthesized polyemeraldine base form of PANI 

was thermally stable up to 400 °C [249, 250]. Doping with DBSA elevated the degradation 

temperature of PANI to 450 °C [251]. PANI electropolymerized in HCl degraded above 440 

°C [245], while the degradation of chemically synthesized HCl doped PANI started at 250 °C 

[252]. Phosphoric acid doped PANI also degraded above 250 °C [253]. It has been suggested 

that PANI undergoes a range of changes upon thermal treatment, including doping, 
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dedoping, oxidation, chain scission, cross-linking and changes in crystal structure [245, 250, 

252, 254-257].  

 The electroactivity and electrical conductivity of PANI have been reported to be 

affected by thermal treatments. The electroactivity of HCl doped PANI started to decrease 

after 70 °C, when heated in air, and showed additional modest deterioration until 150 °C after 

which it became unstable and conductivity decreased until the polymer became an insulator 

after treatment above 200 ºC [99].  While the effects of thermal treatment upon the 

conductivity and electroactivity of PANI have been examined, the influence of thermal 

treatments on the radical scavenging capacity remains unexplored.  

 In this study we evaluated, for the first time, the influence of thermal treatment upon 

the radical scavenging activity of chemically prepared PANI. PANI samples having granular 

(G-PANI and G-PANIdd) and “nanorod” like (NR-PANI and NR-PANIdd) morphologies 

were prepared by oxidizing aniline with ammonium persulfate in the presence and absence of 

HCl, respectively. The free radical scavenging capacity of these samples have been assessed 

previously and found to be critically dependent upon the oxidation state ahead of BET 

surface area or conductivity [258]. The samples were thermally treated in air at various 

temperatures in the range 100 to 300 ºC and were characterized using SEM, electron spin 

resonance (ESR) and FTIR spectroscopies. The free radical scavenging capacity was 

evaluated using the DPPH assay.  
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3.2  Experimental 

 

3.2.1  Materials 

 Sodium hydroxide, copper (II) sulfate and DPPH were also purchased from Sigma-

Aldrich and used as received. The sources of all other chemicals have been listed in section 

2.2.1. 

 

3.2.2  Synthesis of the PANIs 

Four samples of PANI (NR-PANI, NR-PANIdd, G-PANI and G-PANIdd) were 

prepared as described in section 2.2.2. An additional sample was prepared using the same 

conditions and reactants as for NR-PANI but keeping the pH of the reaction mixture constant 

at 6.5 using a Metrohm titration system consisting of 836 Titrando base, 800 Dosino dosing 

unit, 804 Ti stand and electrode [106]. The reaction mixture was continuously titrated with a 

0.25 M sodium hydroxide solution during the 24 h synthesis period to maintain the reaction 

pH at 6.5. The product was filtered, washed with water and methanol and dried as was done 

for NR-PANI.  

   

3.2.3  Thermal treatment 

 600 mg samples were heated isothermally in air for 30 min at 100, 125, 150, 175, 200 

and 250 ºC in a Heraeus convectional oven, and at 300 ºC in a Thermolyne 1400 furnace. A 

treatment time of 30 min was chosen as major structural changes in PANI have been reported 
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to occur within 30 min of heat treatment [245]. The thermally treated samples were allowed 

to cool to room temperature and were then kept in a dessicator until further characterization. 

 

3.2.4  Characterization 

The surface morphology of the PANI samples was visualized using a Philips XL30S 

FEG Scanning Electron Microscope. The samples were coated with platinum using a Polaron 

SC7640 Sputter Coater for 300 s at 5-10 mA and 1.1 kV.   

Infrared spectra of the samples were recorded on a Thermo Electron Nicolet 8700 

FTIR spectrometer using a single bounce ATR and a germanium crystal. An average of 64 

scans with a resolution of 4 cm
-1

 was taken.  

ESR spectra of known masses of sample powders, contained in ESR quartz tubes, 

were recorded using a JEOL (JES-FA-200) ESR spectrometer operating in the X-band. The 

spectrum of a known mass of copper (II) sulfate was also recorded under the same conditions 

as the samples, for the calculation of spin concentrations.  

X-ray diffraction (XRD) patterns of the samples were recorded on a Rigaku Geiger – 

Flex series diffractometer, in the range 5 - 45° (2θ) using a Cu Kα radiation.  

The weight loss of the as-prepared samples in air was measured using a Rheometrics 

STA 1500 Thermogravimetric Analyzer over a temperature range of 25 to 500 °C at a scan 

rate of 10 °C min
-1

. 

The electrical conductivities of dry pressed pellets of as-prepared and thermally 

treated NR-PANI and G-PANI samples were measured by the four – probe technique using a 

Jandel Model RM2 instrument. 
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3.2.5  Radical scavenging assay  

 The DPPH radical scavenging capacity of 1.00 ± 0.05 mg samples were evaluated as 

described in section 2.2.4. 

  

3.3  Results and Discussions 

 

3.3.1  Morphology 

The SEM images of the PANI samples, after thermal treatment at 100 °C and 300 ºC 

are shown in Figure 3.1. The G-PANI and G-PANIdd samples had a granular morphology, 

typical of PANI synthesized in the presence of a strong acid [116, 161]. By contrast, the NR-

PANI and NR-PANIdd samples consisted of a mixture of nanorods and flakes. This 

morphology, characteristic of PANI synthesized under falling pH conditions, has also been 

observed [91]. Thermal treatment did not have a pronounced effect on the morphology of the 

PANI samples. G-PANI and G-PANIdd retained their granular morphology after being 

thermally treated up to 300 ºC. NR-PANI and NR-PANIdd continued to exhibit the 

morphology of nanorods alongside flakes after thermal treatment up to 300 ºC. Similar 

observations have been made in previous studies where the thermal treatment did not affect 

the nanofibrous [252], nanotubular [120] or globular [132] morphology of chemically 

synthesized PANI.  
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Figure 3.1. SEM micrographs of NR-PANI treated at a) 100 °C and b) 300 °C; NR-PANIdd 

treated at c) 100 °C and d) 300 °C; G-PANI treated at e) 100 °C and f) 300 °C; G-PANIdd 

treated at g) 100 °C and h) 300 °C. 



 

 

58 

 

Chapter Three: The Effects of Thermal Treatment on the Antioxidant Activity of PANI  

3.3.2  Thermal stability 

 The thermo gravimetric analysis (TGA) plots of the as-prepared PANI samples are 

presented in Figure 3.2. All the samples exhibited a three – step weight loss behaviour. A 

three – step weight loss of PANI has been previously described by Palaniappan and Narayana 

(1994), in which the first and second steps were in the 20 – 110 ºC and 110 – 250 ºC ranges, 

respectively, while the third step started at 250 ºC [253]. The weight losses of all as-prepared 

PANI samples in various temperature ranges are summarized in Table 3.1. 

 

 

 

Figure 3.2. TGA curves of NR-PANI, NR-PANIdd, G-PANI and G-PANIdd. 
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  Table 3.1. Results of thermogravimetric analysis of the as-prepared PANI samples. 

Sample Initial 

temperature 

(TI), °C 

Intermediate 

temperature 

(TF), °C 

Weight loss 

between TI and 

TF (%) 

Total weight 

loss (%) 

NR-PANI 25 120 7.8  

 120 300 3.7  

 300 500 54.8 66.3 

NR-PANIdd 25 120 2.7  

 120 340 3.9  

 340 500 31.7 38.3 

G-PANI 25 120 7.3  

 120 250 3.4  

 250 500 34.9 45.6 

G-PANIdd 25 100 3.1  

 100 350 2.3  

 350 500 45.1 50.5 

 

 

 The first weight loss in all samples can be attributed to the loss of occluded moisture 

[245, 252, 253, 257], out gassing of small molecules [254] and removal of dopants. The first 

weight losses of NR-PANI and G-PANI, 7.8 and 7.3 % respectively, were relatively higher 

than the first weight losses of NR-PANIdd and G-PANIdd, 2.7 and 3.1 % respectively. The 

loss of dopants from NR-PANI and G-PANI could have contributed to their higher weight 
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losses as NR-PANIdd and G-PANIdd, being the dedoped forms, were deficient in dopants. 

The modest second weight loss in all samples could be due to chemical changes including 

cross-linking [195, 259] and oxidation [245] by means of deprotonation of the polymer 

chains. The third weight loss in all samples was of much higher magnitude compared to the 

first and second weight losses. This weight loss is attributed to significant degradation of 

polymer backbone [195, 245, 252, 254, 257]. Conklin et al. (1995) have defined degradation 

as ≥ 10 % weight loss excluding the contribution from moisture [260]. Therefore, it can be 

inferred from the TGA results that NR-PANI, NR-PANIdd, G-PANI and G-PANIdd are 

thermally stable, to the point of commencement of the third weight loss, up to 300, 340, 250 

and 350 °C respectively.  NR-PANI and G-PANI had a lower thermal stability compared to 

their dedoped forms. It has been previously reported that in HCl doped PANI, dedoping 

predominates other changes at 250 ºC, resulting in the loss of bound water and bound HCl 

[245]. While G-PANI was synthesized in presence of HCl, the protons released from the 

persulfate oxidant would have created an acidified environment for NR-PANI [259]. It is 

likely that NR-PANI and G-PANI begin to lose their bound acids from deep inside the bulk 

of the polymer clusters at 300 and 250 ºC respectively [245], followed by degradation of the 

polymer chains at higher temperatures. Therefore, the third weight loss for NR-PANI and G-

PANI was observed at lower temperatures compared to NR-PANIdd and G-PANIdd. 

 The degradation kinetics of the PANIs were investigated over the temperature range 

300 – 500 ºC for NR-PANI and 250 – 500 ºC for G-PANI. The plot of natural log of 

percentage weight loss versus temperature, given in Figure 3.3, were nearly a straight line for 

both the samples suggesting the degradation followed first order kinetics. The degradation 
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kinetics of thermal degradation of polyemeraldine base has been previously reported to be 

first order [195]. 

 

 

 

 

Figure 3.3. Plots of ln(% weight loss) as a function of temperature  

for NR-PANI and G-PANI. 
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  3.3.3 Spectroscopy 

 The FTIR spectra of the as-prepared and thermally treated PANI samples are 

presented in Figure 3.4. All the as-prepared samples showed characteristic peaks at about 

1585 cm
-1

 (C=C stretching mode of the quinoid rings), 1500 cm
-1

 (C=C stretching mode of 

benzenoid rings), 1310 cm
-1

 and 1250 cm
-1

 (C–N stretching mode), confirming the partially-

oxidized, emeraldine state, of PANI. The vibrational bands at about 1155 and 830 cm
-1

 are 

assigned to the aromatic ring in–plane and out–of–plane C–H bending [87, 138]. NR-PANI 

and NR-PANIdd showed additional peaks at about 1040, 1413 and 1447 cm
-1

. These are 

characteristic peaks of aniline oxidation products formed under falling pH conditions. While 

the peak at 1040 cm
-1

 can be assigned to sulfonate groups attached to the benzene rings [239] 

along with some bisulfate included as counterions [173], the peaks at about 1413 and 1447 

cm
-1

 are considered to be due to phenazine and branched aniline oligomeric structures 

formed in a falling pH environment [238]. Various aniline oxidation products can be 

expected at neutral pH, including the formation of flakes and compounds with phenazine-

type structures, with nanorods appearing as the pH lowers to 3 – 4. During the final synthesis 

stage at lower pH values, a coating of regular PANI is expected on the nanostructures that 

have already formed [106]. 

 The absorbance intensities of all of the FTIR bands were remarkably suppressed upon 

thermal treatment above 200 ºC. Moreover, the vibrational bands between 1400 cm
-1

 and  

1200 cm
-1

 coalesced together to give a broad band after treatment above 200 ºC. However, 

the bands at about 1585 and 1500 cm
-1

 were still prominent in the IR absorption of all 
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samples after thermal treatment. The absorbance peak intensity ratios of these two peaks 

(Q/B), quinoid  

 

Figure 3.4. FTIR spectra of as-prepared and thermally – treated samples of a) NR-PANI,  

b) NR-PANIdd, c) G-PANI and d) G-PANIdd. 

 

(Q) to benzenoid peak (B), has been successfully utilized to evaluate the chemical changes in 

a PANI sample upon thermal treatment [245]. The Q/B ratios of all samples after treatment at 
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various temperatures are given in Table 3.2. The magnitude of changes in the Q/B ratios 

obtained in the present study was comparable to a previous study [245]. Acid doped PANI 

samples are known to contain NH2
+
 groups resulting from the protonation of NH groups 

[261]. The quinoid absorption region is also characteristic of the NH2
+
 deformation of 

secondary amines and their salts [262]. The 1585 cm
-1

 peak of NR-PANI and G-PANI 

exhibit a shoulder on the higher wavenumber side which could be attributed to the NH2
+
 

deformations. These shoulders were absent in the spectra of the dedoped samples. Therefore, 

adhering to a previous study [245], the Q/B ratios were used to probe chemical changes due 

to thermal treatment within the same sample rather than to compare different samples.  The 

oxidation levels of the four as-prepared samples are reported in chapter 2 [259].     

 NR-PANI and NR-PANIdd showed a decrease in the Q/B ratio upon thermal 

treatment up to 175 ºC and an increase after that. G-PANI and G-PANIdd also showed a 

similar trend with the ratios increasing after thermal treatment above 200 ºC. A decrease in 

the Q/B ratio can indicate conversion of quinoid rings to benzenoid rings. However, the 

change in Q/B ratio can also be attributed to a cross-linking reaction occurring during thermal 

treatment. It is envisioned that cross-linking is established through a link of the imine 

nitrogen with its neighbouring quinoid ring, as suggested in earlier studies [128, 263] and 

shown in Scheme 3.1. The cross-linking reaction produces cyclized phenazine-like segments 

containing ternary nitrogen. However, no specific peaks in the FTIR spectra of the thermally-

treated samples could be assigned to the tetra-substituted phenyl groups or the tertiary amines 

of the cross-linked polymer, as also reported by Mathew et al. (2002) [255]. Since the 

quinoid units were utilized in the cross-linking of the polymer chains, a decrease in the Q/B 
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ratio was observed. The later increase in Q/B ratios denotes conversion of some benzenoid to 

quinoid rings, an oxidation reaction, although some further processes may occur to create 

chemical structures that absorb in the 1550 to 1600 cm
-1 

range. The oxidation reaction, as 

proposed in an earlier study [245], occurs through the release of electrons and formation of 

nitrogen cation radicals followed by stepwise release of protons, electrons and further 

protons. The intrinsic chemical changes, cross-linking and oxidation, are followed by further 

polymer degradation at higher temperatures, as evidenced by the TGA results. The broad 

band above 2000 cm
-1

, prominent in NR-PANI and G-PANI, is the characteristic of 

conducting form of PANI. The decrease in the intensity of this band after treatment above 

200 ºC maybe attributed to the loss in conductivity [127, 245]. 

 

Scheme 3.1. Cross-linking scheme for PANI upon heating, adapted from [255, 263]. 
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Table 3.2. Q/B ratios and spin concentrations of as - prepared and thermally – treated PANI   

samples. 

