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Polypropylene (PP) has been getting much attention over the years 

due to its excellent properties and low cost.  It is used to make plastic 

bottles, fiber for clothing, components in cars etc. Properties of PP can be 

modified by using nanofillers to make it useful for engineering 

applications. Among various fillers, metal oxide nanoparticles exhibit a 

large variety of properties and can also be used as a reinforcing filler. Zinc 

oxide (ZnO) and titanium dioxide (TiO2) are attracting attention due to its 

many significant physical and chemical properties like high chemical 

stability, low dielectric constant, high luminous transmittance, intensive 

ultraviolet absorption, antibacterial activity etc. 

In the present work synthesis and characterization of ZnO and TiO2 

nanoparticles were done. Antibacterial properties of these materials were 

also studied. PP/metal oxide nanocomposites were prepared by melt mixing 

method and various properties were studied. PP/metal oxide nanocomposite 

fiber were prepared by melt spinning method and properties were 

evaluated. The thesis includes eight chapters: 

Chapter 1 is an introduction and a review of the literature on polymer 

nanocomposites. Objectives of the present work are also discussed.  

Chapter 2 describes synthesis, characterization and antibacterial 

properties of nano ZnO. This chapter discussed the preparation of ZnO 

particles by changing the preparation medium and properties are compared 

with commercially available ZnO. Chapter 3 describes properties of 

PP/ZnO composites films prepared by melt mixing and compression 

moulding. Effect of particle size of ZnO on various properties such as 



mechanical, dynamic mechanical, processability, transparency, thermal and 

crystallization was described. Morphology, elemental composition and 

crystal structure of neat PP and composites are given in this chapter. 

Properties of composites after thermal ageing and photo ageing are also 

discussed. Chapter 4 describes preparation of PP/ZnO composite fibers 

through melt spinning and evaluation of its properties.  

In chapter 5 crystal structure and particle size of TiO2 prepared by sol 

gel and wet synthesis is discussed. Elemental composition and thermal 

stability are given in this chapter. Antibacterial properties of TiO2 prepared 

by wet synthesis and commercially available TiO2 are also reported. 

Chapter 6 focus on properties of PP/ TiO2 composite films prepared 

through melt mixing and compression moulding. Effect of particle size of 

TiO2 on the properties of PP are described in this chapter. Various 

properties of the composites after thermal and photo ageing are also 

discussed. Chapter 7 reports the melt spinning of PP/ TiO2 nanocomposite 

fibers and evaluation of its properties. Chapter 8 is the summary and 

conclusion, future outlook of the study. 
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INTRODUCTION 

   
1.1  Composites 
 

1.2  Polypropylene 
 

1.3  Nanomaterials 
 

1.4   Objectives of the work 

 
Nanotechnology is attracting worldwide attention due to its huge 

potential for wide range of applications. New physical and chemical properties 

arise when size of materials becomes smaller and smaller.  Among various 

nanoparticles, metal oxide nanoparticles are attracting attention due to their 

applications in electronics, optoelectronics and used in  different products such 

as sunscreens, toothpaste etc. Polymers have become extremely important in 

modern industrial society. They are used to make everything, from plastic 

bottles and fibers for clothing to components in automotives. Polypropylene 

(PP) has been getting attraction over the years due to its good performances, 

such as high mechanical properties and low cost.  

The current research aims to investigate synthesis of zinc oxide (ZnO) 

and titanium dioxide (TiO2) nanoparticles and the possibile use of these 

nanoparticles for fabricating PP based nanocomposites and fibers and thereby 

imparting several properties to PP. In this chapter, a concise introduction to 

PP, composites, nanocomposites, fibers and nanomaterials are given. 
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1.1 Composites 

Throughout the history of human civilization, modification have been 

done in materials of construction. Earlier, mud was combined with straw to 

improve the performance and strength of the composite structure to build some 

of humankind's monuments. Hence, the use of inexpensive materials to 

upgrade the performance of commodity materials is not a new idea. Today, 

cost-effective materials have been continuously developed and expanded for 

various materials of construction. 

Composites are materials with two or more distinct components that 

combine to give characteristics superior to those of the individual components. 

A polymer alone can not provide all the superior properties like strength, 

thermal stability, flame retardancy, UV stability etc. Additives are used to 

enhance properties of polymer. Mineral fillers, metals and fibers have been 

incorporated to plastics and elastomers to make composites. The effect of 

fillers on properties of the composites depends on their concentration, particle 

size, shape and on their interaction with the polymer. A composite material can 

be defined as a macroscopic combination of two or more distinct materials, 

having recognizable interface between them. Composites are made up of 

continuous and discontinuous phase. The discontinuous phase that is stiffer 

and stronger than the continuous phase is called the reinforcement and the so 

called continuous phase is referred to as the matrix. The constituents retain 

their identity; they do not dissolve or merge completely into one another. 

Composites provide design fabricator, equipment manufactures and consumers 

with sufficient flexibility to meet the demands presented by various 

environments and special requirements. Depending on the size of the fillers, 

composites can be classified into microcomposites and nano composites. In 

microcomposites the size filler particle is above 100nm and in nanocomposites 
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size of filler is below 100nm. Nanocomposites attracted great attention after 

the growth of nanotechnology. 

1.1.1 Nanocomposites 

       The term nanocomposites describe a two phase material where at least one 

of the phases is in nanometer range. Nanotechnology is one of the most 

promising areas for technological development. In material research, the 

development of polymer nanocomposites contain significantly less amount of 

filler and there is a great retention of the inherent processability of the neat 

polymer. Polymer nanocomposites exhibit improvement in properties like 

mechanical strength, thermal stability, flame retardancy, chemical resistance, 

surface appearance, electrical conductivity etc. 

These enhancements in performance are observed at lower concentration 

of nano filler [1-6]. Polymer nanocomposites are also developed for electronic 

application such as thin film capacitors in integrated circuits and solid polymer 

electrolytes for batteries. It is a field of wide research interest with remarkable 

technological promise [7-10]. 

Other applications of nanocomposites include enhancement in barrier 

property by the addition of small amount of nano fillers [11,12]. Remarkable 

effects on the transparency and haze characteristics of films have also been 

reported by the presence of nano sized fillers. Modification in crystallization 

behaviour in smaller spherulitic domain dimensions has shown by the addition 

of nano particles in to thermoplastic matrix. Nano reinforced polymers have 

shown a substantial enhancement in properties over existing polymer and 

composites.  

The nanocomposites have found applications in various fields such as 

engine cover, timing belt cover, oil reservoir tank and fuel hose in automobile 
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industries [13]. Nanocomposites of nylon 6- clay hybrid show significant 

increase in modulus and heat distortion temperature. First example of 

industrial use of polymer-clay nanocomposites is timing belt covers made from 

nylon 6-clay by injection moulding [14,15]. Nanocomposites also find 

applications in the various fields such as interior and exterior body parts of 

automotives due to their improved dimensional stability, for use in multi layer 

polyethylene terephthalate bottles, tyre cords for radial wires, food grade 

drinking containers, electric component, sensors, sensitive areas like high 

corrosive environment, artificial bio implants etc. Among the various 

polymers, PP is one of the best matrix for nanocomposite preparation due to its 

wide range of applications compared to other polymers. 

1.2 Polypropylene 

PP was produced commercially about 55 years ago after the 

development of a suitable stereo-specific catalyst, which enabled the polymer 

to have the kind of structural characteristics useful for rigid products. The 

production of PP is expected to abide into the next millennium as raw 

materials in an expanding number of end-use products for the automotive and 

film industries. Earlier, the performance of PP was considered only between  

polyethylene and polystyrene. But, later, there is significant competition to 

substitute engineering polymers as materials of construction by PP base resins.  

The substantial enhancement in PP usage is due to a combination of 

many factors besides a good physical and chemical properties. Because of 

appropriate melt rheology and thermal behaviour, PP-based materials are 

usually processable in various equipments ranging from injection moulding to 

some designed for use in other industries like calendaring and air-quenched 

blow film equipment. Additionally, lowest density among commodity plastics 

of approximately 0.90 g/cm3, abide market diffusion of PP at the current rate 
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of growth is almost ensured on the basis of good mechanical properties at 

reduced cost. Because many major companies are designing their products, PP 

exist as the main product with the broadest design flexibility and simplicity of 

recycling. Its good thermal stability, low density, chemical and environmental 

inertness add to its attractiveness as the material of construction. PP became 

one of the most important thermoplastics used in a wide range of products like 

textiles, pipes, automotive parts, appliances and packaging materials. By the 

late 1970s, global demand of PP was less than 5,000 kton; 25 years later, 

demand has increased to 40,000 kton. With an expected annual growth of 

about 6%, it remains one of the fastest growing polymers over the years.  

Due to the enhanced performance, there is an intense competition 

between the commercial polymers today. Polymer selection for any specific 

design is depends on their properties. The most common design 

characteristics are cost, temperature performance, toughness-stiffness 

balance, chemical resistance, electrical properties, long-term dimensional 

stability and environmental resistance. However, a polymer can often be 

selected according to their specific gravity, colourability, wear resistance, 

recyclability, material unification, foamability, mouldability, flammability, 

weldability, biodegradability etc.   

Competitive penetration of PP into other applications has primarily 

taken place in polyethylene, polystyrene, polyvinyl chloride, thermoplastic 

polyester, nylon-6 or -6/6, and sometimes directly into metals or thermoset 

polymers like phenolic or reinforced reaction injection moulded urethane. 

Replacement of these polymers by PP is due to wide material design options, 

chemical resistance, heat resistance, recyclability, processability, economics 

and aesthetics [16].  
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1.2.1 Classification of PP based on stereo regularity 

Stereochemical isomerism is possible in PP because propylene 

monomers can link together such that the methyl groups can be located in one 

spatial arrrangement or another in the polymer. If the methyl groups are all on 

one side of the chain, they are referred to as isotactic, and if they are on 

alternate sides of the chain, they are called syndiotactic PP. In these, each 

chain has a regular and repeating symmetrical arrangement of methyl groups 

that form different unit cell crystal types in the solid state. A random 

arrangement of methyl groups along the chain has no symmetry, and PP with 

this type of arrangement is known as atactic PP. Schematic representation of 

tacticity of PP is given in figure1.1. 

 
Figure 1.1: Schematic representation of Stereo isomers of PP 
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Isotactic PP (iPP) has excellent physical, mechanical and thermal 

properties when it is used in room-temperature applications [17]. It is stiff and 

has high melting point, low density and relatively good resistance to impact 

compared to others. These properties can be change by altering tacticity 

amount and distribution, the average chain lengths, the incorporation of a 

comonomer such as ethylene into the polymer chains and the incorporation of 

an impact modifier into the resin.  

Atactic material is a soft, sticky, gummy material and used in sealants 

and other applications where its stickiness is preferred. Isotactic is crystalline 

whereas syndiotactic is far less crystalline and not a large volume commercial 

material.  

The properties of PP in the melt state come from the average length of 

the polymer chains and the breadth of the distribution of the polymer chain 

lengths. In solid state, the main properties of the PP depends on the type and 

amount of crystalline and amorphous regions formed from the polymer chains. 

Semi crystalline PP consists of both crystalline and amorphous phases. The 

relative content of each phase depends on structural and stereo chemical 

characteristics of the polymer chains and the conditions under which the 

polymer is converted into final products such as fibers, films etc. 

1.2.2 PP fibers and fabrics  

A large volume of PP can be classified as fibers and fabrics. The 

advantages of PP fibers and fabrics are low specific gravity, which means 

greater bulk per given weight strength, chemical resistance and strain 

resistance. PP fibers and fabrics vary depending upon the manufacturing 

process as slit film, continuous filaments, staple fibers, bulked continuous 

filaments, monofilament, non woven fabrics and carpets [16]. 
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1.2.2.1 Slit-film  

         In slit-film production, wide web extruded film, which is oriented in the 

machine direction by virtue of the take-up system, is slit into narrow tapes. 

These tapes are woven into fabrics for different end uses. Usually, non 

controlled rheology homopolymer of about 2- 4 g/l0 min is used for this. Higher 

flow rate resins allow higher extrusion speeds, but lower MFR resins result in a 

higher tenacity at a given draw ratio. An important application of slit-film is in 

carpet backings. Today, more carpet backing is produced from PP than from the 

natural jute fibers, which at one time were dominant. Jute suffers, from its 

unsteady supply situation, being affected by weather. Furthermore, PP is not 

subject to damaging moisture absorption and mold attack in high humidity. Slit-

film also used in many other applications such as twine, woven fabrics for feed 

and fertilizer sacks, sand bags and bulk container bags, tarpaulins, mats, screens 

for erosion prevention and geotextiles to stabilize soil beds. Fibrillated slit-film 

is used as a face yarn in outdoor carpets and mats.  

1.2.2.2 Continuous filament fibers  

Continuous filament (CF) fibers are more conventional fibers than slit-

film fibers in that each strand results from extrusion through its own die hole. 

PP homopolymer is extruded through small holes in a die called a spinneret, 

each spinneret containing somewhere around 150 holes each and spinning 

speeds are often high. The resulting filaments are very fine, being on the order 

of 5 denier per filament (dpf; a denier being defined as 1 g/9000 m). Therefore, 

to reduce viscosity, relatively high melt flow rate of PP, and high process 

temperatures are used. Extrusion takes place through several spinnerets at the 

same time. CF fibers are not crimped or texturized as produced. Such bulking 

can be imparted in a secondary process or the CF fiber yarns can be used as is, 

often in combination with other types of yarns.  
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1.2.2.3 Bulked continuous filament  

Bulked continuous filament (BCF) processes are similar to CF 

processes, except that in BCF, a texturizer is an integral part of the process, to 

impart bulk to the fibers, through crimps or kinks. Commonly, BCF fibers 

are of 20 dpf, with yarns being in the vicinity of 2000 denier. PP 

homopolymer with melt flow rates (MFRs) in the range of 12-20 MFR and 

normal molecular weight distribution is typically used. BCF yarns are mainly 

used as carpet face yarns and in fabrics for upholstery.  

1.2.2.4 Monofilament  

As the name implies, single filaments are extruded; the molten filaments 

are cooled and solidified in a water bath and then drawn. Typically, 

monofilaments are fairly large, being on the order of 250 dpf. Rope and twine 

are produced by twisting bundles of monofilament together. PP rope and twine 

are strong and moisture resistant, making them very useful in marine 

applications.  

1.2.2.5 Nonwoven fabrics  

Nonwoven fabrics account for more PP usage than any other single fiber 

application. There are three types of nonwoven fabrics: thermo bonded, from 

staple fibers; spun bonded; and melt-blown. The fabrics from each process 

differ from each other in properties and appearance, and often combinations of 

two types are used together. Spun bonded fabrics are strong, whereas melt-

blown fabrics are soft and have high bulk. Nonwoven fabrics are used in 

several areas, probably the most well known being for the liners in disposable 

diapers. At the other extreme, civil engineering fabric and tarpaulins are also 

produced from nonwoven fabrics.  
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1.2.2.5.1 Staple fibers  

Staple fibers are short fibers, ranging from less than an inch to a little 

less than a foot in length, depending on the application. Staple fibers are spun 

fibers that are produced in either of two somewhat different processes. In the 

long-spin traditional process, fiber is spun similarly to CF fibers, wound 

undrawn in a tow in one step and then drawn, crimped and cut in a second 

step. The other staple fiber process is known as the short-spin or compact 

spinning process. This is a one-step process with relatively slow spinning 

speeds of about 300 ft/min, but one in which the spinnerets have an extremely 

large number of holes (>50,000). Overall, the process is more economical than 

the traditional process. Staple fibers can be carded and drawn into spun yarns 

in the same way as natural fibers, or they can be used in nonwoven fabrics. 

The PP resins used are usually homopolymers with MFRs from 10-30 g/10 

min, depending on the application.  

1.2.2.5.2 Spun bonded fabric  

In this process, molten filaments are air quenched and then drawn by air 

at high pressure. To form a fabric, the filaments are then deposited on a 

moving porous belt to which a vacuum is applied underneath. Bonding of the 

fibers is accomplished by passing the fabric through heated calender rolls.  

1.2.2.5.3 Melt-blown fiber/fabric  

In the melt-blown process, polymer is extruded through a special melt-

blowing die. The die feeds high-temperature air to the exiting filaments at a 

high velocity, and, in addition, the exiting filaments are quenched with cool 

air. In the process, drawn solidified filaments are formed very close to the 

die. Formation of the fabric is accomplished by blowing the filaments onto 

a moving screen. The melt blowing process requires resins that have very 

high melt flow rates, on the order of 500 g/ 10 min or higher. A resin of 
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narrow molecular weight distribution is also desirable. The fibers formed in 

the melt-blown process are very fine and allow for the production of 

lightweight uniform fabrics that are soft but not strong. Fabrics from fine 

melt-blown fibers can be used in medical applications because they allow 

the passage of water vapor but prevent the penetration of liquid water and 

aqueous solutions.  

1.2.2.6 Carpets  

PP carpets are commercially used on a large scale. For residential 

carpeting, dyebility and deep pile construction have been desirable. PP 

cannot readily be dyed, and therefore PP fibers are colored via the addition 

of pigments during extrusion. Pigmented fibers have a somewhat different 

appearance compared with dyed fibers, such as those from wool, nylon, and 

polyester. PP fibers have also been less resilient in deep pile than those 

from wool or nylon. However, with advances in technology in PP resins, 

fiber, and carpet construction, PP usage in residential carpets is steadily 

growing. Commercial carpets are of short pile, dense construction, and 

therefore resilliency of PP fibers is not an issue. Furthermore, for the same 

reason that PP cannot be dyed, it resists· staining and soiling. Since muted 

tones are desirable for commercial carpeting, the colors available from 

pigmentation are ideal. Also, pigmented fibers are more colorfast and fade 

less in sunlight. Moreover in pigmented fibers, the color does not just 

reside on the surface, it is distributed uniformly throughout; therefore, fiber 

breakage in rough treatment does not result in loss of color.  

1.2.3 Applications of PP fibers 

Even though synthetic fibers are in use since 1930s, it has replaced most 

of the natural fibers used today [18]. One of the most widely used of these 

fibers is iPP. iPP fibers show a wide range of properties and it is suitable for 
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various applications. These properties are dependent on the structure of the 

polymer and processing conditions. Hence, studying the structure 

development of iPP fibers during their formation gives information on the 

effect of various processing conditions on fiber structure and morphology. 

Even though PP is recently introduced synthetic fiber, its late entry 

contributed to be of advantage as the markets and fiber manufacturing 

technologies were already in place. PP can be used in any of the extrusion lines 

with only minor modifications. Due to the excellent properties and the 

processability of PP, some of the synthetic and natural fibers are replaced by 

PP. Recently, PP fibers are used in carpet, hygiene, medical, home furnishing, 

geotextile, packaging, filtration, agriculture, apparel applications etc.  

          Increase in production of PP fibers with maintaining high quality are the 

keys for its growth in market. PP fibers with different tenacities are produced 

according to market requirements. General textile fibers have tenacities 

between 4.0 - 6.0 g/den. High tenacity fibers up to 8.0 g/den are produced for 

the use in industrial applications such as ropes, nets etc [18,19]. PP fiber is one 

of the lightest synthetic fibers that are usually found in many products [20]. PP 

is one of the largely used polymer for producing man–made fibres especially 

for technical applications. PP fibres can withstand temperatures up to 1400C 

before melting at about 1700C. The density of PP is less than that of water, 

hence it float as ropes, nets, etc. Textile fibers are generally used in apparel, 

upholstery and carpets. Flame retardancy is an important and necessary 

property for some applications such as curtains, floor coverings etc. In 

accordance with the rapid developments in science and technology, the 

applications of textile fibers have also expanded to technical fields also. Fibers 

are now extensively used in the field of technical textiles such as military 

applications, safety and protective garments, automotive and aerospace 
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applications, electronic and optical devices, geotechnical applications and as 

additives to enhance polymer properties [20-23]. 

1.2.4 PP based nanocomposites 

PP is extensively used in textiles, furniture, automobiles, electrical 

equipment and in packing industry [24]. It has good mechanical, thermal and 

electrical properties and shows excellent resistance to moisture, grease and 

oils. PP does not show stress-cracking problems and compared to 

polyethylene, it shows excellent electrical and chemical resistance at higher 

temperatures. Addition of nanoparticles in to polymer matrix could show 

dielectrics with new and enhanced properties. Extensive reserach have been 

conducted to broaden the applicability of PP by increasing its strength and 

toughness [25-27]. A Reinforcement of PP with small amount of nanoparticles 

could improve the mechanical properties and flame resistance and may 

enhance dielectric properties. 

Variety of particulate fillers are successfully used in PP to enhance its 

performance, and to widen its application to fields where other engineering 

thermoplastics have been used. Most commonly used fillers in PP are talc, 

calcium carbonate, glass fiber, mica, silica, glass beads, clay, carbon nanotubes 

(CNTs) etc. Factors that affect the properties of the composites are particle 

size, specific surface area, hardness, chemical composition, interface 

chemistry, filler morphology and degree of purity of fillers. When the particle 

size is reduced, there is an improvement in strength and modulus with a 

decrease in deformability.                                          

Several studies have reported improvements in mechanical, thermal, 

electrical and flammability properties of PP with the incorporation of different 

nano-sized fillers like clay, CaCO3 etc [28-35]. Mechanical properties of PP 
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are also increased by melt mixing with particulate fillers such as talc, mica, 

clay [36-39] and glass, jute, aramid, and carbon fibers fillers [40-44] and also 

by melt blending with other polymers [45-48]. Single wall carbon nanotubes 

(SWNTs) are also good candidates for reinforcing various polymer matrices 

due to their high tensile strength and modulus [49-51]. Extensive 

investigations have been done to modify PP by the incorporation of various 

fillers [52-85]. 

Jianguo Tand et al studied the effects of organic nucleating agents and 

ZnO particles on the crystallization of iPP [86]. Crystallization behaviour and 

mechanical properties of iPP composites with crosslinked styrene- butadiene 

nanoparticles contain sodium benzoate was studied by Zhang et al. [87]. 

Enhancement of stiffness of these nanocomposites is due to high nucleation 

density and the crystallization kinetics of iPP proceed faster in the presence of 

ultrafine elastomeric particles with length scales below 100 nm [87]. Gui et al 

[88] reported that nucleation density of iPP is increased with the addition of an 

organic phosphorus nucleating agent. Inorganic nanoparticles are also added as 

nucleating agents for iPP [89]. 

Research has revealed that the morphology of PP, is affected by the 

presence of fillers like carbon, glass, poly(ethylene terephthalate) and 

polyimide [90-96]. Nano reinforcement enhances the mechanical and other 

properties including changes in polymer crystallization behaviour is reported 

[97-103]. Research has shown that nanostructured vapour grown carbon 

nanofibers [99], polyhedral silsesquioxane [100] and montmorillonite clay 

[101] enhance the crystallization rate of PP. Changes in the crystallization 

behaviour of thermoplastics in presence of carbon nanotubes and nanofibers 

have been reported [99,104-106] 
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Abdolhosein et al studied the thermal and structural behaviours of 

PP/SWNTs by melt processing method [107].The influence of CaCO3 filler 

component on the thermal decomposition process of PP/LDPE/DPA ternary 

blend was studied by Fatih Dogan et al [108]. S. Reyes et al found carbon 

nanoparticles as effective nucleating agents for PP [109]. Thermal and 

spectroscopic characterization of PP/CNT composites were studied by B.B 

Marosfoi et al [110]. 

