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Thermal degradation of polyethylene 

Abstract 

Polymeric waste is increasing very fast and exploring most appropriate technology of 

recycling is need of the day. Two samples of polyethylene carrying bags "Yaadgar" 

(Y), a Pakistani, "Econogreen" (E), a Canadian brand and Polyethylene supplied by 

"Fluka" were investigated. The samples were thermally aged at 80°C in an oven and 

exposed to accelerated weathering conditions in QUV chamber up to 20 days. In QUV 

the samples were exposed to UV radiations, high temperature and condensation 

processes. The analysis was made by employing FT Infrared spectroscopy, Scanning 

Electron Microscopy, Differential Scanning Calorimetry, X-Ray Diffraction and 

Thermogravimetric Analysis. The IR spectra concluded that the sample "Y" was high 

density polyethylene while sample "E" was linear low density polyethylene. 

A carbonyl peak at 1715 cm
-1 

for sample "E" was detected after 20 days of aging in an 

oven and same peak was observed for both the sample in case of QUV chamber. The 

carbonyl index for "E" was higher than sample “Y” and was increased with aging. It 

was observed that after 20 days of exposure in an oven or .in QUV chamber the 

samples "Y" and "E" were converted from "HDPE" to "LLDPE" and "LLDPE" to 

"LDPE", respectively. The percent crystallinity determined through DSC/XRD was 

increased with aging and the degradation pattern obtained via SEM indicated that it 

was instigated at preferential sites in "Y" and in all directions in sample "E".  

The kinetics of degradation was investigated using thermogravimetric analysis and 

employing "Flynn-Wall-Ozawa", "Coats-Redfern", "Kissinger" and "Augis-Bennett" 

equations under nitrogen and air atmosphere. Single degradation step and multiple 

degradation steps were observed under nitrogen and air atmosphere, respectively. The 

activation energy obtained by Flynn-Wall-Ozawa method was more consistent than 

the others. The activation energy of thermal degradation was decreased with the 

aging. The order of reaction under nitrogen atmosphere varied in this way before 

exposure (Y = 1.06, E = 1.05) > after oven aging (Y = 1.04, E = 0.87) > after exposure 

in QUV chamber (Y = 0.93, E = 0.72 ) and under air atmosphere, it was before 

exposure (Y = 1.51, E = 1.23) < after oven aging (Y = 1.84, E = 2.03) < after exposure 

in QUV chamber (Y = 2.64, E = 2.65). The aging impact was found severe in QUV 

chamber due to UV radiations and/or high humidity. Sample "E" was more vulnerable 

to thermo-oxidative degradation than sample "Y". 

Keeping in view the variation in activation energy during the thermal degradation, it 

can be stated that the process followed the formation of di-mer/ tri-mer and then chain 

scission took place. However, in case of photodegradation, in the presence of oxygen 

first the formation of carbonyl groups took place which ultimately led to the 

formation smaller molecule. 
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Chapter1: Introduction 

1.1 Polymer 

The word "polymer" is composed of two words, "poly" means "many" and "mere's" 

means "units" or "parts". The polymer is made up of small repeating units which are 

known as "monomers" while the process in which a polymer is formed is known as 

"polymerization". Hence, a polymer is comprised of long chain of similar molecules 

and therefore, these are also termed as "macromolecule". There are some polymers 

which exist in nature like silk, cellulose and protein etc, while a large variety of 

polymers can be prepared by synthetic means (Fried, 2012). 

1.1.1 Polyethylene 

Polyethylene is an olefin polymer which is synthesized in a very large amount among 

all the thermoplastic materials. They are produced by the addition polymerization of 

ethylene to give the basic structure –(CH2-CH2)n-. Based on the constitutional 

repeating unit in the structure, the name of polymethylene is recommended by the 

IUPAC Commission on Macromolecular Nomenclature for this family of polymers. 

This name has already been used for the strictly linear polymer obtained from 

diazomethane –(CH2)n-. In common use, the term „polyethylene‟ is still attributed to 

the polymers obtained by the polymerization of ethylene. Polyethylene, like several 

other polymers can be synthesized having different density and hence show different 

mechanical properties. Based over the density of polymer the following are important 

types of polyethylene 

 VLDPE "Very Low Density Polyethylene";  density =0.880-0.912g/cm
3
 

 LLDPE "Linear Low Density Polyethylene"; density = 0.910-0.925g/cm
3
 

 LDPE "Low Density Polyethylene";  density = 0.915-0.935 g/cm
3
 

 HDPE "High Density Polyethylene";  density= 0.941-0.967 g/cm
3
 

 HMWPE "High Molecular Weight Polyethylene"; Mw = 2-5x10
5
 g/mole 

 UHMWPE "Ultrahigh Molecular Weight Polyethylene"; Mw>3x10
6
 g/mole 

(Feldman & Barbalata, 1996). 

Polyethylene has very nice mechanical properties and easy to synthesis and hence has 

great importance from economical point of view. Due to its characteristics properties, 

it is widely used in the manufacturing of insulating material, cable sheath, tapes, 

pipes, toys, fibers, containers and films (Gulmine et al. 2003; Shi et al. 2011). In 
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agriculture, the films of polyethylene are frequently utilized for the construction of 

greenhouses and for packaging of the agricultural products for the transportation and 

distribution purpose (Bualek et al. 1991). A large amount of polyethylene is used in 

the manufacturing of carrying bags which have become an integral part of life-style 

particularly in Pakistan and other developing countries (Eyenga et al. 2002; Sheikh et 

al. 2006). The use of polyethylene plastic bags have been increased tremendously in 

every walk of life from the last two decays, because of its low price, availability, light 

weight, flexibility and other mechanical properties, resistance to chemicals, easy in 

processing and molding (Bualek et al. 1991; Shi et al. 2011). 

1.1.2 Production of polyethylene 

Due to versatile properties of polymers it has become a suitable material for several 

applications. One of major application is packaging which is normally a single time 

use. Therefore, the production of "polyolefin" products has been tremendously 

increased in the last few decades (Ammala et al 2011). 

The productions of plastics have been increased all over the world and reached up to 

260 million tones, in 2007. One of its uses is carrier bags whose production starts with 

crude oil and natural gas extraction (Khoo et al. 2010) and became very popular and 

hence its production has been tremendously increased ( Ojeda et al. 2011). 

However, due to the reason that such polymers are neither bio-degradable nor outside 

temperature can significantly and quickly degrade, it creates a lot of waste material. 

For example, the generation of plastic waste reached up to 24.6 million tons in Europe 

only. Now-a-days the situation is even worse and particularly in a country like 

Pakistan. 

1.1.3 Environmental impact of polyethylene 

Polymeric material has become indispensible as its applications are tremendously 

increased because of its easy to manufacture and relatively easy to process and that 

polymer processing is less expensive than metals. Among the polymers, polyethylene 

achieved a reasonable lead particularly its application as carrying bags. However, due 

to its large usage and resistant to environmental conditions and biological 

degradation, has created a big disposal issue (Sheikh et al. 2006; Ojeda et al. 2011). 

Therefore, the plastic bags have become a big threat to the environment as it creates 

lot of problems like blockage of sewerage system, decrease in soil fertility, aesthetic 
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problems etc, as these are normally thrown unethically in an open environment which 

is an ultimate source of pollution. In general, incineration or land filling are exercised 

for the disposal of the plastic waste which are not appreciable technologies and is a 

great concern for the community. This kind of activities result in emission of 

greenhouse gases, dioxins and creation of smoke particles and also creates soil 

fertility problems (Bualek et al. 1991; Eyenga et al 2002; Cooper et al 2010; Mumtaz 

et al 2010; Ammala et al 2011). 

1.2 Waste Management 

The quantity of used carrying bags is increasing constantly with the passage of time in 

the environment, as these are thrown directly in to the open atmosphere and the 

solution is not simple due to the following reasons: 

i. There is no proper waste management system 

ii. No appropriate recycling methods are exercised 

iii. No explicit legislation has been made so far in this regard 

iv. The cost is very low 

v. People are unaware about its environmental hazards particularly in developing

 countries like Pakistan because of low literacy level 

It is need of the day to explore that what type of material is thrown in the environment 

and what types of chemical changes will take place within the material on molecular 

level after its exposure to sunlight (UV), heat, dew (during night), rain and soil etc. 

Polyethylene is on the other hand is susceptible to oxidations at higher temperate and 

hence attaining the attention of scientists, particularly in thermal oxidation because 

one can get the following useful information: 

1. The stability of the polymer can be optimized 

2. Useful life time can be determine for outdoor exposure 

3. Chemical modifications occurred after the end use and their impact on the 

 environment 

4. Degradation mechanism can be proposed 

5. Mechanical properties can be explored 

6. Morphological modification can be studied 

7. Formulation/choice of additives can be optimized to produce stable as well as 

eco friendly polyethylene carrying bags 
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8. Degradation kinetics can be explored which will be helpful in designing for 

 ruse/recycling. 

The tremendous production and utility of polymeric material created a huge amount 

of waste which created need of proper waste management. However, up to now only 

20 % of the waste is recycled and about 30 % is retrieved as energy and land filling is 

the major remedy of remaining 50 % of waste polymeric materials (Lazarevic et al. 

2010; O'Brine & Thompson, 2010). 

However, if  plastic materials are burnt directly in an open atmosphere, dioxins is 

emitted, It means  green house gases and ash particles etc are discharge in the 

atmosphere thus causing air pollution which is indeed hazardous for human beings, 

plants, animals and even for our eco-system (González et al. 2011). 

Plastic debris is one of the main litters on beaches across the whole world and it is a 

major contributor of the marine pollution. It is shifted to oceans by human 

carelessness, common waterways, wind and sewerage systems. Or, it can be directly 

thrown into the water either by cruise ships or recreational boats etc(Cooper & 

Corcoran, 2010). 

Plastics are not biodegradable and can attract encrusting organisms like fish, birds, 

turtles and mammals. These organisms can swallow plastic material mistaken by food. 

It causes toxicological hazards as it is reported that certain toxic chemicals like 

phthalate, PCB‟s and organo-chlorine pesticides are present on plastic materials either 

absorbed from sea water or were added during processing thus causing a threat to the 

aquatic life (O'Brine & Thompson, 2010). 

In order to minimize the above stated problems, some remedies/recycling methods are 

stated below: 

1.3 Modes of Polymer Degradation and / Recycling 

Following are the most famous recycling/degradation methods (Chielllini et al. 2006; 

Lazarevic et al. 2010; Ojeda et al. 2011). 

1. Land Fill 

2. Incineration 

3. Catalytic degradation 

4. Biodegradation  
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5. Photo-degradation 

1.3.1 Land fill 

The most prevalent method for the waste management is the landfill and even in the 

advanced countries of the world the constructions and regular maintenance of these 

landfills are administered by their local councils. In undeveloped regions, the waste is 

directly thrown in the open dumps which causes the environmental degradation of 

these polymeric materials and ultimately leads to the disaster of natural resources 

(Bualek et al. 1991). Plastics are non-biodegradable as these take years to degrade and 

remained visible for a long period in landfill site. These also leak the chemical into 

soil which eventually reduce the natural resources and causes a threat to the aquatic 

life(Al-Maaded et al. 2012). At present, in under developed countries like Pakistan, 

there is no regulations for landfills or code which administered a basis for monitoring 

and also because of illiteracy, the plastic waste is dumped beneath the soil which is 

one of the most cheapest and easy way for waste management. Due to the stability of 

these materials, it is assumed that it takes about 200 years to degrade the material up 

to some extent. Landfill has the following demerits: 

 Generation of methane gas (greenhouse gas) 

 Contamination of ground water 

 Become a place for the survival of organisms like mosquitoes, rats etc which can 

be source of various diseases 

 Decreases the fertility of soil 

 Large portion of the land will be restricted for the landfill 

 Nuisance problems (dust, odour,  noise pollution, reduce local price values etc) 

Some researchers have reported that the option of incineration is a better treatment for 

the plastic waste as compared to landfill (Lazarevic et al. 2010). Other better options 

for recycling of plastics must be sought out which will indirectly reduce such harms to 

the environment. 

1.3.2 Incineration 

The combustion of polymeric materials at high temperatures is called as incineration 

process it is also known as “Thermal treatment". One of the advantages of these 

treatments is that a large amount of heat is released which can be utilized in the 
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generation of electric power (Al-Maaded et al. 2012). One of the most hazardous 

demerits of this recycling is that if the plants have inadequate control it releases a 

large amount of "furan" and "dioxin" along with particulate matter, methane, heavy 

metals and hydrochloric acid which are Toxic and may be carcinogenic and hence 

harmful for the human being. 

1.3.3 Catalytic Degradation 

In recent years extensive work is reported on catalytic degradation of plastic waste 

into fuel (Uddin et al. 1998; Dong; Tasaka & Inagaki, 2001) and is considered as 

better than the thermal degradation due to the following reasons: 

 Lower cracking temperature and less time is required. 

 Higher cracking ability than routine methodology. 

 Lower concentration of residue (if any) is left (Kpere-Daibo, 2009). 

However, it has the following limitations: 

 Appropriate catalyst is required to guarantee the narrow distribution of 

 hydrocarbons. 

 Plastic derived fuel has worse quality than the conventional/commercial fuel 

 (Dong, Tasaka & Inagaki, 2001). 

 Non-availability of required catalyst. 

Therefore still a lot to be done before this methodology is applied commercially for 

any plastic material. 

1.3.4 Bio-Degradation 

The poly-olefin materials are not bio-degradable due to following reasons 

 Hydrophobic in nature 

 High molecular weight of polymer 

 Crystal‟s formation during the variation in temperature and pressure. 

 long chains of polymers with branches 

 Resistant to enzymatic reactions (Ojeda et al. 2011). 

However, Bio-polymers are normally considered to bio-degradable and can be source 

of renewable energy. Such Bio-polymers include polysaccharides that are formed by 

the action of fungi and bacteria such as carbohydrates, starch and cellulose etc. Bio- 
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polymers like silk, wool and gelatine etc are derived from animal protein are also bio-

degradable. There are also some synthetic polymers which are also bio-degradable 

like PBS "poly(butylenes succinate)", PVA "Polyvinylacetate" and PLA "Polylactic 

acid" (Summers, 1983; Gross & Kalra, 2002; Rossi et al. 2005).The biodegradable 

bags are 80% more environmental friendly than plastic bags (Khoo et al. 2010). 

New methods and technologies are being developed to produce new bio-based 

material on commercial scale. For example, glucose is obtained from sweet potatoes, 

sugar cane etc which is then fermented to form lactic acid and that finally converted 

to "polylactic acid" by the process of polymerization. These biodegradable plastic 

comprised of polyether family in which polyester plays a vital role because of 

hydrolysable ester bond. These polymers have good performance as a packaging 

material and are also economical for the consumers. 

To make the polymers bio-degradable some photo-activators like "carboxylic group", 

"ketones" and "iron dithiocarbamate" etc are mixed with organic fillers such as 

cellulose, starch etc. These formulations may initiate photo-degradation resulting 

polymer of low molecular weight (Khare & Deshmukh, 2006). However, bio-

degradable polymers are not very cheap as they require huge energy along with a 

lengthy procedure for their synthesis (Khoo et al. 2010) and their mechanical 

properties are not as good as others and hence have limited applications (Khare & 

Deshmukh, 2006). 

1.3.5 Photo-degradation 

Plastic materials are exposed to sun during and/ or after the application. This results 

the exposure to heat, "UV light" and humidity present in the atmosphere which may 

end up to deterioration of the material and hence a decrease in their useful life time. 

The extent of deterioration depends on the nature and amount of the additives present 

in the polymer, intensity of the UV radiations and ambient temperature etc. The 

outdoor degradation of the material occurs through a series of complex reactions 

which are initiated by the light and propagates through oxidative reactions, thermal 

and moisture effects and pollutants present in the air. Further, the reaction rate is faster 

at high temperatures and under mechanical stress. Weathering of plastic material is 

more pronounce and it comprise of photo-physical, photochemical changes caused by 

UV radiations, oxidative effects caused by atmospheric oxygen and hydrolytic effects 
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caused by humidity present in the air and hence weathering can be defined as “the 

undesirable change produced by the outdoor exposure of the material”(Feldman, 

2002). Recent research has proved that the photo-oxidation of polyethylene can be 

achieved by generation of the polymer radicals which ultimately break the chemical 

bonds in the back bone chain of the polymer. The amount of energy emitted by UV 

radiations (290-320 nm) is equivalent to the energy needed to break "C-C" and "C-H" 

bonds. Thus the free radicals so formed can act as initiators for the further degradation 

of the polymer (Kumanayaka, Parthasarathy & Jollands, 2010). 

As the consumption and production of polyolefins has been increased tremendously, 

an extensive research work is going on over the chemical and thermal degradation 

involving photo-oxidation when these are exposed to natural weathering (Hamid, 

Amin & Maadhah, 1992; Hamid & Amin, 1995; Feldman & Barbalata, 1996; Uzomah 

& Unuoha, 1998). The drastic effect caused by the additives like pigments, photo-

stabilizers and photo-degrading materials on the photo-degradation mechanism of the 

polymer needs further investigated (Gugumus, 1993). To study the photo-degradation 

process the polymer may be exposed outdoor on testing racks directed toward the full 

radiation spectrum of the sunlight along with the temperature and humidity of that 

location (Singh & Sharma, 2008). 