Thermal 

treatment 

temperature 

( °C ) 

NR-PANI NR-PANIdd G-PANI G-PANIdd 

Q/B [Spin] 

(x 10
19

 

spins g
-1

) 

Q/B [Spin] 

(x 10
19

 

spins g
-1

) 

Q/B [Spin] 

(x 10
19

 

spins g
-1

) 

Q/B [Spin] 

(x 10
19

 

spins g
-1

) 

As-

prepared 

 

0.95 3.53 0.70 2.59 1.14 12.2 0.79 0.42 

100 0.91 3.93 0.67 2.65 1.12 13.0 0.79 0.38 

125 0.89 4.05 0.66 2.71 1.10 16.5 0.78 0.38 

150 0.86 6.06 0.63 2.72 1.05 18.3 0.77 0.41 

175 0.87 7.70 0.62 2.66 1.00 20.6 0.73 0.48 

200 0.90 7.52 1.10 1.13 0.95 14.6 0.65 0.75 

250 0.98 2.47 1.18 1.11 0.98 6.80 0.68 1.92 

300 1.04 1.21 1.19 0.86 1.01 3.90 0.69 1.03 

 

 ESR spectroscopy was also employed to study the changes in PANI polaron content 

upon thermal treatment. A representative set of spectra of as-prepared and thermally-treated 

G-PANI is given in Figure 3.5. All of the as-prepared and thermally-treated samples showed 

a single signal with g values in the range 2.0033 to 2.0038 compared to the free electron g 

value of 2.0023. This indicates the presence of the radical on or near the nitrogen atom. A g 

value shift of at least 10
-3

 occurs when the radical is localized on or near a heteroatom [104, 

253]. The g values were temperature–independent, as observed for PANI salts by 

Palaniappan and Narayana [253].  
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Figure 3.5. ESR spectra of G-PANI: a) as – prepared, b) treated at 175 °C, and  

c) treated at 300 °C. 

 

The spin concentrations of the samples were obtained from the integrated ESR signals 

using Equation 3.1, and are recorded in Table 3.2. 
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where Nsample is the spin concentration of the sample (spins g
-1

), 
4CuSOn is the moles of copper 

sulfate, NA is the Avogadro constant, Isample and 
4CuSOI are the areas under the integrated ESR 

signals of the sample and copper sulfate respectively, and msample  is the mass of the PANI 

sample (g).  NR-PANI, NR-PANIdd, G-PANI as well as G-PANIdd initially showed 

thermally activated paramagentism, that is, an increase in spin concentration, upon thermal 

treatment. However, after treatment above a certain temperature; 175 ºC for NR-PANI and 

G-PANI, 150 ºC for NR-PANIdd and 250 ºC for G-PANIdd, a Curie – Weiss type 

paramagnetism, that is a decrease in spin concentration, was observed. This behaviour with 

PANI has also been observed in a previous study [253].  

 The initial increase in spin concentration upon thermal treatment of the PANIs may 

be due to bipolarons being thermally excited to two neighbouring paramagnetic polarons 

[264] resulting in an increase in spin concentration. Upon thermal treatment at the higher 

temperatures indicated above, a dedoping process occurs where the polarons are destroyed by 

a deprotonation reaction. This involves conversion of some benzenoid units to quinoid 

through pairing of polarons to form bipolarons [245], resulting in a decrease in spin 

concentration. This is also evidenced by Q/B ratios from FTIR spectra of the samples. The 

decrease in spin concentration upon thermal treatment in PANI has also been attributed to 

oxygen reacting with the paragmagnetic centres [257]. Overall the spectroscopy results 

reveal that PANIs undergo cross-linking and oxidation reactions, along with doping and 

dedoping upon thermal treatment.  
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 3.3.4 XRD 

The XRD patterns of as prepared and thermally treated NR-PANI and G-PANI are 

given in Figure 3.6. NR-PANI exhibited crystalline peaks at about 2θ = 6.5º, 19º and 26º. 

The peak about 2θ = 6.5º is characteristic of an interlayer repeat distance of spacers between 

parallel planes of stacked PANI backbone [204]. The intensity of all peaks decreased as the 

treatment temperature increased with the peak about 6.5º disappearing above 200 ºC and the 

peaks about 19º and 26º merging to give a broad reflection. The diffraction pattern of as – 

prepared NR-PANIdd was similar to NR-PANI, with the broad reflection appearing after 

treatment above 175 ºC.  G-PANI showed crystalline peaks at about 2θ = 15º, 20º and 25º, 

typical of HCl doped PANI [265]. The peaks disappeared above 200 ºC and resulted in a 

broad reflection about 2θ = 22º. The broad reflection, more commonly known as the ‘halo’ is 

characteristic of amorphous PANI [266]. The as – prepared G-PANIdd was amorphous, with 

the ‘halo’ appearing at around 20°; the loss of crystallinity was probably due to removal of 

counter ions leading to chain rearrangement during the dedoping process. G-PANIdd 

continued to display amorphous character after thermal treatment.   

However, these results confirm that a PANI losses its crystallinity after treatment at 

high temperatures. This could be due to chemical processes such as chemical crosslinking 

during the thermal treatment process. A three-dimensional chemical structure, resulting from 

crosslinking, is known to decrease the crystallinity and apparently increase the amorphous 

state of PANI [267].  
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Figure 3.6. XRD patterns of as – prepared and thermally – treated NR-PANI and G-PANI. 
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 3.3.5 Conductivity 

The electrical conductivities of as prepared and thermally treated NR-PANI and G-

PANI samples are given in Table 3.3. The as prepared G-PANI, synthesized a low pH, had a 

higher conductivity than NR-PANI. Upon thermal treatment, the conductivity of both 

samples initially increased slightly up to 100 ºC then decreased as the treatment temperature 

increased. The slight initial increase can be attributed to the loss of moisture [268]. More 

ordered crystalline PANI is known to exhibit higher conductivity [269]. As seen in the XRD 

patterns, thermal treatment decreased the crystallinity of both NR-PANI and G-PANI 

samples. In addition to the loss of dopant due to thermal treatment, the irregularity in 

polymer chain arrangement could have contributed to the observed decrease in conductivity. 

The conductivity of samples treated at 250 and 300 ºC could not be determined as the 

samples could not be pelletized, a setback also encountered by Palaniappan (1997) [270]. 

 

3.3.6 Free radical scavenging capacity 

The free radical scavenging capacities of the as-prepared and thermally-treated 

polyanilines are presented in Figure 3.7. The as-prepared NR-PANI exhibited a higher free 

radical scavenging capacity (70.6 %) than the as-prepared G-PANI (54.4 %), which has been 

associated with the more reduced state of the as-prepared nanorod samples [258]. The radical 

scavenging capacity of both the PANIs decreased after proton dedoping with NR-PANIdd 

and G-PANIdd exhibiting a 51.9 % and 31.8 % radical scavenging capacity, respectively.  
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                 Table 3.3. Conductivity of NR-PANI and G-PANI. 

Treatment Temp. 

(ºC) 

Conductivity (S cm
-1

) 

NR-PANI G-PANI 

As Prepared 2.33 x 10
-3

 5.20 x 10
-1

 

100 7.46 x 10
-3

 1.08 x 10
0
 

125 4.25 x 10
-3

 3.60 x 10
-1

 

150 9.73 x 10
-4

 1.20 x 10
-1

 

175 

200 

250 

300 

9.49 x 10
-5

 

2.99 x 10
-6 

NM 

NM 

6.38 x 10
-3 

5.22 x 10
-7 

NM 

NM 

NM – not measured. 

 

This decrease in radical scavenging capacity has been attributed to an incidental increase in 

the oxidation level of NR-PANI and G-PANI upon treatment with a base [258].   

 To further examine the contribution of the inner aniline oxidation products formed 

initially under the higher pH conditions that led to the formation of the NR-PANI sample, a 

further sample, rich in phenazine type units [106], was prepared at a static pH of 6.5. It is 

expected that the NR-PANI sample, prepared under falling pH, would have an interior like 

the sample prepared at pH 6.5, only coated with regular PANI. The DPPH radical scavenging 

capacity of the pH 6.5 sample was 66.3 %, which can be compared to the 70.6 % radical 

scavenging capacity of NR-PANI on a mass basis. This result indicates that the aniline 
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oxidation products formed at higher pH can contribute positively to the radical scavenging 

activity of the falling-pH nanorod samples.  

NR-PANI and NR-PANIdd exhibited a trivial decrease in DPPH
•
 scavenging capacity 

upon thermal treatment up to 175 ºC. After thermal treatment above 175 ºC, a rapid decrease 

in radical scavenging capacity was seen. A similar trend was observed for G-PANI and G-

PANIdd, however, the rapid decrease in free radical scavenging capacities in these samples 

were seen a little later after thermal treatment above 200 ºC. At low temperatures NR-PANI 

exhibited higher free radical scavenging capacity than G-PANI but the opposite was 

observed above 175 ºC. However, after treatment at 300 ºC both NR-PANI and G-PANI 

showed comparatively similar free radical scavenging activities. 

 The interaction of DPPH radicals with PANI results in neutralization of the DPPH 

radicals through the oxidation of benzenoid units of PANI as shown previously Scheme 2.1. 

This process involves the conversion of benzenoid units of PANI to quinoid through the loss 

of hydrogen from the amine nitrogens [84]. The thermal treatment of NR-PANI and NR-

PANIdd up to 175 ºC results in partial cross-linking of the polymer chains as evidenced by 

the Q/B ratios in FTIR spectroscopy. The resulting cyclized phenazine–like units containing 

ternary nitrogen of the cross-linked PANI chains, may still participate in the DPPH radical 

scavenging through oxidation of the organic structures that are produced. Moreover, the 

small decrease in the radical scavenging activity after treatment up to 175 ºC shows that 

oxidation of some benzonoid units of the PANI may also have occurred alongside the cross-

linking reaction. Upon thermal treatment above 175 to 200 ºC, the PANI polymer chains for 

each of the samples undergo oxidation reactions, as indicated by the Q/B ratios, and 
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degradation on further heating, as shown by TGA results. The oxidized and degraded units of 

PANI, comprising mainly quinoid units, will have a lower tendency to neutralize DPPH 

radicals [79]. Therefore, a decline in free radical scavenging capacity was observed after 

treatment at temperatures above 175 ºC.  

The spin concentrations of the samples increased when the polymer samples showed 

an initial decrease in radical scavenging capacity up to 175 ºC. It has been previously shown 

that radical scavenging activity is not related primarily to PANI conductivity [258], and an 

associated high number of polaron charge carriers. However, upon thermal treatment at 

higher temperatures the spin concentrations decreased as did the radical scavenging capacity 

of the polyanilines. 

 

Figure 3.7. DPPH radical scavenging capacity of the PANIs. 
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3.4  Conclusions 

 The as-prepared NR-PANI, NR-PANIdd, G-PANI and G-PANIdd were thermally 

stable up to 300, 340, 250 and 350 °C respectively. No major morphological changes for the 

granular (G) and the nanorod (NR) PANI samples were evident upon thermal treatment up to 

300 ºC. The free radical scavenging capacity of the as-prepared and thermally treated PANI 

samples synthesized in different chemical environments was evaluated using the DPPH 

assay. NR-PANI and NR-PANIdd showed a slight decrease in free radical scavenging 

capacity upon thermal treatment up to 175 ºC and a rapid decrease after treatment at higher 

temperatures. G-PANI and G-PANIdd also exhibited a slight decrease in free radical 

scavenging capacity upon thermal treatment up to 200 ºC and a rapid decrease thereafter. The 

rapid decrease in the free radical scavenging capacity is attributed to the oxidation of the 

polymer samples as evidenced by FTIR spectroscopy, but was not related to the spin 

concentration obtained by ESR. Hence, the nanorod PANI can be thermally processed up to 

175 ºC, and the granular PANI to 200 ºC for antioxidant applications with little loss of 

radical scavenging activity. Reduced antioxidant activity can be expected if the PANIs are 

processed at temperatures higher than these. 
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4.1 Introduction 

 PET, a semi-crystalline thermoplastic polyester, is widely used because of its low cost 

and good mechanical properties [271]. Apart from its application as a substrate for flexible 

electronics, optical components and micro-sensors [272, 273], PET has created a niche in the 

food packaging industry in bottles that contain soft drinks [274]. Efforts are being made to 

improve the properties of PET in order to augment its packaging applications. Blending with 

other materials is one route to compensate for the deficiencies, or to enhance the existing 

properties of PET. PET has been blended with ethylene-vinyl alcohol copolymer [275], a 

liquid crystalline polyester [276] and aromatic polyamides [271], in order to improve gas 

barrier properties.  

Blending PANI with PET has the potential to yield novel antioxidant packaging 

materials. PET/ PANI composites have been prepared by the in situ polymerization of 

absorbed aniline within PET fibres [221]. On the other hand, thermomechanical processing is 

the preferred method for blending polymers in the polymer industry [277] but the infusibility 

of PANI limits its thermomechanical processing [118]. Alternatively, polyaniline has been 

successfully dispersed in a melt of processable polymers [207]. Mitzakoff and Paoli (1999) 

endeavoured to produce conducting PET/ polyaniline blends for large scale utilization but the 

product was a hard and brittle material due to the hydrolysis of PET ester bonds induced by 

the acid dopants of polyaniline [203].  

PANI synthesized via the falling pH method (NR-PANI) creates nanorods, and has 

demonstrated a high free radical scavenging capacity [258]. It has also shown adequate 

thermal stability, characterized by less than 10 % weight loss other than losses due to 
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moisture, up to 300 ºC [278]. In the present work, NR-PANI was blended with PET through 

thermomechanical processing at 265 ºC. The composites have been characterized using 

optical microscopy, FTIR, XPS, differential scanning calorimetry (DSC) and dynamic 

thermomechanical analysis (DMTA). The static mechanical properties, conductivity and the 

free radical scavenging capacity of the composites, using the DPPH assay, have also been 

examined. 

  

4.2 Experimental 

 

4.2.1  Materials 

 PET resin (intrinsic viscosity = 0.82 ± 0.02 dL g
-1

) was kindly provided by Frucor 

Beverages (NZ) Limited. Details of other chemicals are given in section 2.2.1. 

 

4.2.2  Synthesis of NR-PANI 

 NR-PANI, consisting of micro/ nanorods and flake-like structures, was synthesized 

by the falling pH method as described in section 2.2.2. The dried NR-PANI was ground to a 

fine powder; sieved using a 106 µm sieve and particle size analysis was carried out by means 

of laser diffractometry using a Malvern Mastersizer 2000 instrument. The NR-PANI powder 

was kept in an air – tight container for further use. 
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4.2.3  Preparation of NR-PANI/ PET composites 

 Melt blending of PET and NR-PANI, with 1% (PETPA1), 2% (PETPA2) and 3% 

(PETPA3) loading of NR-PANI, was undertaken using a Prism TSE16 twin screw extruder 

with a L/D ratio of 12.5. PET pellets were dried in a Moreto dehumidification dryer at 135 ºC 

overnight and NR-PANI was dried overnight at 60 ºC in a vacuum oven prior to blending. 

PET and NR-PANI were manually mixed and quickly fed into the extruder operating at 265 

ºC with a screw speed of 10 rpm. The molten composites were extruded through a 2 mm die 

as a rod, quenched in water and pelletized. A PET sample without any NR-PANI was also 

extruded as described above. The extruded pellets were dried at 60 ºC in a vacuum oven for 

24 h and compression moulded between teflon sheets at 265 ºC to obtain 0.20 ± 0.02 mm 

thick films. The pellets were heated in the press for 4 min with repeated application and 

release of pressure to remove air bubbles, and kept at 2.5 kPa for an additional 4 min. The 

films were cooled in a flow of air immediately after removal from the hot press and stored in 

air tight containers until further characterization. The film thickness was measured using a 

Mitutoyo Absolute 500 series digital calliper. Composites with more than 3% NR-PANI 

content had poor mechanical strength and could not be processed.  

 

4.2.4  Characterization 

XPS data of the film samples were collected on a Kratos Axis UltraDLD instrument 

equipped with a hemispherical electron energy analyser. Samples were mounted on standard 

VG sample studs by means of double sided carbon tapes. The spectra were taken using 

monochromatic Al Kα X-rays (1486.69 eV) with the X-ray source operating at 150 W. The 
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analysis area was a 300 by 700 µm spot. The core level scans were collected with 20 eV pass 

energy. The analysis chamber was at a pressure in the 10
-9

 torr range throughout the data 

collection. Data analysis was performed using CasaXPS. Core level data were fitted using 

Gaussian-Lorentzian peaks with a Shirley background. The binding energy scale was 

corrected for the neutraliser shift using the C 1s signal from saturated hydrocarbon at 284.6 

eV.  