1.2.5 PP nanocomposite fibers 

Applications of PP fibers can be broadened by modifying the properties 

of fiber such as high mechanical performance, flame retardancy, chemical 

resistance, UV resistance, electrical conductivity, soil resistance, water 

repellency, antistatic and antibacterial properties etc by suitable additives. 

Additives such as antioxidants, processing stabilizers and light stabilizers are 

added to increase mechanical properties of PP which resulted in market growth 

of PP. Without suitable additives PP fibers would not be used for durable 

applications such as carpets or geotextiles.  Now a day, new additives are used 

to increase the functionality of PP fibers to enter new markets. Substitution of 

other synthetic and natural fibers  is also possible by the addition of fillers in 

PP .They are widely used for producing household materials and  also used in 

various applications such as filters, protective clothing , reinforcement for 

tyres, rubber goods and composites.  

Furthermore, the properties of fiber can be enhanced by melt mixing 

with particulates and fibrous materials as well as by melt blending with other 

polymers. CNT and montmorillonite modified polymer nanocomposite fibers 

were reported in literature [111-125].   
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The use of nanotechnology in textile industry has been attracting 

worldwide attention. This is mainly due to the fact that conventional 

methods used to enhance the various properties to fabrics often do not give 

permanent effects and will lose those properties after laundering. 

Nanoparticles can increase the durability of treated fabrics with respect to 

conventional materials due to their large surface area and high surface 

energy. Washfastness is also required for textile and it is related with the 

adhesion of nanoparticles to the fibers. Nanoparticles can be applied by 

dipping the fabrics in a solution containing a specific binder to increase the 

wash fastness.  

Organic and inorganic particles are used in polymers to modify these 

materials for high-technology applications. Nanotechnology leads to 

preparation of nanoscale systems and particles for various end uses such as 

nanocomposite fibers. PP is naturally hydrophobic and has almost zero water 

absorption, which forces moisture to pass through its structure in vapour form, 

enhances the moisture transport process and maintaining dry feeling. Most 

baby nappies and other incontinence products are padded with it for this 

reason. It is used in combination with a fibre that is naturally hydrophilic. A 

pre-treated or naturally hydrophilic polyester (Sorbtec/Coolmax type) outer 

layer will pull moisture through the hydrophobic PP inner layer to give 

extremely good comfort performance as in the Lowe Alpine’s Dual Fiber 

Dryflo products. 

New application areas are recognized due to the continuous growth of 

high strength PP fiber in textile market. Flame retardant fiber for wall 

coverings, upholstery, commercial carpeting etc are developed recently. The 

main problem for flame retardant PP fiber are processibility, UV stability and 

economics. Recent advances in flame retardant technology have significantly 
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improved processibility but stability and cost is not favourable. Light stability 

of PP composite fibres are important for textile products for light-weight 

summer fabric as well as for leisure and sport wear. Moreover, thermal 

stability of the PP composites is required for spinning the fiber. So for 

increasing the stability, processability without sacrificing the flame retardancy, 

inorganic nanomaterials can be used.   

1.3 Nanomaterials 

Nanomaterials are commonly found in nature for millions of years, 

produced by living things or volcanic activity. Nano-effects are widely 

observed from non reflective moth’s eyes to extraordinarily efficient nano-

lenses in crystalline sponges. The teeth of Coral- grazing parrot fish sconsist 

of bundles of nanofibers make it strong and durable. People have taken the 

advantage of nanotechnology for centuries. In the fourth-century A.D. 

Roman glassmakers were produced glasses containing nanosized metals. An 

artifice from this period called Lycurgus cup depicts the death of King 

Lycurgus, is made from soda lime glass containing silver and gold 

nanoparticles. The beautiful colours of the windows of medieval cathedrals 

are due to the presence of metal nanoparticles present in the glass. As the 

size of gold particles change it can appear as red, blue or gold colour and it is 

used in stained glass and ceramics.  Photography developed in the eighteenth 

and nineteenth centuries depends on production of silver nanoparticles 

sensitive to light. Computer chips have been made using nanotechnologies 

for the last 20 years. Chemists have been making polymers with nanoscale 

subunits for decades. The word nano comes from a Greek word means dwarf 

or extremely small. One nanometer spans 3-5 atoms lined up in a row. The 

sizes of atoms to bacteria is schematically shown in figure 1.2. 
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Figure 1.2: Schematic representation of size of objects 

 

Nanomaterials can be classified in to three depending upon their 

nanometer dimension. Thin (nano) films used in computer chips and fuel cell 

applications represent one-dimensional nanomaterials. Carbon nanotubes, 

oxide-based nanotubes, biopolymers such as DNA, nanowires made of 

silicone, gallium nitride and indium phosphide represent two-dimensional 

nanomaterials. Nanoparticles exist in three dimensions having diameters less 

than 100 nm. This includes engineered particles such as the fullerenes and 

quantum dots.  
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In the mid- 1980s a new class of material-hollow carbon spheres called 

buckyballs or fullerenes was discovered. This was motivated the research that 

led to fabrication of carbon nanofibres, with diameters below 100 nm. In 1991 

S. Iijima of NEC in Japan reported the first production of carbon nanotubes 

[126]. Synthesis of nanoparticles of carbon-rods, fibres, tubes with single walls 

or double walls, open or closed ends and straight or spiral forms have been 

reported. They have a capacity to carry an electric current a thousand times 

more than copper wires and to have twice the thermal conductivity of 

diamond. They are used as reinforcing particles in nanocomposites. Table 1.1 

lists relative dimensions of objects in the nanoscale [127].  
 

Table 1.1: Relative dimensions of objects in nanoscale 

Object Relative dimensions ( nm) 

Hydrogen atom 0.1 

Typical bond between two atoms 0.15 

Water molecule 0.3 

C60 Fullerene 1 

Helix of DNA 2.5 

Cell membranes 8 

Dendrimers 10 

Virus 100 

Red Blood Cell 7,000 

Human hair 80,000 

Dust mite 200,000 

Head of pin 1,000,000 

 

Nanomaterials have attracted great attention because they enhance the 

performance of the materials [128-131]. Some unique properties such as 

magnetic, optical, mechanical and electronic that abruptly change with changes 



Chapter -1 

 20 

in the size of the material at the nanoscale. The term nanoparticle covers a 

wide range of chemical and other entities which can be metallic, mineral, 

polymer-based or a combination of materials. Nanoparticles include metal   

(Au, Pt, Pd, Cu etc.), semiconductor (CdS, CdSe, ZnS etc.), metal and metal 

oxide (FeO3, Al2O3, ZnO, TiO2 etc.). They have wide range of uses such as 

catalysts, drug delivery mechanisms, dyes, sunscreens, filters and much more. 

1.3.1 Preparation of nanomaterials 

There are two general ways to produce nanomaterials. The first is to start 

with a bulk material and then break it into smaller pieces using mechanical 

chemical or other form of energy (top down). Second is to synthesize the 

material from atomic or molecular species via chemical reactions, allowing for 

the precursor particles to grow in size (bottom-up). Schematic representation 

of top down and bottom up approach is shown in figure 1.3. 
 

 

 
Figure 1.3: Schematic representation of preparation of nanoparticles 

Both approaches can be done in either gas, liquid, supercritical fluids, 

solid states or vacuum. Most of the manufacturers are concentrated in the 

ability to control a) particle size b) particle shape c) size distribution d) particle 

composition e) degree of particle agglomeration. Different techniques for 
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preparing nanoparticles have been reported such as  sol– gel technique [132], 

microemulsion synthesis [133], mechanochemical processing [134], spray 

pyrolysis and drying [135], RF plasma synthesis [136], supercritical-water 

processing [137], self-assembling [138], vapour transport process 

[139],sonochemical or microwave-assisted synthesis [140], direct precipitation 

[141]  homogeneous precipitation [142],chemical co-precipitation [143,144], 

chemical vapour deposition [145],thermal decomposition [146,147], 

hydrothermal synthesis [148,149], solid-state reaction [150], spray pyrolysis 

[151], microemulsion precipitation [152-156] and chemical vapour deposition 

method [157]. Some of the above methods are discussed below. 

1.3.1.1 Sol-gel process 

Sol gel technique is used for the preparation of colloidal nanoparticles 

from liquid phase. Now a day it has been used for the production of advanced 

nanomaterials and coatings. Sol-gel processes are usually adapted for oxide 

nanoparticles. The main advantages of sol- gel techniques are low temperature 

of processing and versatility.  

1.3.1.2 Hydrothermal synthesis 

This method includes crystallizing substances from high-temperature 

aqueous solutions at high vapour pressures. The crystal growth is performed in 

an apparatus consisting of a steel pressure vessel called autoclave, in which a 

nutrient is supplied along with water. A gradient of temperature is maintained 

at the opposite ends of the growth chamber so that the hotter end dissolves the 

nutrient and the cooler end causes seeds to take additional growth. 

1.3.1.3 Aerosol-based processes 

Aerosols can be defined as solid or liquid particles in a gas phase, where 

the particles can range from molecules up to 100 µm in size. Spraying of the 
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precursor chemicals onto a heated surface or into the hot atmosphere results in 

precursor pyrolysis and formation of aerosol particles. For example CdS 

nanoparticles were produced by generating aerosol micro-droplets containing 

Cd salt in the atmosphere containing hydrogen sulphide. 

1.3.1.4 Chemical vapour deposition (CVD) 

CVD consists in activating a chemical reaction between the substrate 

surface and a gaseous precursor. Activation can be achieved either with 

temperature or with a plasma. Plasma allows decreasing significantly the process 

temperature compared to the thermal CVD process. This method is used to 

produce carbon nanotube. 

1.3.1.5 Atomic or molecular condensation 

Metal containing nanoparticles is produced mainly by this method. A bulk 

material is heated in vacuum to produce a stream of vapourized and atomized 

matter, which is directed to a chamber containing either inert or reactive gas 

atmosphere. Rapid cooling of the metal atoms due to their collision with the gas 

molecules results in the condensation and formation of nanoparticles. Metal oxide 

nanoparticles are produced when a reactive gas like oxygen is used. 

1.3.1.6 Gas-phase condensation 

Gas-phase condensation uses a vacuum chamber that consists of a 

heating element, the metal to be made into nano-powder, powder collection 

equipment and vacuum hardware. The process utilises a gas, which is 

typically inert, at pressures high enough to promote particle formation, but 

low enough to allow the production of spherical particles. Metal is 

introduced onto a heated element and is rapidly melted. The metal is quickly 

taken to temperatures far above the meltingpoint, but less than the boiling 

point, so that an adequate vapour pressure is achieved. Gas is continuously 
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introduced into the chamber and removed by the pumps, so the gas flow 

moves the evaporated metal away from the hot element. As the gas cools the 

metal vapour, nano sized particles are formed.  

1.3.1.7 Supercritical fluid synthesis 

Supercritical fluid means the fluid which is forced into supercritical state 

by regulating its temperature and pressure. This is used to form nanoparticles 

by a rapid expansion of a supercritical solution. Supercritical fluid method is 

currently developed at the pilot scale in a continuous process. 

1.3.1.8 Mechanical processes 

            These include grinding, milling and mechanical alloying techniques. 

Large particles are physically powdered into small particles. The advantages of 

these techniques are that they are simple and require low-cost equipment. 

However, there can be difficulties such as agglomeration of the powders, broad 

particle size distributions and contamination from the process equipment itself. 

It is commonly used for inorganic materials and metals, but not organic 

materials. 

1.3.2 Nanostructure morphologies 

A variety of morphologies including prismatic forms [158], bipyramidal 

dumbbell-like [159], ellipsoidal [160], spheres [161], nanorods [162], 

nanowires [163], whiskers [164], nanotubes [165] and columnar hexagonal-

shaped nanomaterials [166] are obtained when the method of preparation 

changes. Some of them are shown in figure 1.4[167]. 
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Figure 1.4: Different morphologies of nanoparticles 

1.3.3 Titanium dioxide 

Titanium dioxide (TiO2) exist in three different crystalline forms. They 

are rutile, anatase and brookite [168-170]. The most common form is rutile 

which is also the equilibrium phase at all temperatures. The metastable anatase 

and brookite phases get converted convert in to rutile upon heating. Rutile, 

anatase and brookite all contain six coordinated titanium. Titanium is in 
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octahedral coordination with O atom as TiO6 units in all the three forms. The 

different lattice structures arise due to the difference in arrangements of TiO6 

octahedra which is due to the difference in Ti-O bond length and angle. The 

rutile and anatase lattices are tetragonal with P42 /mnm and I41/amd space 

groups, respectively, and brookite is orthorhombic with Pbca symmetry[171]. 

A series of Tin O2n-1(4≤n≤10) daughter-structures are also formed by shear 

operations on a rutile mother–structure to accommodate nonstoichiometry 

[172]. Unit cell of rutile and anatase is given in figure 1.5 [173]. 

  
Figure 1.5: Unit cell  of rutile and anatase crystal structure of TiO2 

TiO2 is one of the whitest materials which has gained a nickname as 

titanium white. Hence, it is included in many cosmetic preparations to reflect 

light away from the skin. It is a main component of sun block to deter the 

absorption of ultraviolet (UV) rays from the sun, the concentration of which 

determines the product’s Sun Protection Factor. TiO2 is used as pigment to 

improve the white color of certain food materials such as dairy products and 

candy. It also lends brightness to toothpaste and some medications. It is also 

used as a food additive and flavor enhancer in various non-white foods, 

including dried vegetables, nuts, seeds, soups and mustard. Since TiO2 reflects 

light so well, it is suitable for use as a protective coating for many products 
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like automobile parts and optical mirrors. Due to its refractive ability, it is a 

component of paints used to coat cars, boats, and airplanes. TiO2 is also used 

in a number of construction and building materials. In plastic industry TiO2 is 

used as a coating to absorb UV light and make the material durable. TiO2 is the 

most widely used white pigment due to its brightness and high refractive 

index (n = 2.7), in which it is surpassed only by a few other materials. 

Approximately 4 million tons of pigmentary TiO2 are consumed annually in 

the world. When deposited as a thin film, it is an excellent reflective optical 

coating for dielectric mirrors and some gemstones like "mystic fire topaz". 

TiO2 is used to mark the white lines on the tennis courts of the All England 

Lawn Tennis and Croquet Club, best known as the venue for the annual grand 

slam tennis tournament, Wimbledon [174].  

TiO2 normally have electronic band gaps greater than 3.0eV and high 

absorption in the UV region. TiO2 nanomaterials are very stable, nontoxic, 

cheap and can impart antifogging functions on various glass products, i.e., 

mirrors and eye glasses, having super hydrophilic or super hydrophobic 

surfaces. Feng et al observed that reversible super hydrophilicity and super 

hydrophobicity could be switched back and forth for TiO2 nanorod films. Stain 

proofing, self cleaning properties can also be imparted on various types of 

surfaces due to the superhydrophilic or super hydrophobic surfaces. TiO2 

nanomaterials have also been used as sensors for various gases and humidity 

because of the electrical or optical properties which change upon adsorption 

[175]. Sakamoto et al. observed both absorption and scattering significantly 

affected the shielding capability of spherical TiO2 in the UV range of     

350-375nm and its absorption capability played an important role in shielding 

at shorter wavelengths than 350nm. The high UV shielding effect at short 

wavelengths was due to the high absorption capability of nano-sized TiO2. 



 Introduction 

 27 

Among the polymorphs, anatase is used as a photocatalyst and catalyst 

support in industrial processes [176-180]. Usually, large surface areas are 

required for catalyst supports to disperse a catalyst-active material effectively 

to enhance the number of active sites. As the catalyst is used at high 

temperature, high-thermal stability and large surface area is also important. 

Hence, synthesis of TiO2-photocatalyst with high thermal stable anatase phase 

is one of the key issues in smart coating for building materials application 

[181-183]. 

 TiO2 is widely used in plastics and other applications for its UV 

resistant properties where it acts as a UV absorber, efficiently transforming 

destructive UV light energy into heat. In ceramic glazes, TiO2 acts as an 

opacifier. TiO2 is found in sunscreen with a physical blocker due to its high 

refractive index, its strong UV light absorbing capabilities and its resistance to 

discolouration under ultraviolet light. This improves its stability and helps to 

protect the skin from UV light. Sunscreens designed for infants or people with 

sensitive skin are often based on TiO2 or ZnO, as these mineral UV blockers 

cause less skin irritation than chemical UV absorber ingredients. 

1.3.4 Zinc oxide  

ZnO crystallizes in two main forms, hexagonal wurtzite and cubic zinc 

blende. The wurtzite structure is most stable and common. The zinc blende 

form can be stabilized by growing ZnO on substrates with cubic lattice 

structure. In both forms, the zinc and oxide centers are tetrahedral. In addition 

to the wurtzite and zinc blende forms, ZnO can be crystallized in the rocksalt 

structure at a relatively high pressures of about 10 GPa [184]. Hexagonal and 

zincblende forms have no inversion symmetry. Various lattice symmetry 

properties result in piezoelectricity of the hexagonal wurtzite and cubic 

zincblende and pyroelectricity of hexagonal wurtzite. 
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Point group of hexagonal structure is 6mm (Hermann-Mauguin notation) 

or C6V (Schoenflies notation), and the space group is P63mc or C6v4. The 

lattice constants are a = 3.25 Å and c = 5.2 Å; their ratio 1.60 is close to the 

ideal value for hexagonal cell c/a = 1.633[185]. Bonding in ZnO is largely 

ionic with the corresponding radii of 0.074 nm for Zn2+ and 0.140 nm for O2–. 

This property accounts for the preferential formation of wurtzite rather than 

zinc blende structure [186] as well as the strong piezoelectricity of ZnO. 

Because of the polar Zn-O bonds, zinc and oxygen planes are electrically 

charged. To maintain electrical neutrality, those planes reconstruct at atomic 

level in most relative materials, but not in ZnO, its surfaces are atomically flat, 

stable and exhibit no reconstruction. This anomaly of ZnO is not fully 

explained yet [187]. The wurtzite and zinc blende structure is given in figure 

1.6[188]. 

 
Figure 1.6: Unit cell structure of wurtzite and zinc blende of ZnO 

Nano-ZnO as a functional inorganic filler has been widely used in 

functional devices, catalysts, pigments, optical materials, cosmetics and UV 

absorbers[189-197]. After Sawai et al [198,199] was observed that ZnO 

powder had antibacterial activity against some bacteria strains in 1995, more 

and more investigations have shown that ZnO as an antibacterial agent.  Now a 
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day, there have been some reports regarding the antimicrobial activity of ZnO 

nanoparticles [200]. It has been observed that ZnO nanoparticles have higher 

antibacterial affects on microorganism like S Aureus than other metal oxide 

nanoparticles [201]. Similarly, Tam et al [202] have investigated antibacterial 

activity of ZnO nanorods prepared by hydrothermal method. ZnO showed 

good activity against E Coli and B. Atrophaeus, but it was more effective in 

the later. It was reported that the ZnO nanoparticles treated fabric showed 

higher antibacterial activity when compared with ZnO bulk treated fabrics 

whereas the neat fabrics showed no antibacterial activity.  

Introduction of nano ZnO into polymers can enhance the mechanical 

properties of the polymers because of a strong interfacial interaction between 

polymers and nanoparticles but also endow polymers with some other 

functional capabilities, such as photostabilization and protect matrix resins 

from environmental degradation and increase the toughness [203-206]. 

Moreover, its smaller diameter and relatively lower quantity of addition would 

have little influence on the transparency of the products [207].  

ZnO is a good stabiliser as it shows a steep transmission cut-off at 385 

nm, which extends well into the far-IR. There are some reports on the use of 

nano ZnO for UV stabilization of polyolefins [208]. It was reported that nano 

ZnO gives superior resistance to degradation compared to organic HALS at their 

appropriate loading levels. UV absorbing efficiency of nano ZnO is increased 

with decrease in particle size and helps to reduce the loading in the polymer 

when compared to a larger particle size. As particles with dimensions well 

below the wavelength of light and above the level of appreciable quantum 

confinement have negligible loss from scattering [209]. It has been reported 

that 20–50 nm unagglomerated ZnO, even at very high loading levels (up to 

60 wt%), effectively absorbs UV radiation and remains transparent in the visible 
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region [210]. Hence, the incorporation of nano ZnO should result in a marked 

reduction in hindered amine light stabilisers stabiliser loading and this helps to 

reduce the cost of the end product and also reduces any adverse effects of the 

stabiliser on the aesthetic properties of the material. 

ZnO-based semiconductor devices are also important for the integration 

on a single chip. So far, a variety of applications of nano ZnO like biosensors, 

UV detectors and FED are under way. ZnO has been proposed to be a more 

promising UV emitting phosphor than GaN due to its larger exciton binding 

energy. This leads to a reduced UV lasing threshold and gives higher UV 

emitting efficiency at room temperature [211]. Surface acoustic wave filters 

using ZnO films have already been used for video and radio frequency circuits. 

Piezoelectric ZnO thin film has been developed into ultrasonic transducer arrays 

operating at 100 MHz [212]. Bulk and thin films of ZnO have reported high 

sensitivity for toxic gases [213-216]. Moreover, hole mediated ferromagnetic 

ordering in bulk ZnO by introducing Mn as dopant has been predicted 

theoretically and reported recently [217,218]. Vanadium doped n-type ZnO 

films also shows a Curie temperature above room temperature [219]. 

1.4 Objectives of the work 

The study has been undertaken to prepare nano ZnO and nano TiO2 and 

to study the effect of particle size of ZnO and TiO2 on the various properties of 

PP and its fiber. Salient objectives of the research work are:    
 

 To investigate the effect of various preparation medium on the 

particle size and morphology of ZnO. 

 To compare the antibacterial property of ZnO prepared in chitosan 

medium and commercial ZnO using gram positive and gram 

negative bacteria. 
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 To investigate effect of ZnO prepared in chitosan medium and that 

of commercial ZnO on the mechanical, thermal, crystallization, 

processability and transparency of PP. 

 To explore the UV and thermal stability of PP in presence of  ZnO. 

 To investigate the effect of reinforcement and thermal stability of 

fibers prepared from PP/ZnO nanocomposites. 

 To synthesize TiO2 by sol gel and wet synthesis method, its 

characterization by XRD, SEM, TEM etc and to evaluate the 

antibacterial property of commercial and TiO2 prepared by wet 

synthesis.  

 To study the effect of particles size of TiO2 on the properties of 

PP/TiO2 composite. 