Similarly, polyethylene is extensively used in outdoor applications which is exposed 

to UV light and thus reduce its useful life time. In modern agriculture for the sake of 

food production on large scale, the durability/stability of plastic is of utmost 

important. For this purpose, an active research is going on to improve the stability of 

polyethylene against UV radiation by the addition of certain photo-stabilizers 

(Khoylou & Hassanpour, 2005). To predict the useful life time of plastic and to 

optimize the ratio of the additives, certain laboratory tests can be performed. These 

laboratory tests make the use of accelerated weathering chambers which provides 

artificial source of UV radiation that is almost equivalent to outdoor conditions. The 

expected useful life and relative stability of these plastic materials can be rapidly 

tested by these artificially accelerated weathering tests under given conditions of UV 

radiations, temperature and humidity (ASTM D4676-89: 1989). 

If plastics are exposed to UV light, some chemical reactions may take place like 

photo-oxidative, thermo-oxidative and photolytic which cause the changes in the 

physical as well as chemical properties. Some visible changes include colour change, 



9 

 

surface cracks, opacity and brittleness while reduction in molecular weight, failure of 

mechanical properties and formation of chemical groups like "carbonyl", "carboxylic 

acids" and "hydro-peroxides" can be measured experimentally (Carlsson & Wiles, 

1976; Andrady et al. 1998; Fechine, Rabello & Souto-Maior, 2002; Singh & Sharma 

2008). 

It was also observed that polyethylene films quickly lost their mechanical reliability 

and extensibility which was also accompanied by the reduction in the average 

molecular weight, after being exposed to UV radiations (Singh & Sharma 2008). 

As it is a known fact that these polymers are neither bio-degradable nor so much 

sensitive to heat exposure, therefore it may take about hundreds of years to degrade. 

Therefore, “Accelerated Weathering Tester” is quite helpful in this regard by 

providing artificial UV radiations, condensation and elevated temperature to produce 

a simulated environmental effect on the polymer in a short period of time. Accelerated 

wreathing is very important in predicting the life time of the polymer and its end user 

to the environmental. The nature and concentration of the additives can be optimized 

for its prescribed period of time. The impact of these additives on the deterioration of 

the material in terms of their physical, chemical, mechanical and morphological 

changes can be studies by applying different techniques which will be very helpful in 

assigning the degradation mechanism and for the development of the 

recycling/degradation methods. 

1.4 Kinetics of Thermal degradation 

The literature reveals that major part of the waste is either thermal degraded or photo-

thermal degraded to make use of it either as a fuel for recycling. Therefore, a lot of 

work is going to study the kinetic of the degradation of polyethylene and to find out 

the optimum condition under which this process can be used and less energy is 

involved while the useful product is obtained. Keeping in view these facts a numbers 

of methods have also been developed to understand the thermal degradation 

mechanism of the polymeric materials and to conclude "rate", "activation energy" and 

"order of reaction" (Day, Cooney & Mackinoon, 1995; Lattimer, 1995; Chan & Balke 

1997; Westerhout et al. 1997; Bockhorn et al. 1999; Yao et al. 2008). Among these the 

important methods are "Flynn-Wall-Ozawa", "Coats-Redfern", "Kissinger" and 

"Augis-Bennett" method (Kissinger, 1957; Coats & Redfern, 1964; Ozawa, 1965; 
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Augis & Bennett, 1978). It is normally claimed that all the proposed methods work 

well but in reality each method has certain short comings/limitations. The order of 

degradation and activation energy can be obtained using different methods and 

employing thermal analysis technique. 

1.4.1 Investigation of rate of degradation 

Generally, the decomposition reaction of the polymeric materials can be expressed as: 

𝑨𝒔𝒐𝒍𝒊𝒅 → 𝑩𝒔𝒐𝒍𝒊𝒅 + 𝑪𝒈𝒂𝒔       (1) 

Here, the symbols A, B and C, represents the "initial", "residue" and "gaseous" 

materials, respectively. 

The data obtained from the thermogravimetric analysis can be utilized for the kinetic 

study and the "degree of conversion" which is denoted by the symbol "α" can be 

calculated by using the following expression: 

𝜶 = 
𝑾°−𝑾𝒕

𝑾°−𝑾∞
=

∆𝑾

∆𝑾°
        (2) 

Here, the symbols “”, “Wo”, “Wt” and “W∞” represents the "degree of conversion", 

"initial weight", "weight of sample at time "t" and "final weight of the sample", 

respectively. 

The kinetic process may be expressed by a typical model as given below: 

𝒅𝜶

𝒅𝒕
= 𝒌𝒇(𝜶)         (3) 

Where, “d/dt” , “k”, and “f()” denote the "decomposition rate", "decomposition 

rate constant" and the "differential expression" , respectively for a "kinetic model 

function". 

The dependency of “k” on the temperature can be represented by "Arrhenius 

expression" 

𝒌 = 𝑨 𝒆𝒙𝒑 *
−𝑬𝒂

𝑹𝑻
+        (4) 

Here, "A", "Ea", "R" and "T" denote the "pre-exponential factor (1/sec)", "activation 

energy (kJ/mol), "general gas constant (8.314 J.mol
-1

.K
-1

)" and "absolute temperature 

(Kelvin)", respectively. 
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Combining Equations (3 and 4) gives 

𝒅𝜶

𝒅𝑻
= 𝑨𝒆𝒙𝒑 *

−𝑬𝒂

𝑹𝑻
+ 𝒇(𝜶)       (5) 

If the temperature is increased by a steady heating rate "β" which can be represented 

as "β=dT/dt" then the Equation (5) becomes 

𝒅𝜶

𝒅𝑻
=
𝑨

𝜷
𝒆𝒙𝒑 *

−𝑬𝒂

𝑹𝑻
+ 𝒇(𝜶)       (6) 

Therefore, the Equation (6) is the very basic equation for the determination of kinetic 

parameters using the results one gets from the thermogravimetric analysis (Meng et 

al. 2007). In literature, a number of methods are available for the determination of 

activation energy however; we applied the four well recognized methods. 

1.4.1.1 Flynn-Wall-Ozawa method 

It is the integral method (Rakhshani et al. 2012) which can be applied for the 

determination of activation energy without the consideration of "order of reaction". 

This method can be expressed in terms of Equation (7) 

𝒍𝒐𝒈 𝜷 = 𝒍𝒐𝒈
𝑨𝑬𝒂

𝒈(𝜶) 𝑹
       

      𝑬𝒂

𝑹𝑻
    (7) 

Where "A" and "R" are constants and for particular conversion, "g ()" also is 

constant. 

The activation energy (Ea) can be determined from the slope of the curve obtained 

from the plots of  “log β” vs “1/T” at different heating rates for any particular "degree 

of conversion" (). 

1.4.1.2 A. W. Coats and J. P. Redfern method 

"J. P. Redfern" and "A. W. Coats"(Coats & Redfern, 1964) assumed different order of 

reactions which correlate the linearity in each case to select the appropriate one 

(Johnson & Gallagher, 1972). The recommended equations are given as under: 

𝒍𝒐𝒈 *
 −( −𝜶)  𝒏

𝑻 ( −𝒏)
+ = 𝒍𝒐𝒈

𝑨𝑹

𝜷𝑬𝒂
*  

 𝑹𝑻

𝑬𝒂
+  

𝑬𝒂

     𝑹𝑻
 𝒇𝒐  𝒏    (8) 

 

𝒍𝒐𝒈 *
−𝒍𝒐𝒈( −𝜶)

𝑻 
+ = 𝒍𝒐𝒈

𝑨𝑹

𝜷𝑬𝒂
*  

 𝑹𝑻

𝑬𝒂
+  

𝑬𝒂

     𝑹𝑻
 𝒇𝒐  𝒏 =   (9) 
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Here the "order of reaction" is denoted by the symbol "n". The slope obtained from 

the plots of the left hand side versus "1/T'" of the above equations which will be equal 

to “-Ea/2.303R”, hence “Ea” as well as “A” can be calculated. 

As the value of 2RT/Ea is very small (1) hence it is independent of temperature 

(Urbanovici, Popescu & Segal, 1999). 

1.4.1.3 H. E. Kissinger method 

"H. E. Kissinger‟s method" (Kissinger, 1957; Chrissafis, 2009)has been applied by 

various scientists for the determination of activation energy in "solid state reactions". 

The energy of activation can be determined by this method without knowing the 

precise reaction mechanism. The equation of the method is given below: 

𝒍𝒏 (
𝜷

𝑻𝒑
 ) =  *𝒍𝒏

𝑨𝑹

𝑬𝒂
+ 𝒍𝒏*𝒏(  𝜶𝒎𝒂𝒙)

𝒏− ++  
𝑬𝒂

𝑹𝑻𝒑
  (10) 

From Equation (10) log( β/T
2

p) was plotted against "1/Tp" and Ea was determined 

from the rate of variation of log( β/T
2

p) with respect to "1/Tp". Here, "Tp" is the 

temperature at which the rate of degradation was maximum “αmax” being the 

maximum conversion. The rest of the symbols have the usual meaning. 

1.4.1.4 J. A. Augis and J. E. Bennett method 

According to this method which was suggested by"J. E. Bennett and J. A. Augis" 

(Augis & Bennett, 1978), 

𝒍𝒏 (
𝜷

𝑻𝒑−𝑻 
) =

𝑬𝒂

𝑹𝑻𝒑
+ 𝒍𝒏𝑨  (11) 

Here, “Tp” and “To” are the peak temperatures and onset temperature of the DTG 

(Derivative thermogravimetric) curve, respectively. The rate of variation of "ln[β/(Tp-

To)]" vs. "1/Tp" provide the Ea. 

1.4.2 Determination of reaction order 

The "reaction order" and "A the pre-exponential factor" can be obtained using 

Equation (12) (Baloch, Khurram & Durrani, 2011; Khurram, Baloch & Simon 2014)
 

𝒍𝒏 [
𝜷𝒅𝜶

𝒅𝑻
⁄

𝒆𝒙𝒑(−
𝑬𝒂

𝑹𝑻⁄ )
] = 𝒍𝒏𝑨 + 𝒏𝒍𝒏(  𝜶)    (12) 
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ln [
βdα

dT
⁄

exp(−
Ea

RT⁄ )
]Versus ln(1-α), both the parameters i.e. the "order of reaction" and "A" 

is obtained (Lua & Su, 2006; Meng et al. 2007; Baloch, Khurram & Durrani, 2011). 

 

1.5 Aims and objectives 

The production and consumption of polyethylene has been increased tremendously all 

over the world which ultimately led to the environmental pollution, soil pollution and 

even water pollution. In addition, it has become almost impossible to handle the waste 

and to recycling the material. On the other hand its utility cannot be neither stopped, 

nor minimized rather increasing with time, as it is economical, having versatile 

properties and wide range of applications. Among the product of polyethylene, the 

carrying bags occupy a huge space and it has become almost part of our life, 

particularly in Pakistan; in spite of the fact that these are one of the core-causes of 

atmospheric pollution and diseases in Pakistan. 

The present research work is aimed to investigating the ways and means to minimize 

the waste and reduce the pollution caused by polyethylene particularly carrying bags 

by degrading the waste material. For this purpose, the following steps will be taken:  

 Polymer will be degraded using Thermogravemetric technique which is also 

known as dynamic thermal degradation, under various atmospheres. 

 The sample will also be degraded at high but at a constant temperature for 

various duration under air atmosphere. 

 For investigating the effect of exposing the polymer to UV radiations, high 

temperature and to humid atmosphere, simultaneously, the aging behaviour of the 

polymer will be studied in QUV chamber by exposing the polymer to artificial 

accelerated weathering conditions for various periods and by varying the conditions. 

 For understanding the role of stabilizer and pro-oxidant additives, various 

polymer samples having zero or various amount of these additives will be studied. 

 The impact of such treatment will be investigated by characterizing the 

polymer before and after the treatment by using various techniques like "FT-IR", 

"Scanning electron microscopy", "Differential scanning calorimetry", "X-Rays 

Diffraction analysis" and "Thermogravimetric analysis". 
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 The results so obtained before, during and after the exposure of these samples 

will be analysed in reference to optimize the degradation process. 
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Chapter 2: Review of Literature 

2.1 Types of polymer degradation 

The changes occur in the properties of the polymeric materials due to some physical 

or chemical reactions which ultimately leads to the transformation in chemical 

compositions and these are termed as polymer degradation. The variation in the 

properties of the polymeric materials like mechanical, discoloration, cracking, phase 

separation and optical etc are due to the degradation process. The degradation of 

plastics can be classified into bio-degradation, thermal degradation and photo-

oxidative degradation which depend on the type and strength of causing agents(Singh 

& Sharma, 2008). 

2.1.1 Bio-degradation 

Keeping in view the environmental issues associated with the recycling/degradation 

and waste management of the polymeric materials, it is need of the day to look 

forward towards the bio-degradable polyolefins in order to overcome these 

environmental problems (Ammala et al. 2011). 

These problems can be solved by the consistent development by two means (1) Waste 

plastic should be recycled (2) Evolution in eco-friendly polymers which are also 

renewable (Li & Chang xin, 2001). The term “sustainable” is interchangeably used 

with “renewable”. The sustainable polymers should be bio-degradable after their 

useful life time and are industrially acceptable. These bio-polymers include 

polysaccharides which are formed by action of fungi and bacteria such as 

carbohydrates, starch and cellulose etc. Bio-polymers like silk, wool and gelatine etc 

are derived from animal protein and these are also bio-degradable. There are also 

some synthetic polymers which are also bio-degradable like PBS "poly(butylenes 

succinate)", PVA "Polyvinylacetate" and PLA "Polylactic acid"(Summers, 1983; 

Gross & Kalra, 2002; Rossi et al. 2005). Nowadays, new methods and technologies 

are being developed to produce new bio-based polymers on commercial scale. For 

example, glucose is obtained from sweet potatoes, sugar-cane etc which is then 

fermented to form lactic acid which is finally converted to "polylactic acid" by the 

process of polymerization. These bio-degradable plastic comprised of polyether 

family in which polyester plays a vital role because of hydrolysable ester bond. These 

polymers have good performance as a packaging material and are also economical for 
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the consumers. To make the polymers bio-degradable some photo-activators like 

"carboxylic group", "ketones" and "iron dithiocarbamate" etc are mixed with organic 

fillers such as cellulose, starch etc. These formulations may initiate photo-degradation 

resulting polymer of low molecular weight (Khare & Deshmukh, 2006). 

It is reported that bio-bags are 80% more eco-friendly as compared to the plastic bags 

when clean and renewable energy (geothermal) is used during its production stages 

(Khoo et al. 2010). 

The driving forces in looking towards the renewable sources are the environmental 

problems and high price of petroleum (Scott & Willes, 2001; Gross & Kalra, 2002; 

Rossi et al. 2005). 

The term degradation in polymeric materials means the loss of properties which occur 

due the break-down or change in the assemblies of the macro-molecules or both.The 

biological agents like enzymes and microorganism can initiate chemical process 

which lead to the break-down of long polymer chains into small fragments. The small 

fragments then spread in the environment and finally enter into new biological cycles 

where these are converted into carbon dioxide and water (Khare & Deshmukh, 2006). 

The ultimate solution of small polymeric materials, which is difficult to recycle, is 

bio-degradation. In general, the microbial dependability has genuine constraint as 

being xenobiotics comprising of polyolefinic molecules which oppose the bio-

degradation because these are hydrophobic in nature and having high molecular 

masses. Thus decreasing their bio-availability: they normally form crystals and less 

susceptible to degradation due to numerous branching leading to block the action of 

enzymes(Ojeda et al. 2011). 

There are certain versatile properties of common polymers like low-cost, stability 

against UV light, water resistance and good mechanical/physical properties and due to 

these reasons bio-degradable polymers are unable to fully replace those(Khare & 

Deshmukh, 2006). 

It is claimed that, high energy is required in the fermentation process of making bio-

polymers and in addition to this, the crops are energy-incentive which require the 

input of fertilizers and hence plastics made from fossil fuels are preferred (Khoo et al. 

2010). 

Along with higher cost of raw-material required for the synthesis of bio-degradable 
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materials, another difficulty for these bio-degradable polymers is that a suitable 

infrastructure will be needed for composting/recycling of the solid waste. A huge cost 

is required in the advancement of the technology to synthesis completely bio-

degradable polymers which are cost-effective. The other limitations of bio-based 

polymers are the limited availability of monomers, difficulty in processibility, cost, 

limited performance and its calorific value is quite low upon incineration which 

hinders its widespread adoption (Bledzki & Gassan, 1999; Pavlath & Robertson, 

1999; Shimao, 2001). 

2.1.2 Thermal degradation 

The chemical reactions taking place during the thermal degradation depend on the 

activation energy which is temperature-dependent, while the solubility, morphology of 

the polymer, the migration of additives and the mechanism of antioxidants also 

depend on the temperature. Therefore, the thermal accelerated test at elevated 

temperature are commonly carried to assess the long-term properties of the polymeric 

materials within the expected useful life period (Strandberg, 2006). 

An active research is going on the thermal oxidation of polyolefins which is an object 

of numerous investigations and many important features of this phenomenon have 

been uncovered from the previous work. This is very relevant to the conditions which 

a polymer encountered during its practical use. Such studies are very useful in 

understanding the phenomenon occurring in the polymer which will be helpful to 

improve their lifetime under these conditions (Gugumus, 1995). 