The infrared spectra of the films were recorded using a Thermo Electron Nicolet 8700 

Fourier transform infrared spectrometer using a single bounce ATR and a germanium crystal. 

An average of 64 scans with a 4 cm
-1

 resolution was taken. The film samples were also 

examined using the Nicolet Continuµm FTIR microscope equipped with a digital camera for 

image acquisition. 

DSC studies were performed on the film samples, contained in aluminium pans, using 

a TA Instruments Q1000 DSC from 25 to 300 ºC at a 10 ºC min
-1

 heating rate in a nitrogen 

atmosphere.  

 Dynamic mechanical properties were measured using a Rheometric Scientific DMTA 

IV working in the tensile mode. Storage modulus (E'), loss modulus (E'') and loss tangent 

(tan δ) of each sample were determined at 1.5 Hz from 25 to 100 ºC at a heating rate of 3 ºC 

min
-1

 under a liquid nitrogen flow. The test specimens were presented as rectangular strips 

measuring 12 x 20 x 0.2 mm
3
 (width x length x thickness). 

The melt flow index (MFI) of PET and the composite samples was determined using 

a Dynisco Polymer Test melt indexer according to ASTM D 1238. The sample pellets were 
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forced through a capillary, after melting at 253 ºC for 3 min, by application of a 2.16 kg 

weight. 

The static mechanical properties of the samples were determined at ambient 

temperature, using an Instron 5567 universal testing machine equipped with a video 

extensometer. The measurements were undertaken in accordance with ASTM D822-02. The 

stress-strain curves of rectangular test specimens measuring 7 x 80 x 0.2 mm
3
 (width x length 

x thickness) were measured at a constant crosshead speed of 5 mm min
-1

 and a 1000 N load 

cell. The distance between the sample grips was 50 mm.  The modulus of elasticity, tensile 

strength and elongation at break were determined from at least six measurements of each 

sample.  

 The technique of measuring the conductivity between two electrodes (DIN-53596) 

was employed to determine the electrical conductivity of PET and the composite films. All 

measurements were undertaken at ambient temperature using a Keithley 6517A electrometer.  

 

4.2.5  Radical scavenging assay  

 An adaptation of the DPPH assay for use with polymeric samples [79, 80] was 

applied for the assessment of PET and the composite samples. 20 (1 x 1 cm
2
) film pieces 

were added to 20 mL of a 55 µM methanolic DPPH solution. The samples were left to react 

at room temperature for 24 h, after which the absorbance of the supernatant at 516 nm was 

measured using a Shimadzu UV-1700 UV-visible spectrophotometer. Three trials of each 

sample were undertaken. A control experiment, without any test sample, was also set up. The 
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amount of DPPH
•
 which reacted over a 24 h period was then calculated after subtracting 

away the background loss of a DPPH
•
 solution without added test sample. 

 

4.3  Results and Discussions 

 

4.3.1  Microscopy  

 The optical micrographs of PET, PET/ NR-PANI composite films and pure NR-PANI 

are presented in Figure 4.1. The PET film was transparent with no traces of additional 

components. An even distribution of NR-PANI particles in the PET matrix was observed, 

indicated by the ‘dark spots’ in the micrographs. NR-PANI was previously confirmed in 

section 2.3.1, to consist of micro and nanorods along with flake-like morphologies, within 

PANI aggregates. The NR-PANI aggregates were measured to be an average of 17 μm with 

particles as large as 85 μm.  Similar sized NR-PANI particles were present in the composite 

films, indicating that the NR-PANI particles did not form larger aggregates upon dispersing 

in PET, but rather produced an appreciable dispersion. The particle size distribution of NR-

PANI in the composites, processed using the ImageJ software, is shown in Figure 4.2. The 

density of NR-PANI ‘dark spots’ in the composite films increased in the order PETPA3 > 

PETPA2 > PETPA1, in accordance with the composite formulations.  
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Figure 4.1. Optical micrographs of a) pure PET; along with composites containing 1, 2, and 3 % added NR-PANI:  

b) PETPA1, c) PETPA2,  d) PETPA3 and e) pure NR-PANI. 
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Figure 4.2. NR-PANI particle size distribution in: 

 a) PETPA1, b) PETPA2 and c) PETPA3. 
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4.3.2  Conductivity 

 The electrical conductivities of PET, PETPA1, PETPA2 and PETPA3 were 7 x 10
-16

, 

5 x 10
-15

, 7 x 10
-13

 and 1 x 10
-12

 Scm
-1

 respectively. The conductivity of as-prepared NR-

PANI was 2.3 x 10
-3

 Scm
-1

 [258]. With the inclusion of 3% NR-PANI in the composite, the 

conductivity of the PET increased by 4 orders of magnitude. The gradual increase in 

conductivity of the NR-PANI/ PET composites, with an increased loading of NR-PANI, 

suggests good dispersion and an improved conducting network of NR-PANI in the PET 

matrix, as observed in optical microscopy studies [207]. The conductivities of the composite 

films were much lower compared to an earlier study where addition of 5% of pTSA doped 

PANI increased the conductivity of PET by 11 orders of magnitude to 10
-5

 S cm
-1

 [203]. In 

the present study, NR-PANI was not doped by additional acids, beyond the sulfuric acid 

produced from the ammonium persulfate oxidant during synthesis, so a lower conductivity 

for NR-PANI/ PET composites was expected. 

 

4.3.3  Melt flow index (MFI) 

 The MFI values of PET, PETPA1, PETPA2 and PETPA3 were 23 ± 3, 29 ± 1, 38 ± 1 

and 48 ± 1 g (10 min)
-1

. Pesetskii et al. (2011) have also reported the MFI of pure PET as 23 

g (10 min)
-1

 at 265 ºC and 21.6 N [279]. The MFI values thus increased with a greater 

amount of NR-PANI in the composites indicating easier flow of the melt. This suggests a 

lowering of the molecular weight of PET units upon incorporation of NR-PANI. Once 

molten, PET is known to undergo hydrolysis as well as thermo-oxidative degradation [280]. 

While PET undergoes significant hydrolysis under humid conditions at temperatures above 
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its glass transition temperature (Tg) [281], the thermal degradation is more pronounced at 

temperatures above 400 ºC [282]. These processes can be accelerated in the presence of an 

acid [281, 283].  Under acidic conditions the accelerated hydrolysis involves protonation of 

the in–chain oxygen atom of the ester group followed by reaction with water to produce 

hydroxyl and carboxyl end groups, resulting in scission of the PET chains as shown in 

Scheme 4.1. Moreover, thermal degradation of PET occurs through a chain scission 

mechanism resulting in carboxyl end groups and a lowering of the molecular weight [283].  

 

 

 

 

Scheme 4.1. Hydrolysis of PET. 
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 NR-PANI contains occluded moisture and bisulfate dopant ions, which could create 

an acidic environment, ideal for the hydrolysis of PET. Paoli and Mitzakoff (1999) have 

previously observed hydrolysis of PET chains when blended with acid doped PANI at 270 ºC 

[203]. Similarly, hydrolysis of the PET ester groups was seen when PET was blended with 

nylon at 265 to 275 ºC [284]. While thermal degradation is not excluded in the present study, 

PET chains in the PET/ NR-PANI samples are expected to undergo hydrolysis catalysed by 

the dopants associated with NR-PANI. 

 

4.3.4  FTIR spectroscopy studies 

 The FTIR spectra of PET, PETPA1, PETPA2, PETPA3 and NR-PANI are presented 

in Figure 4.3. The spectrum of PET is similar to that reported in the literature [285]. Major 

bands in the PET spectrum can be assigned to ν(C=O) at 1721 cm
-1

, ring δ(CH) at 1505 and 

1410 cm
-1

, ν(O-CH2) and ring ν(C-C-C) at 1018 cm
-1

,  δ(C=O) at 873 cm
-1

, and a combination 

of δ(C=O) and ring δ(CH) at 727 cm
-1

. A blend of ring δ(CH), δ(OCH) and δ(CCH) in trans-

OCH2CH2O shows up at 1342 cm
-1

 while a blend of ring-ester ν(C-C), ring ν(C-C-C), τ(CH2), 

δ(C=O) and ν(C-O) in C(=O)-O shows up at 1263  cm
-1

 [286]. Furthermore, the bands at 1121 

and 1101 cm
-1

 are attributed to ν(C-O) in the crystalline and amorphous phases respectively 

[287]. NR-PANI exhibited peaks typical of polyaniline prepared by the ‘falling pH’ method. 

The major peaks are assigned to quinoid ring ν(C=C) at 1585 cm
-1

, the benzenoid ring ν(C=C) 

at 1500 cm
-1

 and ν(C-N) at 1310 and 1250 cm
-1

 [14]. Peaks at about 1413 and 1447 cm
-1

 are 

attributed to phenazine-like highly branched structures formed at high pH. However, as the 
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pH of the synthesis mixture falls, the core structures containing phenazine-like groups are 

coated with more regular polyaniline [258].    

 

 

Figure 4.3. FTIR spectra of a) PET, b) PETPA1, c) PETPA2, d) PETPA3 and e) NR-PANI. 

 

 The spectra of PET/ NR-PANI composites were very similar to the spectra of pure 

PET. Although the presence NR-PANI in the composites was evident from optical 

microscopic studies, peaks corresponding to NR-PANI were not seen in the spectra of the 



 

 

89 

 

Chapter Four: Characterization of PET/ PANI Composites as Potential Antioxidant 

Materials   

composites, as the NR-PANI was present at low concentrations and its contribution would 

have been largely diluted by the PET present. The PET peaks did not shift or broaden 

significantly upon addition of NR-PANI. The lack of large peak shifts suggests that specific 

interactions between the molecules of the two polymers were limited [288]. However, one 

notable change was blue shift of the band at 1121 cm
-1

 to 1130 cm
-1

 and the increase in 

intensity of the band at 1130 cm
-1

 compared to 1101 cm
-1

 band upon addition of NR-PANI.  

These observations suggest an increase in the degree of crystallinity of PET when blended 

with NR-PANI. The intensity of the 1342 cm
-1

 band also increased upon incorporation of 

NR-PANI implying an increase in the crystallinity of PET as observed by Liang and Krimm 

(1959) [287]. The increase in the intensity of the 1342 cm
-1

 band could also have been due to 

contributions from the ν(C-N) of NR-PANI.   

 

4.3.5  XPS studies 

 The effect of NR-PANI on PET upon blending was also investigated by surface 

analysis using XPS. The elemental compositions of the samples determined from the wide 

scans are given in Table 4.1. PETPA2 and PETPA3 had 0.3 and 0.4% nitrogen content 

respectively, indicating the presence of NR-PANI, at least at the surface of the films. These 

PANI segments would be available for the scavenging of free radicals. However, no nitrogen 

was detected on the surface of PETPA1, possibly due to its presence at a very low level. The 

XPS wide scan analysis of NR-PANI revealed the following composition: 74.8% carbon, 

9.7% nitrogen, 13.3% oxygen and 2.2% sulfur.  Therefore, the theoretical nitrogen content of 

PETPA2 and PETPA3, based upon a 2% and 3% NR-PANI addition, would be 0.2 and 0.3% 
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respectively. The experimental nitrogen content of PETPA2 and PETPA3 were thus in 

accordance with the theoretical approximations. 

 

    Table 4.1. XPS data for PET, PETPA1, PETPA2 and PETPA3. 

Sample Elemental composition 

(at. %) 

 

O/C 

C1s deconvoluted peak 

quantification (at. %) 

C O N C-C/ C-H 

(284.6 eV) 

C-O 

(286.4 eV) 

O-C=O 

(288 eV) 

PET 80.5 19.5 n/d 0.24 82.4 10.4 7.2 

PETPA1 79.0 21.0 n/d 0.27 77.0 13.0 10.0 

PETPA2 75.5 24.2 0.3 0.32 71.8 15.0 13.2 

PETPA3 73.0 26.6 0.4 0.36 68.7 17.5 13.8 

 n/d: not detected 

 

 The O/C ratios, given in Table 4.1, increased with a greater amount of NR-PANI in 

the composites. The O/C ratio of NR-PANI, PET and PETPA3 were 0.18, 0.24 and 0.36, 

respectively. Theoretically, the addition of 3% NR-PANI to PET would have changed the 

O/C of PET by about 0.002. However, a much higher increase in the O/C ratio was observed. 

The –OH end groups produced by hydrolysis of PET chains contributed to the increase in the 

O/C ratio. The moisture and acid dopants present in NR-PANI can be expected to escalate 

the hydrolysis of PET chains, resulting in higher O/C ratios in the composites.   
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Figure 4.4. Deconvoluted C 1s spectra of a) PET, b) PETPA1, c) PETPA2 and d) PETPA3. 
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The carbon 1s spectra, deconvoluted into three components, are given in Figure 4.4 

and their contributions are summarized in Table 4.1. The first component at 284.6 eV 

corresponds to carbon associated with C-C or C-H groups, the second component at 286.4 eV 

corresponds to C-O, and the third component at 288 eV is assigned to carbon in O-C=O 

species [289]. A peak corresponding to C-N groups of PANI in the composites typically 

occurs at 285.5 eV [190], but this could not be fitted in the carbon 1s spectra during the 

deconvolution process, likely due to its low concentration. The C-O group concentration 

increased as more NR-PANI was included in the composites. This was due to the production 

of hydroxyl end groups via hydrolysis of the PET chains. Interestingly, an increase in the 

concentration of C=O species with an increase in the amount of NR-PANI in the composites 

was also seen. This could be attributed to the formation of additional functional groups, such 

as anhydrides, upon PET chain bond scission due to thermal degradation [290, 291].   

 

4.3.6  DSC studies 

 The DSC thermograms of NR-PANI, PET and the composites are given in Figure 4.5. 

The endothermic peak about 100 ºC in the thermogram of NR-PANI can be attributed to 

moisture loss. PET and the composites exhibited a glass transition (jump in heat flow), a cold 

crystallization (exothermic peak) and subsequent melting of the crystallites (endothermic 

peak) when heated from 25 to 300 ºC. The thermal transition temperatures, the glass 

transition (Tg), crystallization (Tc) and melting (Tm) as well as the corresponding enthalpies 

for cold crystallization (ΔHc) and melting (ΔHm), along with the degree of crystallinity (Xc) 

of PET in the composites are compiled in Table 4.2.  
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Figure 4.5. DSC thermograms of a) PET, b) PETPA1, b) PETPA2,  

c) PETPA3 and d) NR-PANI. 

 

     Table 4.2. DSC results of PET and NR-PANI/ PET composites. 

Sample Tg (ºC) Tc (ºC) Tm (ºC) ΔHc (J g
-1

) ΔHm (J g
-1

) Xc (%) 

PET 74 134 250 31.3 47.9 11.9 

PETPA1 73 123 250 27.7 50.0 16.1 

PETPA2 72 126 250 26.2 49.6 17.1 

PETPA3 72 127 251 20.1 51.3 23.0 
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The degree of crystallinity was calculated using Equation 4.1, where ΔH
o

m is the 

enthalpy of melting of 100% crystalline PET, taken to be 140 J g
-1 

[284] and w is the weight 

fraction of PET in the composites. 

 

100













m
o

cm

c
Hw

HH
X      (Eq. 4.1) 

 

 The degree of crystallinity of the PET film was 11.9%. The degree of crystallinity of 

PET increased with a greater amount of NR-PANI in the composites, with PETPA1, 

PETPA2 and PETPA3 showing a 35%, 44% and 93% increase, respectively. The increase in 

crystallinity of PET is also reflected in the decreasing ΔHc values as the amount of NR-PANI 

increased in the composites. The increase in crystallinity can be attributed to hydrolysis of 

PET whereby small chain segments were created, which are capable of realigning and 

crystallizing easily. While a lowering in the molecular weight of PET upon hydrolysis has 

been reported previously [292], Ramao et al. (2009) have also observed an increase in 

crystallinity upon scission of PET chains [290]. 