 To fabricate and characterize the fiber prepared from PP/TiO2 

composites. 
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SYNTHESIS,CHARACTERIZATION AND 
ANTIBACTERIAL PROPERTIES OF  ZINC OXIDE 

NANOPARTICLES 
 

   
2.1  Introduction 
 

2.2 Experimental  
 

2.3 Results and Discussion 
 

2.4  Conclusion 
 

 

Zinc oxide nanoparticles were prepared by reacting zinc chloride and sodium 
hydroxide in different mediums such as chitosan, poly vinyl alcohol, ethanol and 
starch. The materials were characterized by scanning electron microscopy (SEM), 
x-ray diffraction (XRD) studies, transmission electron microscopy (TEM) and 
thermogravimetric analysis (TGA). Elemental analysis was done by energy 
dispersive X-ray Analysis (EDAX). Antibacterial properties were studied using 
Bacillus aereus (gram positive) and Escherichia coli (gram negative) bacteria. The 
above studies were also carried on commercially available zinc oxide (CZO). Zinc 
oxide nanoparticles prepared using chitosan medium (NZO) showed lowest 
crystallite size in XRD. Morphology of the particle was changed by changing the 
reaction medium. XRD showed hexagonal wurtzite crystal structure of ZnO. TEM 
analysis showed particle size of the smallest particle of NZO is 35 nm and highest 
as 67 nm. Thermogravimetric studies (TGA) indicated improved thermal stability 
of NZO than CZO particles. Antibacterial studies showed excellent resistance of 
CZO and NZO to Bacillus aereus and Escherichia coli. 
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2.1  Introduction 

Nano zinc oxide has a wide range of applications in various fields due to 

its unique and superior physical and chemical properties compared with bulk 

ZnO. The large specific surface area, high pore volume, low toxicity, 

nanostructured properties and low cost of nano ZnO [1] make it a promising 

candidate particularly in catalysts [2], chemical absorbents [3], as polymer 

additives [4], antiwear additives for oil lubricants [5] and advanced ceramics 

[6]. Zinc oxide nanoparticles have optical, electrical and photochemical 

activity [7], it can be used as photocatalysts [8], solar energy conversion cells 

[9,10],Ultra Violet (UV) detectors and UV emitting devices [11], chemical 

sensors sensitive to chemicals such as alcohol and benzene [12], and gas 

sensing materials for many  gases such as ammonia, hydrogen and ozone 

[13-15]. Zinc oxide with direct band gap of about 3.37 eV at room temperature 

is a good material suitable for generating UV light [16].  ZnO with exciton 

binding energy of about 60 meV can ensure an efficient exciton emission at 

room temperature and low excitation energy [17, 18]. Thin films and nanoscale 

coating of ZnO particles on suitable substrates is important for its potential 

applications as substrates for functional coatings, printing, UV inks, e-print, 

optical communications (security papers), protection, portable energy, sensors, 

photocatalytic wallpaper with antibacterial activity etc [19-33]. The powder is 

widely used as an additive into numerous materials and products including 

plastics, ceramics, glass, cement, rubber, lubricants, paints, ointments, adhesives, 

sealants, pigments, source of Zn nutrient in foods,  fire retardants etc[34]. The 

films of ZnO, indium tin oxide and cadmium oxide have been investigated in 

recently as transparent conducting oxide due to their good optical and 

electrical properties in combination with large band gap, abundance in nature, 

optical transmittance in visible region and non toxicity. Because the optical, 

electrical and magnetic properties of ZnO are markedly influenced by its 
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particle size, morphology and structure [35-37]. ZnO nanoparticles can be 

obtained by physical and chemical routes. However, chemical methods are 

more suitable for industrial scale production [35] due to its low efficiency and 

cost in obtaining nanoparticles with uniform size and morphology [36]. 

Different techniques for preparing ZnO nanoparticles have been reported such 

as,  sol– gel technique [36], microemulsion synthesis [38], mechanochemical 

processing [37], spray pyrolysis [39], thermal decomposition of organic 

precursor [40], RF plasma synthesis [41], supercritical-water processing [42], 

self-assembling [43], vapour transport process [44], sonochemical or 

microwave-assisted synthesis [45], direct precipitation [46]  homogeneous 

precipitation [47],chemical co-precipitation [48,49], chemical vapour 

deposition [50],thermal decomposition [51,52], hydrothermal synthesis [53,54], 

solid-state reaction [55],spray pyrolysis [56], and microemulsion precipitation 

[57-61]. Different ZnO nano structures such as nanospheres, nanorods, 

nanowires, nanotubes and flower-like nanostructures are obtained from these 

techniques.  Variety of morphologies including prismatic forms [62], 

bipyramidal dumbbell-like [63], ellipsoidal [64], spheres [65], nanorods [66, 67], 

nanowires [67], whiskers [68], nanotubes [69], nanorings [70] and columnar 

hexagonal shaped ZnO [71] have been investigated.  

LI Yan et al reported the formation of nest like ZnO by solvothermal 

synthesis [72].Tengfa Long et al studied the formation of ZnO nanorods and 

nanodisks from zinc chloride aqueous solution [73]. Yoshie Ishikawa et al 

prepared ZnO nanorods by pulsed laser ablation technique in water media at 

high temperature [74]. Ameer Azam etal used low temperature synthesis using 

micromechanical route [75].  

The above methods require complex equipment and complicated 

operations. So, it is a challenge to search for a simple route to prepare metal 
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oxides nanoparticles with a high yield. We have used precipitation technique 

for the preparation of zinc oxide nanoparticles. In this work ZnO was prepared 

using zinc chloride and sodium hydroxide in different mediums such as 

chitosan, ethanol, polyvinyl alcohol (PVA) and starch. Compared with the 

above-mentioned methods, this method has four advantages: (1) it is very 

cheap and facile because of not requiring any complex equipment and 

complicated operations (2) the reaction is environmentally friendly since the 

byproducts are chitosan and sodium chloride (3) the reaction is safe and quick 

and (4) the high yield. Prepared ZnO was characterized by TEM, SEM, XRD 

and TGA. Antibacterial properties of ZnO was studied using a gram positive 

and gram negative bacteria. 

2.2  Experimental  
2.2.1 Materials 

Chitosan samples were supplied by M/s. Indian Sea Foods, Cochin, 

Kerala (Viscosity 304 cps) and degree of deacetylation is 80.79%. PP 

homopolymer (REOL H200MA) was supplied by M/s. Reliance Industries 

limited. PVA, starch, ethanol, NaOH and ZnCl2 was supplied by alpha 

chemicals, Cochin. 

2.2.2 Methods 
2.2.2.1 Preparation of zinc oxide 

Zinc oxide nanoparticles were prepared by reacting zinc chloride and 

sodium hydroxide in different mediums such as chitosan, poly vinyl alcohol, 

ethanol and starch. In this method zinc chloride (5g in 500 ml 1% acetic acid 

in water) was added to chitosan (5g in 500ml 1% acetic acid in water) with 

vigorous stirring using mechanical stirrer. This was allowed to react for 24 

hours. During this period stabilization of the complex take place. Then sodium 

hydroxide (25g in 500ml 1% acetic acid in water) was added drop wise from 
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burette to the above solution with stirring using mechanical stirrer. The whole 

mixture was allowed to digest for 12 hours at room temperature. This was to 

obtain homogeneous diffusion of OH- and Cl- to the matrix.  The precipitate 

formed was washed several times with distilled water until complete removal 

of sodium chloride and dried at 1000C. Then it was calcined at 5500C for four 

hours. Figure 2.1 shows the schematic representation of preparation zinc oxide 

nanoparticles in chitosan medium. The experiment was repeated using other 

mediums such as poly vinyl alcohol, ethanol and starch.  

 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.1:  Schematic representation of preparation of zinc oxide 
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2.2.2.2 X-ray diffraction analysis  

XRD is used to determine the size and shape of the unit cell for any 

compound most easily using the diffraction of x-rays.  X-ray diffraction studies 

are used for the finger print characterization of crystalline materials and their 

structure determination. Each crystalline solid has its unique characteristics. 

Once the material has been identified, it is used to determine its structure, i.e. 

how the atoms packed together in the crystalline state and what the interatomic 

distances and angle are, etc. 

XRD studies were done using Rigaku Geigerflex at wavelength CuKa=1.54 A0. 

Particle size was calculated using Debye Sherrer equation: 

CS = 0.9λ/βcosӨ ----------------------------------------------------------- (2.1) 

where CS is the crystallite size, β is the full width at half-maximum 

(FWHMhkl) of an hkl peak at 2Ө value, 2Ө is the scattering angle. 

2.2.2.3 Scanning electron microscopy 

 Scanning electron microscopy is used to gather information about 

topography, morphology, composition and micro structural information of 

materials. In SEM, electrons are thermoionically emitted from a tungsten or 

lanthanum hexa boride cathode and are accelerated towards an anode; 

alternatively electrons can be emitted via field emission. The electron beam, 

which has an energy ranging from a few hundred eV to 100keV, is focused 

by one or two condenser lenses in to a beam. Characteristic X-rays are 

emitted when the primary beam causes the ejection of inner shell electrons 

from the sample and are used to determine the elemental composition of the 

sample. The back scattered electrons emitted from the sample can be used 

alone to form an image or in composition with the characteristic X-rays. 
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These signals are monitored by photomultiplier tubes and magnified. An 

image of the investigated microscopic region of the specimen is observed in 

cathode ray tube and is photographed.   

In this work, morphology of the ZnO was studied using scanning 

electron microscope (JOEL model JSM 6390LV). The powder was mounted 

on a metallic stub and an ultrathin coating of gold is deposited by low vacuum 

sputter coating. This is done to prevent the accumulation of static electric 

fields at the specimen due to the electron irradiation during imaging and to 

improve contrast. The SEM can produce high resolution images of the sample 

surface.   

2.2.2.4 Transmission electron microscopy  

In TEM, a beam of electrons is transmitted through an ultra thin 

specimen, interacting with the specimen as it passes through. An image is 

formed by the interaction of the electrons transmitted through the specimen. 

The image is magnified and focused into a fluorescent screen, on a layer of 

photographic film, or to be detected by a sensor such as a CCD camera. 

TEM gives significantly higher resolution images than light microscopes, 

due to the small de Broglie wavelength of electrons. This helps the user to 

examine fine detail even as small as a single column of atoms, which is tens 

of thousands times smaller than the smallest resolvable object in a light 

microscope. 

In this work, TEM studies were carried out on JEM-2200-FS, Field 

Emission Transmission Electron Microscope, JEOL, Japan. 

2.2.2.5 Energy Dispersive Analysis by X-rays  

EDAX is a widely used technique to analyze the chemical composition 

of a material under SEM by detecting the X-rays produced as the result of the 
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electron beam interactions with the sample. When the sample is bombarded by 

the electron beam, the electrons are ejected from atoms comprising the sample 

surface. The resulting electron vacancies are filled by electrons from a higher 

state and an x-ray is emitted to balance the energy difference. EDS x-ray 

detector measures the relative abundance of X-rays against their energy. The 

detector is typically a lithium-drifted silicon solid-state device. As the incident 

x-ray hits the detector, creates a pulse of charge that is proportional to the 

energy of x-ray. The pulse charge is converted to a pulse voltage by using a 

charge sensitive preamplifier. The signal is pass to a multichannel analyzer 

where the pulses are sorted by the tension. The energy determined by 

measuring the voltage per incident x-ray is sent to a computer for display and 

further data evaluation. The spectrum of x-ray energy versus counts is 

measured to determine the elemental composition of the sample volume. Very 

light elements such as hydrogen do not emit X-rays and are impossible to 

detect because of the low-energy transitions occur. In this work elemental 

composition of the ZnO was studied using scanning electron microscope 

(JOEL model JSM 6390LV).  

2.2.2.6 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) measures the weight change in a 

material as a function of temperature and time, in a controlled environment. 

This can be very useful to investigate the thermal stability of a material. It is 

suitable for use with all types of solid materials, including organic and 

inorganic materials. The material is heated to very high temperature so that 

one of the components decomposes into a gas, which dissociates into the air. 

If the compounds in the mixture remain are known, then the percentage by 

mass can be determined by taking the weight of what is left in the mixture 

and dividing it by the initial mass. From the mass of the original mixture and 

the total mass of impurities liberating upon heating, the stoichiometric ratio 



Synthesis,characterization and antibacterial properties of  zinc oxide nanoparticles 

 53 

can be used to calculate the percent mass of the substance in a sample. TGA 

is commonly employed in research to determine the characteristics of 

materials such as polymers, to determine degradation temperatures, absorbed 

moisture content of materials, the level of inorganic and organic components 

in materials and solvent residues. Thermogravimetric analyzer (TGA Q-50, 

TA instruments) was used to study the effect of TiO2 on the thermal stability 

of PP. Approximately 10 mg of the samples were heated at a rate  of 200 

C/min from ambient to 8000C.  

2.2.2.7 Antibacterial properties  

Bacterial nutrient medium (nutrient broth) was used to cultivate the gram 

positive [Bacillus aereus (NCIM No:2155)] and gram negative bacteria 

[Escherichia coli (NCIM No:2343)] respectively. Control nutrient broth as 

such was inoculated with the bacteria. NZO and CZO was dispersed at a 

concentration of 0.1mg/ml in the test media, prepared and commercially 

available. The test organisms were inoculated in the tubes and they were 

allowed to grow over night. Next day, the culture was serially diluted and 

plated on to the nutrient agar plates. The colonies formed were counted the 

next day. The result was expressed as CFU.  

2.3  Results and Discussion 
2.3.1  X-ray Diffraction  

The XRD pattern of ZnO prepared in different mediums such as 

chitosan, PVA, starch and ethanol is given in figures 2.2-2.5 respectively. 

Figure 2.6 represents the XRD of commercial zinc oxide. These figures 

show the characteristics peaks of hexagonal crystal structure. The peaks 

obtained are correspond to (100), (002), (101), (102), (110), (103), (112), 

(201), (004), (202), (104) planes. The (101) plane is most prominent. 

Hexagonal wurtzite structure of ZnO belongs to the space group P63mc1 
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and lattice parameters a = 3.2539 Å and c = 5.2098 Å. The crystallite size 

of ZnO calculated using Debye Sherrer equation is given in table 2.1. 

Least crystallite size is obtained for ZnO prepared in chitosan medium 

(NZO). The influence of chitosan matrix is important in forming the 

nanoparticles of the zinc oxide. The stability of the complex formed 

between the particle and the surrounding polymer matrix and the proper 

diffusion of the reacting species are the most important criteria for the 

formation of nanoparticles. 

Table 2.1: Crystallite size of ZnO prepared in different mediums 

Medium Crystallite size(nm) 

Chitosan 13.4 

Polyvinyl alcohol 28.29 

Starch 25.01 

Ethanol 21.4 

Commercial ZnO 29.2 
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    Figure 2.2: XRD pattern of ZnO prepared in chitosan medium 
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Figure 2.3: XRD pattern of ZnO prepared in polyvinyl alcohol medium 
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                    Figure 2.4: XRD pattern of ZnO prepared in Ethanol medium 
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             Figure 2.5: XRD pattern of ZnO prepared in starch medium 
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             Figure 2.6: XRD pattern of commercial ZnO 

2.3.2 Scanning Electron Micrographs 

SEM photographs of ZnO prepared in different mediums and 

commercial ZnO are shown in figure 2.7. From the SEM images, it is clear that 

by changing the medium, morphology of the particles also changes. ZnO 

prepared in chitosan medium (NZO) shows spherical morphology while in 

ethanol medium flower like morphology is obtained. In PVA and starch 

medium large particles are observed. In chitosan medium small particles are 

observed and majority of the particles have a uniform nanostructure.  
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(a)                             (b) 

     
(c)                             (d) 

     
(e)                             (f) 

 Figure 2.7: Scanning electron micrographs of ZnO prepared in (a) starch                
(b) chitosan (c) PVA (d) ethanol (e) chitosan (10,000 magnification)         
(f) commercial ZnO 
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The influence of chitosan matrix is very important in forming nanoparticles 

of zinc hydroxide and ZnO subsequently on calcination. Chitosan is a class of 

materials prepared by deacetylation of chitin to various extents, is of particular 

interest because it contains both -NH2 and –OH groups. Also, the PKa associated 

with the amine groups is unusually low, so that a significant portion of them are in 

the –NH2 form in a weakly acidic media (PH 5.5-6.5) and has several 

advantageous. Amine chemistry, including metal complexation can occur in a 

phase in which the precursors combined and it makes possible to carry out 

reactions at the amine sites without using basic conditions in which the ZnCl2 

components themselves can be dissolved. Schematic representation of structure of 

chitosan is shown in figure 2.8.  

 
Figure 2.8: Schematic representation of structure of chitosan 

The stability of the complex formed between the ZnCl2 and the 

surrounding polymer matrix and the proper diffusion of the reacting species 

are the most important criteria for the formation of nanoparticles.  

2.3.3 Trnsmission electron microscopy 

Transmission electron microscopy (TEM) gives an idea about the size and 

shape of the particles on the scale of atomic diameters. Figure 2.9 shows the TEM 

images of ZnO prepared in chitosan medium (NZO). It can be observed that most 

of the particles are in nano-meter scale and are mostly of elongated spherical  
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shape. Figure 2.10 shows the particle size distribution of ZnO nanoparticles from 

TEM images. Most of the particles in the range of 45-60nm.   

   

Figure 2.9: Transmission electron micrographs of ZnO nanoparticles 
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Figure 2.10: Particle size distribution of ZnO nanoparticles 

2.3.4 Themogravimetric analysis 

Thermogravimetric studies were carried out to investigate the degradation 

behaviour of NZO and CZO. Figure 2.11 shows the thermal behaviour of 

NZO and CZO from 300C to 9000C in nitrogen atmosphere. Degradation of 
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NZO take place at higher temperature when compared to that of CZO. In 

the thermogram of CZO more degradation peaks are observed. This may be 

due to the impurities in the CZO. The degradation of NZO take place at 

higher temperature than CZO particles. This indicates significant 

improvement in thermal stability with decreasing the particle size of ZnO. 
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Figure 2.11: Thermogram of NZO and CZO 

2.3.5 Energy Dispersive Analysis by X-rays  

The energy dispersive X-ray spectrum of zinc oxide nanoparticles is 

shown in the figure 2.12. It is a key tool for identifying the chemical 

composition of a specimen. EDAX shows only peaks of zinc and oxygen. 

From figure 2.12 it is clear that prepared ZnO is free from impurities like 

chitosan and other materials. 
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  Figure 2.12:  Energy dispersive X-ray spectrum of ZnO prepared in chitosan 
medium  

2.3.6 Antibacterial properties of zinc oxide 
2.3.6.1 Reduction in colony forming units (CFU) 

Antibacterial properties of CZO and NZO in Escherichia coli (NCIM 

No: 2343) is shown in table 2.2. Percentage reduction in E- coli is 99.96% for 

CZO and for 99.98% for NZO. Zinc oxide shows good resistant to Escherichia 

coli. From the table it is clear that particle size of ZnO has no significant role 

in the antibacterial properties of  ZnO. 

Table 2.2: Colony forming unit using Escherichia coli (NCIM No: 2343) 

Sample Colony forming unit % of reduction 
Control 9x 10

8

   

CZO 3.19x10
5

  99.96 

NZO 1.37x10
5

  99.98 
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Table 2.3 shows antibacterial properties of CZO and NZO in to Bacillus 

aereus (NCIM No: 2155). Zinc oxide shows good resistant to Bacillus aereus 

irrespective of the particle size. 

Table 2.3: Colony forming unit using Bacillus aereus (NCIM No:2155) 

Sample Colony forming unit % of reduction 
Control  75x 10

6
   

CZO  1.34x10
6
  98.66  

NZO  8x10
5
  98.94  

 

2.4  Conclusion 

Zinc oxide nanoparticles were prepared by precipitation method in 

different mediums. X-ray diffraction analysis indicates least crystallite size is 

obtained when chitosan is used as the medium. From X-ray diffraction analysis 

it is clear that all ZnO particles are in hexagonal wurtzite crystal structure. 

Scanning electron micrographs show formation of spherical particles of   ZnO 

prepared in chitosan medium. Flower like morphology is observed for ZnO 

prepared in ethanol medium. EDAX shows the absence of side products or 

impurities after calcination. TGA analysis shows the better thermal stability of 

NZO compared to that of CZO. TEM studies showed that the particle size of 

smallest particle of NZO is 22nm. CZO and NZO show excellent resistance to 

Bacillus aereus and Escherichia coli. Reduction in particle size has no role in 

the antibacterial properties.  
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POLYPROPYLENE/ZINC OXIDE NANOCOMPOSITES 
THROUGH MELT MIXING 

   
3.1  Introduction 
 

3.2  Experimental  
 

3.3  Results and Discussion 
 

3.4  Conclusion 

 

PP/ ZnO nanocomposites were prepared using 0-5wt% of zinc oxide by melt 
mixing. It was then compression moulded in to films. The composites were prepared 
using ZnO prepared in chitosan medium (NZO) and commercial ZnO (CZO). 
Mechanical properties of the composites increased by the addition of ZnO.  
Transparency of the composite films were improved by reducing the particle size of 
ZnO. Melt flow index studies revealed that NZO increased the flow characteristics 
of PP while for CZO decreased. Differential scanning calorimetric studies indicated 
an increase in degree of crystallinity by the addition of ZnO. X-ray diffraction 

studies indicated α-form of isotactic polypropylene. Thermogravimetric studies 

showed an improvement in thermal stability of PP on addition of ZnO. An increase 
in storage modulus, loss modulus and tan δ values of the composites was observed 
in dynamic mechanical analysis. Limiting oxygen index values showed an 
increase on addition of NZO. Uniform dispersion of the ZnO was observed in the 
scanning electron micrographs of the tensile fractured surface of composites. 
Mechanical, morphology and IR studies were carried out after thermal and UV 
ageing. NZO filled films showed better properties compared to CZO filled films.    
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3.1  Introduction 

Polymer nanocomposites have attracted great attention due to their 

enhanced mechanical strength and thermal properties at low filler loadings [1-8]. 

This was attributed to the unique characteristics of the nanofillers [9]. Now a 

days, nanostructured versions of conventional inorganic fillers are used in 

plastic composites. Much effort has been done to enhance the properties of 

polymers by adding inorganic nanofillers such as SiO2 [10], ZnO [11,12] and 

CaCO3[13].  Recently, nanocomposites based on PP matrix constitute a 

major challenge for industry since they represent the route to substantially 

improve the mechanical and physical properties of PP [14-16]. PP is one of 

the most widely used thermoplastic polymers due to its good physical and 

mechanical properties as well as the ease of processing at a relatively low 

cost. There is a number of investigations on the PP nanocomposites filled 

with different types of fillers such as carbon nanotubes [17-19], nanoclay 

[20,21], talc, mica and fibrous fillers etc.  Reinforcement at nanoscale to 

increase mechanical and other properties including changes in the polymer 

crystallization behaviour is being studied [22]. There are many articles 

related to the crystallization behaviour of PP and PP composites [23–27]. 

The crystallization behaviour of reinforced PP composites with flax fiber, 

sisal fiber, pine fiber, glass fiber, hemp fiber, jute fiber and wood has been 

reported [28–33]. 

The enhanced properties are due to the synergistic effects of nanoscale 

structure and interaction of fillers with polymers. The size and structure of the 

dispersed phase significantly influence the properties of polymer 

nanocomposites [34-36]. The key factors for the preparation of improved 

performance are the fine and a homogeneous dispersion of the nano powders 

and a strong interface adhesion between matrix and nanofillers.  
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Various approaches have been taken for the preparation of nanocomposites 

by in situ polymerization, solution mixing, melt mixing etc [37-40]. Among 

these, melt mixing of the polymeric matrix with the filler is the most convenient 

and economical way of obtaining composite. Nano zinc oxide has attracted 

increased attention as one of the multifunctional inorganic nanoparticles, due to 

its significant properties, such as high chemical stability, low dielectric constant, 

large electromechanical coupling coefficient, high luminous transmittance, high 

catalytic activity, intensive ultraviolet and infrared adsorption [41,42]. In this 

work, we investigated the morphology, mechanical, dynamic mechanical, 

crystallization, transparency, thermal and flow properties of the PP/ZnO 

nanocomposites prepared by melt mixing. Mechanical, morphology and IR 

studies were carried out after UV and thermal ageing. 

3.2  Experimental  
3.2.1 Materials 

Isotactic PP homopolymer (REPOL H200MA) with melt flow index of 

25 g/min was supplied by M/s.Reliance Industries limited.  