The pro-oxidant additives were added in polyethylene films and their thermal 

oxidative behavior was studied. The oxygenated products formed after exposure were 

found to be the carboxylic acids, ketones, lactones. As a result the molecular weight 

gets decreased which allows to assess the degree of degradation and probable 

assimilation by micro-organisms was predicted indirectly. The oxidative susceptibility 

of the polyolefins was found to be in order of LDPE>LLDPE>HDPE (Chielllini et al. 

2006). 

Photo-chemical and thermal degradations are termed as oxidative degradation under 

normal conditions. The initiation steps are different from each other in these two 

techniques which ultimately lead to the auto-oxidative reaction. The mechanism of 

thermal degradation is followed by the "thermal reactions" which are carried out in 
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the main bulk of the polymeric materials while in photo-chemical degradation the 

photo-chemical reactions are carried out by random and de-polymerization reactions 

which were initiated in the presence of ultra-violet light. In thermal degradation the 

de-polymerization reactions usually start from the weaker links and it is not necessary 

that these reactions should initiate from the terminal end of the macro-molecules. The 

presence of head to head units, un-saturated sites etc are responsible for the chain 

scission reactions which lead to the thermal degradation of the polyethylene when 

temperature rises above 200 °C and produces little monomers. During processing of 

the polymers, some impurities are formed which are susceptible to thermal oxidation 

and as a result the de-polymerization of a large number of addition products might 

occur at elevated temperature (Singh & Sharma 2008). 

The production and consumption of the polymeric materials has been increased in all 

over the world due their versatile properties. The stability of these polymeric materials 

has created litter and waste management problems which ultimately threatens the 

environment. In order to overcome the environmental issues and conservation of 

fossil fuels, an active research is going on to find out the ways and means by which 

these polymeric materials can be thermally degraded. As a result, a large amount of 

energy is released with the regeneration of the raw materials. The development in the 

recycling methods of these polymeric materials can be achieved by thermal analysis 

which has been found by a versatile technique to study the kinetic parameters during 

the thermal degradation of the polymeric material according to pre-determined 

heating program (Aboulkas, El harfi & El Bouadili, 2010; Khurram, Baloch & Simon, 

2014). 

The increasing amount of the plastic waste as litter is increasing day by day all over 

the world and hence creating environmental issues. It is need of the day to recover 

energy from these waste materials and terminology is termed as WtE "Waste to 

Energy". Liquid hydrocarbons can be obtained from these waste materials, hence 

thermal degradation is considered as one of the best techniques. The TG 

"Thermogravimetry", in combination with DSC "Differential Scanning Calorimetry", 

gives a very useful information regarding the thermal changes and kinetic parameter 

of the material during their thermal degradation under different ambient atmosphere, 

with or without the presence of the catalyst. The thermal degradation of HDPE "High 

Density Polyethylene" and LLDPE "Linear Low Density Polyethylene" began at 



19 

 

431.6 °C and 427.9 °C respectively, while the melting point was observed at 129.1 

and 120.6 °C respectively. The enthalpy of these samples was found as ΔH = 350.8 

J/g. The information obtained from thermal analysis makes it feasible to establish the 

degradation mechanism of these polymeric materials during their thermal degradation 

which will definitely be helpful to develop the suitable manufacturing processes and 

ultimately the conversion of WtE "Waste to Energy" and WtL "Waste to Liquid" 

became possible (Rostek & Biernat, 2013). 

Thermal methods of analysis are very popular since long for the kinetic study during 

the thermal degradation of the polymeric material under nitrogen as well as under air 

atmosphere. The kinetic studies are very helpful to establish the mechanism of 

thermal degradation and to predict the thermal stability of the material. For this 

purpose a suitable method is needed for the evaluation of kinetic parameters and un-

luckily the values of activation energy obtained by these methods are not much 

consistent with each other. The reason for these discrepancies may be due to the 

computational artifacts and disparity in the material. Thermogravimetric analyses 

were performed on polyethylene samples under nitrogen as well under air atmosphere 

with a flow rate of 100 ml/min. These samples were provided by Aldrich which were 

in powder form and were analyzed as received. The thermograms of polyethylene 

obtained under nitrogen atmosphere showed a single and smooth step which began 

from 350 °C and finished at 470 °C having zero % of residue. Under air atmosphere, 

the degradation of polyethylene comprised of numerous steps with some 

irregularities. The first step was well-defined which began at 220 °C while second 

step appeared at 320 °C like a tiny shoulder. The third peak was very irregular in 

shape which was observed at 400 °C and ended above 475 °C. The polymer sample 

were completely degraded leaving behind no residue. The activation energy of 

polyethylene was determined by iso-conversional method which was 150 to 240 

(kJ/mol) under nitrogen atmosphere, while under air atmosphere it was 80 to 125 

(kJ/mol) when the degree of conversion is less than 0.5. The values of activation 

energy became very unstable when "degree of conversion" α>0.5 which reflects that 

the mechanism of thermal degradation of polyethylene is quite complex especially 

under air atmosphere. It was noted that the chain scission and branching occur 

simultaneously and due to which a single step of mass-loss is obtained. The values of 

activation energy was lower at the initial step which was because of volatilization of 
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the weak links attached to the main chain of the polymer and hence the random chain 

scission occurred. The negative values of activation energy showed the computational 

artifacts. The data of the different heating rates was considered which indicated that 

the mass-loss curve shifted towards higher temperature with the increase in 

temperature resulting in a positive value of activation energy. Due to these reasons the 

values of activation energy vary so inconsistently with the degree of conversion "α" in 

the particular temperature range (Peterson, Vyazovkin & Wight, 2001). 

Non-isothermal kinetics and thermodynamics of solid-state decomposition of LDPE 

"Low Density Polyethylene" and HDPE "High Density Polyethylene" was studied by 

thermogravimetric analysis. Both LDPE and HDPE polymers showed their resistance 

against thermal decomposition at 200 °C having weight residue ranging 99.8-100 %. 

The thermogravimetric analyses were performed on these samples at heating rate of 

10 °C/min and air was used as an ambient atmosphere. The "Coats-Redferen method" 

was applied for the calculation of activation energy which was obtained as 49.70, 

58.40 and 149.22 kJ/mol for LDPE and 62.71, 79.63 and 116.04 kJ/mol for HDPE 

when n (order of reaction) was supposed to be 0, 1 and 2, respectively. Large 

discrepancies were observed in the value of the activation energy during the thermal 

decomposition of these polymers evaluated through "Coats-Redfern method". These 

polymers indicated almost same behavior towards various log g(α) functions at higher 

temperature (Varshney & Kumar, 2010). 

The thermogravimetric analysis was performed on the thin films of LDPE containing 

cobalt stearate. These analyses were performed at three different heating rates (3, 5 

and 7 °C/min under inert (nitrogen) as well as under air atmosphere. Under inert 

atmosphere only one distinct weight-loss curve was obtained and it is reported that the 

primary path of the degradation is the random chain scission. Under air atmosphere, 

the thermogravimetric curve composed of multiple steps and the degradation process 

was initiated at lower temperature as compared to the one observed under inert 

atmosphere which indicates the pro-oxidative nature of the cobalt stearate. In start of 

the TG curve a slight increase in the mass was observed which might be due to the 

formation of polymeric oxides due to the interaction of the polymer with the air and 

becoming an exothermic in nature at 400 °C. Therefore the degradation of 

polyethylene followed an unsteady pattern of degradation and hence no systematic 

shift was observed with the increase in heating rate. The "Flynn-Wall-Ozawa method" 
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was applied for the determination of activation energy and it was found to be 250 to 

280 (kJ/mol) under inert atmosphere. The variation in the value of activation energy 

was observed as LDPE which is a branched-polymer. It comprised of butyl branches 

and these are considered as weak links which evaporated first. Hence less energy will 

be required. When these small braches get volatilized then the degradation initiated by 

random scission takes place for which higher energy is required. During thermal 

degradation all bonds are not broken down but those get affected which are smaller 

enough and which cannot with stand at this particular temperature. The rate of mass-

loss of the polymer depends on both physical and chemical processes which 

ultimately influence the degradation kinetics. Under air atmosphere, the activation 

energy was found to be 80 to 90 (kJ/mol) was is equivalent to the dissociation energy 

of peroxides indicating the thermal degradation in air which leads to the formation of 

oxygenated products like peroxides, alcohols, acids etc. At higher "degree of 

conversion" the erratic activation energy of polyethylene was obtained as under air 

atmosphere the weight loss is comprised of multiple steps and it involves the several 

reactions with diverse mechanism (Roy et al. 2007). 

The thermogravimetric analyses were performed on the composites of UHMWPE 

"Ultra High Molecular Weight Polyethylene" with fiber mono-crystals. The analyses 

were performed at four different heating rates (6, 10 and 16 °C/min) under static air. 

The "Coats-Redfern method" was applied for the determination of activation energy 

and the values obtained were 289.6 to 360.5 (kJ/mol). It was observed that pure 

UHMWPE followed the diffusion controlled reaction (three-dimensional diffusion, 

mechanism D3) during its thermal degradation whereas its composite with the 

incorporation of mono-crystals followed by two concurrent mechanisms "diffusion 

one D3 and A1, F1 mechanism". It was also noted that the incorporation of mono-

crystals had enhanced the thermal stability of the composite materials (Koleva & 

Atanassov, 2008). 

The thermogravimetric analyses were performed on HDPE "High Density 

Polyethylene" (molecular weight of 22000) at four heating rate i.e. 5, 25, 50 and 100 

°C/min under inert atmosphere. Different kinetic models were applied but the model 

involving a "surface zero-order reaction" was considered as the best one because the 

thermogravimetric curves showed the best fitting to the data. In the light of these 

results, it was deduced that the decomposition of HDPE can be represented by 3 
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different reaction schemes in which the 1 and 3 were surface reactions with activation 

energy of 185.0 and 221.5 (kJ/mol) while the reaction 2 produced in the liquid phase 

of the melted polymer with Ea of 271.1 (kJ/mol) (Conesa et al. 1996). 

The thermogravimetric analyses were performed on three different samples of 

polyethylene including HDPE "High Density Polyethylene", LDPE "Low Density 

Polyethylene" and LLDPE "Linear Low Density Polyethylene" at heating rates of 10, 

20, 30 and 50 °C/min under inert atmosphere. Activation energy and order of reaction 

were determined by applying a new kinetic method using a dynamic model for the 

thermal degradation of these samples. The results obtained were compared with 

previous results obtained by applying "Coats-Redfern", "Flynn-Wall", "Freeman-

Carroll", "Denq" and "Ozawa" methods. The values of activation energy were 

obtained by applying this method for HDPE, LDPE and LLDPE. These were found in 

the range of 333.2-343.2, 187.5-199.1 and 219.2-230.1 (kJ/mol), respectively which 

followed the pattern as HDPE>LLDPE>LDPE. The order of reactions for HDPE, 

LDPE and LLDPE was obtained in the range of 0.93-0.98, 0.45-0.64 and 0.47-0.67, 

respectively. It was pointed out the HDPE showed at higher value for order of reaction 

than LDPE and LLDPE which were branched while HDPE chains were without 

branching. It further concluded that the heating rate had less influence on the order of 

reaction (Park et al. 2000). 

In order to study the impact of the particle size on the thermal stability and 

degradation kinetics of polyethylene, the thermogravimetric analyses were performed 

on different particles of polyethylene having the diameters ~20, ~ 10, ~ 1 μm and 500 

nm. The thermogravimetric analyses were performed in the temperature range of 40 to 

600 °C under inert atmosphere by applying three heating rates which were 5, 10 and 

15 °C/min. For kinetic studies, single heating-rate techniques like "Friedman, 

"Freeman-Carroll" and "Second Kissinger" and 3 multiple heating-rate techniques like 

"Flynn-Wall", "Kim-Park" and "first Kissinger" were applied. The results obtained by 

these methods were compared with a macro sized polyethylene (diameter 1 mm). 

Under inert atmosphere, only one degradation curve was obtained for all these particle 

sizes. The activation energy obtained by these methods was consistent with each other 

and further, it was observed that the value of activation energy and order of reaction 

both were particle-size-dependent. The thermal stability of the nano-particles of the 

polyethylene was higher as compared to its macro and micro. The reason behind this 
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is the high crystallinity and more compactness of the chains of the polymer (Paik & 

Kar, 2009). 

Five different municipal solid waste comprising of "Low density polyethylene", "high 

density polyethylene", "Polystyrene", "Polypropylene" and "Polyvinyl chloride" were 

thermally degraded in thermo-balance at heating rate of 10 °C/min under inert 

atmosphere from room to 600 °C. The data obtained was used for kinetic studies by 

applying "a single reaction model" and "a model of independent parallel reactions". A 

single step degradation curve was obtained under nitrogen atmosphere. The activation 

energy was found to be 341 and 445 (kJ/mol) for LDPE and HDPE, respectively. It 

was further pointed out that the values of activation energy are also influenced by the 

experimental procedure and the applied method (Sorum, Gronli & Hustad, 2001). 

Two samples of polyethylene (LDPE and HDPE without inorganic additives) in 

granular form were purchased from Brazilian industries. Thermogravimetric analysis 

were performed from room temperature to 900 °C at 3 different heating rates i.e 5, 10 

and 20 °C/min under inert atmosphere. The results obtained were compared with the 

"Coats-Redfern method" and it was deduced that both LDPE and HDPE during its 

thermal degradation followed mechanism R2 "Phase boundary controlled reaction-

contracting area". Further it was concluded that the heating rate and branching of the 

polymer has no significant effect on the kinetic parameters (Sinfronio et al. 2005). 

Thermogravimetric analysis were performed on HDPE (spheres of 3 mm) under 

isothermal conditions (440, 450 and 460 °C) as well as on dynamic heating rates (4, 6, 

8, 10 and 20 °C/min) under nitrogen atmosphere. The "Flynn-Wall-Ozawa method" 

was applied on this data for the determination of the activation energy. The activation 

energy obtained varies with the degree of conversion and this is an indication that the 

reaction mechanism varies with the progress of the degradation process and it is 

further concluded that the order of reaction of polyethylene does not depend upon the 

heating rate as its degradation occurs through random chain scission. Under dynamic 

as well as under isothermal conditions the mean activation energy for HDPE was 

same and the order of reaction was found to be "0.55" (Gao, Amasaki & Nakada 

2003). 

For the recycling of the polymers on industrial scale, it is very important to know 

about their thermal degradation behavior. The thermogravimetric data of HDPE and 
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LDPE was utilized for the determination of activation energy by applying different 

methods like "Flynn-Wall-Ozawa", "Friedman" and "Kissinger-Akahir-Sunose" 

method. The activation energy of HDPE and LDPE was found in the range of 238-247 

(kJ/mol) and 215-221 (kJ/mol), respectively. The "Coats-Redfern" and "Criado" 

methods were applied to predict the pyrolysis reaction models during the thermal 

degradation of HDPE and LDPE which were predicted that it was "Contracting 

Sphere" model (Aboulkas, El harfi & El Bouadili, 2010). 

2.1.3 Photodegradation 

Plastic bags pose a "visual pollution" problem and to overcome this issue, generally, 

the photodegradants are added in the polymers during their synthesis which enhanced 

the photo-oxidation and provide a possible route to accelerate the mineralization of 

such litter. Once these photodegradants become activated then enhance the thermo-

oxidative degradation which results in the rapid disintegration of the polymers into a 

powdery residue. Aluminium 2,4-pentanedione showed considerable 

photodegradation activity in polyethylene while "poly(1,2-dihydro-2,2,4-

trimethylquinoline)" is an effective antioxidant yet accelerate photodegradation 

without significantly the recyclability of the polymer (Eyenga et al. 2002). 

It is well established that the chemical changes occurs during the photo-oxidation 

degradation polyethylene are very complex. It is a well-established fact that in the 

early stage of photo-oxidation of polyethylene several photo-physical processes are 

involved generating radicals which react with oxygen to form hydro-peroxide. These 

groups are decomposed to liberate free radicals in the presence of heat and light which 

initiate the chain reactions. Some reaction mechanisms take place and result in the 

formation of oxygenated products such carbonyl compounds which are finally 

converted into carboxylic acids. Furthermore, the vinyl groups form due to 

decomposition reactions of intra-molecular hydro-peroxide (Scott, 1990). 

In photo-degradation, the most of the polymers shows natural tendency to undergo 

gradual reactions under the influence of light and in the presence of atmospheric 

oxygen. Normally, some photosensitizing agents are employed in order to expedite 

this natural tendency of the polymers. The mechanism involved in the photo-

degradation of the plastics comprised of the absorption of free radicals and initiates an 

auto-oxidation reactions which results in the decomposition of the material. During 
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fabrication the impurities such as carbonyl groups are generated which are the main 

causes for the instability of these polymers. 

The hydro-peroxide group is formed during the photo-degradation process of 

polyethylene which is sensitive to heat and light and as result radicals are formed 

which initiate the chain reactions. The appearance of carbonyl groups is an indication 

of the occurrence of oxidation reactions, as these groups are photo-labile which make 

the polymer susceptible for further degradation. During the photo-degradation the 

ketone groups are introduced in the back bone of the polymeric materials and as a 

result "Norrish I" or "Norrish II" degradation reaction mechanism can take place 

(Ammala et al. 2011). 