 The Tc of PET decreased upon addition of NR-PANI as shown in Table 4.2. Domains 

of an added phase are known to nucleate the cold crystallization of PET, thus lowering the Tc 

[284].  The Tg of PET in the pristine form and in the composites, also given in Table 4.2, did 

not differ significantly, indicating the absence of interactions between the two polymers, 

although an increase in the crystallinity of PET was observed. This was counter to a previous 

study where an increase in Tg was observed as the degree of crystallinity of cold-drawn PET 
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increased [293].  However, in another study, the Tg values did not change when the 

crystallinity of the PET films was increased by stretching the samples [284].   

 

  4.3.7  DMTA studies 

 The DMTA curves showing the E', E'' and tan δ of PET and PET/ NR-PANI 

composites are given in Figure 4.6. Upon increasing the temperature, E' decreased sharply 

above 65 ºC as the materials approached the glass - rubber region. E'', on the other hand, 

started to increase above 70 ºC as small parts of the macromolecular chains were able to 

move within the free volume [294]. E' of the composites, at 25 ºC, was slightly higher than 

that of PET, indicating that the composites were stiffer than PET. The E' increased with the 

composition of NR-PANI in the composites. This could be attributed to an increase in the 

degree of crystallinity of the composites. 

 The Tg values, given as the temperature corresponding to the maximum of the tan δ 

peak of PET, PETPA1, PETPA2 and PETPA3, were 82 ± 2, 81 ± 2 , 80 ± 2 and 79 ± 2 ºC, 

respectively. The Tg values for the samples did not vary significantly, as was the case with 

the Tg values obtained by DSC analysis. However, the Tg values from DMTA were about 8 

ºC higher than the corresponding Tg values obtained by DSC. Such differences between the 

Tg values obtained by the two methods is common, as the exact position of Tg depends on the 

studied frequency in DMTA, whereas in DSC it depends on the heating rate used [294].  
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Figure 4.6. DMTA curves of a) PET, b) PETPA1, c) PETPA2 and PETPA3. 
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4.3.8  Static mechanical properties 

 The Young’s moduli, tensile strength and elongation at break of PET and the PET/ 

NR-PANI composites are shown in Figure 4.7. The Young’s moduli of the composites was 

higher than that of PET indicating that the composites were stiffer than PET. A 9% increase 

in the Young’s modulus was observed upon loading 3% NR-PANI into the PET matrix. The 

increase in Young’s modulus was proportional to the NR-PANI loading. This trend in 

Young’s modulus is consistent with the trend in E' values from DMTA. The increase in 

Young’s modulus can be attributed to an increase in the crystallinity of the composites. The 

Young’s moduli of PET/ starch blends have been found to increase with starch loading. This 

was ascribed to the stiffness of the filler chains [282]. 

 The tensile strength and the elongation at break of PET decreased after incorporation 

of NR-PANI. While the tensile strength decreased from 43 to 21 MPa with 3% NR-PANI 

loading, the elongation at break showed a marked decrease from 46 to 0.8%. The decline in 

the mechanical properties of the composites is due to insufficient interfacial adhesion 

between the NR-PANI particles and PET [198]. The hydrolysis of PET chains could have 

also contributed to the inferior mechanical properties of the composites. Annala and Lofgren 

(2006) have reported a decrease in the mechanical properties of polyethylene upon addition 

of PANI complexes. However, the mechanical properties of the blends were improved with 

the aid of functionalized metallocene polyethylene as a compatibilizer [198].  
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Figure 4.7. Mechanical properties of PET, PETPA1, PETPA2 and PETPA3. 

 

4.3.9  Antioxidant activity 

 The free radical scavenging capacity, used as a measure of antioxidant activity, of the 

PET and PET/ NR-PANI composites are presented in Figure 4.8. The free radical scavenging 

capacity of the composites increased with an increase in the NR-PANI loading. On the other 

hand, pure PET did not exhibit any DPPH radical scavenging activity. Saikia et al. (2010) 

have made similar observations with starch/ PANI composites where higher free radical 

scavenging, also measured using the DPPH assay, was achieved with increased PANI 

loading [182]. It has been previously established that the free radical scavenging capacity is 
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independent of the associated electrical conductivity [258]. However, when composites are 

considered, the free radical scavenging capacity [182] as well as their conductivity [203] 

were both dependent on the amount of PANI present in the sample.  

 

 

Figure 4.8. Free radical scavenging activity of PET, PETPA1, PETPA2 and PETPA3. 

 

 

 NR-PANI reduces DPPH
•
 radicals by donating hydrogen atoms, while the PANI 

segments are in turn oxidized to the pernigraniline form when in contact with DPPH radicals 

[258]. Therefore, having a higher concentration of NR-PANI molecules exposed to the 
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DPPH test solution would result in a higher free radical scavenging activity. The free radical 

scavenging capacity of the composite films was limited by the low loading level and more 

importantly the low concentration of NR-PANI at the surface of the composite films, as 

revealed by XPS. However, blending NR-PANI does bequeath free radical scavenging 

capabilities to PET as the PET/ NR-PANI composites clearly showed higher activity than the 

pure PET sample. The low loading of NR-PANI may be sufficient for the radical scavenging 

performance of the composites as PANI has a reversible redox property and can be readily 

oxidized and reduced by species in contact with the composites. 

 

4.4  Conclusions 

 PET/ NR-PANI composites, with 1, 2 and 3 wt% NR-PANI loading, were prepared 

by melt processing. Optical microscopy revealed an even distribution of NR-PANI particles 

in the PET matrix, and a lack of aggregation. The electrical conductivities of the composites 

increased with NR-PANI loading, suggesting good dispersion and the formation of a 

conducting network of NR-PANI in the PET matrix. Spectroscopic and MFI results indicated 

that the PET chains underwent hydrolytic degradation upon addition of NR-PANI. The 

increase in the O/C ratios with the increase in NR-PANI content also suggested hydrolysis of 

the PET chains. An increase in the degree of crystallinity of PET was observed upon 

incorporation of NR-PANI, as the lower molecular weight chains were capable of realigning 

and crystallizing easily. The composites, owing to the increased crystallinity, were stiffer 

than pure PET at 25 ºC. Blending with NR-PANI, however, decreased the tensile strength 

and elongation at break of PET. This was due to insufficient interfacial adhesion between 
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PET and NR-PANI. The composites exhibited an increase in free radical scavenging 

capacity, a measure of antioxidant activity, with increasing NR-PANI loading. The PET/ NR-

PANI composites, with low NR-PANI loading, could be potentially used for antioxidant 

packaging applications. However, their mechanical properties need to be improved if higher 

NR-PANI loading is to be considered.  
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5.1 Introduction 

 PE is a commonly used polymer in the plastics industry due to its good thermal and 

electrical insulation properties, high resistance to chemicals [295], good mechanical and 

optical properties, a competitive market price [296] and ease of fabrication [297]. It makes up 

approximately 64% of all produced polymers [298]. PE has found use in applications such as 

pipes [299], grocery bags [300], agricultural films [296], biomedical implants [301] and 

liners for landfills [302]. Moreover, it is widely used as a food packaging material, both as 

free films and as coatings in containers [303].  

 Many researchers have attempted to fabricate superior packaging materials by 

blending PE with other materials. The oxygen barrier and mechanical properties of PE were 

improved upon blending with starch [304], or by incorporating PET microfibrils in the PE 

matrix [305]. The inclusion of zeolites in the PE matrix improved its water vapour transfer 

rate [306]. Furthermore, PE has been coated with garlic oil, rosemary oil [24] and zinc oxide 

nanoparticles [25] to yield packaging films with antimicrobial properties.   

 Recently, active food packagings with the ability to extend shelf life of foodstuffs 

have attracted much attention [16, 307]. Free radical mediated oxidation is known to be the 

primary cause of food deterioration and rancidity [45]. While most researchers have focused 

on the use of oxygen absorbers in packaging materials [45], little consideration has been 

given to the use of antioxidants, acting as free radical scavengers, to prevent the oxidation of 

foodstuffs. Free radical scavengers, when incorporated in packaging materials such as PE, 

have the potential to break the oxidation chain reaction and enhance the shelf life of 

foodstuffs [45]. However, to be successfully utilized, the free radical scavengers need to be 



 

 

104 

 

Chapter Five: Characterization of Antioxidant LLDPE/ PANI Composites Prepared via Extrusion  

able to withstand the high temperatures and aggressive processing conditions required to 

process plastics.  

PANI, an electrically conducting polymer, has been shown to exhibit excellent free 

radical scavenging capabilities [79, 80, 85, 258]. PANI synthesized via the “falling pH” route 

(NR-PANI), having a nanorod-like morphology, exhibited a higher free radical scavenging 

capacity compared to the conventional sample synthesized in a HCl media, attributed to a 

lower oxidation level in the NR-PANI [85].  NR-PANI has also demonstrated good thermal 

stability, characterized by a < 10% weight loss, other than that due to moisture, and high free 

radical scavenging activity up to 200 ºC [278]. Therefore, it is an ideal candidate for melt 

processing with PE, which is usually processed at temperatures below 200 ºC.  

In the present work, composites of NR-PANI, synthesized via the “falling pH” route, 

and linear low density polyethylene (LLDPE) have been prepared by thermomechanical 

processing. The composites have been characterized using a range of spectroscopic and 

thermal analytical techniques. The static mechanical properties, conductivity and the DPPH 

free radical scavenging capacity of the composites have also been examined. 
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5.2 Experimental 

 

5.2.1  Materials 

LLDPE resin (FC21HN) having a melt flow index of 1.0 g (10 min)
-1

 and 0.918 g cm
-

3
 density was obtained from TCL Hunt Ltd (New Zealand). Details of other chemicals used 

are given in sections 2.2.1 and 3.2.1. 

 

5.2.2  Synthesis of NR-PANI 

 NR-PANI, consisting of micro- and nanorods and flake-like structures, was 

synthesized by the falling pH method as described in section 2.2.2. The dried NR-PANI was 

ground to a fine powder and sieved using a 106 µm sieve. The NR-PANI powder was kept in 

an air – tight container for further use. The degree of oxidation of NR-PANI has been 

previously determined by the XPS analysis of the N1s peak to be 17 % [258]. 

 

5.2.3  Preparation of NR-PANI/ LLDPE composites 

 Blending of LLDPE and NRPANI, with 5 %, 10 %, 15 % and 20 % loading of NR-

PANI, designated as PEPA5, PEPA10, PEPA15 and PEPA20 respectively, was undertaken 

using a Brabender DSE25 twin screw extruder with a L/D ratio of 42. LLDPE pellets were 

dried in a Moreto dehumidification dryer at 80 ºC overnight and NR-PANI was dried 

overnight at 60 ºC in a vacuum oven prior to blending. LLDPE and NR-PANI were manually 

mixed and quickly fed into the extruder operating at 150 ºC with a screw speed of 20 rpm at a 

torque of 200 Nm. The molten composites were extruded through a 3 mm die as a rod, 
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cooled in air and pelletized. For comparison purpose, a control sample of LLDPE without 

any NR-PANI was also extruded as described above. The extruded pellets were compression 

moulded between Teflon sheets at 150 ºC to obtain 0.35 ± 0.05 mm thick films. The pellets 

were heated in the press for 1 min with repeated application and release of pressure to 

remove air bubbles, and kept at 10 kPa for an additional 4 min. The films were cooled in a 

flow of air immediately after removal from the hot press and stored in air tight containers 

until further characterization. The film thickness was measured using a Mitutoyo Absolute 

500 series digital calliper.  

 

5.2.4  Characterization 

XPS data of the film samples were collected on a Kratos Axis UltraDLD instrument 

equipped with a hemispherical electron energy analyser. Samples were mounted on standard 

VG sample studs by means of double sided carbon tapes. The spectra were taken using 

monochromatic Al Kα X-rays (1486.69 eV) with the X-ray source operating at 150 W. The 

analysis area was a 300 by 700 µm spot. The core level scans were collected with 20 eV pass 

energy. The analysis chamber was at a pressure in the 10
-9

 torr range throughout the data 

collection. Data analysis was performed using CasaXPS. Core level data were fitted using 

Gaussian-Lorentzian peaks with a Shirley background. The binding energy scale was 

corrected for the neutraliser shift using the C 1s signal from saturated hydrocarbon at 284.6 

eV.  

FTIR transmission spectra of the LLDPE and NR-PANI/ LLDPE thin films were 

recorded using a Thermo Electron Nicolet 8700 fourier transform infrared spectrometer. The 
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spectrum of NR-PANI was recorded using the same instrument but equipped with a single 

bounce ATR and a germanium crystal. An average of 64 scans with a 4 cm
-1

 resolution was 

taken for all samples.  

ESR spectra of known masses of film samples, contained in ESR quartz tubes, were 

recorded using a JEOL (JES-FA-200) ESR spectrometer operating in the X-band. The 

spectrum of a known mass of copper (II) sulfate was also recorded under the same conditions 

as the samples, for the calculation of spin concentrations.  

XRD patterns of the NR-PANI powder, LLDPE and NR-PANI/ LLDPE films were 

recorded on a Siemens D5000 diffractometer, using Cu Kα radiation, in the range 5 to 45º 

(2θ). While the powder sample was compressed into the sample holder, the film samples 

were fixed to the sample holder with the aid of grease.  

The cross-sectional surface morphology of cryo-fractured LLDPE and NR-PANI/ 

LLDPE film samples was visualized using a FEI Quanta 200FE environmental electron 

scanning microscope (ESEM). The samples were coated with platinum using a Polaron 

SC7640 Sputter Coater for 300 s at 5-10 mA and 1.1 kV. The NR-PANI particle size, 

dispersed in the composites, was obtained by the ImageJ software. The surface morphology 

of the NR-PANI sample was visualized using a Philips XL30S FEG SEM. Particle size 

analysis of NR-PANI was carried out by means of laser diffractometry using a Malvern 

Mastersizer 2000 instrument with water as the dispersant. 

 DSC analysis were performed on the samples, contained in aluminium pans, using a 

TA Instruments Q1000 DSC from 25 to 200 ºC at a 10 ºC min
-1

 heating rate in a nitrogen 

atmosphere.  
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 The static mechanical properties of the samples were determined at ambient 

temperature, using an Instron 5567 universal testing machine equipped with a video 

extensometer. The measurements were undertaken in accordance with ASTM D822-02. The 

stress-strain curves of dog bone shaped test specimens were measured at a constant crosshead 

speed of 5 mm min
-1

 and a 1000 N load cell. The distance between the sample grips was 65 

mm. The dimensions of the test region of the samples were 25 mm x 3 mm x 0.35 mm 

(length x width x thickness). The Young’s modulus, tensile strength and elongation at break 

were determined from at least six measurements of each sample.  

 The technique of measuring the conductivity between two electrodes (DIN-53596) 

was employed to determine the electrical conductivity of LLDPE and the NR-PANI/ LLDPE 

films. All measurements were undertaken at ambient temperature using a Keithley 6517A 

electrometer. The electrical conductivity of dry pressed pellets of as prepared NR-PANI was 

measured by the four-probe technique using a Jandel Model RM2 instrument. 

 

5.2.5  Radical scavenging assay  

 An adaptation of the DPPH assay for use with polymeric samples [79, 80] was 

applied for the assessment of LLDPE and the composite samples. 10 pieces of 1 x 1 cm
2
 film 

samples were added to 20 mL of a 55 µM methanolic DPPH solution. The samples were left 

to react at room temperature for 24 h, after which the absorbance of the supernatant at 516 

nm was measured using a Shimadzu UV-1700 UV-visible spectrophotometer. Three trials of 

each sample were undertaken. A control experiment, without any test sample, was also set 
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up. The amount of DPPH
•
 which reacted over a 24 h period was then calculated after 

subtracting away the background loss of a DPPH
•
 solution without added test sample. 