3.2.2 Methods 
3.2.2.1 Preparation of PP/ZnO composites: Compression moulding 

The melt compounding was performed using a  Thermo Haake Polylab 

system operating with counter rotating screws at 40 rpm for 8 min at 1700C  

(figure 3.1) with a capacity of 60cm3. The polymer and the ZnO have been 

charged to the mixing chamber. A mixing time of 8 min was fixed since the torque 

stabilized to constant values during this time. The stabilization of torque related to 

the attainment of a stable structure. Composites of different concentrations         

(0-5wt%) of  ZnO were prepared. The hot mix immediately pressed after mixing 

using a hydraulic press. The samples were then made in to films using 

compression moulding at 1800C for 6 min in an electrically heated hydraulic press. 
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Screw

 

                        Figure 3.1: Thermo Haake Polylab system 

3.2.2.2 Mechanical properties of PP/ZnO composites 

Mechanical properties of the compression moulded samples of PP and 

PP/ZnO composites were studied using a Universal testing machine (UTM, 

Shimadzu, model-AG1) with a load cell of 10 kN capacity. The specimens used 

were rectangular strips of dimensions 10 × 1 cm. The gauge length between the 

jaws at the start of each test was adjusted to 40 mm and the measurements were 

carried out at a cross-head speed of 50 mm/min (ASTM D 882).  

3.2.2.3 Dynamic mechanical analysis (DMA) 

In DMA, the viscoelastic properties of a material are characterized by 

applying a sinusoidal deformation to the material at a single or at multiple 

frequencies and monitoring the response of the material. Response of a 

viscoelastic material to an imposed deformation will depend on how fast or 

slow the deformation is applied to the sample. When characterizing a material 

by DMA, the time of the deformation is determined with respect to the 

frequencies, as frequency is the inverse of time (frequency = 1/time). High 

frequencies are analogous to short times and low frequencies to long times. 
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Dynamic mechanical analyser (DMA Q-800, TA Instruments) was used 

to study the effect of ZnO on the viscoelastic properties of PP. The tests were 

carried out on rectangular shaped specimens of dimensions 3 ×1 cm by 

temperature sweep (temperature ramp from 300C to 1500C at 30C/min) method 

at a constant frequency 1 Hz. The dynamic storage modulus, loss modulus and 

tan δ (ratio of loss modulus to storage modulus) were measured. 

3.2.2.4 Scanning electron microscopy 

The morphology of the tensile fractured surface of PP and composites 

was studied using scanning electron microscope (JOEL model JSM 6390 LV). 

3.2.2.5 Thermogravimetric analysis 

Thermogravimetric analyzer (TGA Q-50, TA instruments) was used to 

study the effect of ZnO on the thermal stability of PP. Approximately 10 mg of 

the samples were heated at a rate  of 200 C/min from ambient to 8000C in 

nitrogen atmosphere. 

3.2.2.6 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is used for studying the thermal 

behaviour of a material as a function of temperature as they go through physical 

and chemical changes with absorption or evolution of heat. It is used to study the 

thermal transitions, including phase changes, crystallization, melting, glass 

transitions of a material as a function of temperature. Heat flow, i.e, heat of 

absorption (endothermic) or heat of emission (exothermic), is measured as a 

function of temperature or time of the sample and compared with that of a 

thermally inert reference. The materials as they undergo changes in chemical 

and physical properties, which are detected by transducers , then changes in to 

electrical signals that are collected and give thermogram. In this work, DSC 

measurements were performed on a DSC Q100 differential scanning 
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calorimeter. Indium was used for temperature and enthalpy calibration       

(Tm = 156.63 °C, ∆Hm = 28.47 J/g) and analysis were carried out in nitrogen 

atmosphere. Samples of about 5–10 mg sealed in aluminum pans were heated 

from 300C to 2000C at a heating rate of 100C/min in nitrogen atmosphere. When 

the temperature reached 2000C, samples were maintained for 1 min to eliminate 

the thermal history and then cooled at a rate of 100C/min. The crystallization 

exotherm and subsequent melting curves of the samples were recorded in the 

range from 350C to 2000C. 

The degree of crystallinity of the samples (Xc) was calculated according 

to Equation 

Xc=∆Hc/(∆H0
c(1-Wm))x100 ---------------------------------------------- (3.1) 

Where ∆Hc is the enthalpy of crystallization, ∆H0
c is the theoretical specific 

enthalpy of crystallization of 100% crystalline PP, which was taken as 207.1 

J/g [43] and Wm is the weight percentage of ZnO. 

3.2.2.7 Melt flow index (MFI) measurements 

MFI is a measure of the ease of flow of the melt of a thermoplastic 

polymer. It is defined as the mass of polymer, in grams, flowing in ten minutes 

through a capillary of a specific diameter and length by a pressure applied via 

prescribed alternative gravimetric weights for alternative prescribed temperatures 

as per ASTM D 1238. MFI of the composites were studied using CEAST melt 

flow modular line indexer (ITALY) at 1900C and 2.16 and 5 kg wt. Preheating 

time of 6 minute is given before each experiment. The weight of the substance 

extruded in 10 min in grams is measured.   

3.2.2.8 Limiting Oxygen Index (LOI) 

The advanced LOI chamber accurately determines the relative flammability 

of plastics and other materials. Flamability of nanocomposites was characterized 
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by burning test, which gives a quantitative measure of rate of burning of 

polymeric samples. Test was conducted according to ASTM D 635. Sample 

dimensions were 150X12.7X3.2mm3. The test specimens were burned in a 

precisely controlled atmosphere of nitrogen and oxygen. Test samples were placed 

vertically in the flammability apparatus. The free end of the specimen was 

exposed to gas flame. Flammability of materials was determined by measuring the 

minimum oxygen concentration that will support combustion. 

3.2.2.9 X-ray diffraction studies  

X-ray diffraction studies were carried out using Rigaku Geigerflex at 

wavelength CuKa=1.54 A0. 

3.2.2.10 Thermal ageing 

Thermal ageing was carried out in a hot air oven at 1000C for 24 hours. 

Mechanical, morphology and IR studies were carried out after thermal ageing. 

3.2.2.11 Photo ageing 

In the present study, the PP film samples were exposed under a 30-watt 

shortwave UV lamp at a distance of 30 cm for 48 hours. Mechanical, 

morphology and IR studies were carried out after photo ageing. 

3.2.2.12 Infrared (IR) spectroscopy 

Infrared spectroscopy is one of the most powerful analytical techniques 

used for chemical identification. The technique when coupled with intensity 

measurements may be used for quantitative analysis. One of the important 

advantages of IR spectroscopy is it provides information about the structure of 

a molecule quickly, without tiresome evaluation methods. This technique is 

based on the simple fact that a chemical substance shows selective absorption 

in the IR region giving rise to close-packed absorption bands called an IR 
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absorption spectrum, over a wide wavelength range. Various bands present in 

the IR spectrum correspond to the characteristic functional groups and bonds 

present in a chemical substance. Hence, an IR spectrum of a chemical 

substance is a fingerprint for its identification. IR spectrum (Thermo Nicolet, 

iS10 Fourier Transform Infrared, KBr Pellets transform mode) was used to 

study the degradation products after thermal and photo ageing. 

3.3  Results and Discussion 

3.3.1 Mechanical properties of PP/ ZnO composites  

Figures 3.2 and 3.3 show variation in tensile strength and modulus of PP 

with ZnO content. The incorporation of ZnO in the PP matrix results in an increase 

in the tensile strength and modulus, reaches a maximum at 1.5wt% concentration 

of ZnO and then decreases. In the case of PP with NZO the tensile strength 

increased from 31.75 to 44.37 N/mm2 and tensile modulus from 1105.35 to 

1897.02 N/mm2 at 1.5 wt% NZO. CZO filled PP shows an increase in tensile 

strength from 31.8 to 41.2 N/mm2 at 1.5 wt% CZO and tensile modulus from 

1105.75 to 1422.9 N/mm2 at 0.5Wt% of CZO. The increase in properties may be 

due to the interface  interaction between nanoparticles and a polymer matrix can 

transfer stress, which is beneficial for the improvement of the tensile strength of 

composite films. However, with increasing content of nanoparticles, aggregation 

occurs, which leads to a decrease in the contact area between the nanoparticles and 

polymer matrix and results in the formation of defects in the composites. 

Therefore, the effective interfacial interaction is reduced, and the tensile strength 

of the films decreased [44]. The mechanical properties also depend on the 

dispersion of nanoparticles in the matrix. The improvement of tensile modulus and 

strength of PP/ZnO nanocomposites is related to the inherent stiffness and quality 

of the dispersion of ZnO and also adhesion between the matrix and nanoparticles 

[45, 46].  Morphology and particle size of ZnO has a major role on the mechanical 
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properties of PP. Elongation at break (figure 3.4.) of PP decreased by the addition 

of low concentration of ZnO, at a higher concentration it is increased.  
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Figure 3.2: Effect of  particle size of ZnO on tensile strength of  PP/ZnO composites 
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Figure 3.3: Effect of particle size of ZnO on modulus of PP/ZnO composites 
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Figure 3.4: Effect of particle size of ZnO on elongation at break of PP/ZnO 

composites 

3.3.2 Dynamical mechanical analysis of PP/ ZnO composites 

Dynamic storage modulus is the most important property to assess the 

load-bearing capability of a material. It is usually used to study the relaxations 

in polymer materials. The ratio of loss modulus to storage modulus is known 

as mechanical loss factor (tanδ). This is a measure of the balance between 

elastic phase and the viscous phase in the polymeric structure. This is related 

to the impact properties of the material. 

The storage modulus of neat PP and PP/ZnO nanocomposites as a 

function of temperature at 1Hz are shown in figure 3.5. Storage modulus of the 

PP is  increased with the addition of ZnO. The increase in storage modulus is 

significant at low temperature like 400C. The increase may be due to the 

stiffening effects of ZnO and efficient stress transfer between the polymer 

matrix and nano ZnO.  
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       Figure 3.5: Effect of ZnO on storage modulus of PP/ZnO composites 

The loss modulus of the PP and composites are given in figure 3.6. The 

loss modulus also increased substantially with ZnO concentration. The 

reinforcing effect of ZnO can be attributed to their specific interactions and the 

formation of a rigid percolating ZnO network within the polymer matrix. 

Maximum improvement is shown by PP with 1.5 wt% NZO. Composite of PP 

with NZO showed significant improvement compared to CZO.  
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Figure 3.6: Effect of ZnO on loss modulus of PP/ZnO composites 
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The tanδ curves of PP and composites are shown in figure 3.7. It is 

evident from the figure that there is an increase in tanδ value on addition of 

ZnO. This indicates an increase in damping characteristics of the composites. 

It is obtained in many cases that the improvement of stiffness markedly 

decreases the ductility. But PP/ZnO composite showed increased stiffness 

without reduction in ductility.     
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   Figure 3.7: Effect of ZnO on tanδ values of PP/ZnO composites 

3.3.3 Torque studies 

Figure 3.8 indicates the variation of torque with mixing time for neat PP 

and PP/ ZnO composites. Torque is increased rapidly during initial mixing and 

then dropped to stabilize a line with higher mixing time.  
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      Figure 3.8: Variation of torque with time during mixing 

This indicates good level of mixing at the specified conditions. Also the 

torque value of the PP/NZO composites are higher than that of neat PP and 

PP/CZO composites. This is mainly due to the increase in interfacial 

interaction between the nanoparticles and polymer [47].  

3.3.4 X-ray diffraction analysis of Composites 

XRD is a most commonly used technique to characterize the degree of 

dispersion of nanoparticles in the polymer. XRD plots of neat PP and 

PP/ZnO composites are given in figure 3.9. The peaks obtained are 

corresponding to the planes (110), (040), (130) represents α form of isotactic 

PP. Gopinath Mani et al observed the similar peaks in the XRD pattern of 

isotactic PP [48]. X-ray diffraction pattern of nanocomposites show sharp 

and highly intense peaks whereas neat PP shows less intense peaks. This may 

due to the development of crystallinity in the polymer. In both neat PP and 

PP with ZnO, the crystal plane of PP is monoclinic. The α-form is 

monoclinic, and is the most common and stable crystal form of iPP. A unit 

cell of α-form of iPP is shown in Figure 3.10.  
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Figure 3.9: X-ray diffraction pattern of neat PP and ZnO filled composites 

This contains twelve monomer units, and there are four chains passing through 

the unit cell, each of which has a 31 helical conformation [5]. The polymer 

chain axis or the helix axis is parallel to the c-axis of the unit cell, and the 

polymer chains are arranged in alternate layers of right hand and left hand 

helices along the b-axis of the unit cell as shown in Figure 3.8.2 [49]. 

 
Figure 3.10: Schematic representation of unit cell of α-form isotactic polypropylene 

crystal 
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3.3.5 Scanning Electron Micrographs (SEM) of the nano composites  

Figures 3.11a, 3.11b and 3.11c represents the SEM photographs of fractured 

surfaces of neat PP, composites of PP with NZO and CZO at 1.5 wt% 

respectively.  The SEM of PP with 1.5wt% NZO shows formation of fiber like 

structure which results increase in mechanical properties. Uniform distribution of 

ZnO is observed in the SEM photographs. Figures 3.11d and 3.11e show SEM 

photographs of PP with NZO and PP with CZO at 5 wt% respectively. At higher 

percentage large particles are observed due to the agglomeration of the zinc oxide 

particles. This may be the reason for the decrease in mechanical properties at 

higher concentration. 
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(a)                                                                            (b) 

     
(c)                                                                            (d) 

 
(e) 

  Figure 3.11: SEM images of fractured surface of a) neat PP b) PP+1.5wt% NZO c) 
PP+1.5wt% CZO d) PP+5wt% NZO e) PP+5wt% CZO filled 
composites 
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3.3.6 EDAX of the composites 

    EDAX is used for identifying the chemical composition of a specimen. 

Figure 3.12 represents the EDAX of neat PP, 1.5wt% NZO filled PP and 1.5wt% 

CZO filled PP.  

 

 

 
Figure 3.12: EDAX of a) neat PP b) PP+5wt%NZO c) PP+5wt%CZO composites 

(a)

(b)

(c)
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EDAX shows the presence of ZnO in the PP matrix. EDAX of the 

composites shows the peak compared to zinc and oxygen indicating the 

presence of ZnO in the composites. Lighter elements such as hydrogen 

cannot be observed in EDAX due to the beryllium window that isolates the 

cooled detector from the vacuum system. So the peak of hydrogen is not 

seen in the spectrum.  

3.3.7 Thermogravimetric analysis (TGA) 

Figure 3.13 represents the thermogram of neat PP and composites. The 

values are tabulated in table 3.1. Thermal stability of PP/ZnO composites are 

greater than neat PP. The properties studied by TGA indicate an improvement 

in thermal stability of PP by the addition of ZnO. Onset of degradation 

(temperature at which degradation starts) is increased by the addition of ZnO. 

The increase is significant when the particle size of ZnO decreases. Onset of 

degradation of neat PP is 3910C where as 1wt% NZO added PP is 422.70C. 

The temperature at which maximum degradation takes place is increased by 

the addition of ZnO. Rate of degradation is decreased with filler loading.  The 

increase in thermal stability of the composites may be due to the strong 

interaction between the ZnO and PP.  TGA studies show that inorganic fillers, 

which are widely used industrially to improve the mechanical properties of 

polymer materials, have various effects on the thermal oxidation of PP. There 

are some reports on the increase in decomposition temperature of PP by the 

addition of nanosilica [49], clay [50] etc.  Gilmann [51] suggested that the 

thermal stability of polymers in presence of fillers is due to the hindered 

thermal motion of polymer chains. 
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Table 3.1.Effect of ZnO particle size on the thermal stability of PP 
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Figure 3.13: Thermogram of PP and PP/ZnO composites 
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3.3.8 Kinetic analysis of thermal decomposition 

Coats–Redfern method was used to study the kinetics of thermal 

degradation of PP and PP/ZnO composites [52]. This method is an integral 

method and thermal degradation functions for the Coats–Redfern method are 

given in Table 3.2. 

Table 3.2: The mechanisms of solid-state thermal degradation reaction and corresponding 
thermal degradation functions g(α). 

 

g(α) = kt Symbol Rate controlling process 
Deceleratory αt curves 
(a) Based on diffusion mechanism 
α2  D1 One-dimensional diffusion 
α+(1-α) ln(1-α) D2 Two-dimensional diffusion 
[1-(1-α)1/3]2 D3 Three-dimensional diffusion 
1-(2/3)α-(1-α)2/3 D4 Three-dimensional diffusion 

(Gistling-Brounshtein equation) 
(b) Based on geometrical models 
1-(1-α)1/n Rn Phase-boundary reaction; n=1, 2 and 

3 
(one, two and three dimensional, 
respectively 

(c) Based on ‘order’ of reaction 
-ln(1-α) F1 First order ( Mampel equation) 

Thermogravimetric function g(α) and activation energy(E) is obtained from the 

equation: 

ln [g(α)/T2] = ln {(AR/ФE) (1–2RT/E) } –E/RT ----------------------- (3.2) 

where α is the decomposed fraction at any temperature and is given as: 

α = Ci–C/Ci–Cf 
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where C is the weight at the chosen temperature, Ci is the weight at initial 

temperature and Cf is the weight at final temperature, α, is the heating rate, E is 

the activation energy for decomposition. Activation energy (E) can be 

calculated from the slope of the curve and pre-exponential factor (A) using the 

intercept value of the plot of ln [g(α)/T2] against the reciprocal of absolute 

temperature (1/T). The order of decomposition reaction was measured using 

the best linear fit of the kinetic curve and that gives the maximum correlation 

coefficient. The form of g(α), which best represents the experimental data 

gives the proper mechanism. From these calculations it is observed that the 

Mampel equation (–ln(1 – α)) fits in well. The linear correlation coefficients 

suggest that the F1 model is the most appropriate to describe the experimental 

results (Table 3.2).  

From the table 3.3 it is clear that the activation energy of PP increased 

with the addition of ZnO nanoparticles. Activation energy (E) obtained for 

neat PP is 126.52 kJ/mol, 1.5wt% NZO added PP is 136.84 kJ/mol. Significant 

increase in activation energy indicates high thermal stability. Representative 

plot of Coats–Redfern equation for neat PP, PP/1.5wt% NZO and PP/3wt% 

NZO is shown in figure 3.14. 

 Table 3.3:  Apparent activation energy (E) and correlation coefficients (R) for neat 
PP and  PP/ZnO composites by Coats–Redfern method. 

 

Sample name R E 

Neat PP 0.999 126.52 

PP+0.5% NZO 0.999 134.73 

PP+1.5% NZO 0.999 136.84 

PP+3% NZO 0.999 133.61 
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Figure 3.14: Representative plot of Coats–Redfern equation for neat PP and 

PP/ZnO nanocomposites 

3.3.9 Differential Scanning Calorimetry (DSC) 

DSC is one of most widely accepted techniques of thermal analysis for 

studying the crystallization characteristics of polymers and composites. DSC 

crystallization exotherms of neat PP and composite are shown in figure 3.15. 

From DSC crystallization exotherms, Tc (the temperature at the crossing point 

of the tangents of the baseline and the high-temperature side of the exotherm), 

Tcp (the peak temperature of the exotherm) and ∆Hc (enthalpy of 

crystallization) can be obtained is shown in table 3.4. Percentage crystallinity 

(Xc) was calculated using the Equation (3.1). It shows an increase in 

crystallinity by the addition of ZnO. Degree of crystallization of PP is 

increased by the addition of ZnO. Anoop Anand K [53] et al showed an 

improvement in the crystallization characteristics of Poly Ethylene Terpthalate 

by the addition of carbon nanotube. The Tc – Tcp values of the composites 

were smaller than that of neat PP, indicating that the addition of ZnO into PP 

increased the crystal growth rate (CGR) of PP.                     
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Figure 3.15: Cooling behaviour of neat PP and PP/ZnO composites 

 

Table 3.4: Effect of ZnO on the crystallisation behaviour of PP/ZnO composites 

Sample name Tc (0C) Tcp (0C) Tc-Tcp ∆Hc 
(J/g) 

Xc(%) 

Neat PP 120.6 113.6 7 81.7 39.4 
PP+0.5%NZO 117.5 113.5 4 92.9 45.1 
PP+1.5%NZO 119.24 113.9 6.2 93.86 46.0 
PP+3%NZO 120.14 113.8 5.4 88.84 44.2 

                                      

Melting behaviour of the composites are shown in figure 3.16 and values 

are tabulated in table 3.5. From the DSC curves, Tm (designed here as the 

temperature at the crossing point of the tangents of the baseline and the low 

temperature side of the curves), Tmp (the peak temperature of the curve), and 

∆Hm (heat of fusion) can be obtained. The maximum rate of melting (Tmp) 

occurred at 163.80C for pure PP and its Tm is 154.30C. The Tm value of PP 

with 1.5 wt% NZO was increased by about 30C compared with neat PP. In 

Figure 3.16, it can be seen that there is single peak observed for the curves of 

PP and composites indicates the melting of α-phase. However, PP with 3 wt% 

NZO shows a peak at low melting temperature indicates the presence of a 

small amount of β- phase. 
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Figure 3.16: Melting behaviour of neat PP and PP/ZnO composites 

                                           
Table 3.5: Effect of ZnO on the melting behaviour of PP 

Sample name Tm (0C) Tmp (0C) ∆Hm (J/g) 
Neat PP 154.37 164.8 48.61 

PP+0.5%NZO 155.68 163.69 60.29 

PP+1.5%NZO 157.5 163.71 62.83 

PP+3%NZO 154.3 164.8 45.47 
 

3.3.10 Melt flow index (MFI) 

MFI gives an idea about the flow characteristics of the thermoplastics. It 

depends on the molecular properties such as molecular weight and structure of 

polymers [54].  Figures 3.17a and 3.17b show the effect of ZnO on the MFI of 

PP at 5kg and 2.16kg respectively. MFI of PP is decreased by the addition of 

CZO indicate a decrease in flow characteristics of the polymers. In NZO filled 

PP, MFI is increased by the addition of low concentration of NZO indicates an 

increase in the flow properties of the polymers. Adding the low concentration 

of nanoparticles may provide a flow favouring orientation due to the small size 

of NZO as depicted in figure 3.18. An increase in MFI is reported when adding 

multi walled carbon nanotube to PP [55]. After adding 1wt% NZO to the PP 
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the MFI value decreases gradually. It indicates the structure of nanoparticles 

was interconnected to hinder the molecular motion of polymer chains [56].    
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Figure 3.17: Effect of ZnO particle size on the melt flow index of PP using (a) 2.16kg 
and (b) 5 kg weight 

 

 
                            (a)                                                                           (b) 

Figure 3.18: Schematic representation of flow behaviour of a) PP/NZO and b) PP/CZO 
composites 
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3.3.11 Transparency of the films 

The percentage transmittance of neat PP and composites is given in 

figure 3.19. By the addition of ZnO the transmittance of the film is 

decreased. NZO filled PP films show higher transparency when compared to 

CZO filled PP films. Photographs showing the transparency of the films are 

given in figure 3.20. From the figure it is evident that the composites based 

on NZO are much clearer than those containing CZO. This may be due to 

decrease in spherulite size of PP and also due to smaller ZnO particles in the 

composites.  
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Figure 3.19: Visible-IR transmittance of neat PP and PP/ZnO composites 
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                                  (a)                                                                    (b) 

 

(c) 

Figure 3.20: Photographs of a) neat PP b) PP+1wt%NZO c) PP+1wt%CZO composite  
films 

3.3.12 Limiting oxygen index (LOI) 

Figure 3.21 represents the value of LOI of neat PP and nanocomposites. 

