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Polyolefins are one of the most popular class of synthetic polymers, 

especially due to their useful combinations of properties, good availability and 

low price. The case of linear low-density polyethylene (LLDPE) is especially 

significant as it is widely used for packaging and other applications. This 

synthetic polymer is normally not biodegradable until it is degraded into low 

molecular mass fragments that can be assimilated by microorganisms. 

The present study aims to enhance the rate of photo and biodegradation 

of polyethylene by (i) adding biodegradable components and (ii) suitable 

combinations of pro-oxidants. The effect of metallic photo initiators like TiO2 

and cobalt stearate  and  different combinations of these pro-oxidants with 

vegetable oil on the photo and biodegradation of linear low-density 

poly(ethylene)-poly(vinyl alcohol) (LLDPE/PVA) blended films is the subject 

of this study.  Photo degradation leads to physical embrittlement of the blends 

and leavs a porous and mechanically weakened plastic. This will accelerate the 

final degradation of the polymer by diffusion of oxygen, moisture, and 

enzymes into the porous polymer matrix. Mechanical, thermal, spectroscopic 

and morphological studies were done to estimate the extent of degradation. 

The results of the investigations are presented in eight different chapters, 

as follows: 

Chapter 1 is a literature survey and general introduction to polyolefins 

and biodegradable polymers including the mechanism and methods of 

biodegradation and photodegradation. Areas of application of biodegradable 

and photodegradable polymers and their characterization techniques are also 



discussed. Finally the scope and objectives of the research project are also 

presented. 

Chapter 2 is a report of the study to improve the biodegradability of 

LLDPE by blending it with a biodegradable component namely PVA. LLDPE 

was blended with poly (vinyl alcohol) in a torque rheometer and mechanical, 

thermal, spectroscopic and biodegradation properties were investigated. The 

biodegradability of LLDPE/PVA blends was studied (i) in culture medium 

containing Vibrio sp. and (ii) in garden soil environment. The degraded 

samples were characterized by different techniques. 

Chapter 3 describes a rapid hydrothermal synthetic method to produce 

phase pure, monodisperse anatase particles with small grain size and high 

specific surface area at low temperature.  

Chapter 4 deals with the performance of titanium dioxide and vegetable 

oil on the degradation behaviour of LLDPE/PVA blends. The outdoor 

weathering performance of nanoanatase and two crystalline forms of TiO2 

(rutile and anatase) in the absence as well as presence of vegetable oil was 

examined. This was followed by (i) biodegradation and (ii) soil degradation. The 

extent of degradation was monitored by mechanical property measurements, 

thermal studies, weight loss measurements, spectroscopic studies, melt flow 

index and morphological studies.  

Chapter 5 gives an account of the effect of nano and commercial forms 

of TiO2 and/or vegetable oil on the UV degradability of the blends. This was 

evaluated by exposing the test specimens to low pressure mercury vapor 

discharge lamp (TUV 30W, λ = 253.7nm) in air atmosphere. The samples 



were retrieved after 600 hours of UV exposure and then subjected to (i) 

biodegradation and (ii) soil degradation studies by using Vibrio sp. 

Chapter 6 discusses the effect of a metallic photoinitiator, cobalt stearate 

and different combinations of cobalt stearate and vegetable oil on the 

degradation undergone during outdoor exposure and subsequent 

biodegradation of LLDPE/PVA blend films.  

In Chapter 7 studies on the UV degradation of LLDPE/PVA films 

containing varying amounts of cobalt stearate in the absence as well as 

presence of vegetable oil are described. Subsequently, partial biodegradation 

of the UV-degraded samples was done with the help of Vibrio sp. bacteria 

isolated from marine benthic environment. 

Chapter 8 is a summary of the entire work. All the important conclusions 

and observations are highlighted here. 

 

….. …..



 

LLDPE was blended with poly (vinyl alcohol) and mechanical, thermal, 

spectroscopic properties and biodegradability were investigated. The 

biodegradability of LLDPE/PVA blends has been studied in two environments, 

viz. (1) a culture medium containing Vibrio sp. and (2) a soil environment over a 

period of 15 weeks. Nanoanatase having photo catalytic activity was synthesized 

by hydrothermal method using titanium-iso-propoxide. The synthesized TiO2 was 

characterized by X-Ray diffraction (XRD), BET studies, FTIR studies and 

scanning electron microscopy (SEM). The crystallite size of titania was calculated 

to be ≈ 6nm from the XRD results and the surface area was found to be about 

310m2/g by BET method. SEM shows that nanoanatase particles prepared by this 

method are spherical in shape. Linear low density polyethylene films containing 

polyvinyl alcohol and a pro-oxidant (TiO2 or cobalt stearate with or without 

vegetable oil) were prepared.  The films were then subjected to natural weathering 

and UV exposure followed by biodegradation in culture medium as well as in soil 

environment. The degradation was monitored by mechanical property 

measurements, thermal studies, rate of weight loss, FTIR and SEM studies. 

Higher weight loss, texture change and greater increments in carbonyl index 

values were observed in samples containing cobalt stearate and vegetable oil. The 

present study demonstrates that the combination of LLDPE/PVA blends with (i) 

nanoanatase/vegetable oil and (ii) cobalt stearate/vegetable oil leads to extensive 

photodegradation. These samples show substantial degradation when subsequent 

exposure to Vibrio sp. is made. Thus a combined photodegradation and 

biodegradation process is a promising step towards obtaining a biodegradable 

grade of LLDPE. 

….. …..
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1.1  Plastics  

The word “plastic” comes from the Greek word “plastikos” meaning “to 

form”. In more technical terms, a plastic is a material that can be heated and 

molded so that it keeps its molded shape after it cools. Petrochemical based 

plastics such as polyolefin, polyesters and polyamides have been increasingly 

used as packaging materials because of their availability in large quantities at low 

cost and favorable functional characteristics such as good tensile and tear strength, 

good barrier properties to oxygen and aroma compounds and heat sealability [1].  
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Fig. 1.1 Major uses of plastics [1] 

The physicochemical behavior of plastics gives rise to unique pollution 

problems. Firstly, the major groups of hydrocarbon polymers, the polyolefins, 

are lighter than water and unlike glass and metals they do not disintegrate and 

end up at the bottom of the sea. They are therefore carried by wind and waves 

over large distances and for long periods of time.  They are highly visible 

when finally grounded on coastlines remote from their origin [2] and this 

biodegradation-resistant debris tends to accumulate from year to year [3]. 

Some of it, because of its persistence, causes the deaths of sea mammals, birds 

and fish due to ingestion and entanglement [4].  

The accumulation of plastics in the environment is a matter of great 

concern. It leads to long-term environmental, economic and waste 

management problems. Degradation of waste plastics by various means and 

subsequent assimilation into the environment is one of the options to deal with 

such problems [5,6]. A wide variety of synthetic polymers absorb solar 

ultraviolet (UV) radiation and undergo photolytic, photo-oxidative, and 

thermo-oxidative reactions that result in the degradation of these materials 

[7,8]. The propensity of plastic products to undergo solar UV radiation 

induced degradation/ ozone-induced degradation can be increased by addition 

of some additives [9,10]. Besides these degradation phenomena, biodegradation 
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offers another most efficient and attractive route to environmental waste 

management. The mechanisms involved in biodegradation are complex due to the 

interaction of different oxidative processes caused by the oxygen present in the 

air, by microorganisms or by a combination of the two [11]. 

1.2  Types of plastics 

Plastics are, in general, classified into two groups i.e. thermoplastics and 

thermosets[12]. This classification is based on their behavior when exposed to 

heat. Thermoplastics melt or soften and attain a plastic stage on heating. On 

cooling they solidify but can be softened or remelted on further heating. 

Thermosets, on the other hand, tend to char on continued heating although an 

initial softening may be noticed. Hence reshaping of a thermoset material is 

impossible.  

1.2.1  Thermoplastics  

Thermoplastics are linear chain macromolecules where the atoms and 

molecules are joined end-to-end into a series of long, carbon chains. The bi-

functionality necessary to form a linear macromolecule from unsaturated 

monomers can be achieved by opening the double bond and reaction proceeds 

by a free radical mechanism. Such type of polymerization is known as addition 

polymerization [13,14]. Thermoplastic polymers are normally produced in one 

step and then made into products in a subsequent shaping process at high 

temperature. When cooled significantly below their softening point they again 

become rigid and usable as a formed article. This type of polymer can be 

readily recycled because each time it is reheated it can again be reshaped or 

formed into a new article. Some common thermoplastics and their properties 

are shown in Table-1.1[15]. 
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1.2.2  Thermosetting plastics 

Thermoset plastics are formed by step-growth polymerization under 

suitable conditions allowing bi-functional molecules to condense inter-

molecularly with the liberation of small by-products such as H2O, HCl etc. at each 

reaction step [14]. The thermosetting polymers are normally produced and shaped 

in the same step. Upon heating, thermosetting polymers will become soft, but 

cannot be shaped or formed to any great extent, and will definitely not flow. Some 

common thermosetting plastics and their properties are shown in Table-1.2 [15]. 

Table 1.2 List of common thermosetting plastics and their properties 

Polymer Density 
kg/m3 

Tensile 
strength 
N/mm2 

Young’s 
modulus  

GPa 
Properties Applications and uses 

Urea 
formaldehyde 

(cellulose filled)

1500 38-90 7-10 Strong, 
insulator,brittle, 

hard, stiff 

Electrical fittings, 
handles and knobs 

Epoxy resin 
(glass filled) 

1600-
2000 

68-200 20 Good insulator, 
brittle chemical 

resistant 

Adhesives bonding 
fibers, encapsulation 

Melamine 
formaldehyde 
(fabric filled) 

1800-
2000 

60-90 7 Hard, strong, 
heat resistant 

Adhesives bonding 
fibers, encapsulation 

Phenol 
formaldehyde 
(mica filled) 

1600-
1900 

38-50 17-35 Good electrical 
properties 

used in the high speed 
bearing market, binding 

agent in normal 
(organic) brake pads, 

brake shoes and clutch 
disks 

Polyimide 1430 75–90 3.2 thermal stability, 
good chemical 

resistance, 
excellent 

mechanical 
properties 

Used in the electronics 
industry for flexible 

cables, as an insulating 
film on magnet wire 

and for medical tubing. 

Polyamide-imide 1340 152 4.5 high temperature 
and chemical 

resistance 

Ideal candidates for 
membrane based gas 

separations 
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1.3  Polyolefins 

The polyolefins are saturated hydrocarbon polymers based on ethylene, 

propylene and higher α-olefins or combinations of these monomers. Besides 

polyethylene and polypropylene, which are the most important representatives 

of polyolefins, also polybut-1-ene, polyisobutylene and poly-(4-methylpent-1-

ene) are interesting and prospective materials [16]. 

1.3.1  Polyethylene 

Polyethylene (PE) is a thermoplastic polymer consisting of long chains 

produced by combination of the monomer molecules viz. ethylene. Depending 

on the mode of polymerization, three basic types of polyethylene are 

frequently used: linear high-density polyethylene (HDPE), branched low-

density polyethylene (LDPE), and linear low-density polyethylene (LLDPE) 

(Fig. 1.2) [17]. 

 
     Fig. 1.2 Structure of polyethylene: a) HDPE b) LDPE c) LLDPE [18] 

HDPE- HDPE has a low degree of branching and thus greater 

intermolecular forces and tensile strength. It can be produced by chromium/ 

silica catalysts, Ziegler-Natta catalysts or metallocene catalysts. HDPE is used 
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in products such as appliances, milk jugs, detergent bottles, margarine tubs, 

garbage containers, toys and water pipes and in packaging. 

LDPE- LDPE has a high degree of short and long chain branching. It has, 

therefore, less strong intermolecular forces as the instantaneous-dipole induced-

dipole attraction is less. LDPE is created by free radical polymerization. It is 

used for both rigid containers and plastic film applications such as plastic bags 

and film wrap. 

LLDPE- LLDPE is a substantially linear polymer with significant 

numbers of short branches, commonly made by copolymerization of ethylene 

with short-chain alpha-olefins. It has higher tensile strength and also higher 

impact and puncture resistance than LDPE. LLDPE is used in packaging, 

particularly films for bags and sheets. While other applications are available, 

LLDPE is preferred for film applications due to its toughness, flexibility and 

relative transparency.  

Polyethylene molecule consists of long chain of carbon atoms, with two 

hydrogen atoms attached to each carbon. Commercially, it is produced from 

ethylene (Fig. 1.3). 

 

 
Fig.1. 3 Polymerization of ethylene [19] 
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Table 1.3 Five distinct routes of PE preparation 

Preparation 
method 

Temperature 
(°C) 

Pressure 
(MPa) 

Catayst Grade 

High-
Pressure 
Process 

80-300 100-300  benzoyle peroxide, 
azodi-isobutyronitrile or 
oxygen 

LDPE 

Ziegler 
Process 

70-150 < 1 alkyls of groups I-III 
metals with halides and 
other derivatives of 
transition metals in 
groups IV-VIII of the 
periodic table 

LDPE 
and 
HDPE 

Phillips 
Process 

130-160 1.4-3.5 metal oxide HDPE 

Standard Oil 
Company 
(Indiana) 
Process 

230-270 4.0-8.0 transition metal oxide 
(Molybdenum oxide) in 
combination with a 
promoter (sodium or 
calcium as metals or 
hydrides). 

HDPE 

Gas phase 
process 

≤ 100 0.7-2.1 transition metal LLDPE  

 

PE has near-zero moisture absorption, excellent chemical resistance and 

electrical insulating properties and can be easily processed. In the bulk 

condition it is opaque due to crystallization but thin films may be transparent 

[20]. Mechanical properties strongly depend on the molecular weight and on 

the degree of branching of the polymer. These properties are also dependent 

on the rate of testing, the temperature of test etc. 
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Polyethylene is the polymer which is most often seen in daily life. 

HDPEs major use is in blow-moulded bottles, drums, automotive gasoline 

tanks; injection-moulded crates, trash and garbage containers and extruded 

pipe products. LDPE/LLDPEs find major applications in plastic bags, films, 

cable insulations and bottles [17]. 

1.3.2 Polypropylene  

The worldwide consumption of PP occupies third place among 

commodity plastics, after LDPE and PVC but before HDPE and PS [21]. As 

early as 1869 propylene was polymerized by Berthelot by reaction with 

concentrated sulphuric acid. Its industrial importance resulted from the 

discovery of crystalline high molecular weight polypropylene in 1955 by Natta 

from organo-metallic catalysts based on titanium and aluminium (Fig. 1.4). 

 

 
                                  Fig. 1.4 Polymerization of propylene [22] 

Mechanical properties of PP are strongly dependent on its crystallinity. 

Increasing crystallinity enhances stiffness, yield stress, and flexural strength; 

however, toughness and impact strength decrease [23]. PP indicates some 

similar properties to polyethylene, particularly swelling and solution 

behaviour, and electrical properties.  

Since PP is resistant to fatigue, most plastic living hinges are made from 

this material. It is often used for blow moulded bottles and automotive parts, 
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injection-moulded closures, toys and housewares. It can be also extruded into 

fibres and filaments for production of carpets, rugs, and cordage [20]. 

1.3.3  Polybut-1-ene 

Polybut-1-ene (PB) is the youngest member of the polyolefin family (1965) 

being linear in structure (Fig.1.5) [24]. The monomer butylene is obtained from 

the petrochemical industry [24]. PB is produced by Ziegler-Natta system and the 

commercial material have very high molecular weight of 770000 to 3000000, that 

is about ten times higher than that of the normal LDPE [20]. 

 
                                 Fig. 1.5 Polybut-1-ene 

 
It has a melting point and stiffness intermediate between PE and PP, 

but it is less resistant to aliphatic hydrocarbons than PE and PP. Because it has 

very high molecular weight, the polymer has a very high resistance to creep. 

One advantage of this is that the wall thicknesses of PB pipes may be much 

less than for corresponding PE and PP pipes [20]. 

The main interest of PB is in its use as a piping material. The principal 

application is for small-bore cold and hot water piping (up to 95°C) for 

domestic plumbing [20]. 

1.3.4  Polyisobutelene 

In chronological terms polyisobutelene (PIB) was the first of the 

polyolefins. Low polymers were prepared as early as 1873. PIB is made from 

the monomer isobutelene by cationic vinyl polymerization (Fig. 1.6). 
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Fig. 1.6 Polymerization of PIB 

The homopolymer finds uses as an adhesive component, as a base for 

chewing gum, in tank linings, as a motor oil additive to provide suitable 

viscosity characteristics and to improve the environmental stress-cracking 

resistance of polyethylene. It has been incorporated in quantities of up to 30% 

in HDPE to improve the impact strength of heavy duty sacks [17]. 

1.4  Polymer degradation 

Thermal, environmental and UV exposure of polymers generally leads to 

their degradation and deterioration [25-27]. Changes in polymer properties due 

to chemical, physical or biological reactions resulting in bond scission and 

subsequent chemical transformation are categorized as polymer degradation 

[28]. Degradation reflects changes in material properties such as mechanical, 

optical or electrical characteristics manifest as crazing, cracking, erosion, 

discoloration and phase separation [29]. “A plastic designed to undergo a 

significant change in its chemical structure under specific environmental 

conditions resulting in a loss of some properties that may vary as measured by 

standard test methods appropriate to the plastic and the application in a period 

of time that determines its classification is called a degradable plastic” (ASTM 

D 883-93)[24].  
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Depending upon the nature of the causing agents, polymer degradations 

have been classified as photo-oxidative degradation, thermal degradation, ozone-

induced degradation, mechanochemical degradation, catalytic degradation and 

biodegradation [30]. 

1.4.1 Photo-oxidative degradation  

A degradable plastic in which the degradation results from the action of 

natural daylight is called a photodegradable plastic (ASTM D 883-93) [23].  

The photo-induced degradation process can be initiated either by the 

absorption of the photon by the polymer chain itself or by some of the 

additives incorporated in the product.  The degraded sites act as stress 

concentrators and crack will occur when the material is subjected to stress 

[31].  Thus, they diminish the tensile strength and ultimately cause the 

mechanical failure of the material. The above effects will result in change in 

tensile properties [32, 33]. In the case of photoactive-pigments like TiO2, ZnO 

or CdS, formation of an electron-hole pair on the pigment surface in the 

presence of oxygen and water can produce reactive species which can 

eventually cause oxidation of the polymer [34]. The direct effect of radiation 

on plastic is usually limited to the surface region, due to light absorption by 

the pigment or the degraded material itself. 

Most of the synthetic polymers are susceptible to degradation initiated 

by UV and visible light. Normally the near-UV radiations (290-400 nm) in the 

sunlight determine the lifetime of polymeric materials in outdoor applications 

[35-37]. Polymer degradation occurs mainly at the polar groups, where photo-

irradiation generates ester, aldehyde and formate end groups [38]. UV 

radiations have sufficient energy to cleave C-C bond [39]. Photo-degradation 



Introduction and literature survey 

 13 

changes the physical and optical properties of the plastic. The most damaging 

effects are the visual effect (yellowing), the loss of mechanical properties of 

the polymers, the changes in molecular weight and the molecular weight 

distribution [40-45]. PE and PP films when exposed to solar UV radiation 

readily lose their extensibility, mechanical integrity and strength along with 

decrease in their average molecular weight [46-50].  

1.4.2 Thermal degradation 

Under normal conditions, photochemical and thermal degradations are 

similar and are classified as oxidative degradation. The main difference 

between the two is the sequence of initiation steps leading to auto-oxidation 

cycle. Another major difference is that thermal reactions occur throughout the 

bulk of the polymer sample whereas photochemical reactions occur only on 

the surface [51]. Thermal degradation of polymers occurs through random 

chain degradation initiated by thermal radiation and UV light [52]. A large 

number of addition polymers depolymerize at elevated temperatures for 

example PE has been decomposed into long olefinic fragments and actually 

producing little monomer [53].Thermal degradation above 2000C leads to 

chain scission and largely depends on factors like unsaturation sites, head-to-

head units, etc. [46]. Polyolefins are known to be sensitive to thermal 

oxidation, due to the impurities generated during their manufacture at high 

temperatures [47].  

1.4.3 Ozone-induced degradation 

Atmospheric ozone usually causes the degradation of polymers under 

conditions that may be considered as normal; when other oxidative aging 

processes are very slow and the polymer retains its properties for a rather 
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longer time [48-50]. The presence of ozone in the air, even in very small 

concentrations, markedly accelerates the aging of polymeric materials [54]. 

This process in saturated polymers is accompanied by the intensive formation 

of oxygen-containing compounds, by a change in the molecular weight and by 

impairment of the mechanical and electrical properties of the specimens [55]. 

Exposure of polymers to ozone results in the rapid and consistent formation of 

a variety of carbonyl and unsaturated carbonyl products based on aliphatic 

esters, ketones, and lactones. This is followed by a more gradual formation of 

ether, hydroxyl and terminal vinyl groups with time and concentration [56]. 

These reactions of ozone with polymers occur with main chains containing 

C=C bonds, aromatic rings or saturated hydrocarbon links. The reaction 

proceeds through unstable intermediates such as the bipolar ion or peroxy 

radicals which can isomerize, degrade or cause decomposition of 

macromolecules [57].  

In PVA, the chain scission is based on the ozone oxidation of the 

alcoholic groups of PVA with formation of ketone groups which in turn are 

the source of a keto-enol tautomerism which leads to random chain scission by 

further ozone attack. The analysis with FTIR spectra indicates that the final 

product is a PVA oligomer with numerous ketone groups along the main 

oligomer backbone and with carboxylic end groups [58]. Exposure to ozone 

gas causes change in the mechanical properties of LLDPE, oriented PP and 

biaxially oriented nylon [59].  

1.4.4 Mechano-chemical degradation 

Mechano-chemical degradation of polymers involves the degradation of 

polymer under mechanical stress and by strong ultrasonic irradiations [60]. 
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The mechano-degradation of polymers in melts occurs by means of free 

radical processes. Mechanically generated radicals are believed to result from 

the cleavage of the main backbone segments of polymer chains in the stressed 

amorphous regions connecting crystallites [61].  Gel permeation 

chromatographic (GPC) studies of the degradation of LDPE and HDPE under 

high shear conditions have indicated that most of the changes in molecular 

weight distribution and long-chain branching have occurred from thermal or 

thermo-oxidative degradation. On the other hand, the orientation of solid PP 

under high shear conditions (high draw rates and relatively low temperatures) 

has produced oxidation products directly as a result of the shear process [62]. 

Ultrasound is responsible for the breakage of macromolecular C-C bonds and 

termination reactions of mechano-radicals occur as disproportionation and 

combination reactions. These reactions are suppressed in the presence of 

radical scavengers [63].  