 

5.3 Results and Discussions 

 

5.3.1 Morphology 

 The ESEM images of the cryo-fractured surfaces of LLDPE, NR-PANI/ LLDPE 

composites, and the SEM image of pristine NR-PANI, are shown in Figure 5.1. Pure LLDPE 

exhibited a continuous homogeneous phase with network-like features resulting from the 

brittle fracture of the sample. Moreover, the ESEM images of the surface of the cryo-

fractured composite samples clearly showed irregular shaped NR-PANI lumps, with rough 

surfaces, dispersed in the LLDPE continuous phase. The absence of nanorod and flake-like 

morphologies of NR-PANI, presented in Figure 5.1(e), in the composites could be attributed 

to coalescence of the nanorods and flakes into lump-like aggregates during processing. 

Annala and Lofgren (2006) have also observed two different morphologies in the fracture 

surfaces of PE/ PANI extrudates [198]. Distinct phase boundaries between the host LLDPE 

matrix and NR-PANI aggregates were also apparent from the ESEM images of the 

composites, especially at higher loadings of NR-PANI, namely in the PEPA15 and PEPA20 

samples, indicating the absence of any significant interfacial adhesion between LLDPE and 

NR-PANI. This is attributed to the dissimilarity in the polarity of the two polymers. While 

LLDPE is a typical non-polar hydrocarbon polymer [308], NR-PANI possesses higher 

polarity due to the presence of amine groups in its macromolecular structure.  
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Figure 5.1. ESEM micrographs of the cryo – fractured cross – sectional surfaces of LLDPE, 

b) PEPA5, c) PEPA10, d) PEPA15, e) PEPA20 and f) SEM micrograph of NR-PANI. 
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Figure 5.2. NR-PANI particle distribution in a) PEPA5, b) PEPA10, c) PEPA15, d) 

PEPA20 and e) particle size distribution of pristine NR-PANI obtained using laser 

diffractometry. 
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Although NR-PANI particles were well dispersed in the LLDPE matrix, their average 

particle sizes increased as the NR-PANI fraction in the composites increased. The particle 

size distribution of pristine NR-PANI and NR-PANI aggregates in the composites are shown 

in Figure 5.2. The average particle size of NR-PANI aggregates employed in this study, 

measured by laser diffractometry, prior to blending with LLDPE, was 17 μm. These 

aggregates broke down into smaller particles during blending as shown in the particle size 

distribution diagram of the composites in Figure 5.2. However, the NR-PANI particle size 

increased as the fraction of NR-PANI in the composites increased. The morphology and final 

size of the dispersed phase are known to be influenced by blending conditions, viscosity 

forces that tend to deform the dispersed phase, and the interfacial tension forces. At low 

fractions of the dispersed phase, an equilibrium particle size results primarily from 

continuous breakup of the dispersed phase. However, as the fraction of the dispersed phase 

increases, the particle size becomes progressively larger due to increased coalescence of the 

dispersed phase [304], as was observed with the PAPA15 and PEPA20 samples.  

 

5.3.2 Spectroscopy studies  

 

 5.3.2.1  FTIR 

 The FTIR spectra of NR-PANI, LLDPE and the NR-PANI/ LLDPE samples are 

presented in Figure 5.3. The spectrum for LLDPE is similar to those reported in the literature 

[225, 297, 298, 309]. It consists of doublets, characteristic of partially crystalline PE, in the 

regions 1470 – 1463 cm
-1

 and 729 – 719 cm
-1

 [310]. These doublets are assigned to CH2 
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bending and rocking vibrations respectively. An additional broad band at 1370 cm
-1

 is 

attributed to the CH3 bending [297]. The major peaks in the spectrum of NR-PANI can be 

assigned to C=C stretching modes of the quinoid and benzenoid rings at 1585 cm
-1

 and 1500 

cm
-1

 respectively, a C-N stretching mode at 1310 cm
-1

 and aromatic ring in-plane and out-

plane C-H bending vibrations at 1155 cm
-1

 [258]. The peak at 1040 cm
-1

 is attributed to 

sulfonate and bisulfate groups, contributed by the ammonium persulfate oxidant during 

synthesis and included within NR-PANI chains as counterions [159, 239]. Further, weak 

vibrational bands at 1413 cm
-1

 and 1447 cm
-1

, characteristic of polyaniline synthesized under 

falling pH conditions, are attributed to the phenazine-type highly branched structures [238, 

258]. It is expected that as the pH of the synthesis falls, the phenazine type structures are 

coated with more regular polyaniline [153]. 

 The spectra of the NR-PANI/ LLDPE samples included bands corresponding to both 

of the constituent polymers and the intensity of the bands due to NR-PANI increased as the 

fraction of NR-PANI was raised in the composite samples. However, there were no 

significant changes in the peak positions of the characteristic bands of both NR-PANI and 

LLDPE upon blending. Moreover, no additional peaks were observed in the spectra for the 

NR-PANI/ LLDPE samples, illustrating the lack of chemical interaction between the 

individual composite components as well as their stability during blending at 150 ºC. 
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Figure 5.3. FTIR spectra of a) LLDPE, b) PEPA5, c) PEPA10,  

d) PEPA15, e) PEPA20 and f) NR-PANI. 

 

 

5.3.2.2  XPS 

 The presence of NR-PANI in the composite samples was confirmed further by XPS 

studies. XPS is a powerful technique for the determination of atomic concentrations at the 

sample surface and for the acquisition of chemical bonding information [311]. The elemental 

compositions for carbon and nitrogen in the samples determined from XPS wide scans are 
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provided in Table 5.1. The spectra of all of the composite samples showed the presence of 

nitrogen, indicating NR-PANI was present at least at the surface of the films. These NR-

PANI segments would be available for the scavenging of free radicals in the first instance. 

Nitrogen was not detected on the surface LLDPE as its chemical structure consists of only 

carbon and hydrogen. The N/C ratio of the samples increased in the order LLDPE < PEPA5 

< PEPA10 < PEPA15 < PEPA20, consistent with the composite formulations. Typical 

deconvoluted carbon 1s spectra of LLDPE and PEPA20 are shown in Figure 5.4. The carbon 

1s spectra of LLDPE contained a symmetric C-C peak at 284.6 eV indicating the presence of 

only one valence state for carbon which corresponded to CxHy functionalities such as –CH3 

and –CH2 [311]. An additional peak at about 285 eV was fitted in the carbon 1s spectra of the 

composite samples. This peak was attributed to C-N groups of NR-PANI [190]. Thus, the 

XPS studies indicated the existence of NR-PANI and LLDPE components in the composites, 

as evidenced by morphological and FTIR studies. 

 

      Table 5.1. XPS data of LLDPE and NR-PANI/ LLDPE composites. 

Sample N (atm. %) C (atm. %) N/C (x 10
-3

) 

LLDPE 0 100 0 

PEPA5 0.9 99.1 0.9 

PEPA10 1.7 98.3 1.7 

PEPA15 2.2 97.8 2.2 

PEPA20 2.8 97.2 2.9 
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Figure 5.4. Deconvoluted C 1s spectra of a) LLDPE and b) PEPA20. 

 

 

 5.3.2.3  ESR 

 ESR spectroscopy has been used to characterize the spin concentrations and 

interactions of the electronic spins of pure PANI [278] as well as of PANI as composite 

components [199]. The LLDPE sample did not present any ESR signal as shown in Figure 5, 

a phenomena observed previously by Chipara et. al. (2003) [199]. However, the NR-PANI/ 

LLDPE samples exhibited a symmetrical, single narrow line spectrum. A typical spectrum of 

PEPA20 sample is shown in Figure 5.5. While Chipara et. al. (2003) have reported a single 

narrow line spectra of PE/ PANI composites located close to g = 2.0 [199], Nand et. al. 

(2011) have reported the location of the ESR spectrum of PANI in the range g = 2.0033 to 

2.0038 [278]. The ESR spectrum of the composite samples, in the current study, were located 

at g = 2.0030 as shown in Table 5.2. The resonance spectra thus show the presence of 
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unpaired electronic spins in the composite samples, which can be attributed to the polarons 

within the NR-PANI structure [278].     

 

 

Figure 5.5. ESR spectra of a) LLDPE and b) PEPA20. 

 

 The peak to peak resonance line width (ΔHpp) and spin concentrations, calculated 

using Equation 5.1, are presented in Table 5.2. 

 

 

 

sample

ACuSO

CuSO

sample

sample
m

Nn

I

I
N


 4

4

                           (Eq. 5.1) 

 



 

 

118 

 

Chapter Five: Characterization of Antioxidant LLDPE/ PANI Composites Prepared via Extrusion  

where Nsample is the spin concentration of the composite sample (spins g
-1

), 
4CuSOn is the moles 

of copper sulfate, NA is the Avogadro constant, Isample and 
4CuSOI are the areas under the 

integrated ESR signals of the composite sample and copper sulfate respectively, and msample is 

the mass of the composite sample (g). The ΔHpp values decreased as the fraction of NR-PANI 

increased in the composites, showing an enhancement of exchange interactions, due to the 

decrease in the average distance between uncoupled electronic spins, also indicating good 

homogeneity of the composite materials at the submicron level [199]. NR-PANI is believed 

to be the contributor of the spins in the composites and so the spin concentrations also 

increased as the fraction of NR-PANI in the composites was raised. The theoretical 

concentration of the spins in the composites were predicted using the spin concentration of 

pure NR-PANI, reported earlier to be 3.53 x 10
19

 spins g
-1

 [278]. The slight discrepancy 

between the predicted and measured spin concentrations may be due NR-PANI undergoing 

redox transitions at the moderately high temperature experienced during blending [278]. 

 

  Table 5.2. ESR g factor, ΔHpp and spin concentration of NR-PANI/ LLDPE composites. 

Sample g factor ΔHpp (G) Predicted [spin] 

(x 10
18

 spins g
-1

) 

Measured [spin] 

(x 10
18

 spins g
-1

) 

PEPA5 2.0030 2.93 1.8 2.4 

PEPA10 2.0030 2.88 3.5 4.4 

PEPA15 2.0030 2.86 5.3 4.8 

PEPA20 2.0030 2.82 7.1 8.2 
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5.3.3 Electrical conductivity 

 The electrical conductivity of LLDPE, PEPA5, PEPA10, PEPA15 and PEPA20 were 

2.29 x 10
-15

, 3.38 x 10
-15

, 6.94 x 10
-15

, 1.19 x 10
-14

 and 1.93 x 10
-14

 S cm
-1 

respectively. The 

conductivity of the NR-PANI has been earlier reported to be 2.3 x 10
-3

 S cm
-1

 [258]. The 

conductivity of the composites increased with the addition of NR-PANI and is consistent 

with the decrease in ΔHpp values of the composite samples. This indicates good dispersion 

and formation of a partially conducting network of NR-PANI in the LLDPE matrix. Similar 

observations were made in earlier studies when HCl doped PANI was incorporated in a PE 

matrix [199, 312]. Moreover, a percolation threshold of 20% PANI was observed for the 

highly conductive HCl doped PANI. The current study was limited to composites with 20 % 

loading of NR-PANI, not doped by any added acids and of a low conductivity, and no 

percolation threshold behaviour was observed. 

 

5.3.4 Crystallinity and melting behaviour  

 The changes in the crystallinity of LLDPE, upon addition of NR-PANI, were studied 

by XRD measurements. The XRD patterns of LLDPE, NR-PANI/ LLDPE composites and 

pure NR-PANI are shown in Figure 5.6. LLDPE showed typical crystalline peaks at 2θ = 22º, 

24º and 36º. Badr et al. (2000) have also observed three crystalline peaks in the region 2θ = 

15 - 40º for a low density PE sample [313]. Pure NR-PANI exhibited peaks at about 2θ = 

6.5º, 19º and 26º. The peak at 2θ = 6.5º is characteristic of an interlayer repeat distance of 

alkyl spacers between parallel planes of stacked PANI backbones [204]. The NR-PANI/ 

LLDPE composites showed characteristic peaks of LLDPE together with the 2θ = 6.5º NR-
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PANI peak. While the intensity of the peak at 2θ = 6.5º increased with NR-PANI loading in 

the composite samples, the intensities of all of the other peaks decreased, signifying a 

lowering in LLDPE crystallinity upon blending with NR-PANI. The presence of the 2θ = 

6.5º peak in the composite samples showed that NR-PANI had maintained its microstructure 

upon blending with LLDPE. 

 

 

Figure 5.6. XRD patterns of a) LLDPE, b) PEPA5, c) PEPA10,  

d) PEPA15, e) PEPA20 and f) NR-PANI. 

 

 DSC measurements were also undertaken to investigate the changes in crystallinity of 

LLDPE upon blending with NR-PANI. The DSC thermograms of pure LLDPE and the NR-

PANI/ LLDPE composite samples, given in Figure 5.7, were similar to the thermogram of 
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LLDPE reported by Liu and Harrison (1994) [314]. LLDPE is known to be a complex 

material. The polymer chains are usually linear but have a significant number of branches 

introduced using co-monomers such as but-1-ene and oct-1-ene [315]. Therefore, the broad 

endothermic curve of LLDPE, as shown in Figure 5.7, is attributable to its broad and 

multimodal chemical composition distribution [314]. The samples exhibited two melting 

peaks, at about 118 ºC and 121 ºC, overlapping with each other. However, blending with NR-

PANI did not affect the LLDPE melting temperature.  

 

 

Figure 5.7. DSC thermograms of a) LLDPE, b) PEPA5,  

c) PEPA10, d) PEPA15 and e) PEPA20. 
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 The enthalpy of melting (ΔHm) values of LLDPE, PEPA5, PEPA10, PEPA15 and 

PEPA20 were 117.9, 103.2, 95.0, 86.2 and 77.2 J g
-1

 respectively. Their corresponding 

degree of LLDPE crystallinity (Xc), calculated using Equation 5.2, were 40.2, 37.1, 36.0, 34.6 

and 32.9 % respectively. 

 

100(%) 





o

m

m

Hw

H
Xc            (Eq. 5.2) 

 

where w is the weight fraction of LLDPE in the composite and ΔHºm  is the enthalpy of 

melting of 100 % crystalline PE, taken to be 293 Jg
-1

 [315]. The degree of crystallinity of 

LLDPE decreased upon blending with NR-PANI. The NR-PANI particles would have 

occupied spaces between the LLDPE chains and prevented them from attaining an ordered 

arrangement, thus resulting in lower crystallinity. In a previous report, the decrease in the 

degree of crystallinity of low density PE upon blending with camphorsulfonic acid-doped 

PANI was also observed [198].  

 

5.3.5 Mechanical properties 

 The tensile strength, Young’s modulus and elongation at break values of LLDPE as 

well as the LLDPE/NR-PANI samples are given Table 5.3. LLDPE exhibited a higher tensile 

strength and elongation at break than the NR-PANI/ LLDPE composite samples. The tensile 

strength and elongation at break decreased while the Young’s modulus increased as the NR-

PANI fraction in the composites increased. Similar observations on the mechanical properties 
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of PE/ HCl doped PANI composites have been made by Chipara et al. (2003) [199]. Overall, 

blending LLDPE with NR-PANI yielded materials with higher stiffness and a lower tensile 

strength. However, the LLDPE/NR-PANI composites still exhibited appreciable mechanical 

properties not very different from LLDPE itself. The tensile strength and elongation at break 

of LLDPE decreased by only 29 % and 36 % respectively, while the Young’s modulus 

increased by 38 % upon incorporation of 20 % NR-PANI. A more severe decline in the 

mechanical properties has been reported when PANI was blended, even at lower loading, 

with other thermoplastics, such as PET [203, 316].  