Incorporation of NZO in polymer for the fire retardant applications can avoid 

the toxicity of the degradation products compared with the more traditional 

additives such as halogenated products. In addition, the use of nanoparticles 

helps to reduce the weight of additives. LOI of PP is increased with the 

addition of ZnO. The enhancement in the flame retardancy is attributed to the 

good filler dispersion [57]. 
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         Figure 3.21: Effect of ZnO on limiting oxygen index of PP/ZnO composites 

3.3.13 Thermal and Photo Ageing 

PP can be easily degraded by a stimulus like elevated temperature and 

sunlight [58]. PP has tertiary carbon atoms and is known to be very vulnerable 

to oxidative degradation under the influence of temperature and sunlight. PP 

degradation chemistry has been recognized as free radical-chain reaction, 

which leads to polymer chain scission [59] as shown in figure 3.22. It is 

generally accepted that this chain scission causes brittleness. Degradation has a 

great influence on the mechanical properties and morphology of the composites. 
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Figure 3.22: Mechanism of degradation of PP by light and heat 
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3.3.13.1 Thermal ageing 
     3.3.13.1.1 Mechanical properties of composites  

Mechanical properties of the neat PP and composites, such as tensile 

strength and modulus were evaluated before and after 24 hours of thermal 

ageing and results are shown in figures 3.23 and 3.24. At all concentrations, 

composites based on CZO and neat PP degraded faster than those with NZO. 

This shows nano ZnO improves the thermal stability of the composites. 

Thermal ageing take place in oven is dependent on the presence of oxygen, 

which is actually the main factor responsible for PP degradation in the thermal 

environment [60]. In polymers, there will be a depth profile of degradation, 

with higher rate oxidation near the surface, due to the oxygen starvation in the 

sample interior. In this way, the diffusion of oxygen plays a major role in 

defining the extent of chemical degradation [61, 62]. In nanocomposite 

structures, oxygen molecules are concentrated more on the fillers, decreasing 

the diffusion path through the PP. 
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Figure 3.23: Effect of thermal ageing on tensile strength of PP/ZnO composites 
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Figure 3.24: Effect of thermal ageing on tensile modulus of PP/ZnO composites. 

3.3.13.1.2 Morphology of the fractured surface.  

SEM images of the tensile fractured surfaces of the neat PP and its 

composites with 1.5wt% of ZnO after thermal ageing are shown in figure 3.25. 

As can be seen from figure, the nanoparticles are well dispersed in the polymer 

matrix resulting in improved mechanical properties of the polymer even after 

thermal ageing. 
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                                   (a)                                                                   (b) 

 
(c) 

Figure 3.25:  Scanning electron micrographs of (a) neat PP (b) PP+1.5wt%NZO              
(c) PP+1.5wt%CZO composites after thermal ageing. 

3.3.13.1.3 IR spectroscopy  

Degradation products of neat PP and its composites with NZO after 

thermal ageing is studied by IR spectroscopy. IR spectrum of neat PP, PP with 

0.5wt% NZO, 1.5wt% NZO and 3wt% NZO are shown in figure 3.26. The 

consequence of degradation of PP is the formation of hydroperoxides and 

carbonyl species like ketones, esters and acids as discussed in figure 3.22. 

These degradation products give absorption peaks in the wave number range 

3200-3600 and 1600-1800 cm-1 in the spectrum. The peak in the range of 
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3200-3600 cm-1 indicating the hydroperoxide formation. The intensity this 

peak is less in case of PP composites with NZO when compared to neat PP. 

But at 3wt%, the intensity of this peak is increased slightly when compared to 

lower concentration of NZO filled PP. This indicates ZnO nanoparticles at 

lower concentration give better resistance to thermal degradation of PP. The IR 

peak in the range 1600-1800cm-1 corresponds to carbonyl group, the intensity 

of this decreases with increasing ZnO concentration, which supports the fact 

that incorporation of nano ZnO reduces the thermal degradation of PP. The 

characteristic peaks for PP in the wave number range of 2800-3000cm-1, 

related to the asymmetric and symmetric C-H stretching vibration. The 

intensity of this peak increases in presence of ZnO compared to that of neat 

PP. This indicates improved resistance of PP to thermal degradation in 

presence ZnO nanoparticles and this is significant at low concentration. As the 

concentration increases agglomeration of ZnO particle take place and 

nanoeffect is reduced.  
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Figure 3.26: IR spectrum of PP/ZnO composites after thermal ageing 
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3.3.13.2 UV ageing 

3.3.13.2.1 Mechanical properties of the composites 

The mechanical properties of the neat PP and composites, such as tensile 

strength and modulus after 48 hours of UV irradiation are represented in figure 

3.27 and figure 3.28 respectively. After UV irradiation, mechanical properties 

of the composites and neat PP decreased. However, properties of the 

composites are higher than that of neat PP even after photo ageing. Resistance 

of PP to photo-degradation embrittlement can be improved significantly with 

the addition of ZnO particles. Based on the tensile results, it can be 

summarized that the presence of ZnO particles reduce the effect of UV 

degradation. 
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Figure 3.27:  Effect of photo ageing on tensile strength of PP/ZnO composites. 
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Figure 3.28: Effect of photo ageing on tensile modulus of PP/ZnO composites. 

3.3.13.2.2 IR spectroscopy 

Generally , photo-oxidation processes includes radical reactions, which 

are initiated mainly by two sources:(1) high energy photon collision (2) the 

presence of impurities such as trace metals left from the polymerisation 

processes [63]. Photo-oxidation of PP results in the formation of hydroperoxides 

and carbonyl species like ketones, esters and acids [64, 65]. Figure 3.29 

represent the FTIR spectrum of neat PP, 1.5% NZO filled PP and 1.5% CZO 

filled PP after UV irradiation. In the IR spectrum of neat PP there is a broad 

peak in the range of 3200-3600 cm-1 indicate the formation of hydroperoxides, 

intensity of this peak decreases by the addition of TiO2 especially in case of 

NZO. The striking information from the figure is that for the composites, the 

intensities of carbonyl peak is decreased. It thus can be deduced that ZnO 

nanoparticles play an important role in stabilizing the PP molecules and delay 

the photodegradation by acting as screens. The dominant screening mechanism 
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is that the ZnO nanoparticles absorb the UV radiation and thus reduce the UV 

intensity that can promote the oxidation of the PP chains [66].  
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 Figure 3.29: IR spectrum of PP/ZnO composites after photo ageing 

3.3.13.2.3. Morphological studies 

SEM examination was carried out to investigate the effect of UV 

radiation on the tensile fracture morphology of PP and the composites. Figure 

3.30 shows the overviews of the fracture surface morphologies for PP, 

PP+1.5wt% CZO and PP+1.5wt% NZO tensile specimens after UV irradiation 

respectively. SEM photographs of neat PP and CZO filled PP shows damages  

after UV irradiation. It can be seen that small holes in the SEM of neat PP and 

CZO filled PP. These holes are caused by photo-degradation on the specimen 

surfaces. When examining the fractured surface of NZO filled PP composites 

such holes are not observed.   
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                                    (a)                                                               (b) 

 
(c) 

Figure 3.30: Scanning electron micrographs of (a) neat PP (b) PP+1.5wt% CZO and 
(c) PP+1.5wt% NZO added composites after photo ageing 

3.4  Conclusion 

PP/ZnO composites are prepared by melt mixing method. Mechanical 

and dynamic mechanical properties of PP are improved by the addition of 

ZnO. PP shows better thermal stability in presence of ZnO. Differential 

scanning calorimetric studies show increase in crystallinity of PP by ZnO 

addition. X-ray diffraction studies of neat PP and composites indicate the 

presence of α phase of monoclinic PP. Melt flow index increases by adding 

low concentration of NZO whereas CZO added PP shows a decrease in MFI. 

Transparency of the PP films is decreased by the addition of ZnO. PP with 

NZO filled film shows higher transparency when compared to CZO filled PP 
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films. Limiting oxygen index of PP is increased by the addition of ZnO. 

Mechanical, morphology and IR studies show improved performance of 

composites even after thermal and UV ageing when compared to neat PP. 

NZO filled PP shows better properties than CZO filled composites. 
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POLYPROPYLENE/ZINC OXIDE NANOCOMPOSITE 
FIBERS THROUGH MELT SPINNING 

   
4.1  Introduction 
 

4.2  Experimental  
 

4.3  Results and Discussion 
 

4.4  Conclusion 
 

 

 

PP/ZnO composites were prepared by melt mixing method. It was then spun in to 

fibers by melt spinning and subsequent drawing. Mechanical properties of the 

fibers were measured using Favimat tensile testing machine with a load cell of 

1,200cN capacity. Thermal behaviour of the fibers was studied using differential 

scanning calorimetry and thermogravimetric analysis. Surface morphology and 

cross section of the fiber was studied using scanning electron microscopy. 

Mechanical properties of the PP fiber was improved by the addition of ZnO 

nanoparticles. Thermogravimetric analysis shows significant improvement in 

thermal stability of PP fiber. Improvement in crystallinity is observed by the 

addition of ZnO nanoparticles. Antibacterial properties of fiber was studied using 

Bacillus aereus (gram positive) and Escherichia coli (gram negative) bacteria. 
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4.1 Introduction 

PP is a widely used thermoplastic for hygienic applications such as food 

packaging, surgical masks, diapers etc. It is also used for fibers and films. PP 

fibres have been widely used in apparel, upholstery, floor coverings, geotextiles, 

car industry, automotive textiles, various home textiles etc [1, 2]. Because of 

the low cost, high toughness, strength and resistance to chemicals, PP fibers 

find a broad spectrum of use in industrial and home furnishing sector [3]. PP 

comprises a major portion of the materials used for spun bound and melt 

blown fabrics in hygiene and medical products [4-16]. It has a relatively low 

melting point of 160-1750C and it is an ideal polymer for making fibers. Three 

different crystalline forms of PP have been identified: α-monoclinic, β-trigonal 

and γ-orthorhombic. All the three forms are the helical conformation of the 

constituent PP chains. The α- form is the most stable and also the most 

important in making of PP fibers. Its monoclinic lattice has unit cell dimensions 

of a=0.665 nm, b=0.2096 nm, c=0.650 nm, α=γ=900 , β=99.30 and PP chains lie 

in the direction of the C – axis. The structure includes both left-handed and right 

handed helical PP chains and any given helix for the most part lies next to helices 

of the opposite chirality [17-19]. Isotactic α-PP also exhibits a lamellar 

branching, which is unique in polymer crystallography [20]. PP provides 

nearly half of base fiber for non-wovens fabrics [21]. Some synthetic and 

natural fibers are replaced by PP fibers are replaced by PP fibers due to its 

excellent properties and processability. 

Modification of PP can improve the properties of the fiber. New 

materials are used today in PP fibers to increase the functionality and enter 

new markets. Conventional methods used to modify fibers and fabrics do not 

lead to permanent effects and lose their functions after laundering or wearing. 

However, because of their high surface energy, nanoparticles present better 
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affinity for fibers and fabrics and increase the durability of their function. Thus, 

the studies related to the modification of polymeric textile fibers and fabrics by 

nanoparticles has increased recently [22, 23]. Incorporation of fillers in polymer 

generally shows improvement in strength, thermal stability and crystallization 

behaviour of PP fibers [24-29]. Anton Marcin et al reported the positive 

influence of boehmite Disperal 40, organoclay Cloisite C15A, nano TiO2 and 

MWCNT nanofillers in oriented PP composite fibers on their UV barrier prop-

erties at low content of the nanofiller [30]. Effect of silica particles on 

crystallization behaviour of PP fibers were studied by Natee Srisawat et al [31]. 

Melt spinning, electrospinning and wet spinning are the commonly used 

method for the production of fibers [32, 33]. Among these methods melt spinning 

is the least complex method and it involves forcing a polymer melt through a 

spinneret and in to air to cause the polymer to solidify. It does not involve any 

problems associated with the use of solvents and is therefore the preferred method 

provided that the polymer gives a stable melt. The homogenized melt is extruded 

the spinneret and solidify anywhere from a few centimetres from the spinneret 

plate to as far away as several meters. 

This chapter reports the preparation of PP/ZnO nanocomposite fibers by 

melt spinning and drawing. Mechanical, thermal, morphological, x-ray 

diffraction analysis and antibacterial properties of these fibers were studied. 

4.2  Experimental  
4.2.1 Preparation of PP/ZnO nanocomposite fibers 

PP/ZnO (0-3wt% of ZnO) composites were prepared by melt mixing 

method. The hot mix were then made into sheets using a hydraulic press and 

cut in to small pieces to prepare fibers. The fibers were spun using a small 

scale spinning machine manufactured by Bradford University Research Ltd., 
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UK, using a single hole spinneret of 1 mm diameter at 1750C with ram speed 

3.10m/min and winding speed 35m/min. Subsequent drawing was done at 

1000C at a draw ratio of 1:6. Schematic representation of melt spinning 

machine is given in figure 4.1 and specifications are given below.  

Spinneret :  Single hole, dia = 1 mm, length = 7 mm 

Cylinder temperature :  175 (± 0.5) °C 

Ram speed :  3 .10 (± 0.02) mm/min 

Winding speed :  35(± 0.2) m/min 

Filament type :  mono filament 

  Monofilament to    
  the winding unit 

   Hydraulic    

    pump 

   Ram    Piston  
   Oil box  

    Distributor  
  Spinneret   

 Stand  

 
 

  Control   

   panel  

 

 
Figure 4.1: Schematic representation of laboratory scale melt spinning machine 
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The spun fibers were subsequently drawn using a laboratory single zone 

drawing machine, a schematic representation of which is given in figure 4.2. 

The specifications and conditions of drawing were as follows: 

 

 

Heater plate 

 
Temperature 
control unit 

Feed rollers     Take up rollers  

 Monofilament   

  Thread guides  
  

 
Figure 4.2: Schematic representation of the fiber drawing set-up 

Draw ratio      :  1:6 

Outer diameter of the rollers :  11.2 cm 

Length of the heating plate :  20.5 cm 

Heater temperature :  100 ± 0.5 °C 

4.2.2 Mechanical properties of the fibers  

The mechanical properties of the fibers were studied by a Favimat fiber 

testing machine with    a load cell of 1,200 cN capacity with guage length of 

20 mm and test speed 20 mm/min. The pretension was set at 0.50 cN/tex and 
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the temperature was maintained at 25± 00 C. Ten measurements were taken to 

represent each data. 

4.2.3 Thermogravimetric analysis  

Thermogravimetric analyzer (TGA Q-50, TA instruments) was used to 

study the effect of ZnO on the thermal stability of PP fibers. Approximately 10 

mg of the samples were heated at a rate of 200 C/min from ambient to 8000C in 

nitrogen atmosphere. The corresponding weight changes were noted with the 

help of an ultrasensitive microbalance.  

4.2.4 Differential scanning calorimetry  

DSC studies were carried out using Q-50 TA instruments in nitrogen 

atmosphere. The samples were heated to 2000C at a rate of 100C/min, 

isothermal for 1minute, followed by cooling to 400C at a rate of 100C/min. In 

DSC, the crystallization characteristics are studied from the heat flows 

associated with corresponding transitions as a function of temperature. The 

percentage crystallinity [34] of the samples was calculated using following 

equation: 

Xc= [∆Hc/(∆H0
c(1-Wm))]x100  ------------------------------------------ (4.1) 

where ∆Hc is the enthalpy of crystallization of the tested fiber and ∆H0c  is the 

extrapolated value of enthalpy corresponding to 100% crystalline PP, which 

was obtained from literature as  ∆H0c  =165J/g [35] and Wm is the weight 

fraction of ZnO in PP fiber. 

4.2.5 Scanning electron microscopy 

Scanning electron microscope JEOL JSM-6390 was used to study the 

surface morphology and cross section of fibers. 
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4.2.6 X-ray diffraction studies 

X-ray diffraction studies of the fibers were carried out using Rigaku 

Geigerflex at wavelength CuKa=1.54 A0. 

4.2.7 Antibacterial properties of fibers 

Effect of bacterial medium on the fibers were studied by putting the fiber 

in bacterial medium containing Bacillus aereus (gram positive) and E- Coli 

(gram negative bacteria). Morphology of fibers were studied using SEM after 

ten days. 

4.3 Results and Discussion 
4.3.1 Mechanical properties of the fiber 

Figure 4.3 is the photographs of PP fibers and PP/ZnO composite fibers 

after drawing at 1000C and 1:6 draw ratio.  

   
Figure 4.3: Photographs of neat PP and PP/ZnO composite fibers 

 

Tenacity or strength of PP fibers is increased by the addition of ZnO, 

reaches maximum at 0.5wt% and then decreased. The increase in tenacity 

(figure 4.4) is 71.5wt% at 0.5wt% of NZO and 41.1% for 0.5 wt% CZO 

added PP fiber.  The increase in modulus (figure 4.5) is about 38.567% for 
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0.5 wt% of NZO and 36.67% in case of 0.5wt% of CZO when compared to 

that of neat PP fiber. Increase in tenacity may be due to the good 

orientation of NZO in the fiber. The elongation at break (figure 4.6) of the 

PP fibers is increased in case of NZO filled fibers, reaches a maximum and 

decreases. This may be due to the increase in toughness of the fiber. In case 

of CZO filled PP fibers elongation at break decreases by the addition of 

CZO particles. Effect of ZnO on the time to rupture of fibers is given in 

figure 4.7. By the addition of ZnO time taken to rupture increases, indicate 

reinforcing effect of ZnO in PP fiber. Linear density (figure 4.8) of the PP 

fiber is increased by the addition of ZnO which indicates increase in 

fineness of fibers. Properties of the fiber depend on internal structure, 

degree of crystallinity and conditions of spinning [36]. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

5

6

7

8

9

Te
na

ci
ty

(g
/d

en
)

Concentration of zinc oxide(%)

 PP+NZO
 PP+CZO

 
Figure 4.4: Effect of ZnO on tenacity of PP/ZnO composite fibers 
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Figure 4.5: Effect of ZnO on modulus of PP/ZnO composite fibers 
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Figure 4.6: Effect of ZnO on elongation at break of PP/ZnO composite fibers 
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Figure 4.7: Effect of ZnO on time to rupture of PP/ZnO composite fibers 
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Figure 4.8: Effect of ZnO on linear density of PP/ZnO composite fibers 

4.3.2 Thermogravimetric analysis of the fibers 

The TGA and DTG curves, obtained under nitrogen atmosphere, of pure PP 

fiber and PP/NZO fibers are shown in figure 4.9 and 4.10 respectively and data is 



PP/ZnO nanocomposite fibers through melt spinning 

 121 

tabulated in table 4.1. The thermograms of neat PP and composites fibers are 

found to be similar in nature. All fibers show single step decomposition and this is 

due to breakdown of polymer chains. TGA shows the shifting of thermograms 

towards higher temperature region with increase in concentration of NZO. This 

indicates degradation of composite fibers takeplace at higher temperature. The 

enhanced stability of the composite fibers with respect to the neat fibers may be 

due to the hindering of thermal motion of PP chains by nanoparticles [37],which 

restrict the degradation of  polymer chains. Due to higher compactness of chains, 

takes much more time to attain the thermal equilibrium and degradation process 

occurred slowly. Onset of degradation is increased by 31.30C for fiber containing 

3wt% NZO when compared to neat PP. The temperature at which maximum  

degradation take place is increased by 38.90C by the addition of 3wt% NZO. 

There are some recent reports on the increase in polymer stability by the addition 

of inorganic naoparticles [38-49]. 
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     Figure 4.9: Thermogram of PP/ZnO nanocomposite fibers 
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Figure 4.10: Differential thermogram of PP/ZnO nanocomposite fibers 

Table 4:2: Thermogravimetric analysis of PP/ZnO nanocomposite fibers 

Sample name 
Onset      

temperature 
(0C) 

Endset 
temperature 

(0C) 

Residue 
(%) 

Temperature at 
which maximum 
degradation(0C) 

Neat PP  324.9 473.66 0.3883 433.56 
PP+0.5% NZO  337.84 486.87 0.5956 457.67 
PP+1.5% NZO  342.72 488.28 1.255 458.39 
PP+3% NZO  356.18 497.28 2.883 472.44 

4.3.3 Kinetic analysis of thermal decomposition 

Kinetics of thermal degradation of PP and PP/ZnO composites fibers is 

studied by Coats–Redfern method [50] and thermal degradation functions were  

listed in Table 3.3. Detailed description is given in section 3.3.8. From the 

table 4.3 it is clear that the activation energy of PP fiber is increased by the 

addition of NZO. Activation energy (E) obtained for neat fiber is 79.5 kJ/mol, 

3% NZO added PP is 139.7 kJ/mol. Significant increase in activation energy 

indicates high thermal stability. Representative plot of Coats–Redfern equation 

for neat PP fiber, PP/1.5wt% NZO composite fiber and PP/3wt% NZO 

composite fiber is shown in figure 4.11. 
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Table 4.3: Apparent activation energy (E) and correlation coefficients (R) for neat PP 
and composite fibers by Coats–Redfern method. 

 

Sample name R E 
Neat PP fiber 0.999 79.57 
PP+0.5% NZO fiber 0.999 93.125 
PP+1.5% NZO fiber 0.999 96.64 
PP+3% NZO fiber 0.999 139.71 
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Figure 4.11.a: Representative plot of Coats–Redfern equation for neat PP fiber 
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Figure 4.11.b: Representative plot of Coats–Redfern equation for PP+1.5wt%   

NZO fiber 
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Figure 4.11.c: Representative plot of Coats–Redfern equation for PP+3% NZO fiber 
 

4.3.4 Differential scanning calorimetry (DSC) 

DSC curves of the neat PP and composite fibers are shown in figures 

4.12 and 4.13. From DSC crystallization exotherms (figure 4.12), Tc (the 

temperature at the crossing point of the tangents of the baseline and the high-

temperature side of the exotherm), Tcp (the peak temperature of the exotherm) 

and ∆Hc (enthalpy of crystallization) can be obtained is reported in table 4.4. 