1.4.5 Catalytic degradation 

Catalytic transformation of waste polymers into hydrocarbons with 

higher commercial value is a field of great interest. Polyolefins are thermally 

or catalytically degraded into gases and oils. Garforth et al. [64] have 

investigated catalytic degradation of polyolefins using TGA as a potential 

method for screening catalysts and have found that the presence of catalyst led 

to decrease in the apparent activation energy. For polymer degradation, 

different types of catalysts have been reported in the literature which include 

Pt-Co and Pt-Mo supported over SiO2 [65], zeolite catalysts and non-zeolite 

catalysts [66], transition metal catalysts (Cr, Ni, Mo, Co, Fe) supported on 

Al2O3, SiO2 etc. [67], zeolite [68] and zirconium hydride [69]. 
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1.4.6 Biodegradation  

Biodegradation or biotic degradation is chemical degradation of 

polymers brought about by the action of naturally occurring microorganisms 

such as bacteria, fungi and algae [70-72]. As biodegradation proceeds it 

produces CO2 and/or CH4 and H2O. If oxygen is present aerobic degradation 

takes place and CO2 is produced. If there is no oxygen available, the biotic 

degradation is anaerobic and CH4 is produced instead of CO2. Under some 

circumstances both gases are produced.  

Mineralization is defined as the conversion of biodegradable materials or 

biomass to gases (like CO2, CH4 and nitrogen compounds), water, salts and 

minerals and residual biomass. Complete mineralization represents the 

rendering of all chemical elements into natural biogeochemical cycles [70,73].  

1.5  Factors affecting polymer degradation 

Degradation of plastics is affected by various factors discussed in the 

following sections. 

1.5.1 Chemical composition 

Chemical composition of the polymers plays a very important role in 

their degradation. Presence of solely long carbon chains in the thermoplastic 

polyolefins makes these polymers non-susceptible to degradation by 

microorganisms. By the incorporation of heterogroups such as oxygen in the 

polymer chains, polymeric substances are made labile for thermal degradation 

and biodegradation [74]. Linear saturated polyolefins are resistant to oxidative 

degradation. Presence of unsaturation in the polymer chain makes them 

susceptible to oxidation, for example natural rubber is more susceptible to 
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degradation than PE [75]. Amorphous regions in the polymer have been 

reported to be more labile to thermal oxidation compared to crystalline areas 

because of their high permeability to molecular oxygen [76].  

1.5.2 Molecular weight 

Increase in molecular weight of the plastic decreases the rate of plastic 

degradation [77]. It has been reported that some microorganisms utilize 

polyolefins with low molecular weight faster compared to high molecular 

weight polyolefins [78,79]. Linear polyolefins with molecular weight lower 

than about 620 support microbial growth [80].  

1.5.3 Hydrophobic character 

Petrochemical-based plastic materials are not easily degraded in the 

environment because of their hydrophobic character and three-dimensional 

structure [78]. Hydrophobicity of PE interferes with the formation of a 

microbial bio-film, thus limiting the extent of biodegradation [81]. 

1.5.4 Size of the molecules 

Chain length of the molecules in the polymers affects their mechanical 

degradation, thermal degradation and biodegradation. These degradations 

increase as the size of the molecule decreases [74]. 

1.5.5 Introduction of functionality 

Introduction of carbonyl groups in polyolefins makes these polymers 

susceptible to photodegradation. As the number of chromophores increases the 

rate of photodegradation increases. This is because of the possibility of absorbing 

more photons and initiating the reactions leading to degradation. The carbonyl 

chromophore absorbs near-UV radiation and form radicals by the Norrish Type I, 
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II and H-abstraction processes for photochemical degradation. Chromophores 

other than carbonyl group C=O such as metal-metal bonds, if incorporated into 

polymer backbone, also induce photodegradability. In such a case, metal-metal 

bond cleaves homolytically on irradiation [82].  

1.5.6 Additives 

Metals act as good pro-oxidants in polyolefins making polymers susceptible 

to thermo-oxidative degradation. Upon activation by heat in the presence of 

oxygen, pro-oxidants produce free radicals on the PE chain which undergo 

oxidation and change the physical properties of the polymer [83]. In addition, the 

pro-oxidant catalyzes the chain scission reactions in the polymer. This leads to 

low molecular weight oxidation products containing functional groups like -

COOH, -OH and C=O [84]. Traces of transition metals accelerate thermal 

oxidative processes of polyolefins by inducing hydroperoxide decomposition 

[85]. For example, TiO2 delustrant makes the polyamides susceptible to heat- and 

light induced oxidation [39]. Oxidation of plastic (polyolefin) is influenced by the 

amount of pro-oxidant additives, chemical structure, morphology of plastic 

sample and the surface area [86]. The use of pro-oxidant additives can make the 

polyolefins thermoxo-biodegradable by making the polymer hydrophilic and also 

catalyzing the breakdown of high molecular weight polyolefin to lower molecular 

weight products [87]. Susceptibility of PE to biodegradation is enhanced by 

blending with starch or certain polyesters and biodegradation depends upon the 

type of polymer and the blend composition [88].  

1.5.7 Environmental conditions 

Biodegradation of polymer depends upon environmental conditions such 

as moisture, temperature, oxygen, and suitable population of microorganisms 
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[83]. In warm climates when the relative humidity is higher about 70%, the 

rate of polymer degradation by the microorganisms increases [76]. 

Temperature of the material and the presence of moisture show a considerable 

synergistic effect on the photodegradation of the polymeric materials [89]. 

Weathering is a degradation process and as such is temperature dependent, i.e. 

it will occur more rapidly at higher temperatures. Humidity also affects the 

degradation processes; most weathering processes are considerably slower in 

hot dry climates than in hot wet climates. 

1.6  Biodegradable polymers 

ASTM definition of a biodegradable plastic is “a plastic designed to 

undergo a significant change in its chemical structure under specific 

environmental conditions resulting in a loss of some properties in which the 

degradation results from the action of naturally occurring micro-organisms 

such as bacteria, fungi and algae”(ASTM D 883)[24]. 

1.6.1  Biodegradable polymers from renewable resources 

The materials that make up renewable resources are agricultural products 

and those based on biosynthesis. 

(i)  Agriculture based 

(a)  Cellulose 

Cellulose is a linear condensation polymer consisting of anhydroglucose 

units joined together by β-1,4-glycosidic bonds [90]. Cellulose is readily 

biodegradable and is mineralized by many micro-organisms due to the activity 

of the cellulose enzyme complex which catalyses the hydrolysis and/or 

oxidation of cellulose resulting in the formation of cellobiose, glucose and 
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finally mineralization [90].  Several enzymes have been shown to act 

synergistically in the breakdown of cellulose with endocellulases attacking the 

amorphous regions and cellulases causing random chain scission [91,92].  

 
Fig. 1.7 Cellulose 

(b)  Starch 

Starch can be considered as a condensation polymer of glucose 

consisting of two types, amylose, a linear chain molecule of α-1,4-linked 

D-glucose and amylopectin a branched polymer of α-1,4-linked D-glucose 

with a 1,6-linked D-glucose unit. Due to its function as food storage, starch 

is readily biodegraded through enzyme catalyzed hydrolysis by a number 

enzyme [93]. Various processing techniques have been developed resulting 

in reducing or eliminating amylopectin crystallinity and amylose 

complexation [94].  

 
Fig. 1.8  Starch 
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(ii)  Biosynthesis based 
(a)  Polyhydroxy alkanoates (Bacterial polyesters) 

                

Fig. 1.9 Structures of PHA and PHB 

Polyhydroxyalkanoates (PHA) are polymers produced as intracellular 

storage materials by a variety of bacteria grown under physiologically 

stressed conditions. Poly-β-hydroxybutyrate-co-β-hydroxyvalerate (PHBV) is a 

semicrystalline aliphatic polyester that was first produced commercially by 

Imperial Chemical Industries from the bacteria Alcaligenes eutrophus. The 

effect of crystallinity on the enzymatic degradation of PHBV shows a dramatic 

decrease in the degradation rate with increasing crystallinity [95]. 

(b)  Pullulan 

Pullulan, a biodegradable polysaccharide first described in 1959 [96], is 

a water-soluble extracellular neutral glucose synthesized by the fungus 

Aureobasidiun Pullulans, more commonly reffered to as Pullularia Pullulans. 

The structure of pullulan has been proposed to consist of predominantly  

maltotriose units linked via α-1,6-glycosidic bonds [97]. Pullulan can be 

solution cast from aqueous media, although it has been difficult to process by 

conventional melt processing techniques [98]. Pullulan, like starch begins to 

degrade thermally at approximately at 2500C, then carbonizes and generates 

neither extreme heat nor toxic gas [98,99]. 
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Fig. 1.10 Pullulan 

(c)  Chitin and chitosan 

Chitin is a naturally occurring polysaccharide derived primarily from the 

exoskeleton of shellfish and is described as β-1,4-linked 2-acetamido-2-deoxy-

D-glucose. Chitin is also found in insects and filamentous fungi [100]. Chitin 

has been shown to be readily biodegraded by microorganisms producing 

chitinases and lysozyme and is subsequently mineralized [101,102].  

 
Fig. 1.11 Chitin 

 

    
Fig 1.12 Chitosan 
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Chitosan is deacetylated chitin. This polymer is produced commercially 

from the base catalyzed deacetylation of shellfish waste. Chitosan has also 

been found to exist naturally, being synthesized by zygomycete fungi as part 

of their cell wall. Chitosan has been shown to be biodegraded by chitosanases 

[101,102].  

(d)  Polylactic acid 

Polylactic acid (PLA) is a thermoplastic, aliphatic polyester that can 

be synthesized from biologically produced lactic acid. Currently, the major 

production of polylactic acid is from the ring opening polymerization of 

lactide [103,104]. This material has been used extensively in the medical 

field for sutures, staples and the like and as such is very expensive. 

Recently, it has been found to be biodegradable in a compost environment 

[103,105].   

 
Fig. 1.13 Polylactic acid 

1.6.2  Biodegradable polymers from petroleum derived products 
(a)   Polycaprolactone 

Poly-ε-caprolactone (PCL) is a semicrystalline, thermoplastic, linear 

aliphatic polyester synthesized by the ring opening polymerization of ε-

caprolactone. PCL is readily degraded and mineralized by a variety of micro-

organisms [105]. The degradation mechanism proposed is hydrolysis of the 
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polymer to 6-hydroxy caproic acid, which can then undergo further 

degradation in the citric acid cycle [105]. 

                           
           Fig. 1.14 Polycaprolactone 

(b)  Polyvinyl alcohol 

Polyvinyl alcohol (PVA) obtained by the hydrolysis of polyvinyl acetate 

is the only synthetic carbon chain polymer accepted as fully biodegradable. 

The properties depend on the molecular weight and degree of hydrolysis. The 

common commercial grades of PVA include water soluble PVA which 

contains a degree of hydrolysis of 88% and water insoluble PVA with a degree 

of hydrolysis >98%. PVA has been found to be biodegradable and mineralized 

in various environments, although most of the work has been conducted on 

water soluble PVA [106]. Being water soluble and biodegradable PVA is used 

to make water soluble and biodegradable carriers, paper coatings, in eye drops 

and hard contact lens solution as a lubricant.  

 
Fig. 1.15 Polyvinyl alcohol 
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1.7  PVA based biodegradable polymer blends  

Water soluble and/or biodegradable plastics are now available based on 

thermoplastic starch, polyvinyl alcohol, aliphatic and aliphatic/aromatic co-

polyesters, polylactic acid and blends of these polymers [107]. Extensive 

advances in PVA formulating and processing technology over the past decade 

enable these polymers to be melt-processed as thermoplastics without 

undergoing thermal or shear degradation. Prior to this, PVA was useable only 

in the form of aqueous solutions or solution-cast films [108]. PVA product 

types are now available with controllable water-dissolution temperatures 

ranging from 5-80°C. These can be employed for production of film, sheet, 

fibers, foams, tubing, profile extrusions and moldings by using processes 

including film blowing, sheet casting, thermoforming, extrusion, coextrusion 

and injection and blowmolding. 

Combination of these PVA-based materials with recently developed 

engineered thermoplastic and water-soluble starches now enables economical 

water-soluble blends to be produced which retain many of the high 

performance characteristics of PVA.  

1.7.1  PVA-structure and manufacture 

Unlike most vinyl polymers, PVA is not prepared by polymerization of 

the corresponding monomer. The monomer, vinyl alcohol, almost exclusively 

exists as the tautomeric form, acetaldehyde. Consequently, it is manufactured 

by hydrolyzing polyvinyl acetate, generally in methanolic sodium hydroxide 

[109] as shown in Fig. 1.16 
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Fig.1.16 Synthesis of polyvinyl alcohol from polyvinyl acetate 

The properties of the PVA obtained, such as molecular weight 

distribution and degree of branching, depend upon the structure of the polyvinyl 

acetate precursor which itself depends on the polymerization method used to 

make it. Unlike PVC, PVA properties are largely controlled by hydrogen 

bonding, resulting from the high hydroxyl group content and its ability to 

crystallize. Depending on the degree of hydrolysis, i.e. the proportion of 

unhydrolyzed acetate groups remaining materials with different property 

combinations may be obtained, varying from partially to fully hydrolyzed, with 

differing hydrogen bonding abilities and propensities towards crystallization. 

 
Fig 1.17 Partially and fully hydrolysed forms of PVA 
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Most commercially-available PVA polymer grades are atactic, and the 

degree of crystallinity attainable in practical PVA formulations depends on 

various factors such as the production processes used to make the precursor 

polyvinyl acetate and convert it to PVA, the degree of hydrolysis, the 

molecular weight, the water content and the contents and types of plasticizer 

or other constituents incorporated [110]. Consequently, physical properties 

such as strength, water solubility, gas permeability, and thermal characteristics 

can be manipulated by varying these factors.  Examples of the range of 

standard materials and some typical applications are shown in Table 1.4 [107]. 

Table 1.4 Standard Formulated PVA Grades.(Available from Adept Polymers 
Ltd. under the name of Depart)[107]. 

 

Grade Description Typical Applications 

C-5 Cold water soluble (low 
viscosity) 

Injection & rotational molding 

C-10 Cold water soluble at 
10°C 

Bags (bait bags, detergent sachets); film 
(chemical packaging, cling film); injection & 
blow molding 

C-25 Cold water soluble at 
250C 

Bags (cement additives); film (embroidery & 
weld dam); injection and blow molding 

W-40 Warm water soluble at 
400C 

Bags (dry detergent packing) & film 

W-50 Warm water soluble at 
50°C 

Infected laundry bags: injection and blow 
molding 

W-60 
W-63 

Warm water soluble at 60-
65°C 

Infected laundry and compostable bags 

H-70 Hot water soluble at 70°C 
(low viscosity) 

Injection molding 

H-80 Hot water soluble at 80°C Bags (nuclear waste), film (auto tape, curing 
tape) 
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Table 1.5 shows some typical film properties compared with some other 

common polymers [108]. 

Table 1.5 Typical properties of PVA films compared with traditional film 
materials*. (* Film thickness 25 microns.) 

 

Property PVA Celophane PVC LLDPE 

Clarity (light 
transmitted): % 

60-66 58-66 48-58 54-58 

Gloss (light reflected): 
% 

81 60 80 22 

Tear strength 
(Elmendorf): g 

260-3000 20-40 390-780 290-980 

Tensile strength: MPa 40-90 55-131 20-76 17-19 

Eongation at brek: % 110-400 - 5-250 50-600 

1.7.2  Toxicity of PVA 

PVA polymers are non-toxic and formulated products can maintain this 

nontoxicity by selection of non-toxic plasticizers and other formulating 

components. PVA-based materials have been approved as indirect food 

additives, for food contact, and for drug delivery purposes and tablet coatings 

by the US FDA and the EU [111]. 

1.7.3  Biodegradability of PVA 

PVA is inherently biodegradable. Biodegradation has been observed by 

at least 20 different genera of bacteria and several yeasts and molds which 

occur in activated sludge, compost, facultative ponds, landfills, anaerobic 

digesters and septic systems and in natural soil and aquatic environments. The 

degradation mechanism is unusual since it occurs randomly along the PVA 
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polymer chain unlike many other polymers which primarily degrade from the 

chain ends. Several mechanisms participate, involving oxidation of hydroxyl 

groups to ketone groups and then formation of acetic acid, alcohols and 

ketones which are further metabolized to carbon dioxide and water [112-115].  

PVA is completely degraded and utilized by a bacterial strain, 

Pseudomonas O-3, as a sole source of carbon and energy. However, PVA-

degrading microorganisms are not ubiquitous within the environment.  Almost 

all of the degrading strains belong to the genus Pseudomonas although some 

do belong to other genera [116]. Generally the carbon-carbon linkage of PVA 

is degraded either by the enzymes dehydrogenase or oxidase, which is further 

degraded by the action of hydrolase or aldolase to form simple compounds. 

Sturm (aquatic) biodegradation tests (ISO FDIS 14852) show that PVA-based 

formulations degrade in the presence of activated sewage sludge at a similar 

rate to cellulose [108,117].  

1.8  Biodegradability of polyethylene  

PE is a stable polymer, and consists of long chains of ethylene 

monomers. PE cannot be easily degraded with microorganisms. However, it 

was reported that lower molecular weight PE oligomers (MW = 600-800) were  

partially degraded by Acinetobacter sp. 351 upon dispersion, while high 

molecular weight PE could not be degraded [118]. Biodegradability of PE can 

also be improved by blending it with biodegradable additives, photo-initiators 

or copolymerization [119-121].  

Environmental degradation of PE proceeds by synergistic action of 

photo-and thermo-oxidative degradation and biological activity. When PE is 

subjected to thermo- and photo-oxidization, various products such as alkanes, 
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alkenes, ketones, aldehydes, alcohols, carboxylic acid, keto-acids, dicarboxylic 

acids, lactones and esters are released. Blending of PE with additives generally 

enhances auto-oxidation, reduces the molecular weight of the polymer and 

then makes it easier for microorganisms to degrade the low molecular weight 

materials. It is worthy to note that despite all these attempts to enhance the 

biodegradation of PE blends, the biodegradability due to microbial activity on 

the PE part of the blends is still very low. Phanerochaete chrysosporium has 

also been found to degrade starch blended LDPE in soil [122]. 

High molecular weight polyethylene is also degraded by lignin-

degrading fungi under nitrogen-limited or carbon-limited conditions, and by 

manganese peroxidase. Fungi like Mucor rouxii NRRL 1835 and Aspergillus 

flavus and several strains of Streptomyces are capable of degrading 

polyethylene containing 6% starch. Degradation was monitored from the 

changes in the mechanical properties like tensile strength and elongation 

[123]. No microorganism or bacterium has been found so far that could 

degrade PE without additives [124]. 

Modification of backbone through copolymerization and through 

anchoring monosaccharide with polyolefin or blending with nutrients and 

biodegradable fillers makes the plastic degradable [125-128]. These 

micronutrients help the growth of specific microorganisms thus inducing 

biodegradability and through the incorporation of polar functional groups which 

can serve as points of microbial attack [129,130]. Biodegradation of PE occurs 

through two mechanisms: hydro-biodegradation and oxo-biodegradation [131]. 

These two mechanisms work successfully on the modified PE (by additive 

starch) making the material hydrophilic. Chiellini et al. [132] have reported the 

oxidative degradation of PE film containing pro-oxidant additives. Some 
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strains of bacteria such as Pseudomonas aeruginosa, Pseudomonas 

fluorescens and fungi Penicillium simplicissimum have been reported as the 

most commonly used organisms for the plastic degradation [133,134].  

1.9  Mechanism and methods of biodegradation 

1.9.1 Mechanism of biodegradation 

Biodegradation of polymers occurs through four different mechanisms: 

solubilization, charge formation followed by dissolution, hydrolysis and 

enzyme-catalyzed degradation [135,136]. 

(a)  Solubilization.  

The hydration results from disruption of secondary and tertiary structure 

stabilized by van der Waals forces and hydrogen bonds. During and after 

hydration, the polymer chains may become water soluble and/or the polymer 

backbone may be cleaved by enzyme-catalyzed hydrolysis to result in loss of 

polymer strength [137].  

(b)  Ionization. 

Some polymers show water insolubiliey initially but become solubilized 

by ionization or protonation of a pendent group. Polyacids become soluble at 

high pH and become hydrophilic [138]. Cellulose acetate phthalate becomes 

water soluble at a pH > 6, while poly(vinyl acetate phthalate) is ionized at a 

lower pH [139]. 

(c)  Hydrolysis 

Hydrolysis of the polymer backbone is most desirable since it produces 

low molecular weight by-products. Natural polymers undergo degradation by 
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hydrolysis whereas synthetic polymers are water insoluble. For hydrolysis to 

occur, the polymer has to contain hydrolytically unstable bonds, which should 

be reasonably hydrophilic for the access of water.  

(d)  Microbial degradations  

Microbial degradation results from the action of naturally occurring 

microorganisms such as bacteria, fungi, algae, etc [140]. Addition of natural 

polymers to thermoplastics is one of the approaches to enhance biodegradability 

[141]. 

1.9.2 Methods for biodegradation  

(a)  Soil burial method 

Soil burial method is one of the frequently used methods for the 

determination of biodegradability of plastics [142,143]. In this method, 

biodegradation test is performed under natural or laboratory conditions. 

Samples with definite weight and dimension are buried to a specific depth in 

the soil for different time intervals.  

(b)  Pure culture method  

In pure culture method, pre-weighed disinfected films are aseptically 

added to sterilized culture medium and films in culture medium are incubated 

with shaking for 24 h before inoculation to ensure asepsis. The presence of 

microbes can be confirmed by using a microscope [144].  

(c)  Compost method 

In this method, a definite weight of the dry plastic is subjected to the 

mixture of definite amount of mature compost and then incubated at 580C with 
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moisture content maintained at 65%. Biodegradation is measured based on the 

amount of material carbon converted to gaseous CO2 [145].  

1.10 Photodegradability of polyethylene  

In the absence of oxygen, pure polyethylene is a relatively stable 

material under ultraviolet radiation. After long exposure to UV light of short 

wavelength (254 nm) in a vacuum or in a nitrogen atmosphere, chain scission 

and hydrogen abstraction occur. Also crosslinking and evolution of hydrogen 

are observed [146].  

Degradation of PE is influenced by a great extent of its crystallinity. It has 

long been known that branched polyethylene oxidizes faster than linear 

polyethylene, and it has been discovered that its oxidation rate is roughly 

proportional to the amount of amorphous fraction present. This suggests that the 

oxidation of semicrystalline polyethylene is restricted to its amorphous region. It 

was subsequently discovered that the crystalline region absorbs practically no 

gas which implies that oxygen is simply not available in the crystalline region. 

Based upon these facts, polyethylene of low crystallinity has a high rate of 

carbonyl formation and a low concentration of radicals [28]. 

During extensive studies of photo-degradation and photo-oxidation of 

polyolefins in the past decade, the initiation mechanism has been discussed in 

connection with various chromophoric species such as carbonyl groups, 

hydroperoxides, metallic impurities, polynuclear aromatics (PNA), oxygen-

polymer charge transfer complexes, and so on. For the photo-oxidation of low-

density polyethylene (LDPE) the following order of importance of the 

chromophoric  impurities is given by Scott [147]: 
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                  -OOH > >C=O > [>C=C<…..O2] complex  

The author also concluded the following order of effect of the impurities 

on the photodegradation of  HDPE [148].  

        Extracted precipitates >> >C=O >PNA ≈ -CH=CH- 

Carbonyl species have long been considered the main chromophores for 

the photodegradation of polyolefins.  