 

      Table 5.3. Tensile strength, Young’s modulus and elongation at break of 

       LLDPE and NR-PANI/ LLDPE composites. 

Sample Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

Elongation at break 

(%) 

LLDPE 28 ± 2 0.29 ± 0.01 787 ± 51 

PEPA5 25 ± 0.4 0.32 ± 0.01 734 ± 58 

PEPA10 24 ± 0.6 0.35 ± 0.01 649 ± 23 

PEPA15 22 ± 1 0.36 ± 0.01 564 ± 64 

PEPA20 20 ± 0.2 0.40 ± 0.01 500 ± 18 

 

 

 The increase in Young’s modulus, upon incorporation of NR-PANI, could be 

attributed to the filler-like behaviour of NR-PANI particles as was the case when PE was 

blended with starch in another study [304]. NR-PANI particles occupied spaces between the 
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LLDPE chains and thus increased its rigidity. The decrease in the tensile strength and 

elongation at break could be ascribed to the immiscibility, characterized by a lack of 

interfacial adhesion, between LLDPE and NR-PANI [199, 312]. Due to their differences in 

polarity, no effective interaction was achieved between NR-PANI and LLDPE. This resulted 

in a lack of interfacial adhesion between the components and was also evident in the ESEM 

micrographs. In the PANI/ PE composites, the PE chains are able to slip along the 

polyaniline particles due to poor adhesion. This exerts increased stress on the PANI particles, 

which have poor mechanical properties and low elasticity, leading to microcracks and 

polymer failure [199]. 

 

5.3.6 Free radical scavenging activity 

 The free radical scavenging capacity, used as a measure of antioxidant activity, of the 

LLDPE and NR-PANI/ LLDPE composites are presented in Figure 5.8. The free radical 

scavenging capacity of the samples increased with a greater fraction of NR-PANI in the 

composites. Saikia et al. (2010) have made similar observations with starch/ PANI 

composites where higher free radical scavenging, also measured using the DPPH assay, was 

achieved with increased PANI fraction in the composites [182]. Similar, observations have 

been made with regards to NR-PANI/ PET composites [316]. The NR-PANI/ PET 

composites were limited to a maximum of 3 % NR-PANI loading due to adverse effects on 

the mechanical properties of the composites upon greater NR-PANI loading. The free radical 

scavenging capacity of the NR-PANI/ PET composite containing 3 % NR-PANI was 2.78 
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nmol cm
-2

 [316], which was 17 times lower than the free radical scavenging capacity of 

PEPA20.   

 

Figure 5.8. Free radical scavenging activity of LLDPE and NR-PANI/ LLDPE composites. 

 

The free radical scavenging capacity of LLDPE itself was 2.16 nmol cm
-2

. This is 

attributed to trivial amounts of antioxidants already present in the commercial LLDPE 

sample employed in this study. PE is normally compounded with antioxidants such as 

butylated hydroxytoluene (BHT) to reduce thermal degradation during processing [303]. 

However, these added antioxidants are not considered active packaging materials as they are 

not sufficient to prevent the oxidation of foodstuffs [45]. The free radical scavenging 
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capacity of a pristine NR-PANI sample was  3.50 μmol mg
-1

 , and when thermally treated at 

150 ºC it decreased to 3.29 μmol mg
-1

 [278, 317]. The theoretical maximum free radical 

scavenging capacity of the NR-PANI/ LLDPE composites, based on the free radical 

scavenging capacity of NR-PANI treated at 150 ºC, the weight of the samples and NR-PANI 

content of the composites, would be 5.4, 9.8, 11.8 and 21.3 μmol cm
-2

 for PEPA5, PEPA10, 

PEPA15 and PEPA20 respectively. The observed free radical scavenging capacity of the 

composite samples, presented in Figure 5.8, were much less than the theoretical estimations 

and correspond to 0.1 to 0.2 %  of the total NR-PANI loaded in the composites being 

available for DPPH radical scavenging. This result indicated that free radical scavenging 

activity is primarily a surface phenomenon. Most of the active polymer was confined within 

the bulk of the host polymer and only the polymer segments available at the surface 

participated in the scavenging of the free radicals. 

 NR-PANI reduces DPPH radicals by donating hydrogen atoms, while the NR-PANI 

segments are in turn oxidized to the pernigraniline form when in contact with DPPH radicals 

[258]. Therefore, a higher free radical scavenging capacity was achieved by having a higher 

concentration of NR-PANI particles exposed to the DPPH test solution. XPS analysis 

revealed increasing amount of nitrogen on the composite surfaces as the fraction of NR-

PANI was increased. Consequently, higher radical scavenging activity was observed with an 

increased loading of NR-PANI in the composites.  The free radical scavenging capacity of 

LLDPE increased by 2.8, 5.5, 12.5 and 21.7 times by incorporating 5, 10, 15 and 20 % NR-

PANI respectively. This geometric type increase in the free radical scavenging capacity may 
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be due to greater accessibility of NR-PANI, by the DPPH free radicals as the NR-PANI 

fraction in the composites increased.  

 

5.4 Conclusions 

 NR-PANI/ LLDPE composites, with 5, 10, 15 and 20 wt% NR-PANI, loading were 

prepared by melt processing. Electron microscopy revealed an even distribution of NR-PANI 

particles in the LLDPE matrix. The presence of distinct phase boundaries indicated lack of 

interfacial adhesion between the two components. Higher loading led to coalescence of NR-

PANI and the size of NR-PANI particles dispersed in the LLDPE matrix increased. The 

electrical conductivities of the composites increased with a higher NR-PANI loading, also 

suggesting good dispersion and the formation of a conducting network of NR-PANI in the 

LLDPE matrix. FTIR spectra of the composites showed bands due to both NR-PANI and 

LLDPE. While the polymers had not undergone any noticeable degradation during blending, 

they had not interacted chemically as no additional bands were observed in the FTIR spectra. 

XPS analysis revealed an increasing amount of NR-PANI on the composite surfaces with 

higher loading, while the crystallinity of LLDPE decreased upon blending with NR-PANI. 

Blending with NR-PANI, also decreased the tensile strength and elongation at break of 

LLDPE, due to insufficient interfacial adhesion between NR-PANI and LLDPE, while the 

Young’s modulus of the composites increased with NR-PANI loading, indicating a filler-like 

behaviour of NR-PANI. However, the NR-PANI/ LLDPE composites still exhibited 

excellent mechanical properties. The composites exhibited an increase in free radical 
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scavenging capacity, a measure of antioxidant activity, with an increase in NR-PANI 

loading, showing that they could be potentially used for antioxidant packaging applications.  
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6.1 Introduction 

Packaging is an integral part of the food sector. It has helped globalize the food 

industry by providing food preservation and protection systems so that long distance transfers 

of food stuffs can be facilitated [3]. Socio-economic demands for hygienic, safer and cost 

effective packaging materials have brought about considerable developments in the area of 

packaging. One innovation that is attracting increased attention is active food packaging 

systems. Active food packaging systems consist of active agents such as antioxidants or 

antimicrobials, either contained in sachets, functionalized on the surface or incorporated 

directly in the packaging matrices [6, 7, 38, 42, 45, 318 - 320]. These systems have the 

capability to interact dynamically with the products or their immediate environment to 

enhance product shelf life, beyond simply providing an inert barrier to external elements 

[321]. While the presence of antioxidants helps lower the rate of rancidity leading to lipid 

oxidation and brown coloration, antimicrobial agents lessen food spoilage by pathogenic 

microorganisms [6, 19, 322].   

Various active packaging systems, containing synthetic as well as natural additives, 

have been reported in the recent literature. Flat extruded ethylene vinyl alcohol copolymer 

films containing green tea extract [43, 44] or beta-cylcodextrins [323], which exhibit 

antioxidant properties, have been proposed for active packaging applications. PLA films 

containing α-tocopherol and BHT [40], LDPE films containing natural antioxidants derived 

from barley husk [41] and PET trays sprayed with citrus fruit extracts [39] have also shown 

antioxidant properties. Moreover, soy protein isolate coated PP/ PE films [24], thymol and 

carvacrol incorporated PP films [22], PE and PE/ PA composite films coated with sorbic acid 
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[20] and PP films activated with plasticized proteins [5] have exhibited antimicrobial 

properties. However, it would be useful to incorporate a single active material showing both 

antioxidant and antimicrobial properties, in food packaging matrices. 

PANI, an intrinsically conducting polymer, is gaining recognition for its antimicrobial 

[324, 325] as well as free radical scavenging properties [79, 80, 258, 278]. Thus, 

incorporating PANI in polymer matrixes such as LDPE, one of the most widely used 

packaging materials in the food sector [326], has the potential to yield antioxidant as well as 

antimicrobial active packaging systems.  

The objective of the current study was to evaluate melt processed NR-PANI/ LLDPE 

composites, with both antioxidant and antimicrobial properties, for active packaging 

applications. The spectroscopic characterization, thermal and mechanical properties, 

microscopy and DPPH radical scavenging capacity of the composites have been reported 

chapter five. The results of biocompatibility, antimicrobial, ORAC, NR-PANI leaching, 

oxygen permeability and accelerated aging of fish oil tests on the NR-PANI/ LLDPE 

composites are presented here. Incorporating NR-PANI in a LLDPE matrix improved its 

oxygen barrier properties and introduced antioxidant as well as antimicrobial capabilities. 

Moreover, the NR-PANI/ LLDPE composites were biocompatible, making them suitable for 

food packaging applications. 
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6.2  Experimental 

 

6.2.1  Materials 

Fluorescein sodium salt, sodium thiosulphate, potassium iodide, chloroform, acetic 

acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), phosphate buffered 

saline (PBS), phosphate buffer tablets, resazurin sodium salt and Tween 80, purchased from 

Sigma-Aldrich, were used as received. For mammalian cell culture experiments using murine 

fibroblast cell line L929 (ATCC CCL-1), Dulbecco’s Modified Eagle Medium (DMEM), 0.4 

% Trypan blue solution and foetal calf serum (FCS) were obtained from Life Technologies. 

Cell culture was performed in 24-well tissue culture plates (TCP) (Nunc) and fluorescence 

readings were taken in black 96-well plates (Perkin Elmer). 25 % Glutaraldehyde was 

obtained from Scharlau. For bacterial culture of Staphylococcus aureus ATCC 6838, Difco 

tryptic soy broth (TSB) and Difco trypticase soy agar (TSA) were purchased from Fort 

Richard (Auckland). 2,2´-azobis-2-methylpropionamidine dihydrochloride (AAPH) was 

purchased from Merck. Ropufa fish oil was supplied by Invita Ltd (New Zealand). LLDPE 

resin (FC21HN) having a melt flow index of 1.0 g (10 min)
-1

 and 0.918 g cm
-3

 density was 

obtained from TCL Hunt Ltd (New Zealand). Details of other chemicals used are given in 

section 2.2.1. 

 

6.2.2  PANI synthesis 

 NR-PANI, consisting of micro/ nanorods and flake-like structures, and G-PANI, 

having a granular morphology were synthesized as described in section 2.2.2. 
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6.2.3  Film preparation 

 NR-PANI/ LLDPE films, with 5, 10, 15 and 20 % loading of NR-PANI, designated 

as PEPA5, PEPA10, PEPA15 and PEPA20 respectively, was prepared as described section 

5.2.3. 

 

6.2.4  Leaching studies 

 4 x 4 cm
2
 pieces of the film samples were immersed in 20 mL of Milli-Q water   with 

occasional stirring. 5 mL aliquots were removed after 2, 7, 14 and 21 days and replaced with 

5 mL fresh Milli-Q water. UV spectra of the leachates were obtained using a Shimadzu UV-

1700 UV-visible spectrophotometer. 10 mg NR-PANI and G-PANI were dispersed in 10 mL 

water for 2 days and the spectra of the filtrates were obtained for comparison.   

 

6.2.5  Oxygen transmission rate (OTR) measurement   

 50 cm
2
 film samples were tested using a Mocon Ox-Tran 2/10 oxygen permeability 

system. The OTR was determined at 23 ± 0.2 °C and 2.5 % relative humidity with 100 % 

oxygen as the permeate. The samples were conditioned in the instrument for 3 hours before 

commencing the measurements. All samples were analyzed at least in duplicate.  

 

6.2.6 Biocompability test 

157 mm
2
 LLDPE and NR-PAN/ LLDPE film disks were placed in petri dishes and 

sterilized under UV for 30 min. The film samples were then transferred to a 24-well tissue 

culture plate (TCP) containing 2 mL agar solution made in water. The agar was allowed to 
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set to anchor the film samples at the bottom of the wells. 1 mL aliquots of DMEM 

supplemented with 10 % heat activated FCS, containing 1 x 10
5
 cell/ mL L929 mammalian 

cells, were placed in each well containing the film samples. Trypan blue exclusion was used 

to enumerate live cells. Test controls without any film samples were also set up. Cell 

adhesion and proliferation was measured using a resazurin fluorescence assay, which is used 

to quantify viable cells at various stages of proliferation [327]. The cells were incubated at 37 

°C in 5 % CO2 in air for 24 h, after which the DMEM was replaced with 1 mL of 500 µM 

resazurin solution in DMEM and incubated for 4 h. The supernatant was collected and 

centrifuged at 1600 rpm for 5 min at room temperature to pellet any cells. 100 µL of the 

centrifuged supernatant was aliquoted in triplicate into a 96 well black microtitre plate and 

the fluorescence value was recorded at 530 nm excitation and 590 nm emission using a 

Perkin Elmer Enspire 2300 Multilabel Reader. The cultures on sample films in the 24 well 

plates were washed once with DMEM before fresh DMEM supplemented with 10 % FCS 

was added and returned to the incubator. The above procedure was repeated daily over the 

course of 4 days. After obtaining the fluorescence reading on the 4
th

 day, the cells were 

washed with PBS, fixed with 2.5 % glutaraldehyde in PBS and stored at 4 °C. The fixed cells 

were imaged using a FEI Quanta 200FE environmental electron scanning microscope 

(ESEM) at 2 °C, after washing away the glutaraldehyde with Milli-Q water. At least three 

trials of each sample were undertaken. 
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6.2.7 Antimicrobial activity 

Antimicrobial effects of the films was analysed using the JIS Z 2801:2000 assay. 

Film samples cut into 50 x 50 mm
2 

and 40 x 40 mm
2
 pieces were sterilized by soaking in 

ethanol for 1 min, after which the samples were aseptically transferred to sterile petri dishes 

and left to air dry in a class II biosafety cabinet. An overnight TSB culture of S. aureus 

ATCC 6838 was diluted into PBS to 1 x 10
7
 CFU/ mL and 100 µL, containing 1 x 10

6
 CFU, 

was dispensed on the surface of the dry 50 x 50 mm
2
 film samples and covered with the 40 x 

40 mm
2
 film samples. The 40 x 40 mm

2
 sample was pressed down to spread the cell 

suspension evenly over the 50 x 50 mm
2
 piece, ensuring that no air bubbles were trapped 

between the film samples. The samples were incubated in a humid environment at 37 °C for 

24 hours under static conditions. The samples were then aseptically transferred into 

stomacher bags and 10 mL of TSB containing 1 % (v/v) Tween 80 was added. The bags were 

homogenised twice for 30 s with a 1 min break between the two sessions using a stomacher 

to resuspend the bacteria in the TSB. Pour plates of 0.9 mL homogenate plus 19 mL molten 

TSA cooled to 55 °C and 9 mL homogenate plus 9 mL molten TSA were made. Homogenate 

dilutions (1:200, 1:2000 and 1:20000) were made in PBS and plated to TSA. Agar plates 

were incubated at 37 °C for 24 h, after which the agar plates were examined for colony 

growth and CFU enumerate. At least three trials of each sample were performed. 