Percentage crystallinity (Xc) of the fibers can be calculated from the Equation 

(4.1). Results indicate that there is no significant change in the crystallinity of 

PP fiber by the addition of NZO.  
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Figure 4.12: Cooling behaviour of neat PP and PP/NZO composite fibers 

 
Table 4.4: Effect of NZO on the crystallization behaviour of PP/NZO fibers 

Sample name Tc(0C) Tcp(0C) Tc-Tcp ∆H
c  

(J/g) 
Xc (%) 

Neat PP  121.43 116 .68   4.75  96.5  58.48 
PP+0.5%NZO  121.32 116.12   5.2  94.37  57.48 
PP+1.5%NZO  120.45 114.83   5.62  92.47  56.89 
PP+3%NZO  120.12 114.67   5.45  93.67  58.52 

 

Melting behaviour of fibers is shown in figure 4.13 and values are 

tabulated in table 4.5. From the DSC curves, Tm (designed here as the 

temperature at the crossing point of the tangents of the baseline and the low 

temperature side of the curves), Tmp (the peak temperature of the curve), and 

∆Hm (heat of fusion) can be obtained. The maximum rate of melting (Tmp) 

take place at 166.60C for PP fiber and its Tm is 151.50C. The Tm value of PP 

fiber with 3 wt% NZO is increased by about 2.10C compared with neat PP 
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fiber. In Figure 4.13, it can be seen that there is a small peak at lower melting 

temperature of PP fiber and 0.5% NZO filled PP fibers and a peak at higher 

melting temperature. However, PP fiber at high concentration of NZO shows 

only single peak at high melting temperature. The first peak, with lower 

melting temperature, indicates the presence of a small amount of β-phase, 

whereas the second peak indicates the melting of α-phase. 
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    Figure 4.13: Melting behaviour of  PP and PP/NZO composite fibers 

 

Table 4.5: Effect of ZnO on the melting behaviour of PP/NZO fibers 

Sample name Tm (0C) Tmp (0C) ∆Hm (J/g) 

Neat PP  151.53 166.66 89.5 

PP+0.5%NZO  151.57 164.09 88.91 

PP+1.5%NZO  153.02 164.54 72.17 

PP+3%NZO  153.65 164.28 70.11 
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4.3.5 X-ray diffraction pattern of fibers 

X-ray patterns of neat PP fibers and ZnO filled PP fibers are shown in 

Figure 4.14. Generally, iPP is a multicrystalline polymer and has five 

crystalline forms such as α, β, γ, δ and pseudohexagonal. The XRD study 

(Figure 4.14) shows ZnO do not affect the crystalline form of PP fibers. Same 

crystalline form is observed for both PP and composite fibers. The peaks 

observed corresponds to (110), (040) and (130) and (041) planes of PP, 

indicate the α−form of iPP.   
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Figure 4.14: X-ray diffraction pattern of PP and PP/NZO composite fibers 

 

4.3.6 Morphology of the fibers 

SEM images of neat PP and PP/ZnO composite fibers are shown in 

figure 4.15. Smooth fiber surface is observed in the SEM of PP/NZO 

composites fiber compared to neat PP fiber and CZO filled PP fiber. The SEM 
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of cross section of the fibers is given in figure 4.16. Significant differnce is 

observed in the SEM of cross section of PP fibers, CZO filled fiber and NZO 

filled fiber. This morphological difference may be due to the difference in 

dispersion state and orientation of filler in PP fiber. NZO filled PP fiber shows 

good dispersion of filler.This also evident from improvement in mechanical 

properties compared to neat PP fiber. 
 

         
                                  (a)                                                         (b) 
 

 
(c) 

Figure 4.15: Scanning electron micrographs of (a) neat PP (b) PP+ 3wt% NZO 
                            (c) PP+ 3wt% CZO fibers 
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(a)                                                           (b) 

 
(c) 

Figure 4.16: Scanning electron micrographs of cross section of (a) neat PP 
                                (b) PP+3wt% NZO(c) PP+ 3wt% CZO fibers 
 

4.3.7 Antibacterial properties of fibers 

ZnO shows excellent antibacterial properties and this is evaluated in 

chapter 2. The resistance of PP textiles to bacterial attack make it possible to 

use in medical field and defense clothings. Figure 4.17 shows the morphology 

of the fibers after putting them in bacterial medium for ten days in Bacillus 

aereus. Fiber surface is more  smooth compared to morphology of fibers before 

bacterial attack (figure 4.15). Figure 4.18 shows the morphology of the fibers 

after putting them in bacterial medium for ten days in E-coli. Fiber 

morphology is not significantly changed by the attack of E-coli. 
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(a)                                                           (b) 

Figure 4.17: Scanning electron micrographs of (a) neat PP (b) PP/3wt% NZO filled 
fibers after treating with Bacillus aereus 

 
 

    
(a)                                                           (b) 

Figure 4.18: Scanning electron micrographs of (a) neat PP (b) PP/3wt% NZO filled 
fibers after treating with E-Coli. 

 

4.4  Conclusion 

Melt spinning could be used for the preparation of neat PP fiber and 

PP/ZnO composite fiber. Mechanical properties of the fiber increased by the 

addition of ZnO. Significant improvement is shown by NZO filled PP fibers 

when compared to CZO filled PP fibers. Thermal stability of the PP fiber is 

increased significantly in presence of NZO. NZO has no significant effect on 
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the crystallinity of PP fiber. X-ray diffraction studies indicate similar crystal 

form of PP fiber and composite fibers. Morphology of the cross section of the 

neat fiber is different from the morphology of the CZO filled, NZO filled PP 

fiber indicate difference in dispersion and molecular orientation of filler in the 

fibers. PP fiber and NZO filled fiber are not attacked by bacteria. 
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SYNTHESIS, CHARACTERIZATION AND 
ANTIBACTERIAL PROPERTIES OF TITANIUM 

DIOXIDE NANOPARTICLES 

   
5.1  Introduction 
 

5.2  Experimental  
 

5.3  Results and Discussion 
 

5.4  Conclusion 
 

 

Titanium dioxide nanoparticles were prepared by sol gel method and wet 

synthesis. XRD was used to study the crystalline phase and size of TiO2 

nanomaterials. TiO2 prepared by sol gel method showed anatase crystal structure 

when it is calcined at 5000C and rutile structure is obtained when it is calcined at 

10000C, but the crystallite size was very high compared to anatase form. TiO2 

prepared by wet synthesis showed rutile form with lower particle size at the 

calcination temperature 4000C. SEM showed that TiO2 prepared by wet synthesis 

gave spherical nanoparticles of rutile TiO2. Element analysis was done by energy 

dispersive X-ray atomic spectrum. Commercially available rutile form (CTO) 

showed higher crystallite size in XRD. Thermogravimetric analysis was carried 

out on rutile TiO2 (both synthesized and commercial powder). TEM images of 

TiO2 prepared by wet synthesis method (NTO) showed particle size as low as 

7nm. Antibacterial properties of the NTO and CTO were studied using Bacillus 

aereus (gram positive) and Escherichia coli (gram negative bacteria).  
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5.1  Introduction 

Titanium dioxide, also known as titania, is a naturally occurring oxide of 

titanium. The properties of titanium dioxide includes high refractive index, 

light absorption, non-toxicity, chemical stability and relatively low-cost 

production [1-5]. Titanium dioxide nanoparticles have attracted attention in the 

fields of environmental purification, solar energy cells, photocatalysts, gas 

sensors, photo electrodes and electronic devices. It has been widely used as a 

pigment in paints, ointments, toothpaste etc [6-10].  Surface area and surface-

to-volume ratio increase dramatically as the size of material decreases.  

The performances of TiO2 is strongly influenced by the crystalline 

structure, the morphology and the size of the particles [11–15]. Nanosized 

TiO2 particles are of particular interest due to their specifically size-related 

properties. As the size, shape, and crystal structure of TiO2 nanomaterials vary, 

not only does surface stability change but also the transitions between various 

phases of TiO2 under pressure and heat. Generally it is in three forms, rutile 

(tetragonal,a=b=4.58A0,c=2.95A0), anatase (tetragonal, a=b=3.78A0,c=9.5A0) and 

brookite (rhombohedral, a=5.43A0, b=9.16A0, c=5.13A0).  These crystalline 

structures consist of [TiO6]2- octahedral, which share edges and corners in different 

manners and keeping the overall stoichiometry as TiO2 [16-19]. Among various 

phases of titania reported, anatase shows a better photocatalytic activity and 

antibacterial performance [20-24]. A stable anatase up to the sintering 

temperature of the ceramic substrates is most desirable for applications on 

antibacterial self-cleaning building materials like bathroom tile, sanitary ware 

etc [25-27]. Anatase-to-rutile transformation is usually occurs at 600 to 700°C 

[28-30]. Phase transition to rutile is nonreversible because of the greater 

thermodynamic stability of rutile phase [31,32].  
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Hwu et al observed the crystal structure of TiO2 nanoparticles depend  

on the preparation method. For TiO2 nanoparticles below 40nm, anatase 

seemed more stable and transformed to rutile at greater than 973K [33]. 

Banfield et al found that prepared TiO2 nanoparticles had anatase and/or 

brookite structures, which transformed to rutile after reaching a certain particle 

size [34]. Once rutile was formed, it grew much faster than anatase. They 

found that rutile became more stable than anatase for particle size greater than 

14nm. A number of studies have focussed on the synthesis of titanium dioxide 

nanoparticles [35–43]. Anatase and rutile are commonly obtained by 

hydrolysis of titanium compounds, such as titanium tetrachloride (TiCl4)     

[44-46] or titanium alkoxides (Ti(OR)4), in solution [47-50]. Brookite is 

sometimes observed as a by-product of the precipitation reaction carried out in 

acidic medium at low temperature [47, 48, 51-53]. Brookite is also obtained as 

large crystals by hydrothermal methods at high temperature and pressure in 

aqueous [54] or in organic media [55]. Tianyou Peng et al reported the stability 

of anatase form up to 8000C prepared by hydrothermal synthesis [38]. S Mahshid     

et al reported the formation of anatase phase by hydrolysis of titanium 

isopropoxide solution and nanoparticles shows anatase to rutile transformation at 

the temperature lower than 600 °C [40]. 

There are only a few reports on the synthesis of nanomaterials of rutile 

TiO2.Yoichi Ishibai et al reported the rutile nanoparticles in colloidal form by 

wet synthesis [56]. To achieve both effective UV ray shielding and high 

transparency in the visible region, they developed a TiO2 colloidal sol. They 

investigated sunscreen capability and suppression of photocatalytic activity of 

rutile form. They have obtained particles with 20-30nm range in TEM.  

Synthesis of rutile form by wet synthesis method and anatase form by 

sol gel technique is reported in this chapter. The material was characterized by 
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different techniques and compared with commercially available rutile form. 

Antibacterial properties of NTO and CTO were also studied. 

5.2  Experimental  
5.2.1 Materials 

Aqueous solution of TiCl4 (purity>99.9%), HNO3 and aqueous ammonia 

used were analar grade. Titanium (IV) isopropoxide and isopropanol was 

supplied by alpha chemicals, Cochin. 

5.2.1.1 Sol gel method  

Titanium (IV) isopropoxide (100g) was added to iso-propanol (200g) 

and the mixture was stirred for 5min using a magnetic stirrer. After stirring, a 

mixture of water (25.33g) and iso-propanol (127g) was added dropwise to the 

alkoxide solution. After adding the water/alcohol solution, the mixture was 

stirred for about 24 hours at room temperature. The precipitate was dried, at 

1000C in a hot air oven. It was then calcined at 5000C and 10000C in a muffle 

furnace.  

5.2.1.2 Wet synthesis 

In this method, both TiCl4 solution (200 g/l) and NaOH solution (64.5 g/l) 

were added drop wise to water with stirring. After the resulting solution 

reaches pH to 7, the slurry was filtered, and the filter cake of TiO2 was washed 

and redispersed in water to prepare 1 M of TiO2 slurry. Resulting TiO2 slurry 

and an aqueous solution of HNO3 were refluxed at 950C for 2 h, cooled to 

room temperature and neutralized with 28% of aqueous ammonia. Then, it was 

filtered, washed and calcined at 4000C [56]. Details of characterization 

techniques are given in chapter 2, section 2.2. 
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5.3  Results and Discussion 
5.3.1 X-ray diffraction analysis (XRD) 

XRD is used to determine crystal structure and crystallite size can be 

calculated using Debye Scherrer equation. 

CS = 0.9λ/βcosӨ ----------------------------------------------------------- (5.1) 

where CS is the crystallite size, β is the full width at half-maximum 

(FWHMhkl) of an hkl peak at 2Ө value, Ө is the half of the scattering angle. 

Crystal size is determined by measuring the broadening of a particular peak in 

a diffraction pattern associated with a particular planar reflection from within 

the crystal unit cell. It is inversely related to the FWHM of a individual peak.  

If the peak is broad, the crystallite size will be small and vice versa. The 

periodicity of individual crystallite domains reinforces the diffraction of X-ray 

beam, resulting in a tall narrow peak. If the crystals are randomly arranged and 

have low degrees of periodicity, the result is a broader peak. This is generally 

the case for nanomaterials. Figure 5.1 represents the XRD patterns of TiO2 

prepared by sol-gel method. From the XRD pattern it is clear that anatase form 

of TiO2 is obtained by this method when it is calcined at 5000C and rutile form 

is observed in XRD when it is calcined at 10000C. As the crystallite size 

increases, the diffraction peak becomes narrower as in the case of TiO2 

calcined at 10000C. Broadening of peak is observed in the case of TiO2 

prepared by wet synthesis method is an indication of reduction in crystallite 

size. XRD of TiO2 prepared by wet synthesis method (figure 5.2) and 

commercial (figure 5.3) TiO2 shows the peaks of rutile form. TiO2 prepared by 

sol gel method and calcined at 5000C shows peaks corresponds to the planes 

(101), (004), (200), (105),(211),(204),(116),(220),(215) indicate  anatase form. 

In figure 5.2, it can be seen the peaks corresponds to the planes (110), (101) 

(111) (210) (211) and (220) of rutile form. Crystallite size was calculated by 
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De bye Sherrer equation is given in table 5.1.  Least crystallite size is obtained 

for TiO2 prepared by wet synthesis method.     

0 10 20 30 40 50 60 70 80

 In
te

ns
ity

(a
rb

 u
ni

ts
)

2θ

10000C

5000C

 
Figure 5.1: XRD pattern of TiO2 prepared by sol gel method 
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Figure 5.2: XRD pattern of TiO2 prepared by wet synthesis  
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Figure 5.3: XRD pattern of commercial rutile TiO2 

Table 5.1: Crystallite size of TiO2 prepared by different methods 

TiO2 Prepared by  Crystallite size(nm) 

Wet synthesis  11.8 

Sol gel method  (calcined at 5000C )  17.8 

Sol gel method ( calcined at 10000C )  31.8 

Commercial TiO2  26.45 

5.3.2 Scanning electron micrographs 

Scanning electron micrographs of TiO2 prepared by sol gel method 

(STO), wet synthesis (NTO) and commercial TiO2 (CTO) are given in figure 

5.4a, 5.4b, 5.4c respectively. By changing the method of preparation 

morphology of TiO2 also changes. In figure 5.4b small spheres are observed 

for NTO when compared to CTO and STO. In figure 5.4a large particles are 

seen due to the high temperature of calcination.   
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(a)                                                                 (b) 

 
(c) 

Figure 5.4: Scanning electron micrographs of TiO2 prepared by (a) sol gel method 
(b) wet synthesis (c) commercial rutile TiO2 

5.3.3 Thermogravimetric analysis 

TGA is a thermal analysis technique that measures the weight change in 

a material as a function of temperature and time in a controlled environment. 

This can be very useful to investigate the thermal stability of a material and to 

investigate its behaviour in inert or oxidizing atmosphere. It is useful for all 

types of solid materials, including organic and inorganic materials. The material 

is heated to high temperature so that one of the components decomposes into a 
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gas, which dissociates into the air. In this process, heat and stoichiometry ratios 

used to determine the percent by mass ratio of a solute. If the compounds in 

the mixture remain are known, then the percentage by mass can be determined 

by taking the weight of what is left in the mixture and dividing it by the initial 

mass. The degradation behaviour of   NTO, STO and CTO was studied using 

TGA in nitrogen atmosphere is shown in figure 5.5. Similar degradation 

behaviour is shown by all samples. 
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Figure 5.5: Thermogram of TiO2 

5.3.4 Transmission electron microscopy 

TEM gives the size and shape of the particles on the scale of atomic 

diameters. Figure 5.6 shows the TEM image of titanium dioxide prepared by 

wet synthesis. It is observed that the particles are in the range 5-20 nm and are 

mostly of elongated shape. Particle size of the smallest particle is found to be 

as 7 nm. Particle size distribution of TiO2 is shown in figure 5.7. Most of the 

particles are in 10-15nm range. 
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Figure 5.6: Transmission electron micrograph of TiO2 
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Figure 5.7: Particle size distribution of TiO2 
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5.3.5 Energy Dispersive Analysis by X-rays (EDAX) 

EDAX is used to analyze the chemical composition of a material under 

SEM. Figure 5.8 represents the EDAX of TiO2 nanoparticles prepared by wet 

synthesis. EDAX shows only peaks of titanium and oxygen. From figure 5.8 it 

is clear that TiO2 is free from impurities. 

 

Figure 5.8:  Energy dispersive X-ray spectrum of TiO2 prepared by wet synthesis  

5.3.6 Antibacterial properties of TiO2 
Reduction in colony forming units (CFU) 

Antibacterial properties of CTO and NTO to Bacillus aereus is shown in 

table 5.2. Percentage reduction in Bacillus aereus is 99.06% for CTO and for 

93.2% for NTO. TiO2 shows good resistance to Bacillus aereus. From the table 

it is clear that particle size of TiO2 has no significant role in the antibacterial 

properties of   TiO2. 
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Table 5.2: Colony forming unit using Bacillus aereus (NCIM No:2155) 

Sample Colony forming unit % of reduction 

Control  75x 106  

CTO  707x103 99.06 

NTO  10x106 93.2 

Table 5.3: Colony forming unit using Escherichia coli (NCIM No:2343) 

Sample Colony forming unit % of reduction 

Control  9x 108  

CTO  31x107 65.6 

NTO  45x107 50 
 

Antibacterial properties of CTO and NTO in E Coli is shown in table 

5.3. Percentage reduction in Escherichia coli is 65.6% for CTO and for 50% 

for NTO. Reduction in particle size do not enhance the resistance to E-Coli. 

5.4  Conclusion 

Titanium dioxide nano particles can be successfully prepared by wet 

synthesis method and sol gel method. Rutile TiO2 is obtained from wet 

synthesis method and anatase is obtained from sol gel method. TiO2 preapred 

by sol gel method is converted to rutile form when it is calcined at 10000C, but 

crystallite size is very high.  Titanium dioxide nanoparticles show different 

morphology according to method of preparation. TEM studies show elongated 

structure of TiO2 nanoparticles with size 7nm for smallest particle. EDAX 

shows the absence of impurities in prepared TiO2. Thermogravimetric studies 

show similar degradation behaviour for all TiO2 particles indicate absence of 

impurities.  Titanium dioxide shows excellent resistance to bacillus aereus. 
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POLYPROPYLENE/TITANIUM DIOXIDE 
NANOCOMPOSITES 

   
6.1  Introduction 
 

6.2 Results and Discussion 
 

6.3  Conclusion 
 

PP/TiO2   composites were prepared using 0-5wt% of NTO through melt mixing. It 

was then made in to films by compression moulding process.  PP composites with 

CTO was also prepared under the same conditions. Mechanical, dynamic 

mechanical, morphology and thermal properties of the composites and neat PP 

were studied. Transparency of the films were decreased by the addition of TiO2. 

However, NTO filled PP composites showed better transparency compared to 

PP/CTO composites. Melt flow index (MFI) of PP was increased at low 

concentration of NTO while for CTO filled composites showed a decrease in MFI 

compared to neat PP. DSC studies showed an increase in crystallinity by the 

addition of TiO2. XRD indicated monoclinic crystal form of PP in neat PP and 

composites. TGA revealed increased thermal stability of PP by the addition of 

TiO2. LOI was increased by the addition of nanoparticles. SEM images of the 

fractured surface of nano composites showed uniform dispersion of the TiO2 in the 

nanocomposites.  Mechanical, morphological and IR studies were carried out after 

thermal and UV ageing.  NTO filled PP showed better properties compared to that 

of CTO filled PP composites. 
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6.1 Introduction 

In recent years, materials with sizes 1-50 nm have attracted a great 

attention because of their versatile applications in polymer/inorganic 

nanocomposites, optoelectronic devices, biomedical materials etc [1–6]. 

Polymer nanocomposites prepared by melt mixing have been reported to show 

enhanced properties compared to neat polymers [7]. Polymer nanocomposites 

have attracted great attention because of their significant enhancement in 

mechanical strength and thermal properties at low filler contents [8-15]. This 

improvement is due to the unique characteristics of the nanofillers [16]. There 

is a growing trend in using nanoparticles of conventional inorganic fillers in 

plastic composites. Two major findings in the field of polymer nanocomposites 

began the investigations of these materials. First, Toyoto researchers observed 

nylon nanocomposites, for which moderate inorganic loadings resulted in 

significant improvements of the thermal and mechanical properties. Second, 

Grannelis reported the possibility of melt mixing polymers and clays without 

organic solvents. Since then, the high promise of industrial applications of 

nanocomposites have motivated vigorous research, which has showed 

remarkable enhancements of properties of the nanocomposites.  There are 

some investigations has been done to improve the properties of polymers by 

the addition of inorganic nanofillers such as SiO2 [17], ZnO [18] and CaCO3 

[19].  Recently, nanocomposites based on PP constitute a major challenge for 

industry since they enhance the mechanical and physical properties of PP    

[20-22]. PP is one of the most widely used thermoplastic due to its good 

physical and mechanical properties as well as the ease of processing at a 

relatively low cost. The commercial PP has a wide range of applications in 

automobiles, textiles, furniture, electrical equipment and packaging industry 

[23]. Extensive investigations have been conducted to broaden the 

application of PP by improving properties like strength, impact resistance 
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and thermal stability [24–54]. PP melts are more viscoelastic than other 

thermoplastic melts like polyamide and polyester. There is a number of studies 

on the PP nanocomposites filled with different types of fillers such as carbon 

nanotubes [55-57], nanoclay [58-60], talc, mica and fibrous fillers like glass, 

jute, aramid, carbon fibers etc. Reinforcement at nanoscale to enhance 

properties of polymer including changes in the polymer crystallization 

behaviour is being investigated [61]. The improved properties may be due to 

the synergistic effects of nanoscale structure and interaction of fillers with 

polymers. The size and nanostructure of the dispersed phase markedly influence 

the properties of polymer nanocomposites [62-65]. To obtain nanocomposites 

with enhanced performance, nanoparticles are to obtain a fine dispersion of the 

nano powders in the polymer to promote a strong interface adhesion between 

matrix and nanofillers. There are some reports on the use of nanoparticles of 

various geometric shapes, including nano–TiO2, tubes and silica platelets [66-68]. 

TiO2 has been used as white colour pigment due to its high refraction index, 

chemical stability and nontoxicity. One of the most interesting properties of TiO2 

based cosmetics is UV-ray absorption and UV-ray scattering. Since the extent of 

light scattering depends on the relationship between the particle size and the wave 

length of  light, decrease in  TiO2 particle diameter achieves high transparency in 

visible light, while UV-ray absorptivity increases with the extension of the 

geometric area occupied by TiO2 [ 69].  

We reported various properties of PP/TiO2 nanocomposites prepared by 

melt mixing method in this chapter. PP/TiO2 composites with 0-5 wt% of TiO2 

(both CTO and NTO) were prepared. Mechanical properties, dynamic 

mechanical properties, thermal properties, melt flow index, transparency, 

limiting oxygen index, crystallization, morphology and x-ray diffraction 

studies of the composites were investigated. Mechanical, morphological and 
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IR studies were carried out after UV and thermal ageing. Experimental details 

are same as in chapter 3, section 3.2.  

6.2 Results and Discussion 
6.2.1 Mechanical properties of PP/ TiO2 composites  

Tensile strength of the PP/NTO composites and PP/CTO composites are 

shown in figure 6.1. Tensile strength of the composites increases with increase 

the concentration of TiO2, reaches a maximum at a concentration of 1wt% of 

TiO2. NTO filled PP shows higher tensile strength compared to CTO filled 

composites. Tensile strength of PP is increased by 26% by the addition of 

1wt% NTO and 22.6% by the addition of CTO.  
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Figure 6.1: Effect of TiO2 on tensile strength of PP/ TiO2 composites 

The interface between nanoparticles and a polymer matrix can transfer 

stress, which is beneficial for the enhancement of the tensile strength of 

composite films. However, on increasing the concentration of nanoparticles, 

aggregation occurs, which leads to a decrease in the interaction between  



Polypropylene/titanium dioxide nanocomposites 

 155 

particles and polymer resulting in defects in the composites. Therefore, the 

effective interfacial interaction is decreased and tensile strength of the films 

also reduced [70].  