Polyethylene is extensively used for outdoor applications and hence undesirable 

degradation may be accelerated by exposure to UV light which limits its useful life 

time. The importance of photo-oxidative degradation of the polymeric materials has 

been realized and an active research is going on this issue all over the world. A 

number of studies has been performed in order to improve the UV stability of the 

polyethylene by the combination of different kinds of stabilizers like benzophenone, 

benzotriazole etc. It has been investigated that the UV light and oxygen are the main 

cause of the degradation and these oxidative degradation reactions limits the active 

life of the synthetic polymers (Khoylou & Hassanpour, 2005). 

The feasibility of photo-oxidative degradation of polyethylene has be proved by 

recent studies and during this process the material is decomposed in the presence 

ambient conditions like light and heat. The radicals are formed in the initial stage 

which leads to the cleavage of the chemical bonds in main chain of the polymer. The 

energy required to break "C-C" and "C-H" to yield free radicals is approximately 

same as the UV radiations have in the range of 290 to 320 nm. The further 

degradation process is initiated by these free radicals. The impact of the nano-clay as 

a photo-degradant on the photo-degradation behavior of the low density polyethylene 

was investigated. The accelerated weathering tests were performed in the QUV 

chamber and after exposure the samples were analyzed by different techniques like 

GPC, FT-IR spectroscopy. It was observed that the photo-degradation of the 

polyethylene was extensively increased by the presence of nano-clay (Kumanayaka, 

Parthasarathy & Jollands, 2010). 
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The different pathways involved in the photo-degradation of the polymers are well 

known but several aspects which are responsible for these mechanisms are still 

unknown and should be explored. It has been found that the presence of additives like 

light stabilizers, light absorbers and pigments etc strongly effects on the degradation 

mechanism of the polymers (Gugumus, 1993). 

When low density polyethylene films were exposed to UV radiation then there was 

decrease in their average molecular weight, strength and extensibility was observed 

(Andrady, Pegram & Tropsha, 1993; Hamid, Amin, & Maadhah, 1995). 

It is investigated that in the photo-degradation of the polyethylene the direct 

photolysis reactions are less pronounced while the photo-oxidative and thermo-

oxidative are the main features involved in the degradation mechanism (Rabek, 1995). 

When polymeric materials exposed to sunlight, it undergoes a series of reactions like 

photo-oxidative, photolytic and thermo-oxidative which ultimately leads to the 

chemical degradation of the material. With the consequences of colour change, 

opacity, formation of surface cracks which makes the material fragile (Andrady et al. 

1998). 

During UV irradiation of polymers, in the first step the activated molecules are 

formed and in the second step various other steps like chain scission, cross-linking 

and oxidation may take place. The first main scission is due to the photo-dissociation 

and as a result the radicals are formed. It this free radical combine with the main chain 

or with other radicals then cross-linking will occur (Tse, Ng & Yu, 2006). 

During the photodegradation the chemical groups like carbonyl,, carboxylic acids and 

hydroperoxides are formed besides this, a number of changes take place including the 

reduction in the molecular weight (Carlsson & Wiles, 1976; Fechine, Rabello & 

Souto-Maior, 2002). 

The photodegradation of HDPE, LDPE, PE-BIO (biodegradable polyethylene), and 

PE-OXO (oxodegradable polyethylene) was investigated by exposing to UV-B lamps 

(280-320 nm) from 0 to 60 days. As a result they suggested that HDPE and LDPE be 

pretreated with an appropriate dose of UV-B radiation before putting these in the 

market. These polymeric material can proof to be a better alternative of biodegradable 

material and there can be no need to add organic or pro-oxidant agents in the polymer. 

(Martinez-Romo et al. 2015). 
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2.1.3.1 Mechanism of photodegradation 

The impurities present in the polymer are responsible for their oxidative degradation 

which absorbs the light and are transformed from singlet state to triplet state (Turro, 

1991). 

These excited states are responsible for "Norrish Type I reaction" in which the main 

chains of the polymers are broken down into radical pairs or "Norrish Type II 

reaction" in which saturated and unsaturated chains end by the transfer of hydrogen 

(Ostu, Tanaka & Wasaki, 1979). 

The molecular oxygen reacts with the radicals of the polymer and as result proxy 

radicals are formed which are converted to hydro-peroxide groups with the 

abstraction of hydrogen. The excitation of these groups takes place by the absorption 

of the UV light and as a result the weaker O-O bonds are broken down. In the next 

step the formation of "-OH" and "-OR" radicals take place which expedite the process 

of photo-degradation (Carlsson & Wiles, 1976). 

Some auto-oxidative steps are given below which are involved in the mechanism of 

photo-oxidative degradation of the polymers. 

2.1.3.2 Initiation 

The initial step involved in the formation of radicals is the absorption of Ultraviolet 

light. The energy of UV light is equivalent to the energy required to break the 

chemical bonds in the main frame of the polymers. 

These initiation steps depend on the applied conditions and nature of the polymer. 

2.1.3.3 Direct-photolysis 

The energy required to break the "C-C" and "C-H" bonds are found to be  

"375 kJmol
-1

" and 420 "kJmol
-1

", respectively. The direct-photolysis may occur 

because UV radiations contained the same energy forming radicals which initiate the 

degradation process (Plotnikov, 1988). 

2.1.3.4 Photosensitized cleavage 

The photo-sensitizers get excited readily upon exposure to UV light as these are very 

sensitive to light. Normally, these are added in the polymers for homolytic cleavage of 

the long chain of the polymer (Carlsson & Wiles, 1976; Zweifel, 2001). 
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2.1.3.5 Incorporation of carbonyl groups 

The carbonyl are generated during the processing of the polymers which acts as 

chromophores which can absorbs light in the UV region. As a result the radicals are 

formed which follow the "Norrish Type I" or "Norrish Type II" reaction mechanism 

with abstraction of the H atom (Hocking, 1992). 

 

2.1.3.6 Insertion of peroxides or un-saturation in the polymer 

The oxidative degradation can also take place due to the presence of peroxide or un-

saturation sites in main skeleton of the polymer. The "macroalkyl" and "hydroxyl" 

radicals are formed from "macro-hydro-peroxide" (-C-OOH) due to labile nature of 

O-O. The hydrogen is taken by these "macro-alkoxy" and "hydroxyl" radicals which 

can form water, alcohol and new macro alkyl radicals and hence the various chain-

initiation reactions can take place (Mark et al. 1986). 

2.1.3.7 Reactions of singlet and triplet stage 

The initiation reactions can also be carried out by the reaction of a ketone in a triplet-

excited state with ground state oxygen. As we know that these carbonyl groups are 

sensitive to light and the energy gained by the absorption of UV light is transferred to 

the oxygen molecules and hence excited oxygen species are formed. These species 

then further react with vinyl and un-saturated groups to yield hydro-peroxide which 

results in the commencement of the "free radical reaction mechanism" (Turro, 1991). 

2.1.3.8 Propagation reaction 

Generally, in all carbon backbone polymers, the propagating reactions of auto-

oxidation cycle are common which leads to the formation of hydroperoxide species. 

These species are not involved directly in the cleavage of the backbone but it is a vital 

intermediate for further reactions. "Norrish Type I and II reactions" of the 

chromophores (carbonyl) following β-scission route is responsible for polymer 

backbone cleavage and these are the established route for photo-oxidative 

degradation. In semi-crystalline polymers these scission reactions takes place in the 

amorphous region and forms two chain ends that are free to restructure which 

eventually increases the crystallinity as the oxidative degradation proceeds (Mark et 

al. 1986; Tayler, 2004). 
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2.1.3.9 Termination reactions 

The inert products are created by "mopping up" to terminate the photo-degradation 

and this is normally done by using stabilizers in the plastic. Macroalkyl radicals may 

combine to give a cross-linked, branched or disproportionate product. Ultimately the 

peroxy radicals terminate by reaction with other radicals to give carbonyl species, 

dialkyl peroxides, or alcohols (Singh & Sharma 2008). 

2.2 Additives 

2.2.1 Photo-degradants 

The production and consumption of plastic materials has been increased tremendously 

which created waste management and environmental problems and such issues can be 

resolved by various means. A wide variety of the polymeric materials absorbs solar 

ultraviolet radiations and undergoes photolytic, photo-oxidative, and thermo-oxidative 

reactions which ultimately lead to the deterioration of these materials. Keeping in 

view such capabilities of the polymeric materials, their rate of degradation can be 

increased by the addition of such additives which enhances their degradation rate 

(Gugumus, 1993). 

The most important techniques to make the polyolefin degradable is the addition of 

pro-oxidants during their processing. Organosoluble transition metal ions, aromatic 

ketones, dithiocarbamtes, acetyl acetonates etc are used as additives which act as 

thermal and photo-oxidant for the polymers (Roy et al. 2007). 

It is observed that the polymeric material like PE and PE are very stable and take 

many decades to degrade when they exposed to natural weathering. The ease of 

packaging has tremendously increased its production and now the need has been felt 

to add the additives in these polymeric materials during their processing and will be 

capable of increasing the degradation rate after their useful time. These additives are 

termed as prodegradants and the most widely used and reported prodegradants are the 

transition metals like Fe, Co and Mn. Fe is highly effective in accelerating the 

photodegrdation while Mn and Co are sensitive to thermal degradation. Generally, 

these metal ions are introduced at trace levels in the form of organic complexes 

(Ammala et al. 2011). 

The commercial photodegradant include organic compounds such as substituted 

benzophenone which act as photoactivators and metallic organic compounds played a 
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vital role in the degradation of polymeric materials. It has been invested that 

Aluminium 2,4-pentanedione showed a considerable photodegrdation activity in 

polyethylene films under accelerated weathering conditions. Poly(1,2-dihydro-2,2,4-

trimethylquinoline) was found to be an effective antioxidant and also yet accelerates 

photodegradation behavior when exposed to UV radiations without significantly 

affecting the recyclability of these polymers and hence these additive have the 

potential for controlling the mineralization of plastic shopping bag litter (Eyenga et al. 

2002). 

It is reported that the Antraquinone and Benzophenone based additives alone or 

together with additives like iron stearate are found as found as prodegradant in 

polyethylene which accelerate the degradation process in the presence of UV light and 

air. It is also further described that the rate of photodegradation of polyolefins can be 

increased by the use of polyisobutylene additive which is applied to the surface of 

polyethylene film as compared to benzophenone. Some researchers has found that the 

use of peroxide containing additive for targeted scission or cross linking reactions in 

plastic (Ammala et al. 2011). 

Ferric stearate along with Oleic acid and Benzoyl peroxide were used as 

prodegradents which were blended into low-density polyethylene. The films prepared 

were exposed to natural environment of Tehran and under accelerated weathering 

conditions in the presence of UV light. The results obtained from natural and 

accelerated weathering before and after different periods of times were compared. It 

was found from the results that the composition of the polymer, accelerated test 

conditions and exposure time etc are the key factors which control the rate of 

degradation of polyethylene (Sheikh et al. 2006). 

It has been investigated that by the addition of carbonyl groups, chromospheres and 

transition metal compounds etc enhance the photo-oxidation of polyethylene. In 

nanocomposites, the inorganic fillers such as "clay platelets" are dispersed in the 

polymer and it is also confirmed by the recent studies, the rate of degradation is 

relatively higher in polyethylene nanocomposite as compared to polyethylene alone 

(Kumanayaka, Parthasarathy & Jollands, 2010). 

2.2.2 Commercially available additives: 

Following are some of the important commercially available photodegradants with 
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their specific trade names and manufacturers are given below: 

(i) The most famous photodegradant in the market is "TDPA
TM

" manufactured by EPI, 

which is certified distributors and sellers of these additives. The main active 

components in these additives are the metal stearates (Fe, Co, Ce) and citric acid. 

They can work well in the prevailing degradation conditions like anaerobic and even 

in the absence of light. These are normally used in the polymers like PE, PP and PS, 

in the vast variety of products like grocery bags, disposable waste bags, food packing, 

and in agriculture mulch films. 

(ii) "Reverte" is an oxo-biodegradable additive and is manufactured by "Well Plastics 

Limited". Its main active components are "Undisclosed photo-inhibiting package, 

metal ion prodegradant package and biodegradation promotors (micronized 

cellulose)". It is generally used in polymer like PE, PP, PS and PET. It is further 

claimed that this additive is the first additive for degradable poly(ethylene 

terephthalate) (PET) for beverage bottles. 

(iii) "AddiFlex" which is manufactured by "Add-X Biotech" and contains the active 

components like Metal carboxylate (Fe, Cu, Mn, Co, Ni), starch, CaCO3. The 

presence of CaCO3 in this additive plays a vital role and it increases the UV 

degradation up to 66% and hence less amount of additive is needed. This additive is 

added in variety of food packaging manufactured by Active packaging, "Robert 

Plastic Ltd" for LLDPE based films and "Jig A-Loo's Econogreen" product line of 

plastic bags and cloths and it is further claimed that these products are biodegradable 

which ultimately converted into H2O, CO2 and biomass. 

(iv) The additive "d2W" which is manufactured by "Symphony Environmental" and 

its active components are Metal stearates and stabilisers (typically Mn). These are 

added in PE and PP to produce degradable polymers but not intended for compost as 

it does not degrade in anaerobic conditions. Its consumable products are normally 

used by Tiger brands, Nescafe, KFC, Pizza Hut and Walmart. 

(v) "Scott-Gilead technology" uses "metal dithiocarbamate (iron and possibly Ni)" as 

prodegradant to produce mulch films under the trade name of "Plastigone" in USA 

and "Plastor" in Europe. The uniqueness of this additive is that during processing and 

storage it acts as antioxidant while as a photo- and thermo pro-oxidant once it is 

exposed to UV light (Ammala et al. 2011). 
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2.2.3 Photostabilizers 

Sometimes the stability of polymeric materials is required for the outdoor use and 

hence some additives are added to get the expected life of the polymeric materials. 

UV radiations causes photo-oxidation in polymers which results in loss of physical 

and mechanical properties and limits their applications  In recent years an active 

research is going on improving the UV stability of polyethylene by the use of 

combination of conventional stabilizers (Khoylou & Hassanpour 2005). 

Sometimes the stability of polymeric materials is required for the outdoor use and 

hence some additives are added to get the expected life of the polymeric materials. 

The HALS (hindered amine light stabilizers) is a type of additives which is usually 

added in the polymeric material to provide long-term stabilization against photo- and 

thermal degradation. In order to check the efficiency of HALS (provided by Ciba-

Geigy as Tinuvin 783), these were added in the polyethylene (provided by Shouman 

Plastic Co. New Domiette Egypt) in concentration of 0.6 % (w/w). These were film 

were exposed to accelerated aging UV chamber consisting of 4 UV fluorescent lamps 

with emission of 320 nm. After exposure these films were analyzed by different 

techniques and it was found that crystallinity of the films and the mechanical 

properties (elongation- and stress-at-break) were strongly influenced by UV exposure 

time and the presence of HALS (Salem, Faroukh & Kashif, 2002). 

It is reported that TiO2, carbon black, benzophenone, benzotriazole, HALS and used 

as stabilizers in the polymeric materials as most of the polymers do not have good UV 

stability. These stabilizers provide adequate retention of properties during the 

expected life of the polymeric materials. The desired degradation of the polymeric 

materials can be achieved by only reducing or eliminating such additives (Khare & 

Deshmukh, 2006). 

The HALS (hindered amine light stabilizers) which are the derivatives of 2,2,6,6-

tetramethyla piperidine are the most efficient light and thermal stabilizers. It was 

found that in polyolefin utilizing provide the high molecular weight HALS (Tinuvin 

622, Ciba Speciality Chemicals) was found to exhibit longer lifetimes than lower 

molecular weight (Tinuvin 770, Ciba Specialty Chemicals) (Ammala et al. 2011). 

Synergistic combinations is the most commonly used technique in which the different 

stabilizers are mixed together in different combinations to combat degradation 
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through more than one processes. The HALS (hindered amine light stabilizer) may be 

used in combination with UV absorbers (such as benzophenones or benzotriazoles) 

which provide stability to the polyethylene films during its useful life and after that 

these additives assist the degradation process (Chakraborty & Scott, 1977; Gugumus, 

1989). 

 

2.3 Aging in an oven 

High-density polyethylene (HDPE) was aged in a blast over at 100 °C and its samples 

were taken out at different interval of time from the oven to examine the changes 

occurred due to thermo-oxidative degradation. The loss of mechanical properties was 

observed in HDPE after ageing due to reduction in molecular weight, changes in 

microstructure and increase in crystallinity (Shi et al. 2011). 

The pro-oxidant additive (2% Renatura 
TM

) was added in the low density polyethylene 

and the impact of ageing under darkness was monitor after already having exposure to 

UV light. For this purpose, the samples of LDPE containing pro-oxidant were 

exposed for 120 heating rates to accelerated weathering device which was equipped 

with 340 nm UVA fluorescent lamps. After exposure these samples were subjected to 

dark heated exposure at 70 °C in an oven for 10, 20, 30 and 45 days. The ageing in an 

oven is analogous to the degradation of the polymer under burial condition under the 

soil and in the darkness. The effect of pro-oxidant additive was evident as the 

oxidative degradation was enhanced during it ageing in an oven and its impact was 

greater if it was exposed to UV light for greater period of time which leads to 

decrease in the tensile strength and elongation at break (Vogt & Kleppe, 2009). 