 

6.2.8  ORAC assay 

 A 4.20 x 10
-6

 M stock solution of fluorescein sodium salt was made using phosphate 

buffer (pH 7.4) and stored in the dark at 4 ºC, where it is stable for several weeks [328]. A 
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fresh 4.20 x 10
-8

 M working solution was prepared daily by diluting the stock solution with 

phosphate buffer. A 1.55 x 10
-5

 M AAPH solution was made in phosphate buffer on the day 

of use and kept on ice. LLDPE and NR-PANI/ LLDPE sample discs measuring 157 mm
2
 

were placed in a 24 well plate. 1.9 mL fluorescein sodium salt working solution was added to 

each well containing the samples, followed by the addition of 100 µL AAPH solution. The 

solutions were mixed manually for 5 seconds and the fluorescence measurements were 

started immediately using a Perkin Elmer Walac 1420 Victor
3
 multilable counter operating 

with a 485 nm excitation and 535 nm emission wavelength. The fluorescence values were 

recorded at 2 min intervals for 198 min at 37 ºC. A blank, without any film samples, was also 

set up and fluorescence values recorded as for the film samples. The fluorescence readings of 

the solutions containing the film samples were corrected for auto fluorescence by the samples 

before any calculations were performed. The fluorescence values of 100 µL trolox standards 

(12.5, 50, 100 and 200 µM) were also recorded after addition to 1.9 mL fluorescein sodium 

salt solution followed by 100 µL of AAPH.  The final trolox concentrations were 0.6, 2.4, 4.8 

and 9.5 µM. A blank with additional 100 µL phosphate buffer in place of trolox was run with 

the standards. All samples were analysed in triplicate.  

 

6.2.9  Accelerated aging of oil 

 157 mm
2 

LLDPE and NR-PANI/ LLDPE film disks were immersed in 10 mL Ropufa 

fish oil having a peroxide value (PV) of 6 meq peroxides/ kg oil and incubated at 60 °C. A 

control, without any film samples, was also setup. The PV of the oil samples was determined 

after 3, 6 and 9 days of incubation. 
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Approximately 3 g of the fish oil was weighed in a conical flask and 30 mL of 

chloroform/ acetic acid (2:3) mixture by volume was added to it. The contents were stirred 

until all of the fish oil dissolved in the chloroform/ acetic acid mixture. 0.5 mL of saturated 

potassium iodide solution, prepared by dissolving 20 g of potassium iodide in 12 mL Milli-Q 

water, was added to the flask. The contents of the flask were stirred occasionally and allowed 

to interact for 1 min. The hydroperoxides, generated through lipid oxidation during the 

accelerated aging of oil, produced iodine upon reaction with potassium iodide as follows: 
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30 mL of Milli-Q water was added to the flask and the liberated iodine was immediately 

titrated with 0.05 N sodium thiosulphate solution using 0.5 mL of 1 % starch solution as an 

indicator. A blank, without any oil sample, was also run. The PV of the oil sample exposed to 

LLDPE and NR-PANI/ LLDPE composite samples and the control were determined using 

Equation 6.1. 

 

m

NB)(S
PV

1000
oil) kg peroxides/ (meq 


      (Eq. 6.1) 
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where S is the volume of titrant used in the titration of the sample, B is the volume of titrant 

used in the titration of a blank without any oil sample, N is the normality of the sodium 

thiosulphate titrant (0.05N) and m is the weight of the oil sample (g).  

 

6.3     Results and Discussions 

 

6.3.1 Leachibility of NR-PANI 

 The leachibility of NR-PANI from the NR-PANI/ LLDPE composites in Milli-Q 

water, mimicking an aqueous food simulant [44], was monitored by UV-visible 

spectroscopy. UV-vis spectra of filtrates of NR-PANI and G-PANI suspensions in Milli-Q 

water, shown in Figure 6.1, were also recorded. The spectra of NR-PANI exhibited a peak at 

ca. 410 nm, which can be attributed to n → π* transitions of the sp
2
 nitrogen atoms [329] of 

phenazine-type oligomers. NR-PANI was synthesized via the “falling pH” route and 

phenazine-type structures form at the initial higher pH, and are then coated with more regular 

PANI as the pH of the synthesis media falls [258]. This was confirmed by the absence of the 

ca. 410 nm peak in the spectra of the filtrate of the G-PANI suspension as shown in Figure 

6.1. G-PANI, synthesized at low pH, consists of only regular PANI chains, free of the 

phenazine type structures [258].  

A representative set of spectra of the leachates of LLDPE after 2 days and PEPA20 

film after 2, 7, 14 and 21 days are given in Figure 6.1. The spectra of the leachates from 

PEPA20 after 2 days had a slightly higher absorbance at ca. 410 nm compared to the LLDPE 

sample after 2 days. This may be due to leaching of trivial amounts of NR-PANI from the  
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Figure 6.1. UV spectra of filtrates of a) NR-PANI after 2 days, b) G-PANI after 2 days,  

c) LLDPE after 2 days and PEPA20 after d)  2 days, e) 14 days and g) 21 days. 

 

films, or may be due to a slightly greater degree of LLDPE components leaching from the 

composite films. A distinct peak at ca. 410 nm signifying the presence of NR-PANI, was 

absent in the spectra of the test media of all the composite samples, illustrating no significant 

leaching of NR-PANI from the composite films. Schwope et al. (1987), have observed the 

leachibility of low molecular weight active agents such as BHT and Irganox 1010 from 

LDPE packaging films [303]. However, NR-PANI, being a polymeric compound, has a much 

higher molecular weight than BHT and Irganox 1010 and the larger NR-PANI chains appear 

to be sufficiently trapped within the LLDPE matrix, and thus no significant leaching was 
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observed. Dispenza et al. (2012), have also observed that polyaniline nanoparticles, dispersed 

into a nanocomposite hydrogel, did not migrate out upon immersion in distilled water at 40 

°C for 72 hours [194]. Active films having synthetic additives are losing their consumer 

appeal due to safety issues arising from the migration of the additives into the food products 

[3, 22, 40, 330]. However, polymeric additives, like NR-PANI, have considerable potential 

in the packaging industry as they are active materials but do not leach significantly from their 

host matrices.  

 

6.3.2 Oxygen permeability 

 The oxygen permeability values of the samples were calculated using Equation 6.2. 

 

t
Δp

P 
OTR

            (Eq. 6.2) 

 

where P is the oxygen permeability (cm
3
.mm/ m

2
.day.atm), OTR is the oxygen transmission 

rate (cm
3
/ m

2
.day) and Δp is the partial pressure (atm) difference across the film barrier and t 

is the film thickness (mm). 

 Oxygen permeability results of the LLDPE and NR-PANI/ LLDPE films are 

presented in Figure 6.2. The oxygen permeability of LLDPE was 102.2 ± 0.7 cm
3
.mm/ 

m
2
.day.atm. This value was comparable to the results of Shields et al. (2008), where the 

oxygen permeability of LLDPE was determined to be ca. 110 ml.mm/ m
2
.day.atm [305]. The 

incorporation of 5, 10, 15 and 20 wt % NR-PANI in the LLDPE matix resulted in a 6.2, 18.2, 
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21.9 and 32.2 % lowering of the oxygen permeability of LLDPE respectively. Permeation 

studies on PANI membranes have shown that they have relatively low oxygen permeability 

[331]. It is hypothesised that when incorporated into LLDPE, the NR-PANI particles have 

the potential to increase the tortuosity in the diffusive path of oxygen through the matrix. 

Permeability is lessened when length of the path that the penetrating gas travels through a 

material is increased [305]. Therefore, the oxygen barrier property of LLDPE was improved 

through the incorporation of NR-PANI. Similarly, Walker et al. (2007), have also shown an 

improvement in the barrier properties of PE, where the oxygen permeability was reduced 

after incorporation of starch [304].  

 

 

Figure 6.2. Oxygen permeability of LLDPE and NR-PANI/ LLDPE films. 
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6.3.3 Biocompatibility 

 To establish that LLDPE and NR-PANI/ LLDPE films can provide a surface able to 

support the growth of mammalian cells, L929 cells were seeded into the wells of TCP 

containing the film samples. Empty wells were inoculated as controls. It is hypothesized that 

there would be no reduction in L929 cell growth on LLDPE films containing NR-PANI if 

these were biocompatible. Growth was measured daily, for four days, as fluorescence 

produced following incubation with resazurin (Figure 6.3). The measurements from three 

independent experiments with three replicates each time showed no inhibition of growth 

when NR-PANI is blended with LLDPE. The NR-PANI/ LLDPE films, in fact, had a higher 

growth compared to the LLDPE sample, possibly due to the increased attachment arising 

from an increased positive charge conferred by NR-PANI chains on the film surface.  

 

Figure 6.3. L929 mammalian cell viability on LLDPE and NR-PANI/ LLDPE composites. 
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 The cell density on the NR-PANI/ LLDPE composites as well as the LLDPE samples 

increased over the four days, demonstrating that the film surfaces were conducive to cell 

proliferation. The ESEM images, given in Figure 6.4, also demonstrated that the cells were 

able to adhere and proliferate on the film samples, thus substantiating the biocompatibility of 

LLDPE and NR-PANI/ LLDPE composites. In the composite samples, NR-PANI did not 

negate the biocompatibility of LLDPE, its host polymer. This phenomenon has been 

previously witnessed when PANI nanoparticles were incorporated in poly (vinyl alcohol) 

hydrogels [194]. However, the polystyrene TCP exhibited higher viable cell density than all 

of the test samples. This could be attributed to its superior cell attachment properties.  

 

 

Figure 6.4. ESEM images of L929 mammalian cell proliferation on a) LLDPE, b) PEPA5, 

 c) PEPA10, d) PEPA15 and e) PEPA20. 
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  6.3.4 Antimicrobial efficacy 

 To establish that biocompatible LLDPE films containing NR-PANI also exhibited 

antimicrobial properties, 1 x 10
6
 CFU S. aureus cells were incubated for 24 hours between 

matching films of LLDPE or NR-PANI/ LLDPE. Films of NR-PANI showed at least 10
6
 fold 

reduction in viable S. aureus (Figure 6.5), whereas no reduction was seen for the pure 

LLDPE films. Representative pour plates showing the results of the antimicrobial tests on the 

film samples are shown in Figure 6.6. The LLDPE test petri dish shows innumerable S. 

aureus colonies where as the NR-PANI/ LLDPE test petri dishes do not.  

 

 

Figure 6.5. Antimicrobial activity against S. aureus. 
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Figure 6.6. Antimicrobial test results of a) LLDPE, b) PEPA5, c) PEPA10,  

d) PEPA15 and e) PEPA20. 

 

Earlier studies have shown that PANI possesses antimicrobial qualities [324, 325]; 

therefore, the antimicrobial properties of the composite films are due to the presence of NR-

PANI. Although the mechanism of antimicrobial action is not fully resolved, the bacterial 

cell walls may collapse due to the electrostatic adherence between NR-PANI and the 

bacteria, leading to leakage of intracellular fluids and consequently death of the bacteria 

[325]. Further studies have indicated that the mechanism of killing may be more complex, 

and involve metabolic dysregulation and oxidative stress [324]   
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6.3.5 Antioxidant properties 

NR-PANI is known to have an excellent DPPH radical scavenging capacity [258], 

and when incorporated in PET or LLDPE matrices, the composites also exhibited free radical 

scavenging characteristics [316, 332]. The DPPH radical scavenging assay uses a stable 

model free radical to assess the radical scavenging abilities of samples [333]. However, the 

ORAC assay is considered to be the most useful tool to estimate the “total antioxidant 

activity” of a sample [334]. The ORAC assay was used to express the “total antioxidant 

activity” of LLDPE and NR-PANI/ LLDPE composites through monitoring of the oxidation 

of fluorescein, used as a fluorescence probe, into nonfluorescent products by the peroxy 

radicals generated in the analysis mixture. The relative fluorescence versus time curves of the 

LLDPE and NR-PANI/ LLDPE composite samples are given in Figure 6.7. The areas under 

the curves (AUC) were calculated using Equation 6.3.  
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where 0f  is the initial fluorescence reading, nf  is the fluorescence reading at time n and t is 

the cycle time (2 min). The Net AUC was calculated using Equation 6.4. 

 

blanksample AUCAUCNet AUC            (Eq. 6.4) 
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Figure 6.7. Fluorescence decay curves of fluorscein in the presence of LLDPE  

and NR-PANI/ LLDPE composites. 

 

The ORAC assay has been applied mostly to liquid samples such as milk, wine and 

food extracts [328, 335, 336, 337]. Recently, it was applied to organic extracts of essential 

oil/ PP active packaging films [338]. An adaptation of methods employed by other 

researchers [328, 337] was used to approximate the relative ORAC values of the polymeric 

LLDPE and NR-PANI/ LLDPE samples in the current study. The trolox concentration (C, 

µmolL
-1

) corresponding to the Net AUC of the sample was calculated using the linear 

regression equation of the trolox calibration plot (Equation 6.5). The final results were 

converted to trolox equivalents using Equation 6.6. 
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5280  0.322 .CNet AUC           (Eq. 6.5) 

 








 


A

  VC  
)2μmolm,equivalent(trolox   valueORAC Relative     (Eq. 6.6) 

 

where V is the volume of analysis mixture (1 x 10
-4

 L) and A is the area of the sample (1.57 x 

10
-4

 m
2
). The AUC, Net AUC and relative ORAC values of LLDPE and NR-PANI/ LLDPE 

composites are given in Table 6.1. 

 

     Table 6.1. AUC, Net AUC and relative ORAC values of LLDPE and  

      NR-PANI/ LLDPE composites. 

Sample AUC Net AUC Relative ORAC value (trolox 

equivalents, µmolm
-2

) 

LLDPE 42.84 ± 1.61 5.77 ± 2.16 12.5 ± 3.2 

PEPA5 48.68 ± 2.32 11.61 ± 2.32 24.1 ± 4.6 

PEPA10 52.62 ± 3.11 20.05 ± 3.11 40.8 ± 6.1 

PEPA15 65.77 ± 0.32 28.70 ± 0.32 57.8 ± 0.6 

PEPA20 71.70 ± 3.95 35.70 ± 1.51 71.7 ± 2.9 

 

 

 The AUC, Net AUC and consequently the relative ORAC values of the samples 

increased with higher loading of NR-PANI in the composites. This translates into higher 
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antioxidant activity as the amount of NR-PANI in the composites increased. Saenz et al. 

(2003), observed that an increase in the Net AUC reflects a greater activity of the antioxidants 

to prevent potential peroxy radical damage [336]. The NR-PANI chains in the film samples 

scavenged the peroxy radicals by reducing them to neutral species. In the process, NR-PANI 

was oxidized, as shown in Scheme 6.1. Therefore, there were fewer radicals left to interact 

with fluorescein, the fluorescence probe, resulting in a prolonged decay of its fluorescence. 

Davalos et al. (2003), have also observed a retarded decay of the fluorescence curve in the 

presence of antioxidants [328]. The relative fluorescence versus time curves of the samples, 

Figure 6.7, clearly shows a slower decline in the fluorescence values as the amount of NR-

PANI in the samples increased, hence resulting in higher Net AUC values. However, an 

interesting observation was that even in the presence of a pure LLDPE sample, the 

fluorescence decay was slower than a blank without any samples. This could be attributed to 

the presence of trivial amounts of antioxidants in the LLDPE sample employed in this study, 

as LDPE is normally compounded with antioxidants to reduce thermal degradation during 

processing [303]. A 5, 10, 15 and 20 % loading of NR-PANI resulted in 93, 226, 362 and 474 

% increase, respectively, in the relative ORAC values (trolox equivalent), reflecting an 

increase in the antioxidant activity of NR-PANI/ LLDPE composites as the amount of 

incorporated NR-PANI increased.  
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Scheme 6.1. Neutralization of peroxy radicals by NR-PANI. 

 

6.3.6 Accelerated aging of Ropufa fish oil 

 Polyunsaturated fats, such as Ropufa fish oil, are prone to lipid oxidation where the 

non-conjugated double bonds are converted to conjugated double and triple bonds [41, 339]. 