Tensile modulus of the neat PP and its composites with TiO2 is shown in 

figure 6.2. Modulus of PP increases with increasing concentration of TiO2, 

reaches a maximum at 1wt% of TiO2. NTO filled composites show higher 

modulus compared to CTO filled composites. An increase of 23% in modulus 

is observed by the addition of 1 wt% NTO and 19.8% by 1wt% CTO. The 

improvement in modulus of PP/TiO2 composites is related to increased 

stiffness, quality of the dispersion of TiO2 and also to the adhesion between the 

matrix and TiO2.  
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           Figure 6.2: Effect of TiO2 on modulus of PP/ TiO2 composites 

Elongation at break of the composites and neat PP are shown in figure 

6.3. Elongation at break decreases with increasing concentration of TiO2. After 

1 wt %, elongation at break of PP is increased. Decrease in elongation at break 

may be due to the increase in stiffness of the composites. 
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Figure 6.3: Effect of TiO2 on elongation at break of PP/ TiO2 composites 

6.2.2 Dynamic mechanical analysis  

The storage modulus of neat PP and PP/TiO2 composites as a function of 

temperature at 1Hz are shown in figure 6.4.  
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Figure 6.4: Effect of TiO2 on storage modulus of PP/ TiO2 composites 
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Storage modulus of the PP is increased with the addition of TiO2.This increase 

is significant at low temperature. The storage modulus of PP increased with 

increase in TiO2 concentration due to the stiffening effects of TiO2, indicating 

efficient stress transfer between the polymer matrix and TiO2. 

The loss modulus of PP and composites are given in figure 6.5. Loss 

modulus also increases substantially with TiO2 concentration. The reinforcing 

effect of TiO2 may be due to their specific interactions and the formation of a 

rigid percolating TiO2 network within the polymer matrix. Maximum 

improvement is shown by PP with 1.5 wt% NTO. Composites of PP with NTO 

show significant improvement compared to PP with CTO. 
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Figure 6.5: Effect of TiO2 on loss modulus of PP/ TiO2 composites 

The tanδ curves of PP and composites are shown in figure 6.6. It is evident 

from the figure that there is an increase in tanδ value on addition of TiO2. This 

indicates an increase in damping property. It is obtained in many cases that the 
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improvement of stiffness significantly decreases the ductility. But PP/TiO2 

composites showed increased stiffness without reducing ductility.   
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      Figure 6.6: Effect of TiO2 on tanδ of PP/ TiO2 composites 

6.2.3 Torque studies  

Figure 6.7 represents the variation of torque with mixing time for the 

neat PP and PP/NTO composites and PP/CTO composites. Torque is 

increased rapidly during initial mixing and then dropped to stabilized on 

increasing the mixing time. This indicates good level of filler dispersion at 

the specified conditions. Also the torque value of the PP/NTO composites 

was higher than that of neat PP and PP/CTO composites. This also points 

towards interfacial interaction between the nanoparticles and polymer [70]. 
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         Figure 6.7: Variation of torque with time during mixing 

6.2.4 Morphology of the fractured surface  

Mechanical properties of a composite depends on the dispersion of filler 

in the composites [71]. Figures 6.8a, 6.8b, 6.8c, 6.8d, 6.8e, 6.8f and 6.8g show 

SEM images of tensile fractured surfaces of neat PP, PP/CTO   and PP/NTO 

composites. From SEM images it is clear that the TiO2 particles are well 

dispersed in the PP matrix. F.G. Ramos Filho et al. reported the similar 

fractured surface of PP/modified bentonite nanocomposites. They also 

observed good dispersion of modified bentonite in PP [72]. NTO particles are 

more dispersed when compared to CTO particles. At higher concentration of 

TiO2, large particles are observed due to the agglomeration of TiO2.    
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                                       (a)                                                         (b) 

     
(c)                                                         (d) 

      
(e)                                                         (f) 

 
(g) 

Figure 6.8: SEM images of fractured surface of a) neat PP b) PP+1.5wt% NTO              
c) PP+1.5wt% CTO d) PP+2wt% NTO e) PP+2wt% CTO f) PP+5wt% 
NTO g) PP+5wt% CTO filled composites 
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6.2.5 Energy dispersive atomic X-ray spectrum (EDAX) 

EDAX is used for understanding the chemical composition of a material. 

EDAX shows the presence of TiO2 in the PP matrix. The EDAX of neat PP 

and PP/TiO2 composites are shown in the figures 6.9a, 6.9b and 6.9c 

respectively.  

    

(a)                                                                              (b) 

 

(c) 

Figure 6.9: EDAX of a) neat PP b) PP+5wt%NTO c) PP+5wt%CTO composites 
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6.2.6 X-ray diffraction analysis of Composites 

XRD is the most commonly used technique to evaluate the degree of 

dispersions of nanoparticles in a polymer. XRD studies also provide 

opportunity to evaluate the crystalline structure, the extent of crystallization 

and also crystalline orientation. Figure 6.10 shows the XRD of the composites 

and neat PP. Sharp peaks indicate the crystalline nature of PP. X-ray 

diffraction pattern of nanocomposites show sharp and highly intense peaks 

compared to that of neat PP. This is due to the development of crystallinity in 

the polymer. The peaks obtained are corresponding to the planes (110), (040), 

(130) represents α− form of monoclinic isotactic PP.  
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Figure 6.10: X-ray diffraction pattern of neat PP and TiO2 filled composites 

6.2.7 Thermogravimetric analysis  

Degradation behaviour of the composites and neat PP was studied using 

TGA is shown graphically in the figure 6.11 and the data is tabulated in Table 

6.1. As shown in figure 6.11 and table 6.1, TiO2 filled composites show 

enhanced thermal stability. Thermal stability of PP is increased more 
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significantly by the addition of  NTO compared to CTO filled PP. The onset of 

degradation is increased by 29.80C at 1.5wt% of NTO filled PP. The increased 

endset of degradation also points to the improved thermal stability of the 

composites. The rate of degradation decreased by 13.42% upon 1.5 wt% of 

NTO particles. The temperature at which maximum degradation take place is 

increased by 5.30C at 1.5 wt% of NTO particles. Enhancement in thermal 

stability of polymers in presence of fillers is due to the hindered thermal 

motion of polymer molecular chains [73]. An increase in onset of degradation 

and maximum decomposition temperature is reported for PP by the addition of 

intumenescent flame retardant [74]. It is reported that the addition of 

organoclay to a polymer matrix is expected to slow down the release rate of 

decomposed products within the nanocomposites, thus increasing the thermal 

stability [75].  Shahryar Jafari Nejad et al reported an increase in thermal 

stability of PP with modified bentonite clay. They observed an increase in 

onset temperature by 220C at 3 wt% clay loading [76]. An increase in thermal 

stability of PP/TiO2 nanocomposite fibers is observed by Hassan M. et al [77]. 

Table 6.1: Effect of TiO2 particle size on thermal stability of PP/ TiO2 composites 
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     Figure 6.11: Thermogram of PP and PP/ TiO2 composites  

6.2.8 Kinetic analysis of thermal decomposition 

Kinetics of degradation behaviour of PP and PP/TiO2 composites were 

studied using Coats–Redfern method [78]. Thermal degradation functions used 

for the Coats–Redfern method were listed in Table 3.3 and detailed description 

is given in section 3.3.8. 

Table 6.2: Apparent activation energy (E) and correlation coefficients(R) 
for neat PP and  PP/ TiO2 composites by Coats–Redfern method. 

Sample name R E (kJ/mol) 
Neat PP 0.999 126.52 
PP+0.5% NTO 0.999 140.69 
PP+1.5% NTO 0.999 158.64 
PP+3% NTO 0.999 137.25 

 

From the table 6.2 it is clear that the activation energy of PP fiber is increased 

by the addition of NTO. Activation energy (E) obtained for neat PP is 126.5 

kJ/mol, 1.5% NTO added PP is 158.6 kJ/mol. Significant increase in 

activation energy indicates high thermal stability. Representative plot of 
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Coats–Redfern equation for neat PP, PP/0.5wt% NTO, PP/1.5wt% NTO 

nanocomposite and PP/3wt% NTO nanocomposite are shown in  figures 6.12a, 

6.12.b, 6.12.c and 6.12d respectively. 
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Figure 6.12a: Representative plot of Coats–Redfern equation for neat PP 

0.001389 0.001392 0.001395 0.001398
-14.58

-14.55

-14.52

-14.49

-14.46

-14.43

ln
[g

(α
)/T

2 )

1/T(K-1)
 

Figure 6.12b: Representative plot of Coats–Redfern equation for PP+0.5% NTO 
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Figure 6.12.c: Representative plot of Coats–Redfern equation for PP+1.5% NTO 

 

  

0.001383 0.001386 0.001389 0.001392 0.001395

-14.55

-14.52

-14.49

-14.46

-14.43

-14.40

ln
[g

(α
)/T

2 )

1/T(K-1)  
Figure 6.12.d: Representative plot of Coats–Redfern equation for PP+3% NTO 

 



Polypropylene/titanium dioxide nanocomposites 

 167 

6.2.9 Differential Scanning Calorimetry  

Properties of a semicrystalline polymer are related to degree of 

crystallization and crystallite size [79]. Nucleating agents that have been 

reported in the literature include metal oxides and hydrides, residual catalysts 

and diamide segments [80-82]. Several researchers reported the use of 

nanoparticles, such as organically modified nanoclays and nanotubes as 

crystallization promoters for different polymers [83-86]. 

DSC crystallization exotherms of neat PP and composites are shown in 

figure 6.13. From DSC crystallization exotherms, Tc (the temperature at the 

crossing point of the tangents of the baseline and the high-temperature side of 

the exotherm), Tcp (the peak temperature of the exotherm) and ∆Hc (enthalpy 

of crystallization) can be obtained is shown in table 6.3. Percentage 

crystallinity (Xc) was calculated using the Equation 3.1. It shows an increase 

in crystallinity by the addition of TiO2. The Tc – Tcp values of the composites 

were smaller than that of neat PP, indicating that addition of TiO2 increased the 

crystal growth rate (CGR) of PP.        
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Figure 6.13: Cooling behaviour of neat PP and PP/ TiO2 composites  



Chapter -6 

 168 

Table 6.3: Effect of TiO2 on the crystallization behaviour of PP 

Sample name  Tc(0C) Tcp(0C) ∆Hc(J/g) Xc(%) Tc-Tcp 

Neat PP  120.60 113.64 81.65 39.4  6.96 

PP+0.5%NTO  118.5 113.84 98.3 47.5  4.66 

PP+1.5%NTO  118.93 113.95 91.28 44.6  4.98 

PP+3%NTO  119.25 113.46 92.0 45.5  5.79 
                                                                                   

Melting behaviour obtained from DSC is shown in figure 6.14 and 

values are tabulated in table 6.4. From the figure, Tm (designed here as the 

temperature at the crossing point of the tangents of the baseline of the melting 

peak), Tmp (the peak temperature of the curve), and ∆Hm (heat of fusion) can 

be obtained. The maximum rate of melting (Tmp) occurred at 163.80C for pure 

PP and its Tm is 154.30C. The Tm value of PP with 3 wt% NTO is increased 

by about 1.70C compared with neat PP.  
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Figure 6.14: Melting behaviour of neat PP and PP/ TiO2 composites  
 



Polypropylene/titanium dioxide nanocomposites 

 169 

Table 6.4: Effect of TiO2 on the melting behaviour of PP 

Sample name Tm(0C) Tmp(0C) ∆Hm(J/g) 
Neat PP  154.37 164.77 48.61 
PP+0.5% NTO  156.5 161.95 64.32 
PP+1.5% NTO  154.81 164.07 55.46 
PP+3% NTO  152.65 164.92 64.89 

 

6.2.10 Melt flow index 

Figures 6.15a and 6.15b show the effect of TiO2 on the MFI of PP at 5kg 

and 2.16kg respectively. MFI of PP is decreased by the addition of CTO 

indicate a decrease in flow of the polymers. In nanocomposites, MFI is 

increased by the addition of low concentration of NTO indicate an increase in 

the flow of the polymers. A low content of nanoparticles may provide flow 

favouring orientation due to the small size of NTO as depicted in figure 6.16. 

An increase in MFI is reported on addition of   multi walled carbon nanotube 

to PP [87]. After adding 1wt% NTO to the PP the MFI value decreases 

gradually, indicates the structure of nanoparticles was interconnected to hinder 

the molecular motion of polymer chains [88].    
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                                  (a)                                                                    (b) 

Figure 6.15: Effect of TiO2 particle size on the melt flow index of PP using (a) 2.16kg 
and (b) 5 kg weight 
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(a)                                                                        (b) 

Figure 6.16: Schematic representation of flow behaviour of (a) PP+NTO (b) PP+CTO 
composites 

6.2.11 Transparency of the films 

The percentage transmittance of neat PP and the composites is given in 

figure 6.17.  Transmittance of the film is decreased by the addition of TiO2. 

NTO filled PP films show higher transparency when compared to CTO 

filled PP films. The photographs showing the transparency of the films are 

given in figure 6.18. From photographs it is evident that the composites 

based on NTO are much clearer than those containing CTO. This may be 

due to decrease in spherulite size of PP and also due to smaller TiO2 

particles in the composites. 
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Figure 6.17: Visible-IR transmittance of neat PP and PP/ TiO2 composites 

    
(a)                                                                        (b) 

 
(c) 

Figure 6.18: Photographs of a) neat PP b) PP+1wt%NTO c) PP+1wt%CTO films 
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6.2.12 Limiting oxygen index 

Use of nanoparticles in polymers for fire retardant applications help to 

avoid toxicity of the degradation products compared with the more traditional 

additives like halogenated compounds and allows the production of light 

weight products. Figure 6.19 represents the LOI of the neat PP and its 

composites with NTO. Neat PP shows 18% and the composites show 19% 

LOI. The improvement in the flame retardancy may be due to the good filler 

dispersion in the PP matrix because of the addition of TiO2 [89]. 
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Figure 6.19: Effect of TiO2 on the limiting oxygen index of PP/ TiO2 composites 

6.2.13 Thermal and Photo Ageing 

Degradation of polymeric materials is a commonly encountered 

problem that causes changes in their chemical, physical and mechanical 

properties. There are many factors causing polymer degradation:  solar light, 

other high energy radiations, heating, chemicals attack, stress loading, water 

loading, biological sources etc. Among these factors, ultraviolet radiation and 

light is the common factors that cause degradation of polymers under outdoor 
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environments. The degradation mechanism of PP under light and temperature 

is given in figure 3.19. In this section, mechanical, morphology and IR 

studies of the neat PP and composites after thermal and UV ageing were 

discussed. 

6.2.13.1 Thermal ageing 
6.2.13.1.1 Mechanical properties of PP/TiO2 nanocomposites 

The mechanical properties of the nanocomposites, such as tensile 

strength and modulus after 24 hrs of thermal ageing have been evaluated 

and the results are shown in figures 6.20 and 6.21. Mechanical properties of 

the composites showed higher value compared to neat PP even after thermal 

ageing. More degradation was observed in the case of composite prepared 

with CTO and neat PP. This evidences that reduction in particle size of 

TiO2 increases the ageing resistance of the composites. Thermal ageing 

when conducted in an air oven, the degradation takeplace in presence of 

oxygen, which is the main factor responsible for degradation of PP in the 

thermal environment [90]. In polymer, there will be a depth profile of 

degradation, with higher rate of oxidation near the surface, due to the lack 

of oxygen in the sample interior. Thus, diffusion of oxygen plays a major 

role in determining the extent of chemical degradation [91, 92]. In 

nanocomposites, oxygen molecules are concentrated more on the fillers, 

decreasing the diffusion path through the PP. It helps to resist the 

degradation of polymer molecules.  
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Figure 6.20: Effect of thermal ageing on tensile strength of PP/TiO2 composites 
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Figure 6.21: Effect of thermal ageing on tensile modulus of PP/TiO2 composites 

6.2.13.1.2. IR studies 

Degradation products of neat PP and its composites with NTO after 

thermal ageing are studied by IR spectroscopy. IR spectrum of neat PP, PP 

with 0.5 wt% NTO, 1.5 wt% NTO and 3 wt% NTO are shown in figure 6.22. 



Polypropylene/titanium dioxide nanocomposites 

 175 

The degradation of PP results in the formation of hydroperoxides and carbonyl 

species like ketones, esters and acids. These products give absorption peaks in 

the wave number range 3200-3600 and 1600-1800 cm-1 [93]. IR spectrum of 

neat PP, PP with 0.5 wt% NTO, 1.5 wt% NTO shows a peak in the range of 

3200-3600 cm-1 indicating the formation of hydroperoxides. The intensity of 

this peak is less in case of PP composites with 3wt% NTO. The IR peak in the 

range 1600-1800 cm-1 corresponds to carbonyl group, the intensity of   which 

decreases with increasing NTO concentration, which supports the fact that 

incorporation of nano TiO2 reduces thermal degradation of PP. The 

characteristic peaks for PP in the wave number range of 2800-3000 cm-1, are 

related to the asymmetric and symmetric C-H stretching vibration. The 

intensity of this peak increases with increase in the NTO concentration. This 

indicates an increase in thermal stability of PP in presence of NTO. 

 

Figure 6.22: IR spectrum of PP/NTO composites after thermal ageing 
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6.2.13.1.3 Morphology of the tensile fractured surface 

The SEM images of the fractured surface of the neat PP, 1.5 wt% of 

NTO and 1.5 wt% of CTO filled PP after thermal ageing is shown in the 

figures 6.23a, 6.23b and 6.23c. A well dispersed filler matrix system is 

observed after ageing. 

 

      
                                    (a)                                                                      (b) 

 

(c) 

Figure 6.23: Scanning electron micrographs of (a) neat PP (b) PP+1.5wt%NTO and      
(c) PP+1.5wt% CTO filled composites after thermal ageing. 
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6.2.13.2 UV ageing 
6.2.13.2.1 Mechanical properties 

The mechanical properties of the neat PP and composites, such as tensile 

strength and modulus before and after 48 hours of UV irradiation are 

represented in figure 6.24 and 6.25. After UV irradiation, tensile strength and 

modulus of neat PP and composites decreased. Properties of NTO filled PP 

after UV irradiation are higher than that of CTO filled PP composites and neat 

PP.   Based on the tensile results, it can be summarized that the presence of 

TiO2 particles can act as effective UV screen to resist  photodegradation for  

PP. Hongxia Zhao et al has been observed the stability of PP/ZnO composites 

after UV irradiation under UV light [93]. 
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Figure 6.24: Effect of photo ageing on tensile strength of PP/TiO2 composites. 
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Figure 6.25: Effect of photo ageing on tensile modulus of PP/TiO2 composites 

6.2.13.2.2 Fourier transform infrared studies 

Figure 6.26 represents the FTIR spectrum of neat PP, 1.5% NTO filled PP 

and 1.5% CTO filled PP after UV irradiation respectively. Intensity of the peak 

due to the formation hydroperoxide in the range of 3200-3600 cm-1 decreases 

significantly by the addition of TiO2 and this decrease is significant in the  case 

of NTO filled PP composites than CTO filled composites. Intensity of 

characteristic peak of PP in the range 2800cm-1  increased by the addition of  

TiO2.  PP/NTO filled composite shows intense peak compared to that of 

PP/CTO composites. TiO2 nanoparticles may be stabilizing the PP molecules 

thereby delaying the photodegradation.  
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Figure 6.26: IR spectrum of PP/TiO2 composites after photo ageing 

 The dominant screening mechanism is that the TiO2 nanoparticles absorbed 

the UV radiation and hence reduced the UV intensity that can promote oxidation 

of the PP. Outstanding photo-stabilization effect of zinc oxide nano particles on 

PP [93] and LLDPE is reported [94].  

6.2.13.2.3. Morphologies of tensile fractured surfaces 

Figure 6.27 shows the overviews of the surface morphologies of 

tensile fractured specimens of PP, PP/NTO and PP/CTO composites after 

UV irradiation respectively.SEM photographs of neat PP shows holes after 

UV irradiation. These holes are caused by photo-degradation on the 

specimen surfaces. When examining the fractured surface of composites 

such holes are not observed. 
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                             (a)                                                            (b) 

 
(c) 

Figure 6.27: Scanning electron micrographs of (a) neat PP (b) PP+1.5wt%CTO and (c) 
PP+1.5wt% NTO filled composites after photo ageing 

6.3 Conclusion 

Mechanical and dynamic mechanical properties of PP are improved by 

the addition of TiO2. PP shows better thermal stability in presence of TiO2. 

Differential scanning calorimetric studies show increase in crystallinity of PP 

by the addition of TiO2. X-ray diffraction studies of neat PP and composites 

indicate the presence of α phase of monoclinic PP. Melt flow index increases 

by adding low concentration of NTO, whereas CTO added PP shows a 

decrease in MFI.   Transparency of the PP films is decreased by the addition of 

TiO2. PP with NTO filled films show higher transparency when compared to 

CTO filled PP films. Limiting oxygen index of PP is increased by the addition 
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of TiO2. Mechanical, morphology and IR studies show improved performance 

of composites even after thermal and UV ageing when compared to neat PP. 

NTO filled PP shows better properties than CTO filled composites. 
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PPOOLLYYPPRROOPPYYLLEENNEE//TTIITTAANNIIUUMM  DDIIOOXXIIDDEE  
NNAANNOOCCOOMMPPOOSSIITTEE  FFIIBBEERRSS  

   
7.1  Introduction 
 

7.2 Results and Discussion 
 

7.3  Conclusion 

 
 

 

PP/TiO2 nanocomposites were prepared by melt mixing method and made in to 

fiber by melt spinning and drawing. Mechanical properties of the PP fiber was 

improved by the addition of TiO2 nanoparticles. Thermogravimetric analysis 

showed significant improvement in thermal stability. Crystallinity of PP fiber 

was increased with the addition of TiO2 nanoparticles. XRD shows there is no 

change in the crystal structure of PP fibers by the addition of TiO2. 

Antibacterial studies were carried out using Bacillus aereus and Escherichia 

coli.   
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7.1  Introduction 

New fiber technologies have been developed in past years to improve 

the physical properties and spinnability of polymers by the incorporation of 

reinforcing fillers into polymer [1]. However, most micro fillers are not 

suitable for fiber spinning because they cause spinline failure due to their size, 

which approaches the order of the fiber diameter [2]. As the particle size 

decreases, their effects increase due to their large total surface area per unit 

volume [3]. Because of small size, the interaction between the nanofiller and 

the polymer is maximized by increasing contact area. Hence, the nanofiller 

loading could be reduced to low loadings compared with conventional 

composites containing a high loading of fillers. Conventional methods used to 

modify fibers and fabrics do not, more often, lead to permanent effects and 

lose their functions after laundering or wearing, however due to their high 

surface energy, nanoparticles show better affinity for fibers and fabrics and 

improve the durability of their function. Hence, the studies relating 

modification of polymeric textile fibers and fabrics by nanoparticles has 

increased recently [4–6].  

                  PP is widely used thermoplastic for textile application (especially in 

carpets and nonwovens) and plastics. Nanometer scale particles as nano-sized 

fillers attract an interest for increasing the properties of polymer [7-14]. 