1.11  Mechanism and methods of photodegradation  

1.11.1 Mechanism of photodegradation 

In photooxidative degradation, initially (Scheme 1.1) short-lived singlet 

state is transformed to long-lived triplet state [149]. Excited triplet states may 

cleave the polymer chains and form radical pairs (Norrish Type I reaction) or 

form pairs of saturated and unsaturated chain ends by hydrogen transfer 

(Norrish Type II reaction) [150]. The polymer radicals thus formed may add 

molecular oxygen (in triplet ground state) to peroxy radicals. These, in turn,  

abstract hydrogen and form hydroperoxide groups which absorb UV light or 

become excited by energy transfer. The weak O-O bonds break and pairs of 

alkoxy and hydroxyl radicals are formed which may react in various ways, e.g. 

by hydrogen abstraction, chain scission, rearrangement, etc. and accelerate 

photodegradation [151]. Double bonds may add excited oxygen molecules in 

singlet state. In photo-oxidative degradation, the mechanism involves an auto-

oxidation cycle comprising of various steps shown in scheme 1.1 
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                                 Scheme 1.1 Photo-oxidative degradation 

(a)  Initiation 

Different initiation steps under varied conditions have been noticed in 

different polymers. 

(i)  Photosensitized cleavage. Photosensitizers are highly photosensitive, 

readily get excited on exposure to light and are generally employed to 

bring about effective homolysis of the polymeric chains which otherwise 

do not undergo sufficient photo-excitation at the frequency of light 

available to the system.  

(ii)  Catalyst residues as source of generation of radicals. Some metal 

salts and their oxidation products when added to the polymers act as 

catalysts to generate free radicals [152]. Polymerization catalysts such as 

transition metals (Ti) may remain in polyolefins at 2-100 ppm, 

depending on workup and catalyst efficiency. These residues have been 
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implicated in both photo- and thermal stability problems. For example, 

TiO2 is a well-known photosensitizer for polyamide and polyolefin 

degradation and absorbs at 480 nm. Photosensitization involves the 

formation of highly reactive species including atomic oxygen, ·OH, 
·OOH and O·

2. The primary process involves the promotion of the Ti 

electron to the conduction band of the semiconductor to form an 

electron-positive hole pair. The relative proportions of the reactive 

species depend on the presence of water. No TiO2 sensitization will be 

observed unless both oxygen and water are present [39]. 

(iii)  Incorporation of carbonyl groups. Carbonyl groups formed by mild 

oxidation of polymer during synthesis or processing act as chromophores 

and become source of the initiation radicals. Carbonyl chromophore 

absorbs near-UV radiations and subsequently forms radicals following 

Norrish Type I, Norrish Type II and H-atom abstraction processes [153]. 

(iv)  Introduction of peroxides and site of unsaturation The peroxides or 

C=C sites become source of initiation radicals [151]. The near UV 

component of sunlight (280-390 nm) is energetic enough to cleave C-C 

bond and C-heteroatom bonds provided that light of the appropriate 

wavelength is absorbed. In the case of unsaturated polymers, light 

generated singlet oxygen 1O2 reacts with an unsaturated site by way of an 

‘‘ene’’ reaction and starts chain oxidation [39]. 

(b)  Propagation reaction 

The propagating reactions of auto-oxidation cycle are common to all 

carbon backbone polymers. These reactions lead to generation of 

hydroperoxide species and are not directly led to backbone cleavage but are 
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the key intermediates to further reactions as shown in Scheme 1.1. 

Hydroperoxide species generated in propagating step lead to backbone 

degradation through cleavage of hydroperoxide O-O bond followed by β-

scission. The scission process generates two chain ends that are free to 

restructure, and can often lead to increase in crystallinity as oxidative 

degradation proceeds [39, 51].                                                                                   

(c)  Termination reactions  

This occurs naturally by combining free radicals or assisted by using 

stabilizers in the plastic.  Peroxide radicals eventually terminate by reaction 

with other radicals to give dialkyl peroxides, carbonyl species or alcohols [39]. 

1.11.2 Methods for photodegradation 

(a)  Natural weathering   

Outdoor exposure can be performed on samples mounted on testing 

racks, oriented under standard conditions to expose the material to the full 

radiation spectrum besides the temperature and humidity of that location [29]. 

In order to observe the aging of the material, it is characterized with respect to 

mechanical properties (elongation at break, tensile properties or impact 

strength) and visible characteristics, such as crack formation, chalking, and 

changes in color [154]. The alterations in the polymeric materials on exposure 

can be characterized by FTIR spectroscopy and ultra violet/visible (UV/vis) 

spectroscopy [155,156]. 

(b)  Artificial weathering/laboratory test 

Pure laboratory testing involves using environmental chambers and 

artificial light sources to approximately replicate outdoor conditions but with a 
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greatly reduced test time under highly controlled conditions. Laboratory 

testing can quickly assess the relative stability of plastics but has the major 

disadvantage that the quicker the test the lower is the correlation to real 

behavior in the field [157].  

1.12  Biodegradation of photodegradable polyolefins  

About 80% of all plastic packing materials consist of polyolefins [158]. 

With the increase in the amount of plastic packaging, the plastic litter problem 

has become threatening. Litter is a highly visible national concern. This 

situation can be improved if polyolefin packaging materials are made both 

photodegradable and biodegradable. 

Polyoefin films have been used as agricultural mulch films to retain 

moisture, increase the soil temperature and inhibit weeds. It is necessary to 

remove these films from the fields after use. This kind of work is expensive 

and unattractive. When photodegradable polyolefins are used for mulch films, 

the situation becomes more favorable. The action of sunlight during the 

growing season causes the embrittlement of the film [159]. Once the film is 

broken up, the minute pieces may be ploughed into the soil. Even further 

degradation of the film pieces to CO2 and H2O is expected if microbial 

assimilation of the polymers is possible and thus there will be no harmful 

effects on plants.  

Generally, polyolefins are not easily biodegraded. It is commonly 

considered that the high molecular weight of polyolefins is one of the major 

factors inhibiting their biodegradation [160-162]. 
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The attack on polymeric materials by micro-organism is due to the 

action of an enzyme produced by the living organism. Because of its 

hydrophobic nature, the common polyolefin is not easily penetrated by 

enzymes. The introduction of hydrophilic groups into polyolefins therefore 

makes it easy for enzyme to penetrate into the polymer molecule. From this 

point of view it is understandable that the photodegraded polyolefin which 

already has hydrophilic groups is ready to undergo microbial assimilation. 

Photodegraded polyolefins of low molecular weight (c.2000) containing 

carbonyl groups were reported to be biodegradable when in contact with soil. 

From a measurement of the net oxygen uptake by fungi the complete 

biodegradation of these samples was estimated to occur in about 4 years 

[163,164]. 

1.13  Characterization of degraded polymers  

The methods available to measure the deterioration of a photo-oxidised 

or weathered polymer are many and varied. Their validity obviously depends 

on the nature of the material and the mode of deterioration. 

1.13.1 Mechanical properties 

Tensile strength, elongation and modulus measurements have generally 

been the basic assessment techniques for weathering trials [165,166].  

1.13.2 Physical properties 

Dimensional changes and changes in weight can prove simple means of 

following deterioration. Exposure can often affect the appearance of a 

polymer. Loss of gloss is often one of the first indications of such deterioration 

(ISO 4582).  As degradation proceeds, surface flaws can develop which apart 



Chapter -1 

 40 

from serving as stress centers for mechanical failure, tend to reduce the 

transparency of clear polymers.  

1.13.3 Gel permeation chromatography 

GPC analysis has to a great extent replaced solution viscosity 

measurements. The broadening of molecular weight distribution occurs 

after exposure indicating that branching as well as scission processes are 

involved. This is confirmed by an increase in the ratio Mz/Mw with 

exposure time.  

1.13.4 Fourier transform infrared spectroscopy  

IR spectroscopy is one of the most popular techniques for studying the 

chemical changes brought about by polymer degradation. It has been used for 

both qualitative and quantitative characterization of degradation products 

[167-171]. The chemical changes resulting from polymer ageing involve the 

formation of various functional groups at rates that are strongly dependent on 

the chemical structure of the polymer. The main chemical species detectable 

by infrared spectroscopy are hydroxyl and carbonyl groups [172]. The 

formation of these groups generally leads to visible changes in the infrared 

spectrum, with carbonylated products and hydroxyl and hydroperoxy 

compounds appearing in the regions of 1850-1550 cm-1 and 3700-3200 cm-1 

respectively [168,173]. Associated hydroperoxides and hydrogen-bonded 

hydroxyl groups are known to give rise to a band around 3400 cm-1 in the 

infrared spectrum [172-174] with free hydroperoxides appearing at around 

3560 cm-1 [174].   

The absorption bands of the degradation products often overlap to form 

complex absorption bands, which complicates their identification. From the 



Introduction and literature survey 

 41 

hydroxyl and carbonyl groups, degradation products such as peroxides, 

alcohols, carboxylic acids, ketones, aldehydes, esters and γ-lactones can be 

identified by means of derivatisation reactions [168,175]. This method usually 

involves the treatment of oxidised samples with a reactive gas that can 

selectively convert degradation products. This leads to the disappearance of 

some bands in the infrared spectrum and the appearance of some new bands of 

the derived products. 

FTIR has also been useful in determining changes in unsaturation of PE 

during degradation [172,176]. The unsaturated groups typically detected, 

include vinylidene end groups (characteristic bands at 889 and 1684 cm-1) 

terminal vinyl groups appearing at 910cm-1 and trans-vinylenes at 965 cm-1. 

The extent of degradation within the polymer samples is often determined on 

the basis of their carbonyl index [169,177-179]. Changes in the carbonyl index 

of different polymer materials as a function of degradation time or temperature 

are a convenient way for comparing the degradation behavior of different 

polymer systems. 

1.13.5 Differential scanning calorimetry 

Differential scanning calorimetry is another technique often used to 

obtain information on the degradation behavior of polymers [180-182]. 

Changes in the peak temperatures and shape of melt endotherms as well as the 

overall percentage crystallinity, can supply information on the susceptibility of 

different crystalline phases or arrangements to degradation. 

1.14  Application of biodegradable and photodegradable plastics  

Biodegradable polymers are now being considered as an alternative to 

the existing largely nonbiodegradable petrochemical-based polymers 
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[183,184]. New applications based on synthetic polyester-based biodegradable 

polymers have been commercialized, especially in the packaging industry, 

paper coating and garbage bags. These polyesters are made using modified 

polyethylene polymerization processes and as blends.  

Fully biodegradable synthetic polymers are commercially available since 

1990. Among these biopolymers, PLA was extensively studied in medical 

implants, suture, and drug delivery systems since 1980s due to its 

biodegradability. PLA has been attractive for disposable and biodegradable 

plastic substitutes due to its better mechanical properties. Starch may offer a 

substitute for petroleum-based plastics. Starch is a renewable, degradable 

carbohydrate biopolymer that can be purified from various sources by 

environmentally sound processes. It is a relatively low-cost polymer available 

from agricultural surplus with potential thermoplasticity.. Another widely 

available carbohydrate material is cellulose, which is biodegradable, but 

cannot be thermally processed because it decomposes before melting. High 

molecular weight of starch provides better stability and physical strength but 

decreases the moldability [184,185].  

Photodegradable plastics are a meaningful approach for beverage can 

loops which will rapidly photodegrade and reduce the prospects of injury and 

death to various creatures. Their use in agricultural mulches is a practical 

means of improving the cultivation of various plants. However, long-term 

considerations need to be explored further to determine whether the 

accumulation of polyethylene residues in soil over many years is ecologically 

sound [186]. 
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1.15  Scope and objectives of the present work 

Polyethylene is a thermoplastic widely used for packaging applications 

because of its high tensile strength, elongation at break, good barrier properties 

against waterborne organisms, lower cost, higher energy effectiveness, light 

weight and good water resistance. However, polyethylenes are normally not 

degradable because of their hydrophobicity, high molecular weight, absence of 

polar groups, relative impermeability to oxygen, chemical inertness etc. 

 Biodegradable plastics are an innovative means of solving the plastic 

disposal problem from the standpoint of development of new materials. 

Incorporation of pro-oxidant additives represents a promising step in solving 

the problem of environmental contamination by polyethylene films. Pro-

oxidants accelerate photo oxidation and consequent polymer chain cleavage 

apparently rendering the product more susceptible to biodegradation.  

Transition metals like Co, Mn, Fe especially in the form of carboxylates, 

have been employed to initiate degradation in polyethylene films [187]. White 

pigments like oxides of titanium and zinc are also used to induce degradation 

in polyolefins.  

When pro-oxidants are introduced into the polymer matrix degradation 

proceeds faster than under normal conditions. The use of pro-oxidant additives 

can make the polyolefins themoxo-biodegradable by making the polymer 

hydrophilic and also catalyzing the breakdown of high molecular weight 

polyolefin to lower molecular weight products. Weathering produces cracks 

and grooves on the surface of the materials and when these materials are 

subjected to biodegradation studies microorganisms can easily attack the 

polymer matrix.  
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The objectives of the present work are spelt out below 

 To develop LLDPE/PVA blends in the laboratory and do their 

characterization. 

 To subject these blends to weathering in the presence of pro-

oxidants namely TiO2 (both rutile and anatase grades) and cobalt 

stearate in combination with vegetable oil and evaluate the 

changes. 

 To subject these blends to UV irradiation again in the presence of 

pro-oxidants and evaluate the changes. 

 To conduct biodegradation studies on the degraded samples from 

the above experiments in culture medium and in garden soil and to 

evaluate the changes.  

 To develop a process for preparing nano-TiO2 for pro-oxidant 

usage and do the characterization. 

 To make a comparative study of these processes to decide upon the 

best way to achieve maximum degradability. 
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2.1 Introduction 

Conventional polymers such as polyethylene and polypropylene persist 

for many years in the environment after disposal. These polymers are 

characterized by high molecular weight, chemical inertness, hydrophobicity, 

relative impermeability to oxygen, etc. which make them resistant to microbial 

attack. These properties, at the same time, impose enormous restrictions on the 

design and development of biodegradable materials from these polymers [1,2]. 

It has been estimated that polyethylene biodegrades less than 0.5% in 100 

years and about 1% if pre-exposed to sunlight for 2 years [3]. Therefore, 

recycling and degradation of plastics are important issue for environmental 

and economic reasons [5,6]. 

Attempts to produce environmentally degradable, low cost, plastic 

materials from polyolefines date back to the second half of the 20th century 

[4]. Griffin, [7,8] introduced the idea of increasing the biodegradability by 
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adding a biodegradable ingredient to the polymer material. When a 

biodegradable component is present, microorganisms readily attack it thereby 

increasing the porosity of the material and resulting in a mechanically 

weakened matrix. The surface area will also increase making it more 

susceptible than the original material to all degradation processes including 

biodegradation [9].   

Poly(vinyl alcohol) (PVA) is the only carbon-carbon backbone polymer 

that is biodegradable under both aerobic and anaerobic conditions [10]. PVA is 

widely used in the industrial field and recently it has attracted increasing 

attention as a water-soluble biodegradable polymer.  It is used as a moisture 

barrier film for food supplement tablets that need to be protected from 

moisture uptake. Most recently, PVA has been used in pharmaceutical and 

biomedical applications for controlled drug release tests due to its degradable 

and non-toxic nature [11].  

Linear low density polyethylene (LLDPE) is the common name for 

copolymers of ethylene with α-olefins: butene, hexene, octene and 4-methyl- 1 

–pentene [12]. LLDPE has higher tensile strength and higher impact and 

puncture resistance than LDPE. It is very flexible and elongates under stress. It 

can be used to make thinner films, with better environmental stress cracking 

resistance.  

This chapter describes the attempts to improve the biodegradability of 

LLDPE by blending it with a biodegradable component. LLDPE was blended 

with PVA and mechanical, thermal and biodegradation properties were 

investigated. The biodegradability of LLDPE/PVA blends has been studied in 

culture medium and soil environment over a period of 15 weeks. Changes in 
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various properties of blends before and after degradation were monitored using 

FTIR spectroscopy, DSC and SEM among other things.  

2.2 Experimental 

2.2.1  Materials 

 Film grade LLDPE (LL20FS010) used in this study was supplied by 

Reliance Industries Ltd, Mumbai, India. It has a melt-flow index of 1g/10min 

at 1900C and a 2.16kg load. The density of the LLDPE sample is 0.920g/cm3. 

Hot water soluble polyvinyl alcohol (99% hydrolyzed) used in this study was 

industrial grade obtained from Rolex Chemical Industries, Mumbai. Molecular 

formula is (C4H10O)n, viscosity at 4% concentration in water at 200C, 3mPa.s. 

2.2.2  Blend preparation 

Different blends were prepared by melt mixing [13] method using a 

Thermo Haake Polylab System (Rheocord 600p) (Fig.2.1). The mixing 

chamber has a volumetric capacity of 69cm3 and is fitted with roller type 

rotors. The rotors rotate in opposite directions in order to cause a tearing action 

on the material mostly by shearing the material against the walls of the mixing 

chamber. The granules in the desired proportion are fed to the mixing chamber 

through a vertical chute with a ram. There is a small clearance between the 

chamber wall and the rotors which rotate at different speeds. In these 

clearances dispersive mixing takes place. The shape and motion of rotors 

ensure that all particles undergo high intensive shearing flow in the clearances.  
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Fig. 2.1 Thermo Haake Polylab system 

The mixer consists of three sections and each section is heated and 

controlled by its own heater and temperature controller. Since mechanical 

dissipation of heat takes place in the small gap between rotors and chamber, 

the heat flows to the centre and the temperature of the charge rises. At this 

point the heater is shut off and circulation of cooling air activated. In this case, 

the rotor rpm was maintained at 50. LLDPE was added first followed by PVA.  

The mixing temperature was 1950C and the total mixing time was 10 minutes. 

LLDPE films have  been designated as L0, L5, L10, L15, L20, L25 and L30 

for pure LLDPE and that containing 5%, 10%, 15%, 20%, 25% and 30% of 

PVA respectively. 

In this work compatibilisation between the blends was not attempted. It 

is seen from literature that compatibilising a blend increases its resistance to 
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biodegradation [14]. So inspite of well known methods for compatibilisation 

[15] the blends were used as such for the studies. 

2.2.3  Molding 

The LLDPE/PVA blends were compression molded into sheets with the 

help of a flash mould and an electrically heated hydraulic press. A definite 

weight of the material was placed in the mould and initially heated for one 

minute without applying any pressure to ensure uniform heat flow through the 

material and the molding was subsequently completed by applying pressure 

for 2 more minutes. The molding temperature and pressure were 195oC and 

200MPa respectively. The sheet thus obtained was removed from the press 

after cooling to room temperature.  

2.2.4  Mechanical properties 

Changes in mechanical properties, i.e. tensile strength, elongation at 

break and modulus, were studied according to ASTM D 882–02 [16], in a 

Universal Testing Machine (Shimadzu Autograph AG-I Series). One grip is 

attached to a fixed and the other to a movable (power driven) member so that 

they will move freely into alignment as soon as the machine is started. The test 

specimen was held tight by the two grips, the lower grip being fixed. Six 

samples of each specimen were strained at a rate of 50mm/min at room 

temperature and average values of tensile strength, elastic modulus and 

elongation at break were determined. The length between the jaws at the start 

of each test was fixed as 40mm. The tests were undertaken in an air-

conditioned environment at 210C and a relative humidity of 65%. The various 

parameters determined from the tensile testing are: 
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1) Tensile strength: It is measured as the force measured by the load 

cell at the time of break divided by the original cross sectional area 

of the sample at the point of minimum cross section. 

2) Tensile modulus: It is the slope of the linear portion of stress-strain 

curve. 

3) Elongation at break: It is the elongation of the specimen at break. 

It was measured in terms of its initial length (L0) and final length 

(L1) and is given as, 

1 0

0

( ) 100L LElongation at break
L
−

= ×  

2.2.5  Water absorption studies 

Water absorption studies were carried out according to ASTM D 570 

[17]. This test method covers the determination of the relative rate of 

absorption of water by the blend when immersed. Three moulded specimens 

(7.5cm×2.5cm) of each composition (L0 to L30) were dried in an oven under 

vacuum for 24 h at 550C, cooled in a desiccator and immediately weighed to 

the nearest 0.001g. The conditioned samples were placed in a container of 

distilled water maintained at room temperature, i.e. 270C. The samples were 

then retrieved weekly from the water one at a time, gently blotted with tissue 

paper to remove the excess of water on the surface, weighed to the nearest 

0.001g immediately, and replaced in the water. The weighing was repeated at 

the end of every week for 5 weeks and the average of 3 values was recorded. 

Percentage increase in weight during immersion was calculated to the nearest 

0.01% as follows. 
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                      %Wf = Ww-Wc/Wc × 100 

where, Wf   is the final increased weight percentage, Ww the wet weight and 

Wc is the conditioned weight of the testing samples. 

2.2.6  Degradation studies 

The degradation studies on the samples were done in two environments: 

1) garden soil and 2) culture medium containing Vibrio sp. isolated from 

marine benthic environment. 

2.2.6.1 Biodegradation in culture 

Biodegradation of the samples were carried out using a consortium 

consisting of four PVA degrading Vibrio sp. isolated from benthic marine 

environment, according to ASTM D 5247–92 [18].  Bacterial  cultures isolated 

from sediment samples collected from different locations of Cochin back 

waters and Mangalavanam mangroves, identified as genus Vibrio and 

maintained in the culture collections of Microbial Genetic Lab, Dept. of 

Biotechnology, Cochin University of Science and Technology were utilized in 

this study.  

2.2.6.1.1 Screening of microorganisms for PVA degradation  

PVA minimal agar plates were used for primary screening for PVA 

degradation [19]. All the isolates were spot inoculated onto PVA minimal agar 

plates and incubated at 37ºC for 2 days and a zone of clearance around the 

colony after flooding the plates with iodine-boric acid solution [20] indicated 

PVA degrading ability.  PVA degrading Vibrios were selected based on the 

zone diameter around the colonies to form a consortium to conduct the 

degradation studies.  
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2.2.6.1.2 Medium for biodegradation studies  

Minimal medium was used for testing the degradation of the bioplastics.    

The PVA minimal medium [19] contains,  

PVA   -  0.21 % 

MgSO4.H2O -  0.05 % 

NH4NO3  -  0.5 %  

KH2PO4  -  0.1 % 

NaCl    -  0.05 % 

Yeast extract  -  0.023 % 

pH                  -  6.8 

2.2.6.1.3 Preparation of consortia for biodegradation studies 

Four strains (Strain BTTV4, BTTC10, BTTC27 & BTTN18) that  produced 

the largest halo zone (diameter in mm) around the colony on PVA minimal agar 

medium formed the consortium used to  study the microbial degradation of 

PVA/LLDPE plastic films in shake flask conditions, and were grown to        

OD600 =1.00.   The culture suspension was centrifuged to harvest the cells and the 

cells were resuspended in physiological saline for use as inoculum. 1 ml of each 

culture was aseptically transferred to the minimal media. 