The degree of lipid oxidation can be assessed by quantifying either the primary or secondary 

products of the oxidation reaction. Peroxide values (PV), a quantification of the peroxides 

which are the primary oxidation products, have been utilized most often for this purpose [41]. 

Ropufa fish oil samples were subjected to accelerated aging at 60 °C, in the presence and 

absence of the LLDPE or NR-PANI/ LLDPE films.  

 The Ropufa fish oil control samples without any test films showed an increase in PV 

values, indicating oxidation of the lipids, over the 9 day period. However, a decrease in the 

PV value of the oil sample was observed after 9 days. This was attributed to the lower 

availability of the substrate and decomposition of the peroxide molecules [41]. Hence, tests 

on the oxidation of Ropufa fish oil were limited to 9 days. 
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       Table 6.2. PV of Ropufa fish oil in the presence of LLDPE 

       and NR-PANI/ LLDPE films. 

Samples PV of Ropufa oil (meq peroxides/ kg oil) after 

3 days 6 day 9 days 

Control 44.2 ± 0.3 91.9 ± 2.2 122 ± 2.2 

LLDPE 36.2 ± 0.8 72.1 ± 1.1 94.4 ± 1.9 

PEPA5 26.7 ± 2.0 40.2 ± 1.6 69.4 ± 1.0 

PEPA10 16.8 ± 1.5 27.0 ± 1.4 56.9 ± 0.3 

PEPA15 12.4 ± 1.1 18.5 ± 1.3 45.6 ± 0.7 

PEPA20 7.5 ± 0.1 12.6 ± 1.2 38.3 ± 0.7 

 

The PV of Ropufa fish oil, given in Table 6.2, also increased in the presence of all the 

film samples over the 9 days. However, a lower increase, compared to the test controls, was 

observed in the presence of the NR-PANI/ LLDPE films. The magnitude of the increase in 

PV values on all analysis days were in the order: LLDPE > PEPA5 > PEPA10 > PEPA15 > 

PEPA20. Lower PV values were observed as the concentration of NR-PANI in the films 

became higher. For instance, on the 9
th

 day, the PV of LLDPE, PEPA5, PEPA10, PEPA15, 

PEPA20 were 23, 43, 53, 63 and 69 % lower, respectively, than the control sample. LLDPE, 

without any NR-PANI, also exhibited a slight suppression in the PV values, which could be 

due to its trivial amounts of antioxidants, incorporated as processing aids. The NR-PANI/ 

LLDPE composites, thus, demonstrated their antioxidant capability by slowing the oxidation 

of Ropufa fish oil. Lipid oxidation is a chain reaction through the formation of free radicals 

[45]. Therefore, the antioxidant capacity of the composite films is attributed to the free 
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radical scavenging property of NR-PANI, which helped terminate oxidation at an early stage 

and lessened build up of new radicals in the oxidation process. Nerin et al. (2006) have also 

shown that antioxidants could be effectively utilized to prevent the radical initiated oxidation 

process [340].  

 

6.4 Conclusions 

 Incorporating NR-PANI into LLDPE improved the properties of the host polymer, as 

needed for active packaging applications. The NR-PANI particles increased the tortousity in 

the diffusive path of oxygen through the matrix, resulting in a lower oxygen permeability. 

NR-PANI was trapped within the LLDPE matrix and the composites did not show significant 

leaching of NR-PANI in Milli-Q water, even at a 20 % loading. The NR-PANI/ LLDPE 

composites were also biocompatible to mammalian cells, signifying their safety when in 

contact with food stuffs. Incorporation of NR-PANI enhanced the antioxidant capability of 

LLDPE and introduced antimicrobial efficacy. The oxidation of Ropufa fish oil was delayed 

in the presence of the NR-PANI/ LLDPE composites. Higher protection from oxidation was 

observed with an increased loading of NR-PANI in the composite films. Therefore, the NR-

PANI/ LLDPE composites represent novel materials, with both antioxidant and antimicrobial 

properties, available for use in active packaging applications. 
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CHAPTER SEVEN 

Conclusions 
 

7.1 General Conclusions 

7.2 Recommendations for Future Work 

 

 

7.1 General Conclusions 

 

The central aim of this study was to demonstrate the relevance of PANI, a solid 

antioxidant, in the development of active packaging materials. Most of the current 

applications of PANI are based mainly on its ability to conduct electricity. However, the 

outcomes of this study have the potential to add new dimensions to the applications of PANI. 

The free radical scavenging property of PANI can be successfully utilized to maintain the 

quality and extend the shelf – life of food products using PANI based packaging materials. 

During the course of this study, the factors affecting free radical scavenging capacity of 

PANI were studied before PANI was compositeed with PET and LLDPE to yield active 

packaging materials. 

The effects of conductivity, surface area and oxidation level on the free radical 

scavenging capacity of PANI were investigated on four different samples. NR-PANI was 

synthesized by oxidizing aniline using APS via the “falling pH” route; while G-PANI was 

prepared by oxidizing aniline using APS in the presence of HCl. NR-PANI and G-PANI 
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were further dedoped using ammonium hydroxide to yield NR-PANIdd and G-PANIdd 

respectively. G-PANI, being HCl doped, had a higher electrical conductivity than the NR-

PANI sample. The NR-PANI sample consisted of nano/ micro – rods and flakes and G-PANI 

had a granular morphology. Dedoping did not affect the morphology of either NR-PANI or 

G-PANI.  

Interestingly, the granular G-PANI sample had a higher BET surface area than the 

nano/ micro – rod NR-PANI sample. The BET surface area of the samples was in the order: 

G-PANIdd > G-PANI > NR-PANIdd > NR-PANI. Dedoping increased the BET surface area 

of the as prepared PANI samples, indicating an increase in the free volume upon removal of 

dopants. The level of oxidation of the PANI samples, determined through the analysis of N 

1s core level XPS spectra, was in the order: G-PANIdd > NR-PANIdd > G-PANI > NR-

PANI. The oxidation level of both NR-PANI and G-PANI increased upon treatment with 

ammonium hydroxide. NR-PANI exhibited the highest DPPH radical scavenging capacity, 

followed by G-PANI and NR-PANI having similar activities while G-PANIdd showed the 

lowest DPPH radical scavenging capacity. The free radical scavenging capacity of PANI was 

thus independent of conductivity and surface area but heavily dependent on the oxidation 

level of the sample. A lower oxidation level resulted in a higher DPPH radical scavenging 

capacity across the samples. NR-PANI, being the more reduced sample, would be the ideal 

choice for antioxidant applications. 

Thermal processing is the industrially favored method for large scale processing of 

polymers. Therefore, the thermal stability and the effect of elevated temperatures on the free 

radical scavenging capacity of the PANIs were examined. The as–prepared NR-PANI, NR-
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PANIdd, G-PANI and G-PANIdd were thermally stable, in air, up to 300, 340, 250 and 350 

°C respectively. Thermal degradation of both NR-PANI and G-PANI followed first order 

kinetics at higher temperatures. The PANI samples were further treated isothermally at 100, 

125, 150, 175, 200, 250 and 300 °C for 30 minutes in air. Thermal treatment did not have a 

pronounced effect on the morphology of the PANIs. NR-PANI and NR-PANIdd retained a 

nano/ micro – rod and flake like morphology while G-PANI and G-PANIdd retained their 

granular morphologies up to 300 °C.  

The PANI samples became amorphous upon thermal treatment. Conductivity of both 

NR-PANI and G-PANI increased upon thermal treatment at 100 °C but decreased after being 

subjected to higher temperatures. The initial increase was attributed to loss of moisture from 

the polymer samples while the decrease in conductivity was attributed to loss of ordered 

arrangement of PANI chains upon thermal treatment. The Q/B ratios of the PANIs, 

determined from the corresponding FTIR spectra, initially decreased upon thermal treatment 

up to 175 °C for NR-PANI and NR-PANIdd; and 200 °C for G-PANI and G-PANIdd.  

However, the Q/B ratios increased after treatment at higher temperatures. The spin 

concentrations of the PANIs, determined by ESR, increased after treatment up to 175 °C for 

NR-PANI and G-PANI, 150 °C for NR-PANIdd and 250 °C for G-PANIdd; but decreased 

after treatment at higher temperatures. The spectroscopic measurements indicated that the 

PANIs underwent crosslinking at lower temperatures, followed by oxidation at higher 

temperatures. 

 NR-PANI and NR-PANIdd showed a slight decrease in DPPH free radical 

scavenging capacity upon thermal treatment up to 175 ºC and a rapid decrease after treatment 
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at higher temperatures. G-PANI and G-PANIdd also exhibited a slight decrease in DPPH free 

radical scavenging capacity upon thermal treatment up to 200 ºC and a rapid decrease 

thereafter. The rapid decrease in the DPPH radical scavenging capacity of the PANIs was 

attributed to the oxidation of the polymer chains. Furthermore, the free radical scavenging 

capacity of the PANIs was not related to the spin concentrations of the polymers.  

NR-PANI/ PET blends were prepared by dispersing NR-PANI, having a high free 

radical scavenging capacity, in the melt of PET at 265 °C. The composites had 1, 2 and 3 

wt% loading of NR-PANI. Optical microscopy revealed an even distribution of NR-PANI 

particles in the PET matrix. The electrical conductivity of the composite films increased with 

higher NR-PANI loading. The presence of NR-PANI on the surface of the composite films 

was confirmed by XPS. The MFI values of the composites increased as the amount of NR-

PANI increased, indicating easier flow of the melt with higher NR-PANI composition. The 

MFI analysis thus suggested a lowering of the PET molecular weight. This was attributed to 

the hydrolysis of the PET chains at the high processing temperature, aided by the occluded 

moisture and acidic dopants of NR-PANI. The hydrolysis of PET chains were further 

confirmed by the increasing O/C ratios, deduced from the XPS spectra of the samples, with 

higher loading of NR-PANI in the composites. 

The crystallinity of PET increased with increasing amount of NR-PANI in the 

composites. Lower molecular weight chains, resulting from the hydrolysis of PET, upon 

incorporation of NR-PANI, realigned easily leading to higher PET crystallinity. 

Incorporation of NR-PANI in the PET matrix had a detrimental impact on the mechanical 

properties of PET. The tensile strength and elongation at break decreased while the Young’s 
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modulus of PET increased with higher loading of NR-PANI. However, the composites 

exhibited free radical scavenging capabilities when tested using the DPPH assay. The DPPH 

radical scavenging capacity of PETPA1, PETPA2 and PETPA3 films were 1.1, 1.7 and 2.8 

nmolcm
-2

 respectively. The DPPH radical scavenging capacity of the composites increased 

with increasing amount of NR-PANI in the composites. NR-PANI/ PET composites can be 

potentially utilized for antioxidant active packaging applications; however, their mechanical 

properties need to be improved if higher NR-PANI loading is to be considered. 

NR-PANI/ LLDPE composites were also fabricated by dispersing NR-PANI in the 

melt of LLDPE. The blending was done at 150 °C with 5, 10, 15 and 20 wt% loading of NR-

PANI in the composites. ESEM images revealed an even dispersion of NR-PANI in the 

LLDPE matrix with coalescence of the NR-PANI particles at higher loading. The increase in 

the electrical conductivity of LLDPE upon addition of NR-PANI also indicated good 

dispersion of the additive. Phase boundaries between NR-PANI and LLDPE were also 

visible in the ESEM images, suggesting absence of sufficient interfacial adhesion due to the 

difference in the polarity of the two polymer components. FTIR and XPS results also 

confirmed the lack of chemical interactions between NR-PANI and LLDPE upon blending. 

However, the NR-PANI/ LLDPE composite films had good mechanical properties. The 

composite films also exhibited excellent DPPH radical scavenging capacity, which increased 

with higher loading of NR-PANI. The DPPH radical scavenging capacity of PEPA5, 

PEPA10, PEPA15 and PEPA20 were 6.1, 11.9, 27.1 and 46.9 nmolcm
-2

 respectively. The 

NR-PANI/ LLDPE composites exhibited superior free radical scavenging properties than the 

NR-PANI/ PET composites. 
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Incorporation of NR-PANI in the LLDPE matrix resulted in composites with 

improved oxygen barrier properties compared to LLDPE. Moreover, NR-PANI did not leach 

out significantly from the composite films when the leaching tests were undertaken in water. 

The composite films were biocompatible with the films supporting the growth of L929 

mammalian cells. Addition of NR-PANI also introduced antimicrobial properties in the 

LLDPE matrix. The composite films exhibited antimicrobial efficacy against S. aureus even 

at 5 % loading of NR-PANI. The antioxidant properties of the composite films were further 

investigated using the ORAC assay. The fluorescence decay of fluorescein, employed as the 

fluorescence probe, was successfully retarded by incorporating NR-PANI in LLDPE. 

Similarly, the oxidation of Ropufa fish oil was delayed in the presence of NR-PANI/ LLDPE 

films. The antioxidant activity of NR-PANI/ LLDPE films increased with higher loading of 

NR-PANI. 

NR-PANI was successfully utilized to improve the oxygen barrier and antioxidant 

properties of LLDPE. While the NR-PANI/ LLDPE composites were biocompatible, they 

also exhibited antimicrobial efficacy. Additionally, the NR-PANI/ LLDPE composites had 

good mechanical properties and NR-PANI did not leach out of the composite films. The NR-

PANI/ LLDPE composites represent a novel material with potential active food packaging 

applications.  

   

7.2 Recommendations for Future Work 

 Composites of NR-PANI and PET or LLDPE have exhibited free radical scavenging 

capability, thus demonstrating the enormous scope for the utilization of NR-PANI, as a solid 
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antioxidant, in the development of active packaging materials. This study was limited to the 

development and characterization of NR-PANI/ PET and NR-PANI/ LLDPE composites for 

active food packaging applications. However, various research projects can be undertaken in 

the future to compliment or extend the studies reported in this thesis.  

 The effect of different dopant ions, on the free radical scavenging capacity of PANI, 

needs to be studied in detail. Organic dopants such as DBSA, CSA and  pTSA have been 

often utilized in the synthesis of PANI, resulting in different morphologies. The dopants may 

also affect the oxidation level of PANI, leading to varying free radical capacities of the 

PANIs.  

Melt blending the organic acid doped PANIs with thermoplastics like PET, PE or 

PP would be a worthwhile exercise. Functionalized thermoplastics such as metallocene PE 

can also be used as compatibilizers for composites [198]. The interaction between the dopant 

groups of PANI and functionalized thermoplastics can result in improved mechanical 

properties of the composites. However, this needs to be further investigated. 

Another area of future research would be improving the technique of melt processing 

the PANI/ thermoplastic composites. The composites employed in this study were prepared 

by extrusion. However, extruding a powder (PANI) with thermoplastic pellets needs to be 

carefully executed so that the powder is evenly dispersed in the thermoplastic melt. This is a 

time consuming exercise and would need to be improved if composites are to be prepared on 

a commercial scale. Using a PANI additive masterbatch pellets, instead of the PANI powder, 

can help overcome this problem.   

 Moreover, from an applications point of view, packaging containers can be fabricated 
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from the PANI/ thermoplastic composites and the quality of food products packaged in these 

containers monitored over long periods of time. Studying the chemical characteristics as well 

as physical parameters, such as the colour and taste of the packaged food products, will 

indicate the effectiveness of the PANI/ thermoplastic containers as active packaging 

materials. Additional, leaching studies of the composites in different media as well as the 

leachibility tests on thermally treated NR-PANI could be done. 

 Finally, research projects can also be undertaken to chemically graft PANI on the 

surface of various thermoplastics. PANI available on the surface of the substrates is utilized, 

in the first instance, for the free radical scavenging activity. Therefore, grafting PANI on the 

thermoplastic surfaces has the potential to elevate their free radical scavenging capacity.   
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