Carbon nanotube (CNT) [15, 16, 7, 8] and montmorillonite (MMNT) [17,18] 

have reported as nano-fillers for plastics as well as fibers. Fibers from PP are 

usually found in many end-use products due to their properties like light 

weight, resistance to moisture and chemicals, low cost, sufficiency strength 

and ease in processing [19-21]. There are some reports on the use of silica for 

enhancing mechanical properties of PP fibers [22, 23]. Inorganic materials like 
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metal and metal oxides have attracted great attention over the past decades due 

to their ability to withstand harsh process conditions. Of the inorganic 

materials, metal oxides such as TiO2, ZnO, MgO and CaO are of great interest 

as they are not only stable under harsh process conditions but also safe 

materials to human beings and animals.  

In this chapter the development of PP/TiO2 nanocomposite fibers by 

melt spinning and drawing is reported. Mechanical, thermal, antibacterial, x-

ray diffraction analysis and morphological studies of these fibers were also 

conducted. Experimental details are same as in chapter 4, section 4.2. 

7.2 Results and Discussion 

Photographs of PP and PP/TiO2 nanocomposite  fibers were shown in 

figure 7.1. PP/TiO2 nanocomposite fiber shows white in colour while neat fiber 

is colourless. 

         

Figure 7.1: Photographs of neat PP fiber and PP/TiO2 composite fibers 
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7.2.1 Mechanical properties of the fibers   

Mechanical properties of the fiber depend on internal structure, degree 

of crystallinity and spinning conditions [24]. Tenacity of the PP/CTO and 

PP/NTO composites are shown in figure 7.2. Tenacity of the PP fiber is 

increased by the addition of TiO2 particles indicating reinforcing effect of 

TiO2. In the case of filler reinforced fiber, the tenacity is found to depend on 

the distribution and orientation of the filler. At 3 wt% of NTO, tenacity is 

increased by 72.69% indicates good orientation of TiO2 in the PP fiber. At 

lower concentration, tenacity is decreased, may be due to the lack of good 

orientation of TiO2 nanoparticles in PP fiber. A substantial increase in modulus 

(figure 7.3) is observed at 3 wt% of TiO2. The increase in modulus of the 

fibers is related to the inherent stiffness and quality of the dispersion of TiO2 

and also due to adhesion between the matrix and nanoparticles. Variation of 

elongation at break of the PP fibers with filler loading is shown in Figure 7.4. 

An increase of 15.79% is observed at 1.5 wt% of NTO. This indicates a 

decrease in brittle nature of the fiber. Linear density of the fibers is increased 

by 29.16% at 3 wt% of NTO as is evident from figure 7.5. Increase in linear 

density indicates increase in the fineness of the fiber. This is also supported by 

SEM photographs (figure 7.13). Time to rupture of the fiber (figure 7.6) 

increases, reaches a maximum and then decreases at higher loadings. The 

maximum value is 46.2, at a loading of 0.5 wt% NTO. These results show that 

TiO2 nanoparticles offers significant reinforcement to PP fibers. The improved 

mechanical properties can be attributed to the effective matrix–filler 

interaction enabling load transfer from the polymer matrix to the TiO2 

nanoparticles. 
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Figure 7.2: Effect of TiO2 on tenacity of PP/TiO2 composite fibers 
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Figure 7.3: Effect of TiO2 on modulus of PP/TiO2 composite fibers 
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Figure 7.4: Effect of TiO2 on elongation at break of PP/TiO2 composite fibers 
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Figure 7.5: Effect of TiO2 on linear density of PP/TiO2 composite fibers 
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Figure 7.6: Effect of TiO2 on time to rupture of PP/TiO2 composite fibers 

7.2.2 Thermogravimetric analysis   

Figures 7.7 and 7.8 show thermograms and differential thermograms of 

neat fiber and NTO filled PP fibers and values are given in table 7.1. The neat 

fibers start to decompose at 324.9 0C and ends at 473.70C. The 0.5wt% NTO 

filled PP begin to decompose at a relatively higher temperature of 377.8 0C 

and ends at 499.2 0C. The increase in onset temperature may be due to the 

increased adhesion force at PP/TiO2 interface. In case of good interfacial 

interaction, particles are capable of restricting the mobility of a polymer chain, 

making the scission of polymer chains harder at lower temperature. As a result, 

the degradation temperature of the nanocomposite shifts to higher temperature 

[25]. The temperature at which maximum degradation take place is increased 

by 37 0C at 0.5 wt% of NTO nanoparticles. Residue of unfilled fiber at 8000C 

was almost close to 0.38%. For filled composites, residue is about 0.68%, 

1.33%, 2.81% for 0.5, 1.5 and 3% loadings of NTO respectively. This shows 

enhanced thermal stability of PP fiber by the addition of NTO nanoparticles. 
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An increase in thermal stability of PP by the addition of various fillers is 

reported in literature [26, 27].  

 

             Figure 7.7: Thermogram of PP/TiO2 nanocomposite fibers 

 

 

Figure 7.8: Differential thermogram of PP/TiO2 nanocomposite fibers 
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Table 7.1: Effect of TiO2 on the thermal stability of PP/TiO2 nanocomposite fibers 

Sample name 
Onset 

temperature 
(0C) 

Endset 
temperature 

(0C) 

Residue
(%) 

Temperature at 
which maximum 
degradation(0C) 

Neat PP 324.9 473.7 0.38 433.5 

PP+0.5% NTO 377.8 499.2 0.68 470.5 

PP+1.5% NTO 373.7 499.8 1.33 469.7 

PP+3% NTO 372.2 498.9 2.81 469.5 
 

7.2.3 Kinetic analysis of thermal decomposition 

Coats–Redfern method was used to evaluate the kinetics of thermal 

degradation of PP and PP/NTO composites [28]. Thermal degradation 

functions for the Coats–Redfern method were listed in table 3.3 and details 

are given in section 3.3.8. From the table it is clear that the activation 

energy of PP fiber is increased by the addition of TiO2 nanoparticles. 

Activation energy (E) obtained for neat fiber is 79.57 kJ/mol, 0.5% TiO2 

added PP fiber is shown E of 141.5 kJ/mol. Significant increase in activation 

energy indicates high thermal stability. Representative plots of Coats–Redfern 

equation for neat PP fiber, PP/0.5wt%TiO2, PP/1.5wt%TiO2 and PP/3wt%TiO2 

nanocomposite fiber are shown in figures 7.9a, 7.9b, 7.9c and 7.9d.  
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              Figure 7.9b: Representative plot of 0.5 wt% NTO added PP fiber 
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0.001386 0.001389 0.001392 0.001395
-14.16

-14.13

-14.10

-14.07

-14.04

-14.01

ln
(G

α
/T

2 )

1/T
 

   Figure 7.9d: Representative plot of 3 wt% NTO added PP fiber 
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Table7. 2.  Apparent activation energy, E and correlation coefficients (R) of the fibers 
by Coats– Redfern method 

Sample name R E(kJ/mol) 

Neat PP 0.999 79.57 

0.5%NTO+PP 0.999 141.57 

1.5%NTO+PP 0.999 136.9 

3%NTO+PP 0.999 131.87 
 

7.2.4 Differential scanning calorimetry  

The effect of TiO2 nanoparticles on the crystallization behaviour of PP 

fiber is studied with DSC. The peak crystallization temperatures (Tcp), the 

apparent crystallization temperature (Tc), and the corresponding enthalpy 

(∆Hc) for the samples are shown in table 7.3. Figure 7.10 shows the DSC 

cooling scans of PP/TiO2 nanocomposite fiber samples. Percentage 

crystallinity (Xc) of the fibers can be calculated from the Equation 4.1. The 

percentage crystallinity increases with NTO loading, reaches a maximum at 

1.5 wt% and then decreases. Neat fiber shows 58.48% crystallinity while 1.5 

wt% NTO filled fiber shows 61.2% indicating that TiO2 nanoparticles are 

acting as nucleating agents for PP crystallization. These findings are most 

probably due to nucleation role of NTO in the crystallization of PP which 

results in a higher degree of crystallinity. But it can be inferred that larger 

aggregates prevent the crystal growth and hence reducing the crystallinity as 

the NTO content increases up to 3wt%. Since the addition of NTO is not 

expected to affect the molecular weight or to cause any chain branching in PP, 

only the nucleating activity of the nanoparticles was considered in accordance 

with literature [29].  
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Figure 7.10: Cooling behaviour of neat PP and PP/TiO2 nanocomposite fibers 

Table 7.3: Effect of NTO on the crystallization of PP/TiO2 nanocomposite fibers 

Sample name Tc (0C) Tcp (0C) ∆Hc Xc(%) 

Neat PP  121.43 116 .68 96.5 58.48 

PP+0.5%NTO  120.45 115.33 99.78 60.56 

PP+1.5%NTO  121.10 114.93 99.46 61.19 

PP+3%NTO  121.68 115.57 92.18 57.59 
                                  

 Melting behaviour of neat fiber is shown in figure 7.11. The peak 

melting temperatures (Tmp), the apparent melting temperature (Tm) and the 

corresponding enthalpy (∆Hm) for the samples are shown in table 7.4. The 

maximum rate of melting (Tmp) occur at 166.60C for PP fiber and its Tm is 

151.50C. The Tm value of PP fiber with 3 wt% NTO is increased by about 

3.20C compared with neat PP fiber. Tmp of PP is decreased by the addition of 

NTO nanoparticles. In Figure 7.11, it can be seen that there is a small peak at 
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lower melting temperature of PP fiber and a peak at higher melting 

temperature. However, NTO filled PP fiber shows only single peak at high 

melting temperature. The first peak, with lower melting temperature, indicates 

the presence of a small amount of β-phase, whereas the second peak indicates 

the melting of α-phase. 
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Figure 7.11: Melting behaviour of PP and PP/NTO composite fibers 

Table 7.4: Effect of NTO on the melting behaviour of PP/NTO fibers 

Sample name  Tm (0C) Tmp (0C) ∆Hm(J/g) 

Neat PP  151.53 166.66 89.5 

PP+0.5%NTO  153.32 163.95 76.58 

PP+1.5%NTO  154.26 164.45 78.58 

PP+3%NTO  154.74 164.55 69.2.29 
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7.2.5 X-ray diffraction analysis  

X-ray patterns of neat PP fibers and NTO filled PP fibers are shown in 

Figure 7.12. Usually, iPP is a multicrystalline polymer and has five crystalline 

forms  such as α, β, γ, δ and pseudohexagonal. The XRD study (Figure 7.12) 

shows TiO2 do not affect the crystalline form of PP fibers. Same crystalline 

form is observed for both PP and composite fibers. The peaks observed is 

corresponds to (110), (040) and (130) and (041) planes of PP, indicate the 

α− form of iPP.   
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Figure 7.12: X-ray diffraction pattern of PP and PP/NTO composite fibers 

7.2.6 Scanning electron microscopy  

SEM images of neat PP and PP/TiO2 fibers with different concentrations 

are shown in Figure 7.13. The surfaces of the fibers are investigated in terms 

of their shape and uniformity. PP/TiO2 nanocomposite fiber surface is smooth 

in appearance. The crosssection of the fibers is given in Figure 7.14. SEM 
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photograph of cross section of filled fiber is different from that of neat PP. It 

shows a uniform dispersion of filler in the matrix, resulting in the good 

mechanical and thermal properties. 

 

      
                           (a)                                                                     (b) 

 

(c) 

Figure 7.13: Scanning electron micrographs of (a) Neat PP (b) PP+ 3wt% NTO       
(c)  PP+ 3wt% CTO fibers 
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                             (a)                                                               (b) 

 
(c) 

Figure 7.14: Scanning electron micrographs of cross section of (a) neat PP fiber             
(b) PP+3wt% NTO fiber (c) PP+ 3wt% CTO fiber 

7.2.7 Antibacterial properties of fibers 

Figure 7.15 shows the SEM of the fibers after putting them in bacterial 

medium for ten days in Bacillus aereus. Fiber surface is more smooth when 

compared to morphology of fibers before bacterial attack (figure 7.13). Figure 

7.16 shows the morphology of the fibers after putting them in bacterial 

medium for ten days in E-coli. Fiber morphology is not significantly changed 

by the attack of E-coli.  
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                                (a)                                                          (b) 
Figure 7.15: Scanning electron micrographs of (a) neat PP (b) PP/3wt%NTO filled 

fibers after treating with Bacillus aereus. 

 

    
(a)                                                          (b) 

Figure 7.16: Scanning electron micrographs of (a) neat PP (b) PP/3wt%NTO filled  
fibers after treating with  E- Coli. 

7.3 Conclusion 

Mechanical properties of PP increased with the addition of TiO2 

nanoparticles. Thermogravimetric analysis indicates an increase in onset 

temperature, maximum degradation temperature and residue indicating improved 

thermal stability. DSC studies show increase in crystallization indicating that 
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TiO2 nanoparticles are acting as nucleating agents for PP crystallization. 

Surface morphology study of fibers show smooth surface even after the 

addition of nano TiO2. Analysis of SEM images of cross section of fibers 

points to well dispersed system, which is the reason for improvement in 

mechanical properties. NTO filled PP fiber shows significant improvement in 

properties when compared to CTO filled PP fiber. PP fiber and NTO filled 

fiber shows excellent resistance to bacillus aereus. 
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SSUUMMMMAARRYY  AANNDD  FFUUTTUURREE  OOUUTTLLOOOOKK  

 
 

PP has been getting much attention over the years because it is a very 

durable polymer commonly used in aggressive environments including 

automotive battery casings, fuel containers etc. They are used to make bottles, 

fibers for clothing, components in cars etc. However, it has some shortcomings 

such as low dimensional and thermal stability. Materials such as metal oxides 

with sizes of the order 1–50 nm have received a great deal of attention because 

of their versatile applications in polymer/ inorganic nanocomposites, 

optoelectronic devices, biomedical materials, and other areas. They are stable 

under harsh process conditions and also regarded as safe materials to human 

beings and animals.  

In the present investigation, PP is modified by incorporating metal oxide 

nanoparticles such as ZnO and TiO2 by simple melt mixing method. Melt 

spinning method was used to prepare PP/metal oxide nanocomposite fibers. 

Various studies have been carried out on these composites and fibers. 

In the first part of the study, ZnO nanoparticles were prepared from 

ZnCl2 and NaOH in presence of chitosan, PVA, ethanol and starch. This is a 

simple and inexpensive method compared to other methods. Change in 

morphology and particle size of ZnO were studied. Least particle size was 

obtained in chitosan medium. The particles were characterized by using XRD, 

SEM, TEM, TGA and EDAX. Antibacterial properties of ZnO prepared in 
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chitosan medium (NZO) and commercial zinc oxide (CZO) were evaluated 

using a gram positive and a gram negative bacteria. 

Melt mixing method was used to incorporate ZnO particles in PP.  The 

incorporation of ZnO in PP matrix resulted in an increase in the tensile 

strength and modulus, reached a maximum at 1.5wt% concentration of ZnO 

and then decreased. In the case of PP filled with NZO 39.7% increase in 

tensile strength and 71.6% increase in tensile modulus was observed. CZO 

filled PP showed 29.5% increase in tensile strength at 1.5 wt% CZO and 

28.7% increase in tensile modulus was observed at 0.5wt% of CZO. It is 

known that the interface between nanoparticles and polymer matrix can 

transfer stress, which results in an increase of the tensile strength of composite 

films. However, with increasing content of nanoparticles, aggregation may 

occur, which resulted in decreased contact area between the nanoparticles. 

Thus, the effective interfacial interaction is reduced, and the tensile strength of 

the films decreased at higher concentration. The dynamic mechanical 

properties of PP were increased with increase in ZnO concentration. Torque 

value of the PP/NZO composites were higher than that of neat PP and PP/CZO 

composites. TGA studies indicated an improvement in thermal stability of PP 

by the addition of ZnO. Enhancement of thermal stability of polymers in 

presence of fillers may be due to the hindered thermal motion of polymer 

molecular chains. Coats–Redfern method was used to determine the kinetics of 

degradation behavior of PP and PP/ZnO composites. Significant increase in 

activation energy also indicated increase in thermal stability. In NZO filled PP, 

MFI increased by the addition of low concentration of NZO, indicated an 

increase in the flow of the polymers. At low concentration nanoparticles may  

favor orientation and flow due to the small size of NZO. After adding 1wt% 

NZO to the PP the MFI value decreased gradually. It indicated the structure of 

nanoparticles was interconnected to hinder the molecular motion of polymer 
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chains. NZO filled PP films showed higher transparency when compared to 

CZO filled PP films. This may be due to decrease in spherulite size of PP and 

also due to smaller ZnO particles in the composites, since larger particle scatter 

the visible light and product become more opaque. LOI of PP was increased by 

the addition of ZnO. The improvement in the flame retardancy was attributed 

to the filler dispersion in the PP matrix. Differential scanning calorimetric 

studies showed increase in crystallinity of PP by the addition of ZnO. X-ray 

diffraction studies of neat PP and composites indicated the presence of α phase 

of monoclinic PP. PP has tertiary carbon atoms and is known to be very 

vulnerable to oxidative degradation under influence of elevated temperature 

and sunlight. ZnO nanoparticles play an important role in stabilizing the PP 

molecules and delay the photodegradation products by acting as screens. 

Mechanical, morphology and IR studies were carried out before and after  

thermal and UV ageing. PP/ZnO composites showed improved properties 

when compared to neat PP. NZO filled PP showed better properties than CZO 

filled composites. 

Melt spinning was used for the preparation of neat PP fiber and PP/ZnO 

composite fiber. Mechanical properties of the fiber was increased by the 

addition of ZnO. Tenacity of PP fibers was increased by the addition of ZnO, 

reached maximum at 0.5wt% and decreases. The increase in tenacity was 

71.5wt% at 0.5wt% of NZO and 41.1% for 0.5 wt% CZO added PP fiber.  The 

increase in modulus was about 38.6% for 0.5 wt% of NZO and 36.7% in case 

of 0.5wt% of CZO compared to that of neat PP fiber. Increase in tenacity may 

be due to the good orientation of NZO in the fiber. Thermal stability of the PP 

fiber was increased significantly in presence of NZO. The temperature at 

which maximum degradation take place was increased by 38.90C by the 

addition of 3wt% NZO. ZnO had no significant effect on the crystallinity of PP 

fiber. X-ray diffraction studies indicated  similar crystal form of PP fiber and 
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composite fibers. Morphology of the cross section of the neat fiber was 

different from the morphology of the CZO filled, NZO filled PP fiber indicated 

difference in dispersion and molecular orientation of the fibers. PP fiber and 

NZO filled fiber did not attacked significantly by bacteria. 

In the second part of work, TiO2 nanoparticles were prepared by sol-gel 

method and wet synthesis. Effect of preparation method on the crystal 

structure and particle size was investigated. Sol gel method gave anatase form 

and wet synthesis method gave rutile form of TiO2. The particles were 

characterized by XRD, SEM, TEM, TGA and EDAX. Antibacterial properties 

of TiO2 was evaluated using a gram positive and a gram negative bacteria. 

PP was modified with TiO2 prepared by wet synthesis method (NTO) 

and commercial TiO2 (CTO). Mechanical and dynamic mechanical properties 

of PP were found to be improved by the addition of TiO2. Tensile strength of 

PP was increased by 26.1% by the addition of NTO.  An increase of 23% in 

tensile modulus was observed by the addition of 1 wt% of NTO.  PP showed 

better thermal stability in presence of TiO2. Differential scanning calorimetric 

studies showed increase in crystallinity of PP by TiO2 addition. X-ray 

diffraction studies of neat PP and composites indicated the presence of α phase 

of monoclinic PP. MFI of PP was increased by adding low concentration of 

NTO, whereas CTO added PP showed a decrease in MFI.  Transparency of the 

PP films were decreased by the addition of TiO2. PP with NTO filled films 

showed higher transparency when compared to CTO filled PP films. LOI of PP 

was increased by the addition of TiO2. Mechanical, morphology and IR studies 

showed improved performance of composites even after thermal and UV 

ageing compared to neat PP. NTO filled PP showed better properties than CTO 

filled composites. 
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PP/TiO2 nanocomposites fibers were prepared by melt spinning method. 

Mechanical properties of PP fiber increased by the addition of TiO2 

nanoparticles. At 3 wt% of NTO, tenacity were increased by 72.7% indicated 

good orientation of TiO2 in the PP fiber. At lower concentration, mechanical 

properties decreased and may be due to the lack of orientation of TiO2 

nanoparticles in PP fiber. Thermogravimetric analysis showed an increase in 

onset temperature, maximum degradation temperature and residue indicating 

high thermal stability. The temperature at which maximum degradation 

occured was increased by 37 0C at 0.5 wt% of NTO nanoparticles.  DSC 

studies showed an increase in crystallization indicating that TiO2 nanoparticles 

are acting as nucleating agents. Surface morphology study of fibers showed 

smooth surface even after the addition of nano TiO2. SEM images of cross 

section of fiber show good dispersion of nanoparticles, which was the reason 

for improvement in mechanical and thermal properties. NTO filled PP fiber 

showed significant improvement in properties when compared to CTO filled 

PP fiber. PP fiber and NTO filled fiber showed excellent resistance to bacillus 

aereus. 

It could be concluded that ZnO and TiO2 are promising candidate to 

modify the performance of PP matrix and its fibers.  

Future work 

 Melt mixing of various matrix with this metal oxide reinforced PP 

fiber and evaluation of its properties, optimization of fiber length etc. 

 Coating of conducting polymers to this PP/metal oxide 

nanocomposite films and fibers for conducting applications. 

 Modification of various polymer matrix using these metal oxides. 

 Modification of ZnO and TiO2 for better properties 
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Applications of PP/metal oxide nanocomposite and its fibers 

PP/metal oxide nanocomposites can be used for high strength 

applications. PP/metal oxide nanocomposites fibers can be used for making 

cloths, baby diapers etc. It can be used for making defense clothings because 

of its bacterial resistance and high strength. It can be used to make fishing net, 

ropes etc due to its improved properties.  
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ASTM American Society for Testing and Materials 

BCF Bulked Continuous Filament 

CaCO3 Calcium Carbonate 

CF Continuous Filament 

CFU Colony forming unit 

CNT Carbon nano tube 

CS Crystallite size 

CTO Commercial titanium dioxide 

CVD Chemical Vapour Deposition  

CZO Commercial Zinc Oxide 

DMA Dynamic Mechanical Analysis 

DNA De oxy ribo nucleic acid 

DPA Diphenylamine 

DSC  Differential Scanning Calorimetry  

EDAX Energy dispersive X ray analysis 

FTIR  Fourier Transform Infrared  

GPa Giga Pascal 

gpd gram per denier 

iPP isotactic polypropylene 

kJ/mol Kilo Joule per mole 

LDPE Low density poly ethylene 

LOI Limiting Oxygen Index 



MFR Melt flow rate 

MHz Mega Hertz 

mm/min  Milli meter per minute 

N/mm2            Newton per millimetre squre 

NCIM National collection of industrial organisms,Pune. 

nm nanometer 

NTO Titanium dioxide prepared by wet synthesis 

NZO Zinc oxide prepared in chitosan medium 

PP Polypropylene 

PVA Polyvinyl alcohol 

SEM Scanning Electron Microscopy 

SWNT Single walled carbon nanotube 

TEM Transmission Electron microscopy 

Tex Textile 

TGA Thermo gravimetric analysis 

TiO2 Titanium dioxide 

UV Ultraviolet 

Xc Percentage crystallinity 

ZnO Zinc oxide  
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