2.2.6.1.4 Preparation of inoculum and shake flask culture   

The inoculum was prepared as follows - The individual isolates of the 

consortium grown overnight at 37OC at 120 rpm on an Orbitek shaker 

(Scigenics, India) in nutrient broth (Himedia, Mumbai) pH 7.0 ±0.3 with 1% 

NaCl, were harvested by centrifugation at 5000rpm (2292g) for 20 minutes, 

washed with physiological saline and then pooled.  5 ml of this pooled culture 
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(OD600 = 1) was used to inoculate 50mL PVA minimal medium [19] 

containing strips of LLDPE/PVA blends.  Incubation was in an Orbitek 

environmental shaker (Scigenics Pvt. Ltd, Chennai, India) at 370 C and 120 

rpm for a total period of 15 weeks with regular sampling.  

The LLDPE/PVA blends were wiped with 70% alcohol to make them 

bacteria free. They were subjected to microbial degradation using the consortium 

of PVA-degraders in the PVA minimal medium [19], with LLDPE/PVA blends 

for a total period of 15 weeks with regular sampling for analyzing the level of 

degradation. Tensile strength, FTIR spectra and scanning electron micrographs 

(SEM) of these LLDPE/PVA blends were compared with those of the control 

specimens (in the absence of bacteria) to indirectly estimate the extent of 

microbial degradation. The experiments were performed in triplicate. 

2.2.6.2 Biodegradation in soil environment 

Biodegradability in soil was also tested by burying the samples in garden 

soil for 15 weeks according to ASTM D 5338-98 [21]. Prior to burying, 

inoculums of PVA degrading microorganisms were applied to the soil. These 

inoculums were the same as that used in the culture medium studies. 

2.2.7  Spectroscopic studies 

Fourier transform infrared (FTIR) spectra of virgin LLDPE and 

LLDPE/PVA blends (films) were obtained from FTIR-Avatar 370 (Thermo 

Nicolet) equipment by the absorption of electromagnetic radiation in the 

frequency range 400-4000 cm-1. Different functional groups and structural 

features in the molecule absorption at characteristic frequencies. The 

frequency and intensity of absorption are the indication of the structural 

features of the molecule.  
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2.2.8 Thermogravimetric analysis  

TGA of PVA/LLDPE blends were done for thermal characterization 

prior to biodegradation. The thermogravimetric (TG) and derivative 

thermogravimetric (DTG) analysis of the samples were carried out on a TGA 

Q-50 (TA Instruments) thermal analyzer under nitrogen atmosphere.  Sample 

weights varied from 5 to 15mg. The thermograms were recorded for the range 

from room temperature to 8000C at a heating rate of 200C/min.The nitrogen 

gas flow was 50-70cm3/min. The maximum degradation temperature (Tmax), 

the onset degradation temperature (Tonset), and the percentage residual weight 

were found out. 

2.2.9 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a technique in which the 

difference in energy inputs into a substance and a reference material is measured 

as a function of temperature whilst the substance and the reference material are 

subjected to controlled temperature program [22]. Crystallinity studies were 

conducted using a Differential Scanning Calorimeter TA Q-100(TA Instruments) 

under nitrogen atmosphere. Samples of 5-10mg were taken and heated in nitrogen 

atmosphere from -50 to 1500C at a heating rate of 300C/min and kept at 1500C for 

one minute in order to erase thermal history. Cooling was then performed at a rate 

of 100C/min from 1500C to -500C followed by a second heating from -50 to 

1500C at the same rate, resulting in endothermic curves. The heat of fusion was 

calculated by integrating the areas under the endothermic curve.  The degree of 

crystallinity was obtained from the following ratio [23],  

                          
W f

f

f

H
H

ityCrystallin ×
∆

∆
= 0%
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where ∆Hf is the melting enthalpy of the samples, ∆H0
f is the  melting enthalpy of 

100% crystalline LLDPE and Wf is the weight fraction of LLDPE in the blend.      

2.2.10 Scanning electron microscopy 

The scanning electron microscope (SEM) is a type of electron microscope 

that images the sample surface by scanning it with a high energy beam of 

electrons in a raster scan pattern.  A scanning electron microscope (JEOL Model 

JSM-6390LV) was used in this case to study the surface morphological changes 

after the biodegradation of the samples.  Additionally, SEM was employed to 

study the fracture surfaces of the biodegraded samples after tensile testing. The 

fractured ends of the specimens were mounted on a metallic stub and were sputter 

coated with a thin layer of gold to make them conducting. 

2.3  Results and discussion 
2.3.1  Mechanical properties 

 
Fig. 2.2  Variation of tensile strength with the concentration of PVA in 

LLDPE/PVA blends  
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Fig. 2.2 shows the variation of tensile strength of LLDPE/PVA blends. 

The tensile strength of these blends tends to decrease on addition of PVA. It 

can be seen that there is only a slight drop of tensile strength with addition of 

up to 15% of PVA. The fall in tensile strength is more noticeable beyond a 

PVA concentration of 15%. The reduction observed was due to the poor 

interfacial adhesion between the PVA and LLDPE phases which causes poor 

stress transfer between matrix and the dispersed phase. 

Polyvinyl alcohol is highly hydrophilic as it contains hydroxyl groups on 

its surface whereas LLDPE is nonpolar. Therefore, in such a system, the 

formation of strong interfacial bonds like hydrogen bonds is not feasible [23]. 

This is because at higher PVA contents, PVA-PVA interaction becomes more 

pronounced than PVA-PE interaction.  

 
Fig. 2.3 Variation of elongation at break with the concentration of PVA 

in LLDPE/PVA blends 
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 The elongation at break (Fig.2.3) also shows the same trend as that of 

tensile strength. The drop in elongation of the blends becomes more drastic as 

the PVA content is increased. Several researchers [24-26] also report similar 

trends on mechanical properties of incompatible blends. The absence of a 

compatibilizer resulted in poor adhesion between PVA particles and LLDPE 

matrix. This leads to easier crack propagation. 

 
Fig. 2.4  Variation of elastic modulus with the concentration of PVA in 

LLDPE/PVA blends  

Fig. 2.4 shows an increase in elastic modulus of the blends with increase in 

PVA content. It shows an increase with the increase in PVA content. Modulus 

increased due to the stiffening effect of PVA, PVA being stiffer than LLDPE. The 

hydrogen bonds in PVA give it a much higher modulus than semicrystalline 

polymers such as LLDPE which have no hydrogen bonding. Hence the elasticity 

of the blend falls and the average stiffness increases as PVA tends to agglomerate 

within the LLDPE matrix to form three dimensional reticulate structures [15].  
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2.3.2  Water absorption studies 

Fig. 2.5 shows the variation of water absorption of the blends with the 

time of immersion. From the graph it is clear that blends exhibit somewhat 

higher water absorption compared to virgin LLDPE. Because of the presence 

of hydroxyl groups on the surface of PVA, the affinity for water is high. This 

reduces the moisture barrier property of the blends. Water absorption increases 

rapidly with increase in PVA content for the first seven days. Beyond that 

there was only a marginal increase in water absorption up to 35 days.  As 

expected, there were no significant changes in the water uptake of pure 

LLDPE throughout the immersion period. Therefore that polyvinyl alcohol is 

responsible for the high moisture uptake of the blends. 

 
Fig. 2.5  Variation of water absorption of LLDPE/PVA blends with the 

increase in PVA content 

The variation of water absorption with PVA content after 24 hours,        

7 days and 35 days immersion in water is shown in Fig. 2.6.   
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Fig. 2.6 Variation of water absorption with PVA content after 24 hours,    

7 days and 35 days immersion in water 
 

Table 2.1  Percentage water absorption of the blends after 5 weeks of immersion 
in water 

 

Sample Initial Weight 
(g) 

Weight after 5 
weeks(g) 

% Water 
absorption 

L0 0.3041 0.3041 0.0 

L5 0.2963 0.2991 0.95 

L10 0.2932 0.2994 2.11 

L15 0.2972 0.3056 2.83 

L20 0.3012 0.3137 4.15 

L25 0.2949 0.3099 5.09 

L30 0.2945 0.3146 6.83 

Thus water absorption studies reveal that in the case of blends the uptake 

of water increases upto 6.83% for the highest concentration (30%) of PVA in 

the blends (Table 2.1). The hydrophilicity of a polymer is an important factor 
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influencing its degradability. The indicated increase in hydrophilicity facilitates 

biodegradation.  

2.3.3 Biodegradation studies 
2.3.3.1 Culture medium 

 
Fig. 2.7  PVA degrading isolate (V.neries , strain BTKB4); Zone of 

clearance surrounding the colony in PVA agar plates after 
flooding with iodine -boric acid solution indicates PVA 
degradation 

All the Vibrio sp. isolates were screened for PVA degradation employing 

plate assay method (Fig. 2.7).  PVA minimal agar plates were prepared and 

Vibrio sp. were spotted on this plate to detect their PVA degrading ability. The 

plates were incubated at 370C for 2 days. The presence of a zone of clearance 

surrounding the colony after flooding with iodine-boric acid solution [20], 

indicates PVA degrading ability [19]. From the results of primary screening 

those isolates with largest zones of clearance were selected and subjected to 

further studies. 
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Fig. 2.8 Biodegradability of LLDPE-PVA blends with respect to tensile strength 

Fig. 2.8 shows the decrease in tensile strength of LLDPE/PVA blends 

after biodegradation in culture medium containing Vibrio sp. As the PVA 

content is increased, it becomes a continuous phase in the blend and can be 

easily accessed by the organisms. At low PVA contents, the PVA may remain 

encapsulated in the synthetic polymer matrix, thereby making it difficult for 

the organisms to access and use it as a source of carbon. In such a case, the 

bacterial growth will be slow or negligible. The bacterial growth was far 

greater in LLDPE/PVA blends than in virgin LLDPE resulting in considerable 

loss of tensile strength in the blends. 

2.3.3.2 Soil environment 

Fig. 2.9 depicts the decrease in tensile strength of LLDPE/PVA blends 

after degradation in garden soil. Here also, there is decrease in tensile strength 

indicating degradation by the soil microorganisms. In the soil, water diffuses 

into the polymer sample, causing swelling and enhancing biodegradation.  
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Fig. 2.9 Variation in tensile strength after degradation in garden soil 

Table 2.2 shows the percentage decrease in tensile strength of blends 

after biodegradation in culture medium and in garden soil. From the table it is 

clear that the extent of degradation is more in the case of culture medium. A 

maximum percentage loss of tensile strength of 20.16 is noticed in the case of 

biodegradation in culture. As against this only a 16.34 % loss of is observed in 

the samples degraded in the soil. Both sets of samples show a steady loss of 

tensile strength with passage of time indicating biodegradability. 

Table 2.2  Percentage decrease in tensile strength of blends after biodegradation 
and soil degradation 

 

% decrease in tensile strength 
Sample designation Biodegradation in 

culture medium 
Biodegradation in soil 

environment 
L0 2.3 1.98 
L5 13.2 10.60 
L10 14.2 10.64 
L15 14.6 11.83 
L20 17.2 14.84 
L25 20.2 15.42 
L30 20 16.34 
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2.3.4  FTIR analysis 

The FTIR spectrum of virgin LLDPE, before and after degradation in 

culture medium is shown in Fig. 2.10. No substantial changes are seen in 

virgin LLDPE after degradation. 

 
Fig. 2.10 FTIR spectra of neat LLDPE before and after degradation 

Fig. 2.11 depicts the spectra of LLDPE/PVA blends before and after 

15 weeks of incubation in culture medium containing Vibrio sp.  From the 

spectra it is clear that the peak intensities of films at 2916-2848 cm-1, 1463-

1473 cm-1 after degradation in culture medium have increased 

considerably. The peaks at 2916-2848 cm-1 and 1463-1473 cm-1 are due to 

symmetrical stretching vibration of C-H bonds and bending vibration of 

middle intensity C-H bond. The increase in the intensity of these peaks is 

owing to the fracture of polyethylene chains in degradable environments 

which result in the increase in terminal group numbers [27]. The peaks at 

1020-1100 cm-1 correspond to C-O symmetrical stretching and C-O 
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asymmetrical stretching vibrations in PVA. The peak at 1643 cm-1 also 

corresponds to PVA. Degradation of PVA led to the increase in intensity of 

these peaks. 

 
Fig. 2.11 FTIR spectra of LLDPE/PVA blends before and after degradation 

2.3.5 Thermogravimetric analysis 

The thermogravimetric (TG) and derivative thermogravimetric (DTG) 

traces for neat LLDPE and LLDPE/PVA blends in nitrogen atmosphere are 

shown in Fig. 2.12 and 2.13 respectively. From the figures, it is evident that 

all the samples exhibit a two-stage degradation process, except for neat 

LLDPE. In the temperature range 2200C to 4200C there is a decrease in the 

weight of the LLDPE/PVA blend which is not noticed in the case of neat 

LLDPE. 
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Fig. 2.12  Thermogravimetric analysis curves of neat LLDPE and LLDPE/ 

PVA blends 

 
Fig. 2.13 Derivative thermogravimetric curves of neat LLDPE and LLDPE 

/PVA blends 

This first degradation stage is due to water evaporation from the 

decomposition of hydroxyl groups [15]. The second degradation stage between 

4200C to 5200C is due to chain scission of the carbon-carbon bonds in the 

main chain. The presence of PVA does not affect the degradation temperature 
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of LLDPE but causes a slowdown of the degradation rate. The two separated 

DTG maxima in the blend indicate that a separation of phases has occurred 

between the LLDPE and PVA components [15]. The maximum degradation 

temperature (Tmax), the onset degradation temperature (Tonset), and the 

percentage residual weight are shown in Table 2.3.  

Table 2.3  TGA data of virgin LLDPE and LLDPE/PVA blends. The maximum 
degradation temperature (Tmax), the onset degradation temperature 
(Tonset) and the percentage residual weight are shown 

 

Sample     
designation 

Maximum  degradation  
temperature 

( Tmax) 

Onset degradation 
temperature 

(Tonset) 

%Residual 
weight 

L0 495.9 448.75 1.781 

L5 490.4 435.19 1.168 

L10 495.8 442.96 1.263 

L15 496.2 446.90 1.058 

L20 495.7 447.77 .9153 

L25 496.6 448.70 .5718 

L30 491.6 451.78 .4336 

 
The maximum degradation temperature of the blend is almost the same 

as that of pure LLDPE. This means that addition of PVA to LLDPE does not 

adversely affect the thermal stability of LLDPE. The residual weight decreases 

as the PVA content is increased. 

2.3.6 Crystallinity studies 

Crystallinity is a state of greater order implying a long range periodic 

geometric pattern of atomic spacings. In semicrystalline polymers such as 

polyethylene, the degree of crystallinity influences the degree of stiffness, 
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hardness and heat resistance [28]. Crystallinity can be calculated from a 

differential calorimetry curve by dividing the measured heat of fusion by the 

heat of fusion of 100% crystalline material. 

LLDPE is a semi crystalline thermoplastic polymer which, upon 

application of heat, undergoes a process of fusion or melting wherein the 

crystalline character of the polymer is destroyed. While polymers melt over a 

temperature range due to differences in the size and regularity of the individual 

crystallites, the melting point of a polymer is generally reported as a single 

temperature at which the melting of the polymer is complete. An additional 

parameter for the characterization of LLDPE is its percent crystallinity.  

From the DSC scans of LLDPE and LLDPE/PVA blends, enthalpy of 

fusion (∆Hf), enthalpy of crystallization (∆Hc), melting temperature (Tm) and 

% crystallinity were evaluated. The percent crystallinity was calculated on the 

assumption that the heat of fusion of 100% crystalline LLDPE is 289 J/g [29]. 

The blend shows a fall in heat of fusion compared to virgin LLDPE. Hence a 

lower degree of crystalliniy is exhibited by the LLDPE/PVA blend. The 

lowering of crystallinity in LLDPE/PVA blends is understandable in the light 

of the intrusion of the bulky PVA groups into the crystallite formation [30,31] 

and the hydrophilic nature of PVA. Heat of crystallization is also seen to be 

lower for the blends compared to LLDPE.   The melting and crystallization 

temperatures of LLDPE (Table 2.4) have not been affected to any serious 

extent by the presence of PVA in the concentration range studied. Hence it 

can be safely assumed that the interaction between LLDPE and PVA is 

minimal [32]. In Table 2.4 Tc stands for crystallization temperature. 
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Table 2.4  DSC analysis data of neat LLDPE and LLDPE/PVA blends 

Sample 
designation Tm (0C) Tc (0C) 

Heat of 
fusion 
(J/g) 

Heat of 
crystallisation

(J/g) 

%  
Crystallinity 

L0 123.43 111.62 96.35 85.18 33.34 
L5 123.65 111.76 91.88 79.40 30.20 
L10 123.51 111.41 86.71 76.78 27.00 
L15 123.36 111.56 83.20 71.32 24.47 
L20 123.38 111.91 78.74 70.47 21.79 
L25 123.41 111.97 73.68 64.90 19.12 
L30 123.40 112.28 68.16 60.13 16.50 

 

After 15 weeks of incubation in the culture medium containing Vibrio sp., 

the biodegraded samples were again analysed for crystallinity. The results 

obtained for all compositions of LLDPE/PVA blends are tabulated in Table 2.5. 

Table 2.5  DSC comparison data of blends before and after degradation obtained 
from the second heating thermograms: A-before degradation, B-after 
degradation 

 

Heat of fusion (J/g) % Crystallinity Sample 
Designation A B A B 

L0 96.35 96.93 33.34 33.54 
L5 91.88 92.69 30.20 30.47 

L10 86.71 89.75 27.00 27.94 
L15 83.20 87.03 24.47 25.59 
L20 78.74 84.21 21.79 23.31 
L25 73.68 78.11 19.12 20.27 
L30 68.16 73.93 16.50 17.91 

From the table it is clear that as the PVA content increases the heat of 

fusion and crystallinity decrease for LLDPE/PVA blends.  In all the blends the 

heat of fusion and crystallinity increases after biodegradation. Albertsson [33] 
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and Kestelman et al [34] noticed a similar change in the crystallinity of 

polyethylene after biodegradation. 

2.3.7 Surface morphological studies 

Fig. 2.14 and 2.15 show the SEM photographs of neat LLDPE and 

LLDPE/PVA blends before and after degradation in culture medium containing 

Vibrios sp.  
 

  
                               (a)                                                                (b) 

Fig. 2.14  Scanning electron micrographs of (a) neat LLDPE before degradation; 
(b) neat LLDPE after degradation 

 

  
(a)                                                                (b)    

Fig.  2.15  Scanning electron micrographs of (a) LLDPE/PVA blend before 
degradation; (b) LLDPE/PVA blend after degradation 
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There are no noticeable changes in morphology of virgin LLDPE when 

subjected to microbial attack.  Scanning electron microscopy shows that 

surfaces of LLDPE/PVA blends prior to biodegradation exhibit a rough 

surface with no surface defects. The surface roughness increases in the blends 

with degradation. There are cracks and grooves visible in the blends after 

degradation in culture medium containing Vibrios. These defects are the result 

of consumption of the biodegradable component by microbes. Such surface 

destruction can facilitate the transport of degrading factors to the polymer bulk 

and further accelerate the total degradation occurring in the environment.   

2.4 Conclusions 

 The blending of PVA with LLDPE has lead to a marginal loss of 

mechanical properties such as tensile strength and elongation at 

break. But the modulus of the blends increased as the PVA content 

is increased. 

 Thermogravimetric analysis shows that addition of PVA does not 

adversely affect the thermal stability of LLDPE.  

 Differential scanning calorimetry studies shows that the percentage 

crystallinity of the blends is lower than that of neat LLDPE.  

 Water absoption values of the blends were higher than for neat 

LLDPE indicating increased affinity of the blends towards 

microbial attack. 

 When these blends are subjected to biodegradation in soil 

environment and a culture medium, microbial activity is indicated 

by fall in tensile properties, spectroscopic studies, crystallinity 

increase and surface defects.  
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 Biodegradation in the culture is more rapid than soil degradation. 

The blends are remarkably more biodegradable than pure LLDPE.  

 The FTIR analysis and morphology of the degraded samples give 

ample evidence for degradation of LLDPE/PVA blends.  

 The study has established that blending with PVA has improved 

the biodegradability of LLDPE.  
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3.1  Introduction 

Studies on the photochemical activity of pigments in commercial 

polyolefins have been mainly concerned with white pigments. Titanium 

dioxide (TiO2) is the most widely studied of these, since it is technically 

outstanding in many respects [1]. Anatase, brookite and rutile are the three 

crystalline forms of titania. Among these crytalline forms anatase-TiO2 

deserves more attention by virtue of its use as pigment [2] and gas sensors [3], 

catalysts [4,5] and photocatalysts [6–8] in applications related to pollution 

control and in photovoltaics [9]. The catalytic and other properties of these 

materials strongly depend on the crystallinity, surface morphology, the particle 

sizes and preparation methods.  

TiO2 nanoparticles have real advantages in relation to photocatalytic 

activity. Different preparation processes for them have been reported, such as 

sol–gel process [10], hydrolysis of inorganic salts [11], ultrasonic technique 

[5] and hydrothermal process [12–15].  
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This chapter describes a rapid hydrothermal synthesis method to produce 

phase pure, monodisperse anatase particles with small grain size and high 

specific surface area at low temperature. Hydrothermal processing of either 

amorphous titania or a titanium containing precursor has been shown to be an 

ideal method for producing ultrafine (grain size< 10nm) anatase crystallites 

with high specific surface areas and high crystallinity, a property that is 

essential for photocatalytic reactions [16]. 

3.2  Experimental 

3.2.1 Chemicals  

Titanium-iso-propoxide, [Ti(OPri)4] purchased from Alpha was used as 

titanium source for TiO2 photocatalyst preparation. Ti(OPri)4 was used without 

further purification. Glacial acetic acid (C2H4O2, 99.5%) was used as a 

solvent. Distilled water was used for the hydrolysis of Ti(OPri)4.   

3.2.2 Experimental set up 

 
Fig. 3.1 Experimental setup for the synthesis of nanoanatase 
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Since the experiments were carried out on a small scale, a 500ml Borosil 

beaker was used for the reaction. A magnetic stirrer was used for stirring. The 

speed of the stirrer was maintained at 60 rpm.   

3.2.3  Preparation of nano-TiO2 photocatalyst by hydrothermal method 

The most popular technique to hydrolytically prepare nanocrystalline 

titania is hydrothermal processing, i.e., crystallization at elevated temperature 

and pressure in the presence of water. This technique can be more 

appropriately called “solvothermal” processing because a liquid other than 

water is used as the solvent even if water is present for hydrolysis [17]. 

Hydrothermal crystallization is carried out in a sealed autoclave. A heating 

mantle or oven is used to raise the temperature above the standard boiling 

point of the solvent, at which point the evaporating solvent begins to generate 

a pressure inside the sealed vessel exclusively due to the refluxing solvent. 

Hydrothermal reaction times are often as short as 2 h and are rarely longer 

than 1-2 days. The following procedure was employed in this case. 