In order to study the rate of thermal oxidation the films of the polymeric material are 

usually placed in air-oven,, at high temperature for extended periods as the rate of 

thermal oxidation is very slow at ambient temperatures. For this purpose the films of 

polyethylene were placed in an oven at 70 °C for 2 weeks and at 60 °C for 8 weeks 

and it was suggested that temperature was an important factor that influenced the rate 

of degradation process. It was further observed that oxygen concentration in the range 

of 5-20 % did not show pronounced effect on the rate of degradation. Further it was 

also observed in this study, that parameters like density, melt flow index, carbonyl 

index and tensile properties can used in assessing the level of degradation under 
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controlled conditions (Ammala et al. 2011). 

The role of additives (AddiFlex) in the degree of degradation was studied during their 

oven ageing at 80 °C for 8 days. It was observed that the rate of degradation was 

increased which was quantified in terms of decrease in its elongation at break, when 

10 wt % of CaCO3 was used with 3 wt% of pro-oxidant (Ammala et al. 2011). 

The oven ageing studies were found to be very useful in order to study the effect of 

elevated temperature on the polymeric materials with the passage of time in terms of 

changes in the crystallinity, degradation kinetics and structural modifications. The 

films of isotactic polypropylene matrix in a composite were aged in an oven at 90 and 

140 °C for 12 days. The results obtained prior and after the ageing process were 

compared and were found very useful in predicting the impact ageing on the 

polymeric materials (Law, Simon & Lee-Sullivan, 2008). 

The cross-linked polyethylene (XLPE) which are widely used in high voltage cables 

were aged in an oven at below their melting temperature 80 and 100 °C for 5000 

hours and at above their melting temperature at 120 and 140 °C for 1500 hours. It was 

concluded that thermal ageing below melting temperature had a little effect while 

significant changes were observed after ageing at higher temperature than its melting 

temperature. The material showed severe deterioration due to chain scission and 

oxidation reactions which ultimately changed the crystallinity, melting peak and heat 

of fusion which deteriorates the electrical and mechanical properties of the polymer. 

The X-ray diffraction studies revealed that thermal ageing had no effect on the 

crystalline phase of the XLPE. However, thermal ageing had great effect on the 

degree of crystallinity which was increasing in the beginning of aging, and then it was 

decreased and this reduction in degree of crystallinity was more pronounced with 

ageing at higher temperature (Boukezzi et al. 2008). 

Thermal ageing behaviors of Pure-LDPE and its matrix with TiO2 was studied by 

using an oven in the presence of oxygen. The films of  Pure-LDPE and LDPE/TiO2 

were aged at 90°C and taken out from the oven after interval of 14, 35, 56 and 77 days 

which were analyzed by different techniques. FT-IR spectroscopy was used to 

measure the carbonyl index of aged samples, DSC was used to measure the change in 

the crystallinity prior and after aging. The concept of 80 testing system was used to 

measure the real permittivity and dielectric dissipation. It was revealed from the 
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results that the LDPE/TiO2 nanocomposites had an ability to delay the aging process. 

It was proved that the aging of samples in an oven at a constant temperature was a 

very useful method to predict the behavior and the ability of nanocomposites with 

reference to virgin polymer (Liu et al. 2017). 

2.4 Accelerated weathering in QUV chamber 

The climatic factors like UV light, temperature, humidity and pollutants present in the 

atmosphere has drastic effect on the natural weathering of the plastic materials. The 

impact of these factors varies from place to place as the climatic conditions vary 

widely on the surface of the earth and hence it is difficult to assess the weathering of 

these plastic materials. For this purpose, the laboratory devices like "artificial or 

"accelerated weathering tester" are used to get the information regarding the response 

of the polymeric material against the adverse weathering conditions. The main 

important feature of these devices is that the changes in the material can be monitored 

in shorter period of time under controlled conditions of UV light, heat and moisture. 

The useful life time of the polymeric materials can be monitored and concentration 

and efficiency of the additives added in the polymer during their processing can be 

optimized. For this purpose the films of low-density polyethylene samples which were 

used in the agricultural and disposable purposes were exposed to these accelerated 

weathering conditions. The results obtained from Gel permeation chromatography 

indicated a decrease in the molecular weight distribution and from the images of the 

scanning electron microscopy the abrasion were seen on the surface of the films. The 

FT-IR spectroscopy revealed the formation of the carbonyl group and a slight increase 

in the percent crystallinity was observed which was determined with  the help of 

differential scanning calorimetry. These effects indicated that oxidation due to the 

emergence of carbonyl groups in the amorphous region of the semi-crystalline 

polyethylene morphology which ultimately resulted in the drop in the mechanical 

properties of polyethylene films (Hamid & Amin, 1995). 

It is reported that ageing of the polyethylene through accelerated weathering is a 

useful technique in order to develop more resistance material against the weathering 

and hence their durability can be extended. The low density polyethylene supplied by 

Brakem (Brazil) which was converted in to films. One set of these films were exposed 

in Weather-Ometer (WOM) equipped with Xenon lamp (340 nm) while other set of 

films in Ultraviolet (QUV) which was equipped with fluorescent bulb UVB (313 nm) 
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and the results obtained from these two accelerated weathering tester were compared. 

It was observed from the results of the FT-IR spectroscopy that the main degradation 

products were ketones followed by esters and lactones and the concentration of 

carbonyl groups formed during QUV exposure was twice and compared to exposure 

in WOM. The reason for this was explained in terms of the irradiance in QUV light 

bulb at 313 nm, which emitted the energy which was equivalent to the dissociation 

energy of the C-C and C-H bonds (Gulmine & Akcelrud, 2006). 

The role of pro-oxidizing agent under natural as well as under accelerated weathering 

of polyethylene was studied. In this research, the low density polyethylene 

manufactured by Bandar Imam Petrochemical Co., Iran was mixed with pro-oxidizing 

(Oleic acid, Benzoyl peroxide and Ferric stearate) and was into films. One set of these 

films were directly exposed to natural environment of Tehran during the period of 

March to August while other set of films were exposed to accelerated weathering in 

UV chamber equipped with UV lamps (400 nm). The results obtained before and after 

the exposure by both methods in terms of carbonyl index and mechanical properties 

(tensile strength, elongation at break) were compared. It was investigated that the 

presence of incorporated pro-oxidant, temperature and duration of the exposure had a 

key role to speed up the degradation process of polyethylene (Sheikh et al. 2006). 

The collective effect of exposure to accelerated weathering and then the oven ageing 

effect on the samples of polyethylene containing pro-oxidant was studied. The 

exposure to accelerated weathering corresponds to outdoor exposure (solar light, 

temperature and moisture) and oven ageing corresponds to burial conditions of the 

material beneath the soil (darkness and heat). For this purpose, the samples of 

polyethylene containing 2% of pro-oxidant (Renatura
TM

) were exposed in QUV 

accelerated weathering tester equipped with fluorescent lamps (340 nm) for 5 days 

and then aged in an oven at 70 °C for 45 days. The decline in the mechanical 

properties (tensile strength, elongation at break) were observed and it was concluded 

that light-induced oxidative degradation of polyethylene containing pro-oxidant 

remained continued in the darkness and even the degradation was increased under the 

dark thermal degradation conditions (Vogt & Kleppe, 2009). 

The films of low density polyethylene produced by spherilene technology were 

simultaneously exposed to accelerated weathering through UV irradiation and another 

series of films were only annealed at same temperature (60 °C), in order to 
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differentiate the thermal effects from those due to UV irradiation. In this investigation 

polyethylene (LLDPE spherilene 16501A8) pellets were kindly supplied by Montell 

SpA, Centro Ricerche "G. Natta", Ferrara (Italy). These LLDPE were molded into 

film and were exposed to accelerated photoageing device Sepap 12-24 MPC-France 

equipped with mercury lamps at temperature of 60 °C and λ <290 nm and the 

exposure time varied from 0 to 300 hours. Others samples were subjected to only 

thermal treatment at same temperature and same time. The results obtained from both 

the methods were compared. The films which were exposed to accelerated weathering 

through UV radiation, showed the production of hydroperoxides which was confirmed 

by the results of IR analysis through the formation of carbonyl and vinyl species. This 

process was very slow in the initial stage while it was accelerated after the exposure 

of 150 hours and finally degraded the material by making it fragile. From the 

structural analysis of the irradiated samples it was observed that there was a 

perfecting of the elementary cell of the polyethylene, principally along the α axis, and 

consistent increased in crystallinity. This consistent increase was attributed to the 

chain-scission due to photo-oxidation which made the amorphous chains more mobile 

and were free to crystallize and further this was mainly due to when the degradation 

process was occurred simultaneously in many chains. In case of only thermally 

treatment of the samples, their percent crystallinity was first increased from zero to 22 

hours and become constant up to 64 hours and a gradually decline pattern was 

observed up to 300 hours (Guadagno et al. 2001). 

2.5 Characterization 

2.5.1 FT-IR spectroscopy 

It has been well established that the FT-IR spectroscopy can be applied for the 

characterization of the polymers. Three most important commercially available grades 

of polyethylene i.e. LLDPE, LDPE and HDPE were distinguished by comparing their 

spectra in the range of 1380-1350 cm
-1 

(Gulmine et al. 2002). Infrared analysis has 

been recognized as a very sophisticated technique in detecting the degradation 

products formed due to natural or accelerated weathering conditions. During 

degradation some characteristics bands appeared with the increase in exposure time 

which corresponds to specific functional groups and their complete analysis can help 

clarify both the degradation mechanism and their kinetics. The degradation products 

containing carbonyl group like ketones, esters and carboxylic acids absorbs in the 
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range 1650-1850 cm
-1

, and from the intensities of these peaks gives the measure of 

degradation (Naddeo, Guadagno & Vittoria, 2004). The FTIR-spectroscopy has been 

found very useful to monitor the most important modifications during the oxidation of 

the polymers and this effect has been addressed to characterized and quantify the 

oxidation product, using ATR "Attenuated Total Reflection" (technique for surface 

characterization or transmission spectroscopy for pressed films or microtomed 

(Gulmine et al. 2003). 

The polyethylene samples were aged at 70 °C and the oxygenated products formed 

during its thermal ageing were characterized by FT-IR. The major products were 

recorded as ketones, aldehydes and lactones (Chielllini et al. 2006). The FT-IR 

spectroscopy has found very useful in predicting the impact of exposing the 

polyethylene samples (low density, linear low density and high density) to UV and 

Xenon arc radiation using varying exposure time and different temperature cycles. 

The intensity of carbonyl groups after 100 h of exposure in the weather-o-meter was 

equivalent to 24 h of exposure under QUV- weathering conditions. The impact of 

weathering under QUV was greater which was observed from the intensity of the 

absorption peaks in shorter period of time and this was attributed due high energy of 

the radiations (Gulmine et al. 2003). 

Pieces of plastic were collected from Maha'ulepu beach and were characterize by FT-

IR spectroscopy. The major peaks were observed around 2916, 2849, 1471, and 718 

cm
-1

, which are characteristics of the polyethylene. The peaks around 1711 cm
-1

 on 

several polyethylene samples were also observed which is indicator of the oxidation 

of the polymer. The extent of oxidation was classified as low, medium or high based 

on the peak intensity at 1711 cm
-1 

(Cooper & Corcoran, 2010). 

The films of low density polyethylene with and without UV stabilizer were exposed to 

accelerated weathering conditions using fluorescent lamps (λ=340 nm) in QUV 

chamber. Infrared analysis revealed the efficiency of added UV-stabilizer (Chimassorp 

944) in the films of LDPE, as no carbonyl group was observed even after exposure of 

11 days in QUV chamber (Bualek et al. 1991). 

The rate of formation of carbonyl groups of the samples was calculated in term of 

carbonyl index (CI) which gives a numerical value and thus the extent of 

oxidation/degradation can be quantified (Khurram, Baloch & Simon, 2014). 
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During the thermo-oxidative degradation of polyethylene, the carbonyl groups 

account for most of the products and their concentration may be determined in terms 

of carbonyl index (CI) which is used to monitor the progress of degradation 

(Chielllini et al. 2006) and it provides a means of quantifying the oxidative 

degradation over time (Ammala et al. 2011). The carbonyl index defined as. the ratio 

of the integrated band absorption of the carbonyl around 1715 cm
-1

 and that of the 

polyethylene polymer as a reference band (2923 cm
-1

). Carbonyl index was calculated 

on the basis of the area of the peak 1715 cm
-1

 and considering 2923 cm
-1

 (C-H 

stretching) as a reference peak because the latter peak remained unchanged during the 

degradation process (Amato, Gilbert & Caswell, 2005; Ferreira et al. 2009). 

Some other researchers defined carbonyl index as, "the ratio of the optical density of 

the absorption band at 1640-1840 cm
-1

 (carbonyl peak), the optical density of the 

absorption band at 1463 cm
-1

 (CH2 scissoring peak)" (Chielllini et al. 2006) while 

according to other researchers it is defined as "the ratio between the integrated band 

absorption of the carbonyl around 1714 cm
-1 

and that of PE-polymer bands (1470 cm
-

1
) which characterizes the degree of oxidation for each polyethylene sample" 

(Gulmine et al. 2003). 

The films of high density polyethylene (HDPE) were aged in a blast oven at 100 °C 

for 90 days in order to monitor its thermo-oxidative degradation behavior. The CI was 

calculated which slowly and linearly increased with the thermal-exposure time but 

after 50 days it was suddenly increased 4 to 25 reflecting the rapid auto-oxidation 

after an induction period and finally it was reached up to 38 after 90 days of thermal-

exposure. It was observed that HDPE showed higher tendency towards chain scission 

than cross-linking during the solid-state thermo-oxidative degradation (Shi et al. 

2011). 

In southern Italy, the films of linear low density polyethylene (LLDPE) were exposed 

to natural weathering and the chemical changes were monitored with the help of FT-

IR spectroscopy as a function of their exposure time. The carbonyl peak was emerged 

with the increase in exposure time and its carbonyl index was determined by taking 

the ratio of area of the absorbance peak at 1713 cm
-1

 to the area of the absorbance 

peak at 2020 cm
-1

. In the initial stage of the exposure, the increase in the CI was very 

slow while it was increased abruptly in the later stage followed by a rapid degradation 

phenomenon. This abrupt increase in the CI value was compared with artificial 
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exposure which was observed after 150 hours while by natural exposure such increase 

was observed after 5000 hours. The increase in the CI was a clear indicative 

parameter for monitoring the degradation stage of the polymeric materials. It was also 

reported that if the value of carbonyl index become higher than 0.3 then the polymer 

become completely useless and the mechanical properties can also be co-related with 

the carbonyl index. The elastic modulus and stress were decreased with the exposure 

time which indicated the chain scission reactions were prevailing, while at later stage 

the elastic modulus and stress were increased which might be due to the occurrence of 

cross-linking reactions and also there was an increase in the crystallinity of the 

polymer (Naddeo, Guadagno & Vittoria, 2004). 

LDPE, HDPE, PE-OXO (oxodegradable polyethylene), and PE-BIO (biodegradable 

polyethylene) bags samples were purchased from the local market of Mexico. The 

sample films of these bag were photodegraded by exposing them to UV-B lamps 

(280-320 nm). These samples were analyzed by FT-IR spectroscopy after having their 

exposure at regular interval (0, 5, 15, 30, 45, and 60 days). After 5 days of exposure 

the carbonyl index of both LDPE and HDPE showed a similar trend representing that 

the process of photo-oxidation has been started which increases with the increase in 

exposure time. These increase was attributed due to the photo-oxidation of plasticizers 

and stabilizers present in LDPE and HDPE while rest of the two samples did not show 

any increase in the carbonyl index up to after 30 days of exposure. The carbonyl index 

of sample LDPE was increasing significantly after 30 days of exposure up till the last 

60 days of exposure. The increase due to the scission of the backbone of the polymer, 

as LDPE is a branched material having greater number of tertiary carbon and due to 

this it is more susceptible to photo-oxidation than rest of the samples (Martinez-Romo 

et al. 2015). 

2.5.2 Scanning electron microscopy 

Polyethylene films of three different grades (LDPE, LLDPE and HDPE) containing 

the stabilizer (Irganox 1076) were exposed to accelerated weathering conditions in 

Weather-Ometer (WOM) as well as in Weathering Tester (QUV). The WOM was 

equipped with xenon lamp with irradiance at 340 nm while QUV was equipped with 

fluorescent bulb with irradiance at 313 nm and these samples were exposed to these 

accelerated weathering conditions for a duration of 12, 24, 50, 100, 200, 400 and 800 

hours, respectively. The SEM photomicrograph of these sample films were taken 
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before aging and it was observed that the surface of the films was smooth and was 

free of any kind of defects like cracks or holes. The micrograph of the LDPE film was 

taken after aging of 1600 hours in WOW and cracks were observed on the surface of 

the films, which was showing a preferential propagation of micro-cracks with further 

ramifications in other directions. From the micrograph of the films taken after 800 

hours of exposure in QUV chamber showed a drastic effect. The films were highly 

degraded and the cracks formed a kind of mosaic pattern with no preferential 

propagation propensity. It was evident from the SEM analysis that the damage caused 

by the aging in WOM was only on the preferential sites while after aging in QUV 

chamber the damage was more severe and the cracks were propagating in all 

directions The reason was due to the impact of wavelength of the radiations used in 

QUV chamber which ultimately made the material more fragile and brittle (Gulmine 

et al. 2003). 