10ml Ti(OPri)4 was dissolved in 20ml acetic acid by stirring. After 

stirring for 10 minutes, 200ml distilled water was added dropwise from a 

burette at a rate of 1ml/min. The stirring without heating was continued till a 

clear solution was obtained. The clear solution was then transferred into a 

Teflon-lined autoclave. The autoclave was then maintained at 1100C overnight 

without shaking or stirring. After the autoclave naturally cooled to room 

temperature, the sample soution was  transferred into a beaker and subjected to 

solvent evaporation at 1100C for 2h. It was then dried in oven at 1100C for a 

few minutes in a current of air. The sample was then calcined at 4000C in the 

muffle furnace for different time intervals to ensure a crystalline product. 
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During this processing titanium (IV) alkoxide reacts with water and forms Ti-

O-Ti bridges to create solid TiO2, according to the reaction; 

             

 
Fig. 3.2 The solution obtained after hydrothermal treatment in an autoclave 

 

 
Fig. 3.3  TiO2 nano particles obtained after calcinations at 4000C 
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3.2.4 Characterization of nanotitania 

3.2.4.1 X-Ray diffraction  

The crystalline phase of the hydrothermally synthesized TiO2 

nanoparticles was analyzed by X-ray powder diffraction (XRD) pattern 

obtained from Bruker D8 Advance Model Diffractometer with Cu Kα 

radiation in the region 2θ =10–800 and Ni filter operating at 30kV and 20mA. 

The crystallite size of the anatase particles was calculated from the X-ray 

diffraction peak using Scherrer’s equation [18,19]; 

                        dhkl = kλ/ (β cos (2θ)) 

where dhkl is the average crystallite size (nm), λ is the wavelength of the Cu 

Kα radiation applied (λ =1.54A0), θ the Bragg’s angle of diffraction, β the full-

width at half maximum intensity of the peak observed at 2θ=25.30 (converted 

to radians) [20] and k the constant usually taken as 0.94.  

3.2.4.2 Bulk density 

The bulk density of the material was determined as per ASTM D 1895-

96. Bulk density is defined as the weight per unit volume of a material. It is 

primarily used for powders or pellets. The test can provide a gross measure of 

particle size and dispersion, which can affect material flow consistency. 
 

Procedure  

The small end of the funnel is closed with hand or a suitable flat strip and 

115±5 cm3 of samples are poured into the funnel. Open the bottom of the funnel 

quickly and allow the material to flow freely into the cup. If caking occurs in the 

funnel, the material may be loosened with a glass rod. After the material has 

passed through the funnel immediately scrape off the excess on the top of the cup 
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with a straight edge without shaking the cup. Weigh the material nearest to 0.1g 

and determine bulk density. 

3.2.4.3 BET studies 

Surface area of the titanium dioxide nano particles as well as commercial 

titania were measured using BET method. Measurements were carried out 

under nitrogen atmosphere using ASAP 2000 model, surface area and porosity 

analyzer. Surface area was determined using the equation, 

                             SBET =4.353 Vm 

where SBET is the surface area in m2/g and Vm is the molar volume of adsorbate 

gas (N2) at STP.  

3.2.4.4 Fourier transform infrared spectroscopy  

FTIR spectra of the commercial and synthesized TiO2 in powder form 

was recorded in the range 400 to 4000 cm-1. 

3.2.4.5 Scanning electron microscopy  

The surface morphology of TiO2 was examined using a scanning 

electron microscope. The synthesized and commercial TiO2 samples were 

sputter-coated with a thin layer of gold and examined under scanning electron 

microscope.  
 

3.3  Results and discussion 

3.3.1  X-Ray diffraction 

The XRD pattern is shown in Figs. 3.4 to 3.8. All the sharp peaks 

observed belong to anatase-TiO2. Rutile and brookite phases were absent as 
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their characteristic d-spacing values were not observed. Apparently, a complete 

anatase TiO2 crystalline phase was obtained.  
 

 
Fig. 3.4  XRD pattern of hydrothermally synthesized nano-TiO2 powder 

without calcination 
 

 
Fig. 3.5  XRD pattern of hydrothermally synthesized nano-TiO2 powder 

with calcination at 4000C for 1 hour 
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Fig. 3.6  XRD pattern of hydrothermally synthesized nano-TiO2 powder 

with calcination at 4000C for 3 hours 
 
 

 
Fig. 3.7  XRD pattern of hydrothermally synthesized nano-TiO2 powder 

with calcination at 4000C for 5 hours 
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Fig. 3.8  XRD pattern of hydrothermally synthesized nano-TiO2 powder 

with calcination at 4000C for 24 hours 
 
 

Details of X-Ray diffraction studies are given in Table 3.1. Average 

crystallite size of TiO2 was estimated by Scherrer’s equation. The average 

crystallite size of the nano-TiO2 (without calcinations) was estimated to be 6 

nm and it is much lower than most other commercially available titania 

samples. 

Table 3.1 Data of X-Ray diffraction studies 

Catalyst Calcination 
time (hour) 2θ (0) Cos θ β (0) Crystallite 

size (nm) 

A0 0 25.220 0.97 1.241 6.56 

A1 1 25.108 0.97 0.876 9.29 

A3 3 24.981 0.97 0.720 11.31 

A5 5 25.188 0.97 0.657 12.39 

A24 24 25.233 0.97 0.496 16.43 
[A0 = Anatase sample without calcination,      A1= Anatase sample after 1hour calcination,  
A3 = Anatase sample after 3hour calcination,  A5 = Anatase sample after 5hour calcination, 
A24 = Anatase sample after 24hour calcination.] 
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The variation of β value and crystallite size with calcination time is 

shown in Figs. 3.9 and 3.10 respectively. The gradual narrowing of XRD lines 

with the increase in calcinations time (Fig. 3.9) reflects a corresponding 

increase in the average crystallite size (Fig. 3.10). 

 
Fig. 3.9 Variation of β value with calcination time 

   
Fig. 3.10 Variation of crystallite size with calcination time 
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3.3.2  Bulk density 

The bulk density of the commercial and synthesized samples is given in 

Table 3.2. It is found that the bulk density of the synthesized anatase (A0-A24) 

is higher than that of commercial anatase (A). This is due to the smaller 

particle size of synthesized anatase compared to that of commercial anatase.  

Table 3.2 Bulk densities of the prepared anatase samples 

Samples Bulk density (g/cm3) 
A 0.979 
A0 1.296 
A1 1.282 
A3 1.173 
A5 1.136 

A24 1.104 
 

The variation of bulk density with calcination time is shown in Fig.3.11. 

Bulk density of the synthesized anatase samples decreases with increase in 

calcination time. This is due to the increase in particle size. 

 
  Fig.3.11. Variation of bulk density with calcination time 



Chapter -3 

 100 

3.3.3 BET studies 

Table 3.3 gives the BET adsorption results of nano and commercial 

anatase. From the table it is clear that nanoanatase has higher surface area 

than that of commercial anatase. Higher the surface area, lower the particle 

size. It is very well known that the photocatalytic effect of a catalyst is 

dependent on the crystallite size and surface area. The smaller the particles, 

the larger will be its specific surface area and the higher photocatalytic 

activity [21]. 

 

  Table 3.3 Surface area of the TiO2 samples 

Samples Surface area (m2/g) 

Commercial  anatase 110 

Nanoanatase 310 

 
 

3.3.4  Infrared spectroscopy  

The FTIR spectrum of nano and commercial forms of TiO2 are shown in 

Figs. 3.12 and 3.13 respectivey. In the FTIR spectrum, the broad band at    

3360 cm-1 is attributed to bound water. The peak at 1624 cm-1 is due to 

vibration frequency corresponding to the bending of water molecule (O-H 

bending vibration). Ti-(O-C) vibration is observed as a small band around 

1053 cm-1. The sharp band observed at 930 cm-1 is attributed to Ti-O 

stretching vibration. 
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Fig. 3.12 FTIR spectrum of synthesized nano-TiO2 particle dried at 1100C 

 
Fig. 3.13 FTIR spectrum of commercial-TiO2 

3.3.5 Scanning electron microscopy 

  The surface morphology of TiO2 was examined by a JEOL JSM-

6390LV Model scanning electron microscope. The scanning electron 
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micrographs of the synthesized nano and commercial forms of TiO2 are shown 

in Figs. 3.14 and 3.15. These micrographs show that the synthesized TiO2 has 

lower particle size than the commercial TiO2. From the micrographs it is clear 

that anatase particles are spherical in shape.  

 

 
Fig. 3.14 Typical SEM micrograph of hydrothermally synthesized 

nanoanatase particle  
 

 
Fig. 3.15 Typical SEM micrograph of commercial anatase particle  
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3.4  Conclusions 

 Nanoanatase having photocatalytic activity was successfully 

prepared by hydrothermal method under controlled conditions. 

 XRD studies showed that anatase was the only crystalline phase in 

the nano TiO2 powder.  

 The crystallite size of titania was calculated to be 6nm from the 

XRD results. 

 Crystallite size increases as the calcination time of the synthesized 

anatase is increased. 

 Anatase without any calcination showed the smallest crystallite size. 

 From BET method the surface area was found to be 310m2/g 

which is higher than that of commercial anatase (110m2/g). Higher 

the surface area, lower the particle size.  

 The smaller particle size and larger specific surface area indicates 

higher photocatalytic activity. 

 SEM shows that nanoanatase prepared by this method is spherical 

in shape. 
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4.1    Introduction 

Polyethylene of enhanced environmental degradability is prepared by 

blending with biodegradable additives, photo-initiators or by copolymerization. 

Incorporation of pro-oxidant additives is a promising step to overcome the 

environmental degradation by polyethylene films. Pro-oxidants accelerate 

photo oxidation and consequent polymer chain cleavage rendering the product 

more susceptible to biodegradation. 

Due to favourable characteristics such as inexpensiveness, non-

toxicity, stability and high photoactivity, TiO2 has become an excellent 

choice for a photocatalyst [1,2]. As photocatalysts, rutile and anatase 

phases of TiO2 have also been investigated.  It is recognised that the 

photocatalytic activity of the anatase phase which has a more negative 

conduction edge potential (higher potential energy of photogenerated 

electrons) is superior to that of rutile [3]. 
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The different effects of micro- and nano-sized titania particles on the 

degradation of polyethylene were investigated by first Allen et al [4], nano 

sized particles being found to be the more active. A small particle size 

increases the available surface area for reaction and lowers the probability of 

electron-hole recombination after the initial photo-excitation event. Further, 

the band gap is increased by nano-scale quantum isolation effects so that the 

photo-activation spectrum shifts to shorter wavelengths. Hence, for pigmented 

paints and plastics exposed to the weather, titanium dioxide plays an important 

part in determining the overall rate of degradation. In all cases, the degradation 

results in the pigment particles being exposed at the surface resulting in loss of 

gloss, colour fade and chalking [5]. 

In this chapter, we have investigated the effect of titanium dioxide and 

vegetable oil either acting alone or in combination on the degradation behaviour of 

LLDPE/PVA blends. The weathering performance of nanoanatase and two 

commercial crystalline forms of TiO2 (rutile and anatase) in commercial 

polyethylene in the absence as well as presence of vegetable oil is also examined. 

The extent of degradation was then monitored by physical property measurements, 

weight loss determination, thermal, MFI, spectroscopic and morphological studies. 

4.2  Experimental 
4.2.1  Materials 

Titanium dioxide (anatase and rutile grades) was purchased from M/S 

Travancore Titanium Products, Thiruvananthapuram. Nano-TiO2 photo 

catalyst was synthesized by hydrothermal method as described in Chapter-3. 

Glycerol (C3H8O3) was purchased from S.D Fine Chemicals, Ltd, Mumbai. 

Food grade sunflower oil was used for the study. 
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4.2.2  Sample preparation 

The PVA was melt blended with LLDPE in an internal mixer, Haake 

Rheometer (Rheocord 600p) as described in Chapter-2. Initial studies with 

LLDPE/PVA blends reveal that PVA degraders at an early stage to give a 

discoloured and inferior product. Hence it is decided to employ a PVA 

stabilizer. Several suitable PVA plasticizers capable of enhancing its thermal 

stability, such as glycerol, ethylene glycol and its dimer and trimer, amine 

alcohols, and polyvalent hydroxyl compounds have been proposed and utilized 

in industrial processes [6]. In this study glycerol (15 w/w of PVA) was added 

as a plasticizer. This lowers the melting point of PVA into a processable range 

[7]. It also helps to better disperse PVA into the LLDPE matrix. Oils and fats 

are mostly triglycerides. Triglycerides containing unsaturated acids are more 

susceptible to autoxidation. This reaction is believed to take place via the 

formation of a free radical, followed by the production of hydroperoxides[8]. 

Since free radical formation catalyses the photooxidation reactions of 

polyethylene, vegetable oil (1 w/w of LLDPE) was also added to the blends. 

Varying amounts of nano and commercial forms of TiO2 (0.25% -       

1% w/w) were added to LLDPE/PVA blends during mixing. Blends 

containing different proportions of LLDPE, PVA and metal oxides were 

compression molded into sheets to form thin films. Molded samples, cut into 

strips according to ASTM D 882, were used for all the tests. The details of 

film samples prepared along with their designation are presented in Table 4.1. 

LLDPE/PVA (sample-L10 from Chapter-2) blends containing glycerol alone 

have been designated as F and those containing both glycerol and vegetable oil 

as FV. Samples containing additionally anatase, rutile and nanoanatase have 
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been designated as FVA, FVR and FVN respectively, the numerical suffix 

indicating the percentage concentration of the oxide additive.  

L10 + Glycerol = F 

L10 + Glycerol + Veg. Oil = FV 

L10 + Glycerol + Veg. Oil + Rutile = FVR 

L10 + Glycerol + Veg. Oil + Anatase = FVA 

L10 + Glycerol + Veg. Oil + Nano-anatase = FVN 

L10 + Glycerol + Rutile = FR 

L10 + Glycerol + Anatase = FA 

L10 + Glycerol + Nano-anatase = FN 
 

Table 4.1  Details of formulations and their sample designation 

Sample 
designation 

LLDPE 
(g) 

PVA 
(g) 

Glycerol 
(g) 

Vegetable oil 
(g) 

TiO2 
(g) 

F 45 4.5 0.675 _ _ 
FV 45 4.5 0.675 0.45 _ 
FVA-0.25 45 4.5 0.675 0.45 0.1125 
FVA-0.50 45 4.5 0.675 0.45 0.225 
FVA-0.75 45 4.5 0.675 0.45 0.3375 
FVA-1 45 4.5 0.675 0.45 0.45 
FA-0.50 45 4.5 0.675 _ 0.225 
FVR-0.25 45 4.5 0.675 0.45 0.1125 
FVR-0.50 45 4.5 0.675 0.45 0.225 
FVR-0.75 45 4.5 0.675 0.45 0.3375 
FVR-1 45 4.5 0.675 0.45 0.45 
FR-0.50 45 4.5 0.675 _ 0.225 
FVN-0.25 45 4.5 0.675 0.45 0.1125 
FVN-0.50 45 4.5 0.675 0.45 0.225 
FVN-0.75 45 4.5 0.675 0.45 0.3375 
FVN-1 45 4.5 0.675 0.45 0.45 
FN-0.50 45 4.5 0.675 _ 0.225 
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4.2.3 Degradation studies 

4.2.3.1 Natural weathering  

Polyethylene films were mounted on racks at an angle of 30-450 facing 

the south direction as per ASTM D 1435-99 [9]. These experiments were 

started in the month of May 2010 in Kochi (Kerala, India) and continued for 

600 hours. Samples after weathering were retrieved at regular intervals of 120, 

240, 360, 480, and 600 hours, respectively, to evaluate the effect of weathering 

time on degradation. Average relative humidity in the atmosphere was 70% 

and the average temperature was 330C. 

4.2.3.2 Degradation studies in culture medium and in garden soil 

The weathered samples were then subjected to biodegradation and soil 

degradation studies. Biodegradation of the samples were carried out using a 

consortium of bacteria (Chapter-2 section-2.2.6) according to ASTM D 5247–

92.  The procedure adopted for the preparation of the innoculum was described 

in Chapter 2. The degradation studies were continued for 15 weeks. Soil burial 

tests were conducted in garden soil for the same time period. 

4.2.4 Evaluation of extent of degradation  

Samples with a gauge length of 100 mm and width of 10 mm were cut 

from the films for tensile strength measurements as per ASTM D 882-85. Six 

samples were tested for each experiment and the average value was taken.                           

Structural changes upon exposure were investigated using FTIR 

spectroscopy. FTIR spectra were recorded at regular intervals using a Thermo 

Nicolet (Avatar 370) spectrophotometer in the spectral region between 400 

and 4000 cm-1.  For each sample a total of 32 scans were averaged at a 
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resolution of 4 cm-1. Carbonyl index (CI) which provides a useful means of 

monitoring the extent of PE oxidation was calculated from the following 

equation [10, 11].   

)int(2020
)max(7151)( 1

1

bandthicknessernalcmatAbsorption
peakcarbonylofmumithecmatAbsorptionCIindexCabonyl −

−

=  

The thermal properties were investigated using a Differential Scanning 

Calorimeter TA Q-100 (TA Instruments). The studies were done under 

nitrogen atmosphere.  

The Melt Flow Index of samples before and after degradation was 

measured on a MFI tester (CEAST Extrusion Plastometer) at 1900C as per 

ASTM D 1238-01. The extrudates were cut at regular intervals after the 

application of 2.16 kg of dead weight. Ten extrudates were collected and the 

average value reported.  

Scanning electron microscopy was performed to investigate the changes 

in the morphology due to outdoor exposure. Sample surfaces were sputtered 

with gold using usual techniques and then analyzed in a JEOL (JSM-6390LV) 

electron microscope. Weight loss of the samples on degradation was also 

recorded. 

4.3  Results and discussion 

4.3.1 Effect of glycerol and vegetable oil  

Fig. 4.1 shows the torque versus mixing time curves for three classes of 

LLDPE/PVA (90/10) blends, viz. Case I-without any additives, Case II-with 

glycerol and Case III-with glycerol and vegetable oil. After 2 min, LLDPE 

melted leading to lower torque values from the initial high value. When PVA 
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was added to the molten LLDPE (after 2 min) torque showed a sudden 

increase due to the resistance offered by PVA in the LLDPE matrix. Later, the 

torque gradually dropped and reached a steady value as PVA melted (Case I). 

For Cases II and III containing glycerol with and without vegetable oil (added 

after addition of PVA) the equilibrium torque after addition of the additives is 

lower than that for Case I. Hence vegetable oil and glycerol act as a plasticizer 

and a higher degree of mixing occurs in the presence of these additives, 

vegetable oil showing a greater effect.  

 
Fig. 4.1  Torque versus mixing time for LLDPE/PVA blends with or 

without glycerol and/or vegetable oil containing 10 %PVA.  

SEM micrographs reveal that the interaction of PVA and LLDPE is 

improved (Fig.4.3) in the presence of both glycerol and vegetable oil. Unlike 

the LLDPE/PVA blend shown in Fig. 4.2 where the PVA appears to form 

separate domains, in the second micrograph, the PVA particles appear to be 
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better assimilated into the LLDPE matrix without any sharp boundary lines. 

Therefore, samples with glycerol (15w/w of PVA) and vegetable oil (1w/w of 

PE) were exclusively used for further investigations. 

 

 
Fig. 4.2  SEM micrograph (1500X) of LLDPE/PVA blends without 

glycerol and vegetable oil 
 
 
 

 

 
Fig.4.3 SEM micrograph (1500X) of LLDPE/PVA blends containing 

glycerol and vegetable oil 
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4.3.2 Effect of TiO2 

Fig.4.4 shows the effect of TiO2 content (0.25-1%) on the tensile 

properties of LLDPE/PVA blends containing glycerol and vegetable oil. Three 

types of TiO2 viz. rutile (R), anatase (A) and nanoanatase (nA) were employed 

for the study. 

The tensile strength shows a steep rise on addition of 0.25% of TiO2 

irrespective of the type of TiO2. But on addition of higher amounts, rutile and 

anatase give lower tensile strengths. Only nanoanatase showed a steady high 

value of tensile strength on addition of greater percentages. The lower particle 

size of true nanomaterial and a greater level of dispersion must be responsible 

for this. 

 
Fig.4.4  Variation of tensile strength of blend F with the addition of 

varying amounts of TiO2 

The mechanism of the transition metal catalyzed degradation of PE has 

been described in the literature as a free radical chain mechanism proceeding 
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from the formation of hydro peroxides along the polymer backbone through 

reaction of the polymer with molecular oxygen [12-14] (Scheme 4.1). 

According to Albertsson [15], in the presence of metal catalyst, these 

peroxides are readily decomposed to form reactive intermediates. The catalytic 

activity of the metal was reported to correlate with the redox potential of the 

metal and requires several oxidation states of comparable energy for the metal. 

The peroxide decomposition products react further to yield volatile low 

molecular weight fragments. 
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Scheme 4.1 Catalysis of PE degradation by transition metal oxides [14] 
 

The formation of the oxygen radical anion and, possibly, other excited 

state species, can occur via the electron transfer from excited state TiO2 to 

molecular oxygen. These species can react with water to form perhydroxyl or 

hydroxyl radicals which may subsequently abstract a proton from the polymer 

and initiate degradation [14].  It has been suggested further that singlet oxygen 

may be produced in the presence of TiO2 and this can react with water to 

produce hydrogen peroxide or, alternatively, it may attack unsaturated centres 

in the polymer to produce hydroperoxide species [14]. 
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The presence of the metal compound will catalyse the hydroperoxide 

decomposition step of the oxidation mechanism. It is well known that metal 

compounds react further with the carboxylic acid groups according to the 

mechanisms shown in Scheme 4.2. 
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Scheme 4.2  Examples of reactions of metal catalysts with hydroperoxides [15] 

4.3.3 Outdoor weathering studies and degradation by microorganisms 

Figs. 4.5, 4.6 and 4.7 show the variation in tensile strength of the blends 

containing rutile, anatase and nanoanatase respectively. The tensile strength 

initially shows substantial improvement on addition of TiO2 to the glycerol 

modified blend. All the cases to be discussed in subsequent sections refer to 

blends containing glycerol. 

 
Fig.4.5  Variation of tensile strength of blends with the addition of varying 

amounts of commercial rutile 
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Fig.4.6  Variation of tensile strength of blends with the addition of varying 

amounts of commercial anatase 
 

     
Fig.4.7  Variation of tensile strength of blends with the addition of varying 

amounts of nanoanatase 
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On weathering of the blends containing only TiO2, the greatest reduction 

in tensile properties was observed in the case of samples containing the nano 

form of TiO2. For the case of 0.50% of TiO2 only (Fig.4.8 and Table-4.2), the 

tensile strength decreased by 4.28% for samples containing rutile (FR-0.50), 

16.42% for anatase (FA-0.50) and 22.5% for nanoanatase (FN-0.50) after 600 

hours of weathering.  Although the three forms of TiO2 (rutile, anatase and 

nanoanatase) played a significant role in promoting the photo-oxidative 

degradation of LLDPE films the decrease is greatest in the case of samples 

containing nanoanatase pigment.  

 
Fig.4.8  Percentage decrease in tensile strength of samples containing 

0.50% of TiO2 only  
 

The samples containing a mixture of vegetable oil and TiO2 (Fig.4.9) 

showed considerable decrease in tensile strength during outdoor exposure. The 

stiffness and brittleness of the materials increased considerably within a month 

of exposure time. We can see that there is a continued decrease in tensile 
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strength after biodegradation and soil degradation also. This effect is also more 

in the case of samples containing both TiO2 and vegetable oil. 

For the case of 0.50% of TiO2 and vegetable oil, (Fig.4.9 and Table-4.2), 

the tensile strength decreased by 15.03% for samples containing rutile (FVR-

0.50), 28.36% for anatase (FVA-0.50)  and 37.89% for nanoanatase (FVN-

0.50)  which means that vegetable oil played a significant role in the 

degradation of LLDPE (Figs. 4.8 and 4.9). Vegetable oil undergoes auto-

oxidation by which free radicals are generated. These, in turn, initiate 

oxidation of LLDPE.  

 

    
Fig. 4.9  Percentage decrease in tensile strength of samples containing 

0.50% of TiO2 and vegetable oil. 
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Table 4.2 Percentage decrease in tensile strength of the samples after weathering 
 

Tensile strength (N/mm2) Sample 
designation Before weathering After weathering % decrease 
F 15.63 15.45 1.15 
FV 18.03 15.79 12.42 
FVR-0.25 21.97 18.98 13.61 
FVR-0.50 20.42 17.35 15.03 
FVR-0.75 18.89 15.45 18.21 
FVR-1 17.25 13.27 23.07 
FR-0.50 17.74 16.98 4.28 
FVA-0.25 22.04 16.25 26.27 
FVA-0.50 21.19 15.18 28.36 
FVA-0.75 19.67 13.45 31.62 
FVA-1 18.90 12.54 33.65 
FA-0.50 18.63 15.57 16.42 
FVN-0.25 21.5 14.32 33.39 
FVN-0.50 21.9 13.6 37.89 
FVN-0.75 21.1 12.9 38.86 
FVN-1 22.3 12.4 44.39 
FN-0.50 21.2 16.43 22.5 

 

Outdoor exposure also affected the elongation of the blends (Figs. 4.10, 

4.11 and 4.12) adversely.  The elongation at break decreased for all samples 

containing vegetable oil as well as its combination with TiO2, the rate being 

much higher in the case of samples containing the nano form of TiO2. The 

decrease in elongation is basically due to increased degree of cross-linking 

with temperature, which finally leads to the embrittlement of the sample. The 

polymer chains take up oxygen and lead to the formation of hydroperoxide 

which breaks down to give oxygenated products. It should be mentioned that 

after six months of exposure it was not possible to test the films because these 

samples had physically broken down in the environment or did so during 
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handling. Further, effects like chalking, loss of gloss, embrittlement and 

flaking occurred for samples exposed to longer time periods. 

 
Fig. 4.10  Percentage elongation loss of the samples containing varying 

amounts of commercial rutile 

 
Fig. 4.11  Percentage elongation loss of the samples containing varying 

amounts of commercial anatase 
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Fig.4.12  Percentage elongation loss of the samples containing varying 

amounts of nanoanatase 

The percentage elongation loss of the samples after 600 hours of 

weathering is given in Table 4.3. For the case of 0.50% of TiO2 only (Table-

4.3), a maximum of 16.51% elongation loss is observed for samples containing 

rutile (FR-0.50), 20.36% for anatase (FA-0.50) and 24.98% for nanoanatase 

(FN-0.50). Here also the elongation loss is highest in the case of samples 

containing nanoanatase pigment. 

For the case of 0.50% of TiO2 and vegetable oil, (Table-4.3), a 

maximum of 21.74% elongation loss is observed for samples containing rutile 

(FVR-0.50), 24.66% for anatase (FVA-0.50)  and 27.27% for nanoanatase 

(FVN-0.50)  which means that vegetable oil played a significant role in the 

degradation of LLDPE. 
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Table 4.3 Percentage elongation loss of the samples after weathering 

Sample designation Elongation loss (%) 

F 1.32 

FV 19.14 

FVR-0.25 20.22 

FVR-0.50 21.74 

FVR-0.75 22.03 

FVR-1 22.91 

FR-0.50 16.51 

FVA-0.25 22.67 

FVA-0.50 24.66 

FVA-0.75 25.93 

FVA-1 29.77 

FA-0.50 20.36 

FVN-0.25 23.85 

FVN-0.50 27.27 

FVN-0.75 29.10 

FVN-1 34.97 

FN-0.50 24.98 
 

The discolouration of the samples shown in Fig. 4.13   provides a good 

indication of the photo-oxidative degradation. This is similar to the results 

reported by Sastry et.al [16] and Sharma et.al [17]. 

 



Effect of TiO2 on the weathering and biodegradation of LLDPE/PVA containing vegetable oil  

 123 

  
Fig. 4.13 Discoloration of the samples after 600hours of outdoor exposure 

 

4.3.4  Spectroscopic studies 

Figs. 4.14 to 4.19 show FTIR spectra of samples containing 0.50% of 

rutile, anatase or nanoanatase each before weathering as well as after 

weathering in the absence as well as presence of vegetable oil.   

 
Fig. 4.14 FTIR spectra of samples containing 0.50% of rutile only 
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Fig. 4.15  FTIR spectra of samples containing vegetable oil and 0.50% of rutile 

From the figures it can be seen that the absorption band around1714 cm-1 

which can be assigned to the C=O stretching vibration of a keto group, grows 

in intensity with extended outdoor exposure. A broadening of the band at this 

point indicates the formation of more than one oxidation product.  Hence 

these carbonyl bands can be assigned to C=O stretching vibrations arising 

from aldehydes and/or esters (1733cm-1),  carboxylic acid groups (1700 cm-1)  

and γ-lactones  (1780 cm-1) [18-21]. The absorption band around 720 cm-1 

and 1469 cm-1 also increases in intensity. These bands correspond to the 

characteristic absorption of the crystalline and amorphous bands and bending 

vibrations of C-H bonds. The increase in intensity of these peaks was owing 

to the fracture of the polyethylene chain in degradable environments. 

Increase in intensity is maximum in the case samples containing both nano-

TiO2 and vegetable oil. 
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Fig. 4.16 FTIR spectra of samples containing 0.50% of anatase only 

 

    
Fig.4.17 FTIR spectra of samples containing vegetable oil and 0.50% of anatase 
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Fig.4.18 FTIR spectra of samples containing 0.50% of nanoanatase only 

 

 
Fig.4.19 FTIR spectra of samples containing vegetable oil and 0.50% of 

nanoanatase 
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Fig. 4.20 depicts the variation of carbonyl index value as a function of 

exposure time for LLDPE/PVA samples containing varying amounts of TiO2 in 

the presence as well as absence of vegetable oil. The carbonyl index, defined as 

the ratio between the integrated band absorbance of the carbonyl around         

1714 cm-1 and that of the PE-Polymer bands characterizes the degree of oxidation 

for each polyethylene sample. Moderate extents of photo-oxidation of PE are 

known [22-24] to result in accumulation of carbonyl functionalities in polymer. 

After the initial stage of photo-oxidation, results reported in the literature show the 

accumulation of carbonyl groups in PE to be auto accelerating.  

 
Fig. 4.20  Variation of carbonyl index value as a function of exposure time 

 

 Fig. 4.21 shows the percentage increase in carbonyl index (CI) of the 

samples with exposure time for various cases. Samples containing nanoanatase 

have a higher carbonyl index compared to samples containing commercial 

rutile and anatase, indicating a faster rate of carbonyl builds up in the former 

case. The presence of nano TiO2 presumably accelerated the atmospheric 

oxidation of the samples. 
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Fig.4.21  The percentage increase in carbonyl index (CI) of the samples 

containing 0.50% TiO2 after weathering in the presence and 
absence of vegetable oil  

In the case of samples containing 0.50% of TiO2 only, CI increased by 14.2% 

for sample  containing  rutile (FR-0.50), 44.67% for sample  containing anatase 

(FA-0.50) and 85.66% for sample containing nanoanatase (FN-0.50).  This means 

that all the three forms of TiO2 (rutile, anatase and nanoanatase) promote the photo-

oxidative degradation of LLDPE films, nanoanatase being outstanding.  

In the case of samples containing 0.50% TiO2 and vegetable oil, the CI 

increased by 81.60% for sample containing  rutile (FVR-0.50), 107.97% for 

sample containing anatase  (FVA-0.50) and 151.41% for sample nanoanatase 

(FVN-0.50). This means that vegetable oil also plays a significant role in the 

degradation of LLDPE. This is more clearly understood from the Figs. 4.20 

and 4.21. 

Pro-oxidants like vegetable oil promote photooxidation. During photo-

oxidation process, auto-oxidation of the chain takes place resulting in the 
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formation of free radicals. Samples containing only vegetable oil show 

considerable photoactivity, sometimes superior to those containing 

additionally rutile/anatase. Most commercial TiO2 grades are known to have a 

stabilizing effect on polymers exposed to light [14]. This is the reason why 

compositions containing both vegetable oil and commercial rutile/anatase 

show only moderate photodegradation. Here, the pro-oxidant activity of 

vegetable oil is somewhat offset by these substances. However, the nano form 

of anatase shows significant phtoactivity far superior to the other cases. 

MFI which is related to molecular weight was also determined for all the 

formulations at 1900C under a load of 2.16kg as per ASTM D 1238-01.   The 

increase in MFI as a result of outdoor exposure is quantified in Table 4.4. 

From the table it can be seen that the increase in MFI is highest in the case of 

samples containing the nano form of TiO2. In this case, MFI has shown an 

increase of 6.8 over the nondegraded sample. It is noteworthy that nanoanatase 

even in the absence of vegetable oil leads to substantial increase of 6.7 in MFI. 

Table 4.4  Effect of outdoor exposure on MFI of the samples containing 
0.50% TiO2   

 

MFI(g/10 min with a 2.16kg load) Sample designation 
Before Exposure After Exposure (600h) 

F 0.8 1.0 
FV 1.0 2.0 
FVR-0.50 0.9 3.5 
FR-0.50 0.9 3.2 
FVA-0.50 0.9 5.1 
FA-0.50 0.9 4.8 
FVN-0.50 0.9 7.7 
FN-0.50 0.9 7.6 
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4.3.5 Thermal studies 

Referring to Figs. 4.22 to 4.24 which show DSC scans, the weathering 

and biodegradation process led to a slight broadening of the polyethylene 

melting endotherm. This resulted in increased ∆Hf values. LLDPE is a 

semicrystalline polymer in which both crystalline and amorphous regions 

coexist.  Due to the gradual depletion of the amorphous phase, the crystallinity 

of the samples increased. This increase could also be partially attributed to the 

changes in the crystallite sizes, molecular weight differences that were brought 

about by chain breaking and secondary recrystallization [25]. The broadening 

of the peaks is more noticeable in the case of samples containing nanotitania. 

Since the amorphous form is more prone to degradation the increasing 

percentage of crystalline material and consequently the endothermic heat of 

melting is an indication of a greater level of degradation. Preferential 

degradation in the amorphous regions of the blends is observed both in the 

case of photo-oxidation and subsequent biodegradation. 

 
Fig. 4.22 The heating scans of samples containing commercial rutile 
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Fig. 4.23 The heating scans of samples containing commercial anatase 

 

 
Fig. 4.24 The heating scans of samples containing nanoanatase 

4.3.6  Percentage weight loss 

Table 4.5 shows the weight loss of the samples during outdoor weathering.  

The weight loss rate was much higher for samples containing nanoanatase and 
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vegetable oil than for commercial forms of TiO2. The weight loss data indicate 

that the photocatalytic degradation of films led to bond scission producing a 

mass of volatile intermediates. 

Table 4.5 Percentage weight loss of the samples after weathering (600h), 
biodegradation (15 weeks) and soil degradation (15 weeks) 

 

%Weight Loss Sample designation 
Weathering Biodegradation Soil degradation 

F 8.14 3.21 5.85 
FV 11.31 4.01 6.15 
FVR-0.50 23.62 6.22 7.98 
FR-0.50 20.83 4.35 6.15 
FVA-0.50 32.16 10.78 13.36 
FA-0.50 29.27 8.15 11.91 
FVN-0.50 44.67 15.62 18.13 
FN-0.50 41.34 13.84 15.28 

 

4.3.7 Morphological studies 

The SEM micrographs of the samples after weathering are shown in 

Figs. 4.25 to 4.30. The surface of the samples before degradation was smooth 

without cracks or holes and free of any kind of defects. After weathering, the 

samples containing pro-oxidants appear to have numerous cracks. On subsequent 

biodegradation/soil degradation, cavities are seen all over the surface indicating 

microbial activity. Although these cavities suggest massive degradation it must be 

noted that the extent of degradation as estimated by weight loss and loss of 

mechanical properties is much higher in the case of photo degradation. This is 

especially so in the case of samples containing nanoanatase and vegetable oil.  

These samples show crater-like cavities. It can be assumed that the greater the 
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extent of photo degradation, greater the extent of subsequent biodegradation. 

Weathering leads to physical embrittlement of the PE, leaving a porous and 

mechanically weakened plastic. This accelerates the degradation of PE by 

diffusion of oxygen, moisture, and enzymes into the porous PE matrix.  In a 

combined degradation process involving photo and biodegradation the bulk of the 

degradation is found to occur during photo degradation. 
 

 

    
                Before weathering                                        After weathering 
 

     
              After biodegradation                                       After soil degradation 

Fig. 4.25 Scanning electron micrographs of LLDPE/PVA blends with rutile only 
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                        Before weathering                           After weathering 

   
                 After biodegradation                                  After soil degradation 

Fig.4.26  Scanning electron micrographs of LLDPE/PVA blends with rutile and 
vegetable oil  
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               Before weathering                                     After weathering 

   
              After biodegradation                                  After soil degradation 
 

Fig.4.27 Scanning electron micrographs of LLDPE/PVA blends with anatase 
only 
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                  Before weathering                                      After weathering 

   
                After biodegradation                                 After soil degradation 

Fig. 4.28  Scanning electron micrographs of LLDPE/PVA blends with anatase 
and vegetable oil  
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                  Before weathering                                     After weathering 

  
                After biodegradation                       After soil degradation 

Fig.4.29 Scanning electron micrographs of LLDPE/PVA blends with nanoanatase 
only 
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                      Before weathering                        After weathering 

   
                 After biodegradation                               After soil degradation 

Fig.4.30 Scanning electron micrographs of LLDPE/PVA blends with nanoanatase 
and vegetable oil  
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SEM images suggest that the degradation of PE matrix starts from PE-

TiO2 interface and leads to the formation of cavities around TiO2 particle 

aggregates [26]. It is understood that active oxygen species generated on TiO2 

surface diffuse to etch out the polymer matrix. Examination of the 

micrographs shows numerous holes in the film which scatter light and cause 

whitening. This indicates that in the vicinity of the titania the polymer gets 

totally degraded to water and carbon dioxide or other volatile substances. Loss 

of pigment particles from degraded polymers containing titania has been 

attributed to erosion of the polymer due to photo-catalysis [27]. Both photo- 

and UV-degradations lead to physical embrittlement of the PE, leaving a 

porous and mechanically weakened plastic. This will accelerate the 

degradation of the PE by diffusion of oxygen, moisture, and enzymes into the 

porous PE matrix. The photosensitised oxidation of commercial polyolefins by 

white pigments, such as TiO2 and ZnO, occurs at the surface of the material. 

The polymer gradually erodes away leaving the pigment exposed. This 

phenomenon is commonly referred to as ‘chalking’ [28]. 

4.4  Conclusions 

 Miscibility of PVA and LLDPE is improved in the presence of 

both glycerol and vegetable oil.  

 Unlike the LLDPE/PVA blend where the PVA appears to form 

separate domains, the PVA particles appear to be better assimilated 

into the LLDPE matrix without any sharp boundary lines in the 

presence of both glycerol and vegetable oil.  

 The incorporation of TiO2 as the key pro-degradant has increased 

the rate of degradation tremendously.  
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 Vegetable oil is also capable of accelerating the oxidation of 

LLDPE/PVA blends during weathering.  

 A greater extent of oxidation was observed during weathering, 

primarily due to TiO2, in the case of compositions containing a 

combination of TiO2 and vegetable oil.  

 The pro-oxidant activity is maximum in the case of samples 

containing nanoanatase particles and vegetable oil.  

 The discolouration of the samples provides an indication of the 

photo-oxidative degradation of the sample. 

 The pores seen in scanning electron micrographs are an indication 

of degradation 
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EEFFFFEECCTT  OOFF  PPRROO--OOXXIIDDAANNTT  AACCTTIIVVIITTYY  OOFF  TTiiOO22  OONN  TTHHEE  UUVV  
AANNDD  BBIIOODDEEGGRRAADDAATTIIOONN  OOFF  LLLLDDPPEE//PPVVAA  BBLLEENNDDSS  

    

5.1  Introduction  
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5.3  Results and discussion  
5.4  Conclusion  
5.5  References 

 

5.1  Introduction 

Some additives and impurities may catalyze the breaking of polymer 

chains by a series of UV-initiated free radical reactions [1]. In polyolefins, the 

effect of UV-rays on the formation of chemical functional groups and their 

role in polymer chain breaking has been widely reported [2]. Photo-oxidation 

leads to an increase in the low molecular weight fraction by chain scission, 

thereby facilitating subsequent biodegradation [3].  It also leads to an increase 

in the surface area through increased porosity. In addition, the formation of 

carbonyl groups on the surface increases its hydrophilicity. Consequently, the 

possibility of further degradation and ultimate mineralization of plastic 

material is enhanced [4]. 

Due to characteristics such as low cost, photo stability, non-toxicity, and 

high-reactivity, TiO2 has been generally regarded as the best photocatalyst [5]. 

In addition to the ability to scatter efficiently all the wavelengths of visible 

radiation, titanium dioxide pigments show strong absorption of UV, for rutile, 
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below 400 nm and anatase, below 370 nm. The absorbed UV radiation releases 

electrons and positive holes in the titanium dioxide crystals, some of which 

diffuse to the surface, resulting in the production of free radicals-hydroxy, 

peroxy, singlet oxygen, etc. These, in turn, can attack the polymer causing 

photo-oxidation and leading to photocatalytic degradation [6, 7]. Surprisingly 

TiO2 also acts as a photostabilizer under certain conditions when appropriate 

grades of TiO2 are used [8]. 

 In this chapter, LLDPE/PVA films containing commercial and nano forms 

of TiO2 and/or vegetable oil were prepared and photocatalytic degradation under 

ultraviolet light was investigated followed by biodegradation and soil 

degradation.  

5.2  Experimental 
5.2.1 Materials and sample preparation 

The materials used and the methods adopted for the preparation of test 

samples were described in Chapter 4 

5.2.2 Photo-degradation procedure 

Samples were UV-irradiated using a low pressure mercury vapor 

discharge lamp (TUV 30W, λ = 253.7nm) in air atmosphere at room 

temperature. Samples were mounted on racks positioned 5cm from the lamps 

and the temperature in the cabinet was maintained at 30±2°C. Sampling was 

carried out at regular intervals of 120, 240, 360, 480, and 600 hours, 

respectively, and the degradation was monitored by various techniques. TiO2 

photocatalyst absorbs only UV light (λ < 387 nm); thus only UV-light place a 

role in the solar degradation of PE-TiO2 composites.  
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The UV-degraded samples were then subjected to bio and soil-

degradation studies as described in Chapter-4. 

5.2.3 Evaluation of extent of degradation 

The methods adopted for evaluating the extent of degradation are 

described in Chapter 4 

5.3  Results and discussion 
5.3.1 UV degradation studies and degradation by microorganisms 

Figs. 5.1, 5.2 and 5.3 show the variation in tensile strength of the blends 

containing rutile, anatase and nano-anatase respectively. The tensile strength 

shows substantial improvement on addition of TiO2 to the glycerol modified 

blend.  

 
Fig.5.1  Variation of tensile strength of blends with the addition of varying 

amounts of commercial rutile 
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Fig.5.2 Variation of tensile strength of blends with the addition of varying 

amounts of commercial anatase 
 

 
Fig.5.3  Variation of tensile strength of blends with the addition of varying 

amounts of nanoanatase 
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After UV exposure, the greatest reduction in tensile properties was 

observed in the case of samples containing the nano form of TiO2. For the case of 

0.50% of TiO2 (Fig.5.4), the tensile strength decreased by 3.33% for samples 

containing rutile (FR-0.50), 10.84% for anatase (FA-0.50) and 28.49% for 

nanoanatase (FN-0.50).  All three forms of TiO2 (rutile, anatase and nanoanatase) 

played a significant role in promoting the photo-oxidative degradation of LLDPE 

films the decrease is more in the case of samples containing nanoanatase. 

 
Fig.5.4 Percentage decrease in tensile strength of samples containing 0.50% of 

TiO2 only (VO = vegetable oil) 
 

For the case of 0.50% of TiO2 and vegetable oil, (Fig.5.5), the tensile 

strength decreased by 7.15% for samples containing rutile (FVR-0.50), 

11.14% for anatase (FVA-0.50) and 29.45% for nanoanatase (FVN-0.50) 

which means that vegetable oil played a significant role in the degradation of 

LLDPE. Vegetable oil undergoes auto-oxidation by which free radicals are 

generated [9]. These, in turn, initiate oxidation of LLDPE.  
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Fig.5.5  Percentage decrease in tensile strength of samples containing 

0.50% of TiO2 and vegetable oil (VO) 
 
 Table 5.1 Percentage decrease in tensile strength of the samples after UV exposure 
 

Tensile strength (N/mm2) 
Sample designation Before UV 

exposure 
After UV 
exposure % decrease 

F 15.63 15.58 0.32 
FV 18.03 17.37 3.66 
FVA-0.25 22.04 20.10 8.80 
FVA-0.50 21.19 18.83 11.14 
FVA-0.75 19.67 16.92 13.98 
FVA-1 18.90 15.74 16.72 
FA-0.50 18.63 16.61 10.84 
FVR-0.25 21.97 20.68 5.87 
FVR-0.50 20.42 18.96 7.15 
FVR-0.75 18.89 17.19 8.99 
FVR-1 17.25 15.44 10.49 
FR-0.50 17.74 17.15 3.33 
FVN-0.25 21.5 15.72 26.88 
FVN-0.50 21.9 15.45 29.45 
FVN-0.75 21.1 14.28 32.32 
FVN-1 22.3 14.11 36.72 

       FN-0.50 21.2 15.16 28.49 
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The elongation at break (Figs. 5.6, 5.7 and 5.8) decreased for all samples 

containing vegetable oil as well as its combination with TiO2, the rate being much 

faster in the case of samples containing the nano form of TiO2. The decrease in 

elongation is basically due to increased degree of cross-linking with temperature, 

which finally leads to the embrittlement of the sample. 

 
Fig.5.6  Percentage elongation loss of the samples containing varying 

amounts of commercial rutile 
 

 
Fig.5.7  Percentage elongation loss of the samples containing varying 

amounts of commercial anatase 
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Fig.5.8  Percentage elongation loss of the samples containing varying 

amounts of nanoanatase 
  

The percentage elongation loss of the samples after 600 hours of UV 

exposure is given in Table 5.2. For the case of 0.50% of TiO2 only (Table-5.2), 

a maximum of 14.22% elongation loss is observed for samples containing 

rutile (FR-0.50), 17.94% for anatase (FA-0.50) and 23.43% for nanoanatase 

(FN-0.50). Here also the elongation loss is highest in the case of samples 

containing nanoanatase pigment. 