The SEM analysis was performed on the different samples of polyethylene and 

polypropylene which were collected from the Hawaiian Islands which are located 

within the North Pacific Central Gyre. The SEM analysis revealed different textures 

on the surface of the materials like fractures/cracks, pits, grooves, flakes and 

vermiculate (worm-like) textures were also observed. The flakes are considered as the 

potential site for foreign objects to stuck and thus facilitate the mechanical 

degradation of the polymer. The additives such colorants, fillers, softeners and 

stabilizers were also provided preferential sites for the initiation of the degradation 

process. Horizontal notching in the grooves were also observed which appeared due 

to the skipping of the plastic materials over the harder surfaces like rocks, metals and 

glass etc. It was concluded from these results that the polyethylene debris was more 

conducive to oxidative degradation as compared to polypropylene and the small 

patches of the heavily oxidized area indicated that the additives provided the 

preferential sites for continued degradation (Cooper & Corcoran, 2010). 

TiO2 has been regarded as the best photo-catalyst due non-toxicity, inexpensiveness 

and high reactivity. The films of Polyethylene and TiO2 were made and were exposed 

to outdoor in solar light under ambient conditions from 9:00 am to 5:00 pm and 

another set of films were exposed in UV box having UV lamp with irradiance at 254 

nm. The texture of these films were analyzed by SEM and some cavities were seen 

after 40 hours of exposure having 2-3 μm in size and 1-2 μm in depth on the surface 
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of the films. The appearance of these cavities were due to the escape of volatile 

products from the polyethylene matrix during its exposure. After irradiance of 100 

hours the size and depth of these cavities were increased and found to be 6-8 μm and 

10 μm, respectively. From the SEM analysis, it was suggested that the initiation of the 

degradation of the polyethylene matrix was initiated from PE-TiO2 interface and led 

the formation of cavities around TiO2 particle aggregates. It was suggested that the 

active oxygen species generated on TiO2 surface diffuse to etch out the polymer 

matrix. Further, it was concluded that the rate of degradation can be controlled by 

changing the content of TiO2 nanoparticles in the composite films (Zhao et al. 2007). 

Polymer blending is one of the best techniques in order to get the required mechanical 

properties of the polymer which is impossible to attain with a single component 

polymers. The morphological analysis of the blends of low density polyethylene with 

the copolymer EGMA (ethylene-co-glycidyl methacrylate) which was used as 

compatibilizer was performed with the help of scanning electron microscopy. It was 

confirmed from the SEM micrographs that the enhancement in the mechanical 

properties was due to the improvement of the interfacial adhesion between different 

phases due to the presence of EGMA (Djellali et al. 2013). 

Samples of low density polyethylene were exposed to artificial accelerated weathering 

in the Xenon Arc Weather-o-meter producing irradiance at 340 nm and also exposed 

in natural weathering in 5 different cities of the Saudi Arabia. The changes in the 

polymer were characterized by FT-IR spectroscopy, differential scanning calorimetry, 

gel permeation chromatography and scanning electron microscopy and mechanical 

properties testing. The SEM micrographs obtained before and after exposure were 

compared. From the SEM micrograph the emergence of some micro-cracks and small 

rod-shaped particles were observed on the surface of the exposed samples. It was 

concluded from the SEM analysis that the deterioration of surface characteristics 

confirmed that the degradation reactions were started from the surface and then 

migrated to the bulk. This, in turn affected the bulk properties of the polymer, which 

were primarily reflected by the reduction in the mechanical properties (Hamid & 

Amin, 1995). 

The films of low density polyethylene containing varying amount of OPE (oxidized 

polyethylene) were subjected to UV-B exposure at 30 °C for extended time periods. 

The films were characterized by different techniques in order to monitor the effect of 
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additive (OPE) on the chemical and physical properties of the polymer after having 

exposure to UV-B light (315 nm). It was observed from the SEM images that the 

surface of the polyethylene was smooth before irradiation, however, some cracks and 

grooves were observed after UV exposure and the extent of damage was more 

pronounced in the films containing OPE. The cracks/grooves were progressively 

deepening with the increase in the exposure time which resulted in the formation of 

defects/or weaker points and hence a decline in the mechanical properties (tensile 

strength and elongation at break) was observed. It was concluded that the rate and 

extent of photodegradation of LDPE was directly proportional to the amount of added 

OPE in the formulation (Roy et al. 2007). 

2.5.3 Oxidative induction time 

The oxidative induction temperature (OIT) was used as a measure to assess the effect 

of the additive on the thermal stability of the polymers. A high value of OIT indicates 

that high antioxidant activity of the additive and vice versa. The OIT of unstabilized 

samples of low density polyethylene was determined as 217 °C and this was increased 

to 255 °C after the addition of the poly(1,2-dihydro-2,2,4-trimethylquinoline) as 

additive. This increased in OIT value was very high in comparison to the other 

additives which were added and this was a proof for its high antioxidant activity. It 

was concluded that these additives acts as antioxidant as well as accelerates the 

photodegradation when exposed to UV light without significantly affecting the 

recyclability of these polymers (Eyenga et al. 2002). 

Determination of oxidative induction time has been found to be very useful in order to 

optimize the concentration of stabilizers and the phenolic anti-oxidants in the 

polyolefins. A linear relationship was found between the OIT of polyolefins in the 

presence of phenolic antioxidants. Hence, it has been found that the OIT is a very 

good analytical method for estimating the concentration of the "sterically hindered 

phenol"(Amato, Gilbert & Caswell, 2005). 

2.5.4 Melt flow index 

The films of LDPE containing cobalt stearate (0.1%) were prepared by using 

conventional extrusion. These films along with other films without cobalt stearte, 

were aged in an air oven and heated for the period of 12 hours at 100 °C. After the 

ageing processes these films were termed as OPE "oxidized polyethylene". The melt 
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flow index (MFI) of these films was determined according to the procedure stated in 

the "ASTM D 1238". The MFI value remained the same as observed prior to ageing 

for the films in which the cobalt stearate was not added. However, the MFI value for 

the films containing cobalt stearate could not be determined and these flowed freely 

under the prescribed conditions. The pro-oxidant nature of the cobalt stearate is 

evident from its MFI result which was due to the thermo-oxidative reactions during 

aging in an oven (Roy et al. 2007). 

The recycling of polymeric materials involves several heating stages which greatly 

influence the physical properties of the material. It is need of day to enhance the 

advancement in recycling methods and for this purpose four (4) different types of 

polyethylene were subjected to simulated series of heating cycles and their melt-flow 

index was determined at each step. The melt flow index of "HDPE" increased 

significantly, while it got decreased up to 70%, 19% and 46%.after 6 successive 

heating cycles for "Virgin LDPE", "Erema material" and "Supermarket packing 

films", respectively as compared to zero heating cycle. The melt-flow rate is the 

ability of a material's melt to flow under the influence of pressure and this is inversely 

proportional to the viscosity of the melt under the test conditions. The value of melt 

flow index corresponds to the molecular weight indirectly. High value of MFI 

indicates the low molecular weight of the material and vice versa. After series of 

successive heating cycles, the reduction in MFT indicated that the viscosity of the 

material has been increased which is not extruded easily and hence limit its 

applications. Keeping in view the results of the MFI, it was confirmed that the 

properties of the polyethylene were predominantly dependent upon the successive 

heat cycle and it would be better to reduce these heating stages during the recycling 

processes (Koleva & Atanassov, 2008). 

The MFI correspond to the mass of polymer that passes through a standard capillary, 

in a time interval of 10 minutes, at a specified applied pressure. The applied pressure 

is such that the resulting shear rate in the MFI tester is low enough for the typical 

polymer melt to show Newtonian behavior. The MFI is therefore inversely 

proportional to the zero-shear viscosity (η°). η° has a strong molecular mass 

dependence: η°  kM.  The effect of some additives on the process stability of the 

polyethylene was evaluated using the method of repeated extrusion. The oxidative 

degradation in polyethylene lead cross-linking during the initial stages as a decrease 
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in the value of MFI was observed. Only small changes in MFI were observed for the 

polyethylene samples. This suggests that the extrusion conditions were not very 

severe for this polymer. The standard commercial blend of hindered phenol with a 

phosphite was used as a reference. It was a very effective stabilizer; this formulation 

showed the least changes in MFI with extruder pass (Eyenga et al. 2002). 

2.5.5 Percent crystallinity by using DSC 

The LDPE samples (pellets), supplied by "Polietilenos Uniao", and were 

characterized by using DSC technique. The DSC curve showed the results as: -48 °C, 

113 °C and 114 J/g which represented the glass transition temperature, melting point 

and heat of fusion of the sample, respectively. While, the percent crystallinity of 

LDPE was determined by taking 290 J/g as the value for the fully crystalline LDPE 

and was found that the sample was 40 % crystalline which was in agreement with the 

results obtained by XRD (38 %) (Poley et al. 2004). 

The saline-grafted polyethylene films were aged in an oven in the presence of air at 

the temperature ranging from 90-220 °C for the period of 2-500 hours. The samples 

which were aged in the melting rage of the material (90-150 °C) were characterized 

by DSC. At the initial temperature, there was less oxidation because the samples were 

still in semi-crystalline form. A gradual increase in percent crystallinity was observed, 

from 55% to 68% after 500 hours which might be due to the annealing process. The 

DSC tests were also carried out on samples which were aged at high temperatures 

(150-220 °C). At very high temperature, the diffusion of oxygen was accelerated, as 

the system was mainly in amorphous form. A remarkable decrease in the melting 

point and percent crystallinity was observed. The decrease in the melting point was 

attributed due the less regular structure of the crystals which were formed under these 

conditions while, the decrease in percent crystallinity was attributed due to the 

presence of the carbonyl groups and C-C cross-links, sine cross-linking prevails under 

oxidation (Amato, Gilbert & Caswell, 2005). 

The films of LDPE with cobalt stearate (1%) and without cobalt stearate were aged in 

an air oven for 12 hours at 100 °C. After ageing, these films were analyzed by DSC 

and data obtained was used for the determination of percent crystallinity with the help 

of following equation: 
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% 𝒄 𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 =
∆𝑯𝒇(𝒐𝒃𝒔𝒆 𝒗𝒆𝒅)

∆𝑯𝒇(   %𝒄 𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆)
𝑿     

Here, the ΔHf(observed) was the material's enthalpy while the ΔHf(100% crystalline) was the 

enthalpy of 100% crystalline polyethylene (285 J/g). The percent crystallinity was 

increased for both the samples and was found to be 59.3% (LDPE with cobalt 

stearate) and 44.8% (LDPE without cobalt stearate). The X-ray diffraction analyses 

were also performed on these samples which also showed an increasing trend in the 

percent crystallinity of the samples (Roy et al. 2007). 

The films of LDPE without and containing (0.6%) HALS "Hindered Amine Light 

Stabilizer" were exposed to accelerated weathering chamber. All the samples were 

exposed to the same conditions of UV light (280-320 nm), humidity and temperature 

(40 °C). After different interval of exposure time, all the sample were analyzed by 

DSC under nitrogen atmosphere. The crystallinity was determined from the DSC 

curves, for LDPE (without HALS) it was increased at the initial stage and then 

showed a decreasing trend up to 125 hours and then increases again.  The crystallinity 

of LDPE (with HALS) showed an increasing pattern up to 75 hours and then showed 

a decreasing trend. This increase in crystallinity just after the exposure favor the 

effectiveness of HALS which is also in accordance with the formation rate of the 

carbonyl groups. It was concluded that the addition of HALS and UV exposure time 

affected significantly on the crystallinity and hence it is the main cause for the photo-

oxidation process in LDPE films. However, the photo-oxidation process is also 

accompanied by other factors like in-homogenities in the structure, additives and 

impurities which acts as catalyst during exposure to UV light and convert the long 

chain of the polymer to the smaller one (Salem, Faroukh & Kashif, 2002). 

The samples of XLPE "Cross-linked Polyethylene" were aged at 4 different 

temperatures i.e 80 °C(5000 hours), 100 °C (5000 hours), 120 °C (2500 hours) and 

140 °C (1500 hours) against their mentioned time period. These samples were aged in 

air-circulating oven and after ageing these were analyzed by "DSC 2010 TA 

Instruments" under nitrogen atmosphere while data obtained was analyzed by using 

"Universal Analysis software". The modification in the position and shape of the DSC 

peaks were observed which was referred to the oxidation and chain scission reactions 

during the thermal ageing of the XLPE. A noticeable variation in the values of heat of 
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fusion, melting point and crystallinity was observed upon ageing for different 

temperatures while the change was significant at high temperatures (120 and 140 °C). 

The material deteriorated due to the occurrence of chain scission and decrease in the 

crystallinity melting point (Boukezzi et al. 2008). 

Polyethylene films of three different grades LDPE "Low Density Polyethylene", 

LLDPE "Linear Low Density Polyethylene" and HDPE "High Density Polyethylene" 

containing stabilizer (Irganox 1076) were exposed to accelerated weathering 

conditions in Weather-O-Meter (WOM) equipped with xenon lamp (irradiance at 340 

nm) and Weathering test (QUV) equipped with fluorescent lamp (irradiance at 313 

nm). These sample films were analyzed by DSC before and after accelerated 

weathering. The melting point of LDPE, LLDPE and HDPE was found to be 113, 126 

and 132 °C, respectively before exposing to accelerated weathering conditions. The 

order of stability of these samples was observed in the order of 

HDPE>LLDPE>LDPE. The DSC curve of these polyethylene samples obtained after 

exposure to accelerated weathering showed the appearance of new peaks along with 

the broadening of the melting peak. The crystallinity of the samples increased due the 

chain cleavage and secondary re-crystallization processes (Gulmine et al. 2003). 

HDPE "High Density Polyethylene" and LLDPE "Linear Low density Polyethylene" 

carrying bags containing additive "d2W from Symphony" were purchased from the 

supermarkets of "Sao Paulo, Brazil". The extruded films of HDPE and LLDPE (70/30 

in mass) were exposed to natural weathering of Brazil for the period of one year 

(February, 2007 to February, 2008). The crystallinity was determined from the data 

obtained from the DSC curves and their 2nd heating rate was considered while 1st 

heating cycle was not considered as it contained the thermal history of the samples. 

The crystallinity of the blend increased gradually and showed a direct relationship 

with the time of exposure to the natural weathering. The molecular size decreases 

with the increase in the exposure time and hence the chain mobility increases which 

results in the increase in the crystallinity of the polymer (Ojeda et al. 2011). 

2.5.6 Percent crystallinity by using XRD 

The polyethylene (PE) was supplied by IPCL, Baroda, India having melt flow index 

(MFI) 40 g/10 min. was blended with other additives like NR (natural rubber), IPPD 

(Isopropyl paraphenylene diamine), IRG (Irganox 1010) and TIN (Tinuvin 783) were 
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prepared in a Brabender Plastisorder by melt mixing the plastic and the rubber at 150 

°C at 60 rpm using a cam type rotor for about 5-6 minutes. The polyethylene films 

with and with additives were aged in an air oven at 80 °C for 48 hours. The X-ray 

diffraction studies were made of the aged samples to follow changes in morphology 

caused by the elevated temperature treatment. The crystallinity was estimated by de-

convoluting the crystal peaks using ORIGIN 
TM

 software and comparing the sum of 

the areas under the crystal peaks to the total areas above the background. The percent 

crystallinity of polyethylene before aging was found to be 41% and after aging it was 

decreased to 34 % and this decrease in crystallinity was presumably due to the 

thermal degradation. The percent crystallinity of the blend (70% NR and 30 % PE) 

was dropped to 10 % before ageing and after ageing it was 11 %. The value is 

marginally increased on incorporation of the additives like IPPD, Tinuvin or Irganox. 

During aging, however, the crystallinity of the blend samples changed by no more 

than ±1 %,indicating that the crystalline fraction was not affected by ageing in the 

presence of the additives (Bhowmick & White, 2002). 

LDPE samples with melts flow index 7.5 g/10min and density 0.919 g/cm3 supplied 

by Polietilenos Uniao in the form pellets were characterized by using XRD technique. 

From the X-ray diffraction analysis of the LDPE the characteristic peaks were 

identified as 21.5 and 23.8 of 2θ. The percent crystallinity of the sample was obtained 

from X-ray diffractogram by applying the equation and was found to be 38 % which 

was in agreement with the results obtained by DSC (40%) (Poley et al. 2004). 

The films of LDPE without and with additive (cobalt stearate 0.1%) were aged in an 

air oven for 12 hours at 100 °C. The X-ray diffraction analysis was performed on 

these sample and the peaks observed at 21.5°, 24.7° and 36.07 which were related to 

the inter-lamellar spacing of 4.1, 3.6 and 2.49 A°, respectively. After ageing, there was 

39.4 % and 43.0% increase in the percent crystallinity of LDPE (without) and LDPE 

(with additive) was observed and it was determined by the ratio of the area occupied 

by crystalline peaks to the area of the entire diffractogram (Roy et al. 2007). 

It has been established that X-ray diffraction is an exceptional technique to distinguish 

different types of polyethylene. The characteristic peaks of polyethylene usually 

appear at 23° and 36°. In high density polyethylene the peak at 23° is more prominent 

while an additional should peak at 19° was observed in case of low-density 

polyethylene. In general LDPE, the peak at 19° observed alone and in this way the 
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different types of polyethylene can be distinguished very easily. Similarly, by 

comparing the percent crystallinity of these samples is the best method to distinguish 

while the data should be normalized to the specimen thick otherwise these distinctions 

will not be evident (Hashimoto et al. 2007). 