For the case of 0.50% of TiO2 and vegetable oil, (Table-5.2), a 

maximum of 19.15% elongation loss is observed for samples containing rutile 

(FVR-0.50), 22.15% for anatase (FVA-0.50)  and 25.54% for nanoanatase 

(FVN-0.50)  which means that vegetable oil played a significant role in the 

degradation of LLDPE. 
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Table 5.2 Percentage elongation loss of the samples after UV exposure 

Sample designation Elongation loss (%) 
F 0.26 
FV 5.64 
FVR-0.25 18.16 
FVR-0.50 19.15 
FVR-0.75 19.96 
FVR-1 20.63 
FR-0.50 14.22 
FVA-0.25 19.87 
FVA-0.50 22.15 
FVA-0.75 24.04 
FVA-1 27.66 
FA-0.50 17.94 
FVN-0.25 20.62 
FVN-0.50 25.54 
FVN-0.75 26.67 
FVN-1 31.21 
FN-0.50 23.43 

 

The discolouration of the samples before and after photo-degradation is 

shown in Fig. 5.9. This provides a good indication of the photo-oxidative 

degradation of the sample. 

 

     
Fig.5.9  Discolouration of the samples before and after 600 hours of UV exposure 
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5.3.2 Spectroscopic studies 

Figs. 5.10 to 5.15 show FTIR spectra of samples containing 0.50% of 

rutile, anatase or nanoanatase each before UV exposure as well as after UV 

exposure in the presence or absence of vegetable oil. 

          
Fig.5.10 FTIR spectra of samples containing 0.50% of rutile only 

         
Fig.5.11   FTIR spectra of samples containing vegetable oil and 0.50% of rutile 
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Fig.5.12 FTIR spectra of samples containing 0.50% of anatase only 

       
Fig.5.13 FTIR spectra of samples containing vegetable oil and 0.50% of anatase 
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Fig.5.14 FTIR spectra of samples containing 0.50% of nanoanatase only 

 

 
Fig.5.15 FTIR spectra of samples containing vegetable oil and 0.50% of 

nanoanatase 
 

The FTIR spectra show significant changes, especially in the carbonyl 

(1785-1700 cm-1), amorphous (1300 cm-1), and hydroxyl regions (3400 cm-1). 
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The absorption band around 1714 cm-1 which can be assigned to the C=O 

stretching ketonic functionality, increases in intensity and exhibits band 

broadening. This carbonyl band is a result of overlapping of absorption bands 

due to several functional groups like ketones, carboxylic acids, aldehydes, 

esters and peroxycarboxylic acids. The overlap of all these bands results in the 

observed band broadening [10–13]. The band broadening is more in the case 

of samples containing a combination of both TiO2 and vegetable oil.  The 

absorption bands around 724 cm-1 and 1469 cm-1 also increase in intensity. 

These bands correspond to rocking vibrations of -CH2 groups and bending 

vibrations of C-H bonds. The increase in the absorbance of these bands was 

also more pronounced for samples containing TiO2 and vegetable oil rather 

than only TiO2. The increase in intensity of these peaks can be attributed to the 

fracture of the polyethylene chains in the degrading environment. Comparing 

the three forms of TiO2, the nano TiO2 showed greater extend of degradation 

in a reasonable time frame which is evident from carbonyl index values. 

 
Fig.5.16 Variation of carbonyl index value as a function of exposure time 
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Fig. 5.16 displays the variation of carbonyl index value as a function of 

exposure time for LLDPE/PVA samples containing varying amounts of TiO2 

in the presence as well as absence of vegetable oil. The carbonyl index values 

are more for samples containing nanoanatase, which indicates a better rate of 

degradation of the polymer when compared to those containing commercial 

rutile or anatase. 

       
Fig.5.17  Percentage increase in carbonyl index (CI) of the samples 

containing 0.50% TiO2 after UV exposure in the presence and 
absence of vegetable oil. 

 

 Fig. 5.17 shows the percentage increase in carbonyl index for various 

cases. In the case of samples containing 0.50% of TiO2 only, CI increased by 

11.92% for samples  containing  rutile (FR-0.50), 30.37% for anatase (FA-

0.50) and 66.36% for nanoanatase (FN-0.50).  This means that all the three 

forms of TiO2 (rutile, anatase and nanoanatase) promote the photo-oxidative 

degradation of LLDPE films.  
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In the case of samples containing 0.50% TiO2 and vegetable oil, the CI 

increased by 71.04% for sample containing  rutile (FVR-0.50), 84.01% for 

anatase  (FVA-0.50) and 113.53% for nanoanatase (FVN-0.50). This means 

that vegetable oil also plays a significant role in the degradation of LLDPE. 

This is more clearly understood from the Figs. 5.16 and 5.17. 

The increase in MFI as a result of UV exposure is quantified in    

Table 5.3. From the table it can be seen that the increase in MFI is highest in 

the case of samples containing the nano form of TiO2. In this case MFI has 

shown an increase of 6.2 over the nondegraded sample. It is noteworthy that 

nanoanatase even in the absence of vegetable oil leads to a substantial increase 

of 5.9 in MFI. 

Table 5.3 Effect of UV exposure on Melt Flow Index of the samples containing 
0.50% TiO2    

 

MFI(g/10 min with a 2.16kg load) 
Sample designation 

Before Exposure After Exposure (600h) 

F 0.8 0.9 

FV 1.0 1.3 

FVR-0.50 0.9 2.8 

FR-0.50 0.9 2.6 

FVA-0.50 0.9 4.7 

FA-0.50 0.9 4.4 

FVN-0.50 0.9 7.1 

FN-0.50 0.9 6.8 
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5.3.3 Thermal Studies 

 
Fig. 5.18 The heating scans of samples containing commercial rutile 

                 
Fig. 5.19 The heating scans of samples containing commercial anatase 
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              Fig. 5.20 The heating scans of samples containing nanoanatase 

 

Referring to Figs. 5.18 to 5.20 which show DSC scans, the UV exposure 

and biodegradation process led to a slight broadening of the polyethylene 

melting endotherm. LLDPE is a semicrystalline polymer in which both 

crystalline and amorphous regions coexist.  Due to the gradual depletion of the 

amorphous phase, the crystallinity of the samples increased. This increase 

could also be partially attributed to the changes in the crystallite sizes, 

molecular weight differences that were brought about by chain breaking and 

secondary recrystallization [14]. The broadening of the peaks is more 

noticeable in the case of samples containing nanotitania. Since the amorphous 

form is more prone to degradation the increasing percentage of crystalline 

material and consequently the endothermic heat of melting is an indication of a 

greater level of degradation. 
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5.3.4 Percentage weight Loss 

Table 5.4 shows the weight loss of the samples after UV exposure.  The 

weight loss was much higher for samples containing nanoanatase and 

vegetable oil than for commercial forms of TiO2. The weight loss data indicate 

that the UV degradation of films led to bond scission and a mass of volatile 

intermediates. 

Table  5.4  Percentage weight loss of the samples after UV exposure, biodegradation 
and soil degradation 

%Weight Loss Sample designation 
UV exposure Biodegradation Soil degradation 

F 4.21 2.43 4.24 

FV 6.13 3.08 5.31 

FVR-0.50 14.26 4.72 6.03 

FR-0.50 13.28 3.15 4.82 

FVA-0.50 19.31 9.02 11.92 

FA-0.50 16.22 6.45 10.06 

FVN-0.50 24.46 13.94 16.71 

FN-0.50 21.43 12.16 14.97 

 

5.3.5 Morphological studies 

 It can be seen that there are some deep cavities on the film surface with 

the extension of irradiation time. The photodegradation of PE mainly happens 

on the film surface. Photocatalytic reaction first starts at the interface between 

PE and exposed TiO2 photocatalyst which leads to the formation of cavities 

around TiO2 particles [15]. That is after UV irradiation also cavities are 

observed on the surface of the film. The formation of these cavities was 
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induced by the escape of volatile products from the PE matrix. Examination of 

the films by SEM shows the formation of holes in the film which scatter light 

and cause whitening. This suggests that in the vicinity of the titania particles 

the polymer gets totally degraded to water and carbon dioxide or other volatile 

substances. 

The SEM micrographs of the samples after UV exposure are shown in 

Figs. 5.21 to 5.26.  

 

    
                 Before UV exposure                        After UV exposure 

    
               After biodegradation                                After soil degradation 

Fig.5.21 Scanning electron micrographs of LLDPE/PVA blends with rutile only 
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                 Before UV exposure                      After UV exposure 

     
               After biodegradation                              After soil degradation 

Fig.5.22  Scanning electron micrographs of LLDPE/PVA blends with rutile and 
vegetable oil  
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                   Before UV exposure                          After UV exposure 

   
              After biodegradation                                    After soil degradation 

Fig.5.23 Scanning electron micrographs of LLDPE/PVA blends with anatase 
only  
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                   Before UV exposure                       After UV exposure 

   
                  After biodegradation                         After soil degradation 

Fig.5.24  Scanning electron micrographs of LLDPE/PVA blends with anatase 
and vegetable oil  
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Before UV exposure                                    After UV exposure  

   
              After biodegradation                                  After soil degradation 

Fig.5.25 SEM of LLDPE/PVA blends with nanoanatase only 
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                      Before UV exposure                            After UV exposure 

   
                After biodegradation                                  After soil degradation 

Fig.5.26 Scanning electron micrographs of LLDPE/PVA blends with nanoanatase 
and vegetable oil  
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5.4  Conclusions 

 After UV exposure, the greatest reduction in tensile properties 

was observed in the case of samples containing the nano form of 

TiO2.  

 Although the three forms of TiO2 (rutile, anatase and nanoanatase) 

played a significant role in promoting the photo-oxidative 

degradation of LLDPE films the decrease in tensile properties is 

more in the case of samples containing nanoanatase. 

 Vegetable oil also played a significant role in the degradation of 

LLDPE/PVA blends. 

 The elongation at break decreased for all samples containing 

vegetable oil as well as its combination with TiO2, the rate being 

much faster in the case of samples containing the nano form of 

TiO2. 

 The discolouration of the samples provides an indication of the 

photo-oxidative degradation of the sample. 

 The FTIR spectra show significant changes, especially in the 

carbonyl (1785-1700 cm-1), amorphous (1300 cm-1), and hydroxyl 

regions (3400 cm-1) on UV degradation.  

 The bands at 724 cm-1 and 1469 cm-1 corresponding to rocking 

vibrations of -CH2 groups and bending vibrations of C-H bonds 

also increase in intensity. 

 The increase in intensity of these peaks is a result of the fracture of 

the polyethylene chains in the degrading environment. 
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 Increase in MFI values on degradation also gives evidence for 

degradation. 

 Broadening of the polyethylene melting endotherm and scanning 

electron micrographs also provide evidence for degradation. 
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6.1  Introduction  
6.2  Experimental  
6.3  Results and discussion  
6.4  Conclusion  
6.5  References 

 

6.1  Introduction 

Polyethylene films with enhanced degradability have been developed by 

the addition of pro-oxidants basically transition metal complexes capable of 

inducing photo and thermal oxidation. The transition metal ion complexes, 

especially in the form of stearates, posses a remarkable ability to decompose 

the hydroperoxides formed during the oxidation of polymers [1,2] and 

therefore they are used as pro-oxidant additives in most of the commercial 

photodegradable compositions. It was recently shown that preliminary UV 

irradiation of polymeric materials can help subsequent biodegradation [3]. 

This is attributed to main chain scissions and formation of functional groups in 

macromolecules during photo-oxidative degradation. Such degraded polymer 

containing shorter chains and incorporated hydroxyl and carbonyl groups is 

more easily attacked by microorganisms.  

In the presence of pro-oxidants, relatively fast abiotic oxidation begins 

after the preset period of service life. As a consequence, the material loses its 
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mechanical properties and disintegrates into small fragments. At the molecular 

level, the abiotic oxidation results in polymer chain fragmentation, dramatic 

reduction of molecular weight, introduction of polar groups and increase of 

hydrophilicity [4].  Such an oxidation process is thought to make the material 

much more vulnerable to microbial attack which in the longer term could 

reduce the accumulation of micro-fragments in the environment. 

Weathering implies the action of individual or a combination of various 

environmental factors on polymers: heat, light, ionizing radiation, oxygen, ozone, 

humidity, rain, wind, dust, bacteria and chemical pollutants (SO2 and nitric 

oxides). Plastics subjected to long term exposure to weather degrade to different 

extents depending on their structure and composition. The presence of oxygen in 

the atmosphere enhances the effects of degradation. As a consequence, smaller 

fragments of chains which do not contribute effectively to the mechanical 

properties are generated and the articles become brittle. Thus, weathering limits 

the service life of plastics used for outdoor applications [5]. 

In this part of the work, the effect of metallic photoinitiator cobalt 

stearate and different combinations of cobalt stearate and vegetable oil on the 

photooxidative degradation and biodegradation of LLDPE/PVA blend films 

has been investigated. The degradation due to weathering was monitored by 

various techniques as in the earlier studies.   

6.2  Experimental 

6.2.1 Materials 

The sensitizer cobalt (II) stearate (Co 9-10%) was purchased from Alfa 

Aesar, Shore Road, Heysham, Lancs. Food grade sunflower oil was used for 

the study. 
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6.2.2  Materials and sample preparation 

The methods adopted for the preparation of test samples were described in 

Chapter 4. Cobalt stearate (0.05-0.20%) and vegetable oil were added to the blends 

as pro-oxidants. Sample designation and formulations are shown in Table 6.1.          

[ C = cobalt stearate, other designations are described in Chapter-4] 
 

Table 6.1 Formulations and sample designation 

Amount (g) Sample 
designation LLDPE PVA Glycerol Vegetable oil Cobalt 

stearate 
F 45 4.5 0.675 _ _ 
FV 45 4.5 0.675 0.45 _ 
FVC-0.05 45 4.5 0.675 0.45 0.0225 
FVC-0.10 45 4.5 0.675 0.45 0.0450 
FVC-0.15 45 4.5 0.675 0.45 0.0675 
FVC-0.20 45 4.5 0.675 0.45 0.090 
FC-0.10 45 4.5 0.675 _ 0.045 

6.2.3 Degradation studies 

6.2.3.1 Natural weathering 

Polyethylene films were mounted on racks at an angle of 30-450 to the 

horizontal facing the south direction as per ASTM D 1435-99. These 

experiments were started in the month of May 2010 in Kochi (Kerala, India) 

and continued for 600 hours. Samples after weathering (outdoor exposure) 

were collected at regular intervals of 120, 240, 360, 480, and 600 hours, 

respectively to evaluate the effect of weathering time on degradation.  

6.2.3.2 Biodegradation  

The weathered samples were subjected to biodegradation studies according 

to ASTM D 5247-92 exactly following the procedure described in Chapter 2.  
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6.2.4 Evaluation of extent of degradation  

The methods adopted for the evaluation of degradation were already 

described in Chapter 4. 

6.3  Results and discussion 

6.3.1 Degradation by natural weathering 

The natural weathering of any polymeric material generally depends on 

various parameters like UV exposure, temperature and humidity [6]. It has been 

reported that the surface temperature of the plastics exposed to sunlight can be 

much higher than that of the surrounding air due to heat buildup [7].   

Figs. 6.1 and 6.2 represent the effect of exposure time on mechanical 

properties after being subjected to outdoor weathering. Both tensile 

strength and elongation were found to be very sensitive to weathering. The 

films containing a mixture of cobalt stearate and vegetable oil showed rapid 

loss of both these mechanical properties within 120 hours of weathering. 

 
Fig. 6.1 Variation of tensile strength during outdoor weathering 
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The percentage decrease in tensile strength of the samples after outdoor 

exposure is shown in Table 6.2. 

 

 

Table 6.2: Percentage decrease in tensile strength after 600hours of weathering 

Sample designation % Decrease in tensile strength after 
weathering 

F 1.15 

FV 12.42 

FVC-0.05 37.11 

FVC-0.10 43.84 

FVC-0.15 51.34 

FVC-0.20 60.25 

FC-0.10 28.58 
 

 
Fig. 6.2  Effect of exposure time on the percentage elongation 
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The materials became increasingly stiffer within a month of exposure time. 

The elongation at break (Fig. 6.2 and Table-6.3) decreased for all samples 

containing cobalt stearate as well as its mixture with vegetable oil, the rate being 

much faster in the case of samples containing both cobalt stearate and vegetable oil. 

The fall in elongation-at-break increases as the cobalt stearate content is 

increased.   
 

  Table 6.3  Percentage elongation loss of the samples after 600hours of weathering 

Sample designation % elongation loss after 600 h of 
weathering 

F 1.32 

FV 19.14 

FVC-0.05 26.14 

FVC-0.10 28.83 

FVC-0.15 32.27 

FVC-0.20 50.9 

FC-0.10 22.62 
 

The decrease in elongation is basically due to excessive increase in the 

degree of cross-linking with temperature which finally leads to embrittlement 

of the sample. The polymer chains take up oxygen and give rise to hydro 

peroxide which breaks down to give oxygenated products. The samples 

containing higher concentrations of cobalt stearate became too brittle and 

broke down to pieces after about three months of weathering. Soil degradation 

of the weathered samples could not be conducted as they were mechanically 

too weak. Further, visual effects like chalking, loss of gloss and flaking 

occurred for samples exposed to longer time periods.  
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Figs. 6.3 and 6.4 show the FTIR spectra of FC-0.10 and FVC-0.10 

respectively, before and after 600 hours of weathering. The FTIR spectra, in 

general, show that the photo-oxidative degradation of LLDPE/PVA blends 

results in the formation of several functional groups; however, the extent of 

such functional groups is much more in the presence of cobalt stearate and 

vegetable oil. 

 
Fig. 6.3 FTIR spectra of the weathered samples containing cobalt stearate only 

 The most significant changes are in the carbonyl (1715-1725 cm-1), 

amorphous (1300 cm-1), and hydroxyl regions (3400 cm-1). The absorption 

band around 1715 cm-1, due to C=O stretching, increases in intensity.  At the 

same time, a band broadening is observed which indicates the presence of 

multiple oxidation products overlapping in the same region.  The carbonyl 

band can be assigned to C=O stretching vibrations in aldehydes and/or esters 
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(1733 cm-1), carboxylic acid groups (1700 cm-1), and γ lactones (1780 cm-1) 

[8–12]. In the case of samples containing a combination of cobalt stearate 

and vegetable oil the absorption band around 720 cm-1 and 1469 cm-1 also 

increase in intensity. These bands correspond to the characteristic 

absorption of the crystalline and amorphous bands and bending vibrations 

of C-H bonds. The increase in intensity of these peaks indicates the fracture 

of the polyethylene chain. 

 
Fig. 6.4  FTIR spectra of the weathered samples containing vegetable oil and 

cobalt stearate 
 

 

The degradation was also monitored by the increase in the carbonyl 

index (CI) [6]. Fig. 6.5 shows the plot of CI as a function of weathering time 

in LLDPE and LLDPE/PVA blends containing varying amounts of cobalt 

stearate and vegetable oil. CI of pure LLDPE/PVA blend increased from 1.8 to 
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2.4 after 600 h of UV exposure. However, incorporation of cobalt stearate and 

vegetable oil into the polymer led to a significant increase in the CI in a 

relatively short span of time. It is generally believed that polyethylene films 

enter into the decay stage at CI values greater than 6 [13]. This implies that 

LLDPE/PVA films containing a combination of cobalt stearate and vegetable 

oil enter the decay stage after 240 hours of exposure whereas those containing 

only cobalt stearate require 480 hours for entering the decay stage. Carbonyl 

index values obtained in this study are higher than those reported from studies 

employing TiO2 (section-4.3.4). 
 

 
Fig. 6.5 Carbonyl index of the weathered samples 

The mechanism of the transition metal catalysed degradation of 

polyethylene has been described in the literature as a free radical chain 

mechanism [14-16]. On absorption of energy in the form of light, the cobalt 
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carboxylates undergo decarboxylation leading to the formation of free radicals 

as shown in Scheme 6.1. 
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Scheme 6.1. Catalysis of PE degradation by transition metal carboxylates [17] 
 

These radicals in turn give rise to free radicals on the main chain of the 

polymer matrix leading to chain scission. LLDPE contains butene branches 

which are capable of acting as weak linkages. The degradation leads to the 

generation of stable tertiary radicals on the surface of LLDPE. Oils are mostly 

triglycerides and the triglycerides containing unsaturated acids are more 

susceptible to oxidation. This reaction is also believed to take place via the 

formation of a free radical [18].  

Oxidation of an inert polymer generally improves its susceptibility to 

biodegradation. Microorganisms attack the polymer when carbonyl groups are 

formed and the macromolecules decompose into shorter chains [19]. Carbonyl 

groups are also known to be photosensitizing species, which may accelerate 

further photo-degradation steps.  The macro chains containing carbonyl groups 

are also known to undergo Norrish I and Norrish II type reactions under UV 

exposure. Moreover, the bio-degradation of the degradable component leads to 
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increased porosity and development of the film surface. Therefore, there is 

easier access of free oxygen, enzymes (produced by microorganisms) and free 

radicals formed in primary reactions to the polymer bulk.  In addition, during 

photo and biodegradation of PE the new functional groups formed (carbonyls, 

hydroxyls etc) modify the polarity of the polymer. This effect may induce new 

molecular interactions with the OH groups of PVA.  Such interactions can lead 

to the evolution of low molecular weight degradation products (for instance, 

water molecules), and weaken other neighboring chemical bonds.    

The increase in MFI as a result of outdoor exposure is presented in Table 

6.4. The MFI of the samples could not be determined for films containing 

greater than 0.10%   w/w of cobalt stearate after outdoor exposure as it flowed 

freely under the test conditions. 
 

Table 6.4 Effect of outdoor exposure on Melt Flow Index 

MFI(g/10 min with a 2.16kg load) 
Sample designation 

Before exposure After exposure (600h) 

F 0.8 1.0 

FV 1.0 2.0 

FVC-0.05 0.9 3.4 

FVC-0.10 0.9 10.1 

FVC-0.15 1.1 ٭ 

FVC-0.20 1.3 ٭ 

FC-0.10 0.9 9.8 
 .The MFI could not be determined٭

6.3.2 Degradation by microorganisms 

The tensile strength of the weathered samples after biodegradation is 

shown in Fig.6.6. We can see that there is a decrease (Table 6.5) in tensile 
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strength of the weathered samples after biodegradation. This effect is more in 

the case of samples containing both cobalt stearate and vegetable oil.  
 

 
Fig. 6.6 Tensile strength of the weathered samples after biodegradation 

Table 6.5: Percentage decrease in tensile strength after biodegradation 

Sample Designation % Decrease in tensile strength on 
biodegradation 

F 14.56 

FV 15.33 

FVC-0.05 20.21 

FVC-0.10 23.74 

FVC-0.15 27.78 

FVC-0.20 30.24 

FC-0.10 21.28 
 

Table 6.6 shows the percentage weight loss of the samples after 

weathering followed by biodegradation in culture medium. There is substantial 
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loss of weight for these blends after immersing in culture medium. This is, 

again, an indication of biodegradability. 
 