Press molded cross-linked polyethylene (XLPE) sample of 2mm thickness were aged 

at four different selected temperatures in which two temperatures were below the 

melting point of XLPE (80 °C and 100 °C) and two others were above the melting 

peak (120 °C and 140 °C). The time of ageing was 5000 h for the two first 

temperatures and 2500 h and 1500 h at 120 °C and 140 °C, respectively. The ageing 

process was carried out using forced air-circulating oven, with an exchange rate of 10 

exchanges/h and could maintained the average temperature of the samples within ±2 

°C. To make clear any changes in the crystalline phase of XLPE during ageing, the 

technique X-ray diffraction was used. The X-ray spectra were made with Cu-Kα 

radiation with wavelength Kα = 1.54056 A° in a Phillips X'Pert X-ray diffractometer. 

The operational interval of Bragg angle was 2θ = 5-90° by step of 0.04° with 0.4 

s/step scan rate. The crystallinity of XLPE according to the ageing time was 

calculated using Hinrichsen's method. This method is based on fitting the 

diffractogram into three Gaussian functions using ORIGIN 5.0 software and the 

crystallinity is by given by the following relationship. 

% 𝑪 = 
𝒂 𝒆𝒂 + 𝒂 𝒆𝒂 

𝒂 𝒆𝒂 + 𝒂 𝒆𝒂 + 𝒂 𝒆𝒂 
 𝑿     

Where: 

% C: crystallinity percentage 

area1: area under the principal crystalline peak at 2θ = 21.82° 

area2: area under the secondary crystalline peak at 2θ = 24.04° 

area3: area under the amorphous halo 

The use of X-ray diffraction in studying the effect of thermal ageing on the 

crystallinity of cross-linked polyethylene makes it easy to indicate that thermal ageing 

has not any effect on the crystalline phase of XLPE. However, thermal ageing 

conditions have a great effect on the crystallinity degree. It increases at the beginning 

of aging and then it decreases. Reduction in crystallinity degree is more pronounced 

with higher ageing temperature (Boukezzi et al. 2008). 
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2.5.7 Kinetics of Thermal Degradation 

2.5.7.1 Determination of activation energy 

The determination of the kinetic parameters for the degradation from the TGA data 

strongly depends on the method of calculation. There are a number of methods to 

determine the apparent activation energy based on one or multiple heating rates of the 

TGA curves namely, Flynn-Wall-Ozawa, Kissinger and Coats-Redfern, etc (Meng et 

al. 2007). 

High density polyethylene (HDPE) was obtained from Balmman of Brazil which was 

in powder form and this was blended with catalyst (HZSM-5) with concentration of 

10 % (w/w). These samples were thermally degraded in a Perkin-Elmer Delta 7 

Thermobalance, from room temperature to 800 °C, with heating rates of 5, 10 and 20 

°C/min. The thermogravimetric analysis were executed in dynamical atmosphere of 

nitrogen (30 ml/min), 5 mg of sample was used for each experiment. For kinetic 

study, Flynn-Wall-Ozawa method was used for the determination of activation energy. 

The activation energy observed for the polymer degradation without catalyst was 

170.2 (kJ/mol) while in the presence of HZSM-5 zeolite, it was found to be 67.0 

(kJ/mol). This results indicated that zeolite may have acted as a cracking catalyst for 

HDPE, enhancing the generation of light products of potential industrial use (Jr, 

Araujo & Fernandes, 1997). 

The LDPE and HDPE sample without inorganic additives were obtained from 

Brazilian industries in the form of granules The Flynn-Wall-Ozawa method was 

applied for the determination of activation energy which was found to be 192.53 

(kJ/mol) and 202.46 (kJ/mol), for LDPE and HDPE, respectively(Sinfronio et al. 

2005). 

It is well known that the isoconversional method such as proposed by Flynn-Wall-

Ozawa easily give estimate of activation energy regardless of reaction mechanism. 

The value of activation energy monotonously increases with the degree of conversion. 

The mean value of activation energies of the dynamic degradation is found to be 

similar to the value of the isothermal degradation (Gao, Amasaki & Nakada, 2003) 

while by using Kissinger method only a single value of activation energy can be 

obtained (Chrissafis 2009). 

The growing amount of plastic waste is generating more and more environmental 
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problems worldwide. The energy recovery from these waste substances is referred to 

today as the process Waste to Energy (WtE) and the thermal degradation is considered 

as a suitable technique for converting the waste polymers into liquid hydrocarbons 

and this will be helpful to sought out an alternative route rather than depending on the 

decreasing resources of fossil fuel energy. The thermogravimetric analysis (TG) 

combined with differential calorimetry (DSC) allows to accurate course of 

identification of thermal changes and evaluation of kinetics of the thermal 

decomposition process for different atmospheres, with or without the participation of 

the catalysts. The thermal degradation of HDPE (high density polyethylene) and 

LLDPE (linear low density polyethylene) began at 431.6 °C and 427.9 °C, 

respectively. The melting point for HDPE and LLDPE was observed at 129.1 and 

120.6 °C, respectively and the dissimilarity in the results from the greater density of 

particles in HDPE. The enthalpy of the polyethylene samples was found as ΔH = 

350.8 J/g. The information obtained from thermal analysis make it possible to 

describe the mechanism of thermal decomposition of waste polymers and thus permits 

the development of optimal manufacturing processes to enable energy use of waste 

polymers both waste to energy (WtE) and waste to liquid (WtL) (Rostek & Biernat, 

2013). 

The thermogravimetric analysis is one of the most versatile techniques for the thermal 

degradation of the polymeric materials under inert as well as oxidative atmospheres. 

The data obtained is very useful for predicting the thermal stability of the materials 

and to study the kinetics of the degradation process. Such studies are very essential in 

probing the degradation mechanism and for this purpose different models are 

available for the determination of activation energy and the order of reaction. 

Unluckily the activation energy obtained by these methods showed discrepancies due 

to the poly-dispersity in the material and computational artifacts. The 

thermogravimetric analyses were performed on polyethylene samples which were in 

powder form and were purchased from "Aldrich". The analyses were performed under 

nitrogen and air atmosphere at a flow rate of 100 ml/min. The thermograms of 

polyethylene obtained under nitrogen atmosphere showed a single and smooth step 

which began from 350 °C while it ended at 490 °C with zero mass. Under air 

atmosphere, some irregularities were observed in the TG curve and comprised of 

numerous steps which were confirmed by the multiple DTG peaks. The first step was 
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well defined which began at 220 °C while second step appeared at 320 °C as a small 

shoulder peak. The third peak was quite irregular which started from 400 °C and 

ended at 475 °C. The polyethylene completely degraded without leaving any residue 

under nitrogen as well as under air atmosphere. The iso-conversional analysis was 

applied on the TGA to determine the activation energy. Under nitrogen atmosphere 

the activation energy was increased gradually throughout the degradation process 

from 150 to 240 (kJ/mol). Under air atmosphere, at the initial stage of degradation the 

activation energy was increasing slightly from 80 to 125 (kJ/mol).but at higher degree 

of conversion very unstable value of the activation was observed. It was confirmed 

that the degradation mechanism of polyethylene is very complex and comprised of 

scission and branching of the chains simultaneously. At initial stage of degradation 

only weaker links evaporate first and  results in low value of activation energy. While 

the negative value of activation energy can be attributed due to the computational 

artifacts(Peterson, Vyazovkin & Wight, 2001). 

Non-isothermal kinetics and thermodynamics of solid-state decomposition of LDPE 

"Low Density Polyethylene" and HDPE "High Density Polyethylene" were studied by 

thermogravimetric analysis. Both LDPE and HDPE polymers showed their resistance 

against thermal decomposition at 200 °C having weight residue ranging 99.8-100 %. 

The thermogravimetric data obtained at heating rate of 10 °C/min under air 

atmosphere was used for the determination of activation energy by applying "Coats-

Redfern method". The activation energy was obtained as 49.70, 58.40 and 149.22 

(kJ/mol) for LDPE and 62.71, 79.63 and 116.04 (kJ/mol) for HDPE when n (order of 

reaction) was supposed to be 0, 1 and 2, respectively. Large discrepancies were 

noticed in the activation energy of thermal decomposition of these polymers evaluated 

through Coats-Redfern method. These polymers indicated almost same behavior 

towards various log g(α) functions at higher temperature (Varshney & Kumar, 2010). 

The thermogravimetric analysis was performed on the films (70±1 μm) of LDPE 

containing various concentrations (0.05 to 0.2 percent) of cobalt stearate. The 

analyses were carried out at three different heating rates (3, 5 and 7 °C/min) under 

inert as well as under air atmosphere. It is observed from the thermograms that 

degradation took place in a single step under inert atmosphere while comprised of 

several steps under air atmosphere. The pro-oxidative nature of cobalt stearate was 

evident as the degradation took place at very low temperature under air atmosphere. 
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The "Flynn-Wall-Ozawa" method was applied in order to study the degradation 

kinetics under nitrogen and air atmosphere. In nitrogen atmosphere, the graph 

between the logarithm heating rate (logβ) and 1/T for different values of percentage 

conversion were plotted and found to be in almost parallel straight lines. The 

activation energy obtained by this method was found to 250 to 280 (kJ/mol) 

throughout the degradation process. Under air atmosphere, the plots of Flynn-Wall-

Ozawa were not parallel as observed under nitrogen atmosphere. The activation 

energy obtained at lower degree of conversion was in the rage of 80 to 90 (kJ/mol) 

which became erratic at higher degree of conversion. It was concluded that the 

degradation of polyethylene under air atmosphere is a very complex and carried out 

by different mechanisms (Roy et al. 2007). 

UHMWPE "Ultra High Molecular Weight Polyethylene" and its composites with fiber 

mono-crystals were thermally degraded in static air at heating rates of 6, 10 and 16 

°C/min. The mechanism of thermal degradation and the kinetic parameters were 

determined by applying "Coats-Redfern" method. The activation energy was obtained 

in the rage of 289.6 to 360.5 (kJ/mol) which decreases with the increase in heating 

rate. It was concluded from the results the thermal degradation of pure "UHMWPE" 

and its composites followed "three-dimensional diffusion, mechanism D3" and 

"diffusion one D3 and A1, F1 mechanism", respectively. Further to it, it was observed 

that the thermal stability of the composite materials was increased by the use of fiber 

mono-crystals (Koleva & Atanassov, 2008). 

HDPE "High Density Polyethylene" with a molecular weight of 22000 were thermally 

degraded at different heating rates (5, 25, 50 and 100 °C/min) in nitrogen atmosphere 

with flow rate of 60 ml/min. Different kinetic models were applied to the 

thermogravimetric data and the model involving a "surface zero-order reaction" 

showed best fitting to the data. It was deduced from the results that the decomposition 

of HDPE can be represented by 3 different reaction schemes in which the 1 and 3 

were surface reactions with activation energy of 185.0 and 221.5 (kJ/mol) while the 

reaction 2 produced in the liquid phase of the melted polymer with Ea of 271.1 

(kJ/mol) (Conesa et al. 1996). 

HDPE "High Density Polyethylene", LDPE "Low Density Polyethylene" and LLDPE 

"Linear Low Density Polyethylene" were thermally degraded at 10, 20, 30 and 50 

°C/min in a nitrogen atmosphere with flow rate of 50 ml/min. A new method of 
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kinetic analysis using a dynamic model was applied for the thermal degradation of 

these samples and the apparent activation energy and order of reaction were 

determined. The results obtained were compared with previous results obtained by 

applying "Coats-Redfern", "Flynn-Wall", "Freeman-Carroll", "Denq" and "Ozawa" 

methods. The apparent activation energy determined by this method was found to be 

333.2-343.2, 187.5-199.1 and 219.2-230.1 (kJ/mol) for HDPE, LDPE and LLDPE, 

respectively and it was observed that the activation energy was in the order of 

HDPE>LLDPE>LDPE. The order of reaction was found to be in the range of 0.93-

0.98, 0.45-0.64 and 0.47-0.67 for HDPE, LDPE and LLDPE, respectively, which was 

little affected by heating rate (Park et al. 2000). 

Two different types of polyethylene (LDPE and HDPE without additives) were 

thermally degraded at 3 different heating rates (5, 10 and 20 °C/min) under inert 

atmosphere from room temperature to 900 °C. The activation energy was determined 

and the results were compared with the values obtained by the "Coat-Redfern" 

method. It was observed that both the types of the polyethylene followed the 

mechanism R2 "phase boundary controlled reaction-contracting area". Further, it was 

observed that the heating rate has no significant effect on the values of the activation 

energy for both the samples (Sinfronio et al. 2005). 

The kinetic parameters for the dehydration of bentonite from Turkey, KSF (Fluka No. 

69866) and K10 (Fluka No. 69867) were determined by using dynamic 

thermogravimetric techniques. All thermal analysis work was done using a Shimadzu 

TGA 50 thermal analyzer at four different heating rates: 5, 10, 15 and 20 °C/min. The 

data obtained from these heating rates was used for the determination of activation 

energy by applying the Ozawa and "Coats-Redfern method". The values of activation 

energy obtained by applying the Ozawa method were more consistent as compared to 

the values obtained by "Coats-Redfern method". It was concluded that the Ozawa 

method was found to be a better choice for the dehydration of the clay samples that 

the first order equation of Coats-Redfern (Tonbul & Yurdakoc, 2001). 

Two types of plastic (HDPE and LDPE) were subjected to thermogravimetric analysis 

in an inert atmosphere at four different heating rates (2, 10, 20 and 50 °C/min). The 

mean activation energy of HDPE was found to be 243, 248 and 238 (kJ/mol) while for 

LDPE these values were 218, 214 and 215 (kJ/mol) determined by applying "Flynn-

Wall-Ozawa", "Coats-Redfern" and "Kissinger" methods, respectively (Aboulkas, El 
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harfi & El Bouadili, 2010). 

2.5.7.2 Determination of order of reaction 

It is reported that the fractional order of polyethylene has been reported as 0.74 while 

according to some others researchers it is about 0.5 (Gao, Amasaki & Nakada 2003). 

It has been recognized by some researchers that the order will be in the range of 0.5 to 

1.5 during the thermal degradation process of polyethylene which is dependent upon 

the degree of transfer of hydrogen from one molecule to another molecule (Bockhorn 

et al. 1999; Bockhorn, Hornung & Hornung, 1999). 

The high density polyethylene was supplied by Frontier Lab., Japan and it was in 

form of spheres, about 3 mm was used for thermogravimetric measurements. The 

dynamic measurements were carried out at five different heating rates (4, 6, 8, 10 and 

20 °C/min) and three different temperature (440, 450 and 460 °C) were used for 

isothermal degradation. The order of reaction for the thermal degradation of high 

density polyethylene was found to n = 0.55 which was the same under dynamic and 

Isothermal conditions (Gao, Amasaki & Nakada 2003). 

The LDPE and HDPE sample without inorganic additives were obtained from 

Brazilian industries in the form of granules. The thermogravimetric analysis was 

performed at different heating rates (5, 10 and 20 °C/min) under a steady flow of 

nitrogen (50 ml/min) using thermobalance (Shimadzu TGA-50). The order of reaction 

for LDPE and HDPE was found to be 0.7 and 0.6, respectively (Sinfronio et al. 2005). 
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Chapter 3: Materials and Methods 

3.1 Materials 

In this investigation, the following four polyethylene samples were investigated: 

3.1.1 Standard sample of polyethylene 

For the comparison purpose, particularly for characterization and in thermal 

degradation studies, polyethylene was purchased from Fluka, Switzerland having 

molecular weight 80,000 g/mol. It was in fine granule form and was used as such and 

was named as “standard” sample. 

3.1.2 Special Yaadgar polyethylene carrying bags 

These are widely used for grocery/carrying purpose in Pakistan. It was purchased 

from the local market sold under the brand name of “Special Yaadgar” (Fig.1). It was 

having light green colour and was in form of film having size of 25.40 x 33.02 cm 

(Fig. 2). It was the claim of its manufacturer that it is exclusively stable. This 

polyethylene sample was named as sample “Y” After certain treatments its symbols 

were modified accordingly to the following scheme. 

Y = Yaadgar sample without pre-treatment. 

Yoad = Yaadgar sample after ageing in oven for “d” days (from 2 to 20 days) 

Yawd = Yaadgar sample after exposing to accelerated weathering conditions using 

QUV chamber for “d” days (from 2 to 20 days). 

3.1.3 Large Garbage bags of polyethylene 

This sample was supplied by “Econogreen Plastics”, Canada. According to producer, 

the sample was made from 100 % recycled plastic and was 100 % recyclable material 

and is itself completely degraded in 2 years (Fig. 3). It was further claimed that these 

bags were oxo-degradable and contain unique agent that helps in breaking down of 

carbon-carbon bond in the material and reduces its strength when exposed to oxygen 

(Fig. 4). 

These polyethylene bags were in the form of film having black colour and its capacity 

was 127 L (Fig.5). According to the requirement of analysis, this sample was 

abbreviated with the following symbols 

E = As supplied by the supplier/ without any prior treatment. 
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Eoad = Sample “E” after ageing in oven for “d” days (from 2 to 20 days). 