Table 6.6 Weight loss of the samples after weathering and biodegradation in 
culture medium. 

 
%Weight Loss 

Sample designation 
Weathering Biodegradation 

FVC-0.05 21.71 7.14 

FVC-0.10 27.64 12.22 

FVC-0.15 32.6 15.73 

FVC-0.20 47.6 26.58 

FC-0.10 24.22 10.92 
 
 
 

Figs 6.7 and 6.8 show the FTIR spectra of FC-0.10 and FVC-0.10 

respectively, after weathering followed by biodegradation. We can see that 

there is a clear decrease in intensity of the absorption spectra after 

biodegradation. This effect is more in the case of samples containing both 

cobalt stearate and vegetable oil. The intensities of the peaks at 724 cm-1, 1715 

cm-1 and 3200-3600 cm-1 which correspond  to characteristic absorption of 

crystalline and amorphous regions, C=O stretching vibrations and absorption 

of  hydroxyl groups respectively, show  considerable reduction indicating  

degradation. The peak at 3371 cm-1 shows a remarkable reduction in peak 

height. This is due to the depletion of OH functionality which is often 

observed in microbial degradation.  
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Fig. 6.7  FTIR spectra of biodegraded samples (containing cobalt stearate 

only) after weathering             
                                  

 
Fig. 6.8  FTIR spectra of biodegraded samples (containing both cobalt 

stearate and vegetable oil) after weathering     
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6.3.3 Differential scanning calorimetry studies 

An endothermic transition due to melting at 1230C was observed in all of 

the formulations. This indicates that blending with cobalt stearate did not 

affect the melting behavior of the base polymer. The heating and cooling scans 

of FC-0.10 and FVC-0.10 initially and after 600 h of outdoor exposure and 

subsequent biodegradation are presented in Figs. 6.9 to 6.12.  

 
Fig. 6.9 The heating scans of samples containing cobalt stearate: before 

degradation, after weathering and after biodegradation  
 

     
Fig. 6.10 The cooling scans of samples containing cobalt stearate: before 

degradation, after weathering and after biodegradation  
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As shown in the Figs 6.9 and 6.10, degradation did not result in any 

change in the melting point of the polymer. This could be explained on the basis 

that initial degradative changes occurred primarily in the amorphous regions of 

the polymer which left the crystalline regions unaffected.  Hence, the melting 

point remained unchanged. The weathering process led to a slight broadening of 

the polyethylene melting endotherm and crystallization exotherm.  LLDPE is a 

semicrystalline polymer in which both crystalline and amorphous regions 

coexist.  Due to the gradual depletion of the amorphous phase, the crystallinity 

of the samples increased. This increase could also be partially attributed to the 

changes in the crystallite sizes, molecular weight differences that were brought 

about by chain breaking and secondary recrystallization [6]. The broadening of 

the peaks is more noticeable in the case of samples containing both cobalt 

stearate and vegetable oil compared to those containing cobalt stearate only. 

 
Fig. 6.11  The heating scans of samples containing both cobalt stearate and 

vegetable oil before degradation, after weathering and after 
biodegradation 
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Fig.6.12  The cooling scan of samples containing both cobalt stearate and 

vegetable oil before degradation, after weathering and after 
biodegradation 

 

6.3.4 Morphological characterization 

The scanning electron micrographs of samples containing cobalt stearate 

with and without vegetable oil before degradation, after weathering and 

weathering followed by biodegradation are shown in Figs 6.13 and 6.14 

respectively.  
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                               (a)                                                                 (b) 

 

 

(c) 
Fig. 6.13  SEM micrographs of the samples containing cobalt stearate only: (a) 

before weathering; (b) after 600 hours of weathering; and (c) after    
15 weeks of biodegradation 
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(a)                                                                 (b) 
 

 

(c) 
Fig. 6.14 SEM micrographs of the samples containing both cobalt stearate and 

vegetable oil:  (a) before weathering; (b) after 600 hours of weathering; 
and (c) after 15 weeks of biodegradation 

  

From these micrographs it can be seen that the surface of the samples 

before weathering were smooth without any cracks or grooves. However it 

developed numerous cracks after weathering. This suggests that oxidative 

chemical changes upon weathering have made the blend brittle. The number of 

cracks increased in the sample after subsequent biodegradation.  This effect is 

more in the case of samples containing both vegetable oil and cobalt stearate.   
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6.4  Conclusions 

 Both cobalt stearate and vegetable oil are capable of accelerating 

the oxidation of LLDPE/PVA blends during weathering.  

 An accelerated rate of oxidation is observed primarily due to 

cobalt stearate in the case of compositions containing a 

combination of cobalt stearate and vegetable oil.  

 The FTIR evidence indicates the presence of multiple oxidation 

products overlapping in the same region. Considerable reduction 

also occurs in the intensity of the OH absorption peak.  

 The scanning electron microscopy studies also give evidence for 

weathering and biodegradation.   

 The reduction in tensile properties of the blends after weathering 

and biodegradation in culture medium suggests that these blends 

are biodegradable to some extent.  

 DSC results confirm the biodegradability and weatherability of 

these blends. 

 Biodegradation followed by weathering is an effective means to 

degrade LLDPE/PVA blends for faster assimilation into the 

environment.  

 Weight loss and melt flow index studies also indicate 

degradability. 

 Blending with PVA is a promising step in making LLDPE 

biodegradable.  
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7.1  Introduction 

It was recently shown that preliminary UV irradiation of the polymeric 

material can induce biodegradation [1- 8].  The reason is main chain scissions 

and formation of functional groups during photo-oxidative degradation. Such 

degraded polymer, containing shorter chains and incorporated hydroxyl and 

carbonyl groups, as well as possible unsaturation, is further easily consumed 

by microorganisms [9]. It was also reported that in the case of combined action 

of different degrading factors, it is difficult to predict the final decomposition 

effect because both synergism and antagonism can occur [10, 11]. 

In this chapter, LLDPE/PVA films containing varying amounts of cobalt 

stearate were prepared in the absence as well as presence of vegetable oil and 

the extent of photocatalytic degradation under ultraviolet light was studied. 

Subsequently, partial biodegradation of the UV-degraded samples was done by 

microbial action of Vibrio sp. bacteria isolated from marine benthic 

environment. UV-exposure followed by biodegradation is a promising step to 
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make LLDPE/PVA blends assimilate faster into the environment. The 

photodegradation was evaluated by change in mechanical properties, FTIR 

spectroscopy, MFI, DSC, weight loss and SEM studies. 

7.2  Experimental 

7.2.1  Materials and specimen preparation 

The methods adopted for the preparation of test samples were described 

in Chapter 4. The materials used, sample designation and formulations were 

described in Chapter 6. 

7.2.2 Degradation studies 

The photo-degradation procedure adopted for the degradation of samples 

was described in Chapter 5. The UV-degraded samples were then subjected to 

bio and soil-degradation studies as described in Chapter-4. 

7.2.3  Evaluation of extent of degradation  

The methods adopted for the evaluation of degradation are described in 

Chapter 4. 

7.3  Results and discussion 

7.3.1  Degradation by UV irradiation 

The changes in tensile strength and percentage elongation of the film 

samples due to ultraviolet irradiation are shown in Figs. 7.1 and 7.2 

respectively. The films containing a combination of both cobalt stearate and 

vegetable oil show a greater decrease in tensile strength (Table 7.1) and 

elongation compared to films without vegetable oil.  
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Fig. 7.1 Variation of tensile strength after UV-irradiation 

 
Table 7.1 Percentage decrease in tensile strength after UV-irradiation 

 

Sample designation % Decrease in tensile strength after 
UV-exposure 

F 0.32 

FV 3.66 

FVC-0.05 10.92 

FVC-0.10 12.82 

FVC-0.15 15.12 

FVC-0.20 17.76 

FC-0.10 8.42 
  

For the sample containing cobalt stearate only (0.10%), the tensile 

strength decreased by 8.42% whereas, 12.82% decrease is observed for the 

sample containing both cobalt stearate (0.10%) and vegetable oil (Fig.7.1). As 

the amount of cobalt stearate increases a maximum of 17.76% decrease (for 

the sample containing 0.20% CS) is observed after 600 hours of exposure. 
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The elongation at break (Fig. 7.2 and Table-7.2) after degradation falls 

with cobalt stearate content, the main reason being continued cross linking and 

embrittlement of the sample [12]. 
 

 
                      Fig. 7.2 Effect of UV exposure time on percentage elongation 
   

Table 7.2 % elongation loss of the samples after 600hours of UV exposure 
 

Sample designation % elongation loss after 600 h of UV 
exposure 

F 0.26 

FV 5.64 

FVC-0.05 7.69 

FVC-0.10 8.48 

FVC-0.15 10.33 

FVC-0.20 15.08 

FC-0.10 6.65 
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Figs. 7.3 and 7.4 show the FTIR spectra of FC-0.10 and FVC-0.10 

respectively, before and after 600 hours of UV-exposure. The FTIR spectra 

show significant changes, especially in the carbonyl (1785-1700 cm-1), 

amorphous (1300 cm-1) and hydroxyl regions (3400 cm-1). The absorption 

band around 1714 cm-1 which can be assigned to the C=O stretching ketonic 

functionality increases in intensity and exhibits band broadening [13-17]. The 

peak heights are found to be higher in the presence of vegetable oil. The 

absorption bands around 720 cm-1 and 1469 cm-1 also increase in intensity. 

These bands correspond to rocking vibrations of -CH2 groups and bending 

vibrations of C-H bonds. The increase in the absorbance of these bands was 

also more pronounced for samples containing cobalt stearate and vegetable oil 

rather than only cobalt stearate.  
 

 
Fig. 7.3 FTIR spectra of the UV-degraded samples containing cobalt stearate only 
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Fig. 7.4  FTIR spectra of the UV-degraded samples containing vegetable oil and 

cobalt stearate 
  

Figure 7.5 shows the plot of carbonyl index as a function of UV 

irradiation time for LLDPE/PVA blends containing varying amounts of cobalt 

stearate and vegetable oil.  
 

 
  Fig. 7.5 Carbonyl index of the UV-degraded samples 
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 The CI of LLDPE/PVA blend increased only by 18% due to UV 

exposure in the absence of cobalt stearate and vegetable oil. Incorporation of 

cobalt stearate and vegetable oil into the polymer led to 77.28% increase in the 

CI in a relatively short span of time. However, in the case of samples 

containing only cobalt stearate the increase was 49.55%. 

The increase in MFI as a result of outdoor exposure is presented in 

Table 7.3. From the table it can be seen that the MFI of the degraded 

samples increases with cobalt stearate content.   In the case of the sample 

containing 0.10% cobalt stearate alone MFI shows an increase of 2.4 units 

over the nondegraded sample. But the increase is 3.2 for samples 

containing both cobalt stearate (0.10%) and vegetable oil. As the amount of 

cobalt stearate increases to 0.20% the MFI increases to 4.4 over the 

nondegraded sample. 

 

Table 7.3 Effect of UV exposure on Melt Flow Index 

MFI(g/10 min with a 2.16kg load) Sample designation 
Before Exposure After Exposure (600h) 

F 0.8 0.9 

FV 1.0 1.3 

FVC-0.05 0.9 2.8 

FVC-0.10 0.9 4.1 

FVC-0.15 1.1 4.9 

FVC-0.20 1.3 5.7 

FC-0.10 0.9 3.3 
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7.3.2  Degradation by microorganisms 

The tensile strength of the UV-degraded samples after biodegradation is 

shown in Fig. 7.6.  We can see that there is a further decrease in tensile 

strength after biodegradation. This effect is greater in the case of samples 

containing both cobalt stearate and vegetable oil.  
 

 
Fig. 7.6 Tensile strength of the biodegraded samples after UV-exposure 

 

Table 7.4 shows the percentage weight loss of the samples after UV 

exposure followed by biodegradation in culture medium. In the case of 

sample containing 0.10% cobalt stearate alone, a weight loss of 21.37% 

was observed after UV exposure and a further 8.03% was observed after 

biodegradation. A weight loss of 23.21% was observed after UV exposure 

and 9.83% after biodegradation for samples containing both cobalt stearate 

(0.10%) and vegetable oil. As the amount of cobalt stearate is increased to 

0.20% a weight loss of 41.53% was observed after UV exposure and a 

further 22.24% after biodegradation for samples containing the same 
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amount of vegetable oil. There is a massive loss of weight for these blends 

after UV exposure and biodegradation. This is a clear indication of 

biodegradability.  
 

Table 7.4 Weight loss of the samples after UV exposure and biodegradation in 
culture medium 

 

%Weight Loss 
Sample designation 

UV exposure Biodegradation 

FVC-0.05 17.62 5.18 

FVC-0.10 23.21 9.83 

FVC-0.15 27.84 11.17 

FVC-0.20 41.53 22.24 

FC-0.10 21.37 8.03 
 
 

Figs. 7.7 and 7.8 show the FTIR spectra of FC-0.10 and FVC-0.10 

respectively, after biodegradation subsequent to UV-irradiation. Here also 

considerable reduction in peak height is observed in the case of intensities,  

724 cm-1, 1715 cm-1 and 3200-3600 cm-1. The significance of this has already 

been discussed in earlier sections. The reduction in peak height at 1600-

1800cm-1 corresponding to carbonyl groups can be attributed to preferential 

attack of microorganisms at sites of oxidation resulting from UV     

degradation [10].   
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Fig. 7.7 FTIR spectra of the biodegraded samples after UV-exposure; 

containing cobalt stearate only 
 

 
Fig. 7.8 FTIR spectra of the biodegraded samples after UV-exposure; 

containing both cobalt stearate and vegetable oil 
 

7.3.3 Thermal studies 

 The heating and cooling scans of FC-0.10 and FVC-0.10 initially and 

after 600 hours of UV exposure and subsequent biodegradation are presented 
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in Figs. 7.9 and 7.10 respetively. The UV exposure led to a slight broadening 

of the polyethylene melting endotherm..  The broadening of the peaks is more 

noticeable in the case of samples containing both cobalt stearate and vegetable 

oil compared to that containing cobalt stearate only which is an indication of 

the increased degradation. 

   
Fig. 7.9 The heating scans of samples containing cobalt stearate only; 

before degradation, after UV exposure and after biodegradation 
 

        
Fig. 7.10  The heating scans of samples containing both cobalt stearate and 

vegetable oil before degradation, after UV exposure and after 
biodegradation 
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7.3.4 Morphological characterization 

Figs. 7.11 and 7.12 show the scanning electron micrographs of samples 

containing  (1) cobalt stearate alone and  (2) both cobalt stearate and vegetable oil 

respectively: (a) refers to sample before any degradation, (b) after UV-exposure and 

(c) UV-exposure followed by biodegradation. It can be seen that the surface of the 

samples before UV-degradation were smooth without any cracks or grooves. 

However it developed cracks after UV-exposure.  The extent of damage was much 

more pronounced in samples containing both cobalt stearate and vegetable oil. The 

oxidative chemical changes upon UV-exposure have made the blends brittle. The 

number of cracks/grooves increased in the sample after subsequent biodegradation.  

     
           (a)                                                               (b) 

 
                                           (c) 
Fig.7.11  SEM micrographs of the samples containing cobalt stearate only:       

(a) before UV-exposure; (b) after 600 hours of UV-exposure; and       
(c) after 15weeks of biodegradation following UV irradiation 
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        (a)                                                               (b) 

 

(c) 

Fig.7.12  SEM micrographs of the samples containing both cobalt stearate and 
vegetable oil:  (a) before UV-exposure; (b) after 600 hours of UV-
exposure; and (c) after 15weeks of biodegradation following UV 
irradiation 

        

It is noticed that striking changes appear on the blend surfaces and in 

internal structure upon either UV degradation, or biodegradation following UV 

degradation after a somewhat lengthy induction period. This induction period 

is dependent not only on the chemical nature of the blend components but also 

on the sample morphologies which control the penetration of any active low 

molecular weight product.  
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7.4  Conclusions 
 A combination of cobalt stearate and vegetable oil is capable of 

accelerating the degradation of LLDPE/PVA blends during        

UV exposure.  

 The reduction in tensile properties of the blends after UV exposure 

and biodegradation in culture medium indicates partial 

biodegradability. 

 Accelerated rate of oxidation is primarily due to cobalt stearate in 

the case of compositions containing a combination of cobalt 

stearate and vegetable oil.  

 There is an increase in carbonyl index values with progressive 

degradation. 

 FTIR data give ample evidence of degradation during both photo 

and biodegradation steps. 

 Increase in MFI values after UV exposure point to degradation. 

 There is substantial loss of weight for these blends both after UV 

exposure and biodegradation which indicates degradation.   

 The combination of cobalt stearate and vegetable oil is very 

effective for UV irradiation. 

 The presence of cracks and cavities in the scanning electron 

microgram proves UV and biodegradation.    

 Biodegradation followed by UV exposure is an effective means to 

degrade LLDPE/PVA blends for faster assimilation into the 

environment.  
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 In the two-step degradation process UV exposure is responsible for  

the bulk of the degradation when weight loss and tensile strength 

are considered 
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SSUUMMMMAARRYY  AANNDD  CCOONNCCLLUUSSIIOONNSS    
    

 

The focus of this study is on developing linear low density polyethylene 

(LLDPE) with higher levels of bio and photo degradability. For this it was 

blended with a biodegradable polymer, namely polyvinyl alcohol (PVA). After 

characterizing these blends by various analytical techniques they were 

subjected to weathering and UV irradiation studies in the presence of different 

pro-oxidants, viz. titanium dioxide (rutile and anatase), cobalt stearate and 

vegetable oil individually and in combinations. These partially degraded 

samples were subjected to various analytical and property evaluation tests to 

estimate the extent of degradation. Subsequently, these samples were 

subjected to biodegradation studies, one employing a culture medium 

containing a consortium of Vibrio sp. bacteria and the other, soil degradation 

involving burial of the samples in garden soil. After due passage of time the 

samples were again subjected to various analytical and property evaluation 

tests to determine the extent of biodegradation. In addition, experimental 

techniques were developed for preparing nano-TiO2 in the laboratory. These 

samples were characterized and their pro-oxidant activity compared with that 

of commercial rutile and anatase. 

The blending of PVA with LLDPE has led to a marginal loss of mechanical 

properties such as tensile strength and elongation at break. But the modulus of the 
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blends increased as the PVA content increased. Thermogravimetric analysis and 

differential scanning calorimetry established that the thermal properties of the 

blends are not much different from those of LLDPE. Water absorption studies on 

the blends proved that they absorbed somewhat more water than pure LLDPE. 

This is a factor favourable to biodegradation. 

These samples were first subjected to weathering and UV irradiation 

each for 600 hours as the first step of the degradation process. These studies 

were done in the presence of three pro-oxidants namely titanium dioxide, 

cobalt stearate and vegetable oil. Judicious combinations of these pro-oxidants 

were employed for the studies. The extent of degradation of the samples was 

estimated by tensile property measurements, FTIR, MFI, weight loss, DSC 

and SEM. It was concluded that a combination of cobalt stearate and vegetable 

oil is the best choice for giving maximum degradation of these blends by both 

degradation techniques. 

Partially degraded samples from the above studies were subjected to 

biodegradation by two methods namely (i) culture medium containing a bacterial 

consortium of Vibrio sp. and (ii) burial in garden soil for 15 weeks each. As in the 

earlier case, property evaluation and analytical studies were done on the samples.  

It was observed that the degraded samples containing cobalt stearate showed 

maximum degradability during the biodegradation step also. 

Experimental studies done in the laboratory to develop nanoanatase 

(TiO2) produced anatase of approximately 6nm crystallite size. Calcination 

time was optimized for the preparation of these samples. 

The overall results prove that blending LLDPE with PVA is a promising 

method for making LLDPE more degradable. Blending with PVA does not cause 
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any deterioration of the properties of LLDPE. Among the pro-oxidants studied, 

cobalt stearate and vegetable oil combination gives the best performance as far as 

photo degradation and subsequent biodegradation are concerned. Nano-TiO2 

developed in the laboratory has also considerable pro-oxidant activity.  

Photo degradation followed by biodegradation holds great promise for 

making LLDPE degradable by the combined technique of blending with PVA and 

addition of pro-oxidants. By this procedure, LLDPE can be broken down to 

fragments in a reasonable amount of time and assimilated into the environment. 

The future outlook 

 In this study these Vibrio sp. were selected because they are native 

to the Cochin backwater area. But there are other well known 

species which are known to attack PVA. Studies in that direction 

can be taken up in the case of LLDPE/PVA blend. 

 LLDPE can be blended with a combination of biodegradable 

substances rather than PVA alone. Thus substances like starch, 

chitosan, polycaprolactone, polyhydroxybuterate, PVA etc can be 

used in combinations for blending with LLDPE to study 

biodegradability. 

 Photo and UV degradation studies have been done in this study in 

the presence of either TiO2 or cobalt stearate in combination with 

vegetable oil. It is worth studying how far a combination of TiO2 

and cobalt stearate in the presence of vegetable oil will function as 

far as degradability is concerned. 

….. ….. 



 

ASTM          American society for testing and materials 
CdS  Cadmium sulphide 
CI                 Carbonyl index  
DSC   Differential scanning calorimetry 
FDIS  Final draft international standard 
FTIR              Fourier transform infra red  
GPC               Gel permeation chromatography  
HCl  Hydrochloric acid 
HDPE            High density polyethylene  
Hf                  Heat of fusion  
IR                   Infra red Spectroscopy 
J/g  Joule per gram 
ISO    International organization for standardisation 
kJ/mol   Kilo Joule per Mol 
LDPE              Low density polyethylene  
LLDPE            Linear low density polyethylene 
MFI   Melt flow index 
mg   milligram 
min                  minutes 
ml    millilitre 
mm                  millimetre 
MPa   Mega Pascal 
Mw  Weight average molecular weight 
Mz  z-average molecular weight 
nm  nanometre 
OD  Optical density 
PB                  Polybut-1-ene  
PIB                 Polyisobutylene  
PCL                 Poly-ε-caprolactone  
PE   Polyethylene 
PEEK   Polyether ether ketone 
PET   Polyethylene terephthalate 



PHA              Polyhydroxyalkanoates  
PHBV            Poly-β-hydroxybutyrate-co-β-hydroxyvalerate 
PIB                Polyisobutylene  
PLA               Polylactic acid  
PMMA   Poly(methylmethacrylate) 
PNA               Polynuclear aromatics  
PP   Polypropylene 
PS   Polystyrene 
PTFE  Polytetrafluoroethylene  
PVA                Poly (vinyl alcohol) 
PVC   Poly (vinyl chloride) 
rpm   revolutions per minute 
SEM                Scanning electron microscope 
SiO2   Silicon Dioxide 
sp                   Species 
Tc                  Crystallization temperature  
TGA   Thermogravimetric analysis 
Tm                  Melting temperature 
TiO2   Titanium dioxide 
Tmax   Maximum temperature 
Tonset   Onset temperature 
UHMWPE       Ultra high molecular weight polyethylene 
UTM    Universal testing machine 
UV   Ultraviolet 
Vm                 Molar volume 
Wf                  Final weight 
Ww                 Wet weight  
Wc                  Conditioned weight  
XRD   X-ray diffraction 
ZnO                Zinc oxide   
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