Eawd= Sample “E” after exposing to accelerated weathering conditions using QUV 

chamber for  “d” days from 2 to 20 days  

3.1.4 Fine particles of Special Yaadgar polyethylene carrying bags 

For the investigation of effect of particle size, the sample “Y” was cut into small 

pieces with the help of stainless scissor. 12 g of these small film pieces were 

dissolved in 1L double distilled kerosene oil. For the purpose the mixture was put in a 

distillation flask fitted with refluxed condenser and was heated on a heating mantle up 

to 160 to 180 °C for one hour. The sample was totally dissolved in kerosene oil and a 

jelly type material was formed. After cooling, the kerosene oil was removed by 

filtration process. The jelly was washed with acetone in order to remove traces of 

kerosene oil and was spread in a plastic dish to evaporate acetone in an open 

atmosphere for 4 hours. This material was then passed through a sieve of size less 

than150 μm and the fine particles which were passed through were collected for 

further analysis while rest of the larger pieces were discarded. In this research work 

these fine particles of sample "Y" were symbolized as sample "Yp". 

 

Fig. 1 A packet of carrying bags, its label shows the brand (Special 

Yaadgar) and claim of its producers that it is exclusively stable. 
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Fig. 2 Carrying bag of “Special Yaadgar” brand (Y) 

 

 

 

Fig. 3 Packet of polyethylene garbage bags, showing its brand (Econogreen Plastics) 

and producer‟s claim that it breaks down in two years. 
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Fig. 4 Information on the pack of sample E regarding its oxo-degradability 

 

 

Fig. 5 A piece of sample “E” in film form having black colour 
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3.2 Characterization of the samples 

For the characterization of samples, the following techniques were employed 

3.2.1 FT Infrared spectroscopy 

For spectroscopic analysis, Tensor 27, FT-IR spectrophotometer supplied by Bruker, 

Germany was used. During the spectroscopic measurement, the "standard" and "Yp" 

samples were in solid form (fine granules), while samples Y and E were in the form 

of film.  The interpretation of the spectra was made by using the software OPUS 

Version 4.2 Build. 

3.2.2 Scanning electron microscopy 

For the investigation of samples morphology Carl Zeiss LEO 1530 scanning electron 

microscope was by used. It was made in Germany, equipped with Gemini field 

emission column (FESEM) and EDX/OIM PV9715/69 ME (Fig.6). The films of 

samples "Y" and "E" were dried and sputter coated with gold up to the thickness of 

10 nm prior to analysis (Corcoran, Biesinger & Grifi, 2009). Argon was used as inert 

gas during the gold coating. The samples were mounted on the SEM stub with a 

conductive double-face adhesive tape (Fig.7). 
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Fig. 6 Photograph of Carl Zeiss LEO 1530 scanning electron microscope used for 

morphological studies. 

 

 

 

Fig. 7 After sputtering with gold the samples were fixed in the compartment for 

microscopic analysis. 
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3.2.3 Melt flow index 

For the determination of Melt Flow Index (MFI), Dynisco Polymer Test D4001 DE 

machine with 8mm die, supplied by Alpha Technologies (USA) was used. For 

analysis purpose known weight of sample "Y" (4.16 g) and sample "E" (4.09 g) in 

form of film (cut into small pieces) was put in the specially designed MFI apparatus. 

The sample was packed inside the extruder barrel in this way that no air pockets were 

formed. It was heated for 5 min at 190 °C. A specified weight of 2.16 g was applied 

onto the piston after the heating. The Shear force was exerted on the molten polymer 

by the weight/force applied and flowing of polymer through the die was observed. 

After the interval of 10 minutes four samples of the melt were taken and weighed 

accurately. The mean value of the sample weight was taken into account and finally 

the MFI was obtained as weight (grams) of the polymer/flow time which was ten 

minutes in this case. The instructions were followed as stated in ASTM No D 1238-

04c. 

3.2.4 Measurement of oxidative induction time 

In order to check the resistance of the samples against oxidative degradation, the 

oxidative induction time (OIT) was calculated. Its value provides the role of the 

antioxidants in the samples that were added during their processing. For this purpose, 

differential scanning calorimeter, DSC Q2000 manufactured by TA Instruments 

(Canada) was used. At first both the samples were converted from film to sheet 

formats (thickness of 200 ±15µm) by conversion-molding prior to their analysis. They 

were cut into specimen disks (6.4 mm diameter) with the help of punch machine. The 

sample Y in disk form was placed in DSC‟s sample container without having lid. The 

sample was heated under nitrogen (flow rate of 50 ml/min) at heating rate of 20 

°C/min from 30 to 200 °C (set point temperature). At the set point temperature the 

heating was discontinued and allowed the sample to equilibrate for 5 min at this 

temperature. After 5 min, the supply of nitrogen gas was stopped and oxygen gas was 

allowed to flow at the same flow rate. This change-over point to oxygen gas was 

considered as the zero time of the experiment. This isothermal heating was continued 

until a maximum exotherm was obtained. The temperature of the sample was then 

dropped slowly to room temperature. Throughout procedure ASTM No D-3895-07 

was strictly followed. The sample E was analyzed following the same procedure. For 

the interpretation of the curves and the calculation of the OIT, the software "Universal 
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Analysis 2000 (TA Instruments, Version 4.5A Build 4.5.0.5)" provided with the 

instrument was used. 

3.2.5 Percentage crystallinity measurement by using DSC 

For the determination of percent crystallinity, differential scanning calorimeter, "DSC 

Q2000 manufactured by TA Instruments, Canada" was used. The samples taken from 

both the brands were heated at 30 - 200 °C at the rate of 10 °C/min using nitrogen 

atmosphere keeping 50 ml/min as flow rate of nitrogen and was kept at isothermal 

mode for 5 min and then allowed to cool down to 30 °C. The percentage crystallinity 

(% C) was determined according to the following relation: (Dalai & Wenxiu, 2002; 

Lin et al. 2007; Sarkhel & Choudhury, 2010) 

%𝑪 = *
∆𝑯

∆𝑯°
+ 𝑿          13 

Here"∆H" is the enthalpy of fusion of the sample obtained from DSC results. The 

"∆Ho" was the enthalpy of fusion of polyethylene in 100 percent crystalline state and 

taken as equivalent to 290 J/g for polyethylene samples. 

3.2.6 Percent crystallinity measurement by using XRD 

The X-Rays Diffraction analysis of "Y" and "E" samples were recorded on Bruker D8 

FOCUS instrument, Canada, operating at 30 kV and 30 mA with a Cu K radiation 

source (=1.5404Å) (Fig.8).The XRD patterns were recorded between 2 values 5-35 

with a step size of 0.05.TheHinrichsen‟s method was used to calculate the crystallinity 

of the sample before the exposure. For the calculation of percentage crystallinity the 

diffractogram data was fitted into three Gaussian functions by the help of Origin 2015 

software and it was obtained by using Equation (14) (Gulmine & Akcelrud, 2006; 

Boukezzi et al. 2008). 

%𝑪 = 
𝒂 𝒆𝒂  + 𝒂 𝒆𝒂 

𝒂 𝒆𝒂  + 𝒂 𝒆𝒂  + 𝒂 𝒆𝒂 
 𝑿         (14) 

where: 

"%C" is the percentage crystallinity and other symbols present the area under 

various peaks; area1:principal crystalline peak at 2θ equal to 21.53°, area2:secondary 

crystalline peak at 30.95°and area3: area under the amorphous halo. 
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Fig. 8 Bruker D8 Focus X-Rays diffraction analyzer 

 

3.2.7 Thermogravimetric analysis 

One of the good application of thermogravimetric analysis (TGA) is we can study the 

thermal and thermo-oxidative degradation of the polymers (Anthony, 1999). For 

thermogravimetric analysis (TGA), Q500 TGA supplied by TA Instruments (Canada) 

was used. The samples "Standard", "Y", "E", and "Yp" were placed in furnace over at 

the platinum pans of the TGA instrument and nitrogen gas was pumped at a flow rate 

of 50 ml/min to have inert atmosphere and heated at various (5, 10, 15 and 20 °C/min) 

heating rates. For the investigation of impact of ambient atmosphere, these samples 

were also analyzed under the air atmosphere by applying the same flow of the gas and 

at same heating rates. The outcome of these techniques, the thermal degradation and 

its kinetics was investigated The activation energy of thermal degradation of the 

samples was obtained by employing Flynn-Wall-Ozawa, Coats-Redfern, Kissinger 

and Augis-Bennett methods (Kissinger, 1957; Coats & Redfern, 1964; Ozawa, 1965; 

Augis & Bennett, 1978) while order of reaction was calculated by applying their 

respective equations which have already been discussed in the introduction chapter. 

The results of activation energy and order of reaction obtained under nitrogen as well 

as under air atmosphere were compared and discussed. 
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3.2.8 Carbonyl index measurement 

For this purpose the same IR instrument was used. IR is considered to be very 

susceptible to chemical changes that may have taken place during the exposure to 

weathering under natural, accelerated conditions or simply thermal aging (Magnani, 

Perrone & Sevi, 1985). The rate of formation of carbonyl groups of the samples 

during thermal treatment was calculated in term of carbonyl index (CI) which gave a 

numerical value and estimation of degree of oxidation for each polyethylene sample 

(Gulmine et al. 2003). For the calculation of carbonyl index the area of the peak at 

1715 cm
-1

 and a reference peak at 2923 cm
-1

 (C-H stretching) was considered using 

Equation (15) (Amato, Gilbert & Caswell, 2005; Ferreira et al. 2009). 

𝑪𝒂 𝒃𝒐𝒏𝒚𝒍 𝒊𝒏𝒅𝒆𝒙 =
(𝑨 𝒆𝒂 𝒐𝒇 𝒂𝒃𝒔𝒐 𝒃𝒂𝒏𝒄𝒆 𝒂𝒕      𝒄𝒎  )

(𝑨 𝒆𝒂 𝒐𝒇 𝒂𝒃𝒔𝒐 𝒃𝒂𝒏𝒄𝒆 𝒂𝒕  𝟗   𝒄𝒎  )
𝑿    (15) 

 

3.3Aging Effect 

Investigation of polyethylene with reference to thermal oxidation has become much 

important due to its environmental issues (Shi et al. 2011). For the purpose several 

techniques can be employed but we have used oven ageing and accelerated 

weathering. 

3.3.1 Oven aging 

Oven aging or iso-thermal oxidative degradation of the polyethylene has an analogy 

to its burial conditions under the soil in the presence of oxygen, constant temperature 

and darkness. As major part of the polyethylene grocery bags is littered as landfill 

after their use hence it is important to investigate this impact over the material (Vogt 

& Kleppe, 2009). 

The polyethylene films of sample "Y" and "E" were cut into fine strips with the help 

of blade having dimensions of 38x13 mm. These strips were placed in petri dish 

without any lid and were kept in an electric oven (Fig. 9 & 10). The Electric Oven 

used for the purpose was 5890A GC, Hewlett Packard, USA. The temperature of the 

oven was raised from ambient to 80 °C at the rate of 20 °C /min and was kept at 

isothermal mode at 80 °C for 20 days. The film of each sample was taken out from the 

oven after interval of two days and was characterized by using different techniques in 
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order to investigate the changes took place due to thermo-oxidative degradation (Shi 

et al. 2011). 

 

 

Fig. 9 Strips of sample "Y" in petri dish for oven ageing 

 

 

Fig. 10 Petri dish containing sample strips were placed in this oven. 
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3.3.2 Accelerated weathering in QUV chamber 

For accelerated degradation study of polymers, Accelerated Weathering Tester, Model: 

QUV, fabricated by "The Q-Panel Company", Cleveland, Ohio, U.S.A was used 

(Fig.11). During this research work 8 new fluorescent lamps of UVA-340 type 

working at wavelength range of 315-400 nm were installed those produced emission 

peak fixed at 340 nm in the QUV chamber having zero life (Fig.12) (Bualek et al. 

1991). It is recognized fact that the energy provided by UV radiations can break C-C 

bond (Mark et al. 1986). The most effective UV wavelength is around 300 nm for 

polyethylene degradation and the processes can be further accelerated by working at 

high temperature (White & Turnbull, 1994; Singh & Sharma 2008). Samples "Y" and 

"E" those were in the form of film were cut according to the sample holder 13.7 x 6.3 

cm size of the QUV chamber (Fig. 13) and 10 samples of each sample were mounted 

on these sample holders firmly (Fig. 14). The procedure for accelerated weathering of 

these samples was followed as given in ASTM No. D 4329-05 and “cycle B” was 

selected which comprised of following alternate UV and condensation cycles. 

i). UV cycle: 8 hours with non-insulated black panel temperature controlled at 70 ± 3 

°C 

ii). Condensation cycle: 4 hours condensation with non-insulated black panel 

temperature controlled at 50 ± 3 °C. 

These two cycles were alternatively repeated continuously for the period of 20 days 

which was adjusted by the timer knob supplied within the QUV chamber. The reason 

behind selecting the cycle "B" in the QUV chamber was that as it comprised of harsh 

weathering conditions as compared to the previous work which had the UV exposure 

for 4h at temperature of 60 °C and condensation for 4 hours at 40 °C (Vogt & Kleppe, 

2009). Sample films of each brand were taken out from the QUV chamber after 

interval of 2 days and were further analyzed by different techniques. After the 

exposure of 20 days, sample films of both brands were broken down into small pieces 

and were unable to be exposed further in QUV chamber (Fig.15). The exposed 

samples were then characterized for various parameters. 
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Fig. 11 Accelerated Weathering Tester, Model: QUV, manufactured by The Q-Panel 

Company, Cleveland, Ohio, U.S.A 

 

 

Fig. 12 In QUV chamber 8 new fluorescent lamps (UVA-340 type) were fixed 
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Fig. 13 Sample holder of QUV chamber where samples in film form were mounted 

 

 

Fig.14 Sample "E" in film form was affixed on the sample holder and was ready to be 

exposed to accelerated weathering in QUV chamber 
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(A) 

 

(B) 

Fig.15 (A) Sample holders taken out from QUV chamber after 20 days containing 

sample "Yaw20" (left hand side) and sample "Eaw20" (right hand side). (B) Broken 

pieces of sample "Yaw20" after removing from the sample holder 

 

 



 

 

 

 

 

 

 

 

Chapter 4 

RESULTS AND DISCUSSION 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Characterization of samples 

4.1.1 FT Infrared spectroscopic analysis 

For the characterization of polymers the IR spectra of all the three samples were 

measured. The results for polyethylene “standard” sample supplied by Bruker, 

Germany for IR comparison purpose are depicted in Fig.16. The figure demonstrated 

four major peaks at 2915, 2818, 1471 and 717 cm
-1

 these were assigned to C-H 

asymmetric stretching, symmetric stretching, C-H bending and C-H rocking, 

respectively and were characteristic of polyethylene (Cooper & Corcoran, 2010). 

The second sample of polyethylene sample investigated was obtained in the form of 

carrying bags for grocery etc from the local market of Pakistan and sold under the 

brand name “Special Yaadgar”. The sample was abbreviated as sample “Y”. IR 

spectra of sample Y also displayed four major peaks (Fig. 17) in the same range of 

wavenumber as in case of "standard" sample (Fig.16) (Corcoran, Biesinger & Grifi, 

2009). In addition to these another peak at 2360 cm
-1 

with lower intensity was also 

observed. This new peak may be due to the presence of additives normally added 

during processing. It has been well documented that the IR spectra of polyethylene in 

the range 1400-1300 cm
-1 

can be exploited to identify the type of polyethylene 

(Gulmine et al. 2002). In case of sample “Y”, upon magnification only a single peak 

in this range (1367cm
-1

) was observed (Fig. 18), indicating that the sample “Y” was 

high density polyethylene (HDPE) (Khurram, Baloch & Simon, 2014). 

Samples of “Large Garbage bags of polyethylene” supplied by “Econogreen Plastics” 

Canada and abbreviated as “E” was also investigated. The IR spectra of sample E is 

depicted in Fig.19. In addition to four characteristics peaks for polyethylene, three 

other small peaks were also observed at 2362, 1368 and 1020 cm
-1

 but their intensity 

was very low. The IR spectra of the sample “E” upon magnification in the range of 

1400-1340 cm
-1 

revealed that a peak observed at 1377 cm
-1

 was weaker than peak at 

1367 cm
-1

 (Fig. 20) indicating that the sample “E” was LLDPE (Khurram, Baloch & 

Simon, 2014). 

The sample “Y” was converted into small granules (see experimental section for 

detail) and abbreviated as “Yp”. IR spectra of sample “Yp” is shown in Fig. 21. In 

addition to four characteristic peaks, some additional peaks at 730, 641 and 619 cm
-1 
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were observed, but their percent transmittance was less than 0.5, attributed to the 

presence of additives, may have been added during the processing of the sample “Y” 

(Baloch, Khurram & Durrani, 2011; Khurram, Baloch & Simon, 2014). 

 

 
Fig. 16 IR spectra of Polyethylene "standard" sample 

 

 

 

 

 

 



73 

 

 
Fig. 17 IR spectra of sample “Y” 

 

 

 
 

Fig. 18 IR spectra of sample "Y" indicating that the sample is high density 

polyethylene (HDPE). 
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Fig.19 IR Spectra of sample “E” 

 

 

 
Fig. 20 IR spectra of sample "E" indicating that the sample was LLDPE 
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Fig. 21 IR spectra of sample “Yp” 

 

4.1.2 Scanning electron microscopy 

Morphological studies of “Y and “E” samples were performed using Scanning 

Electron Microscopy (SEM). The SEM image of sample “Y” with magnification of 

122 X is shown in Fig.22. The images concluded that the film surface was smooth and 

had the look of a thin membrane, whereas the additives were shinning like little dots, 

though they were in smaller concentration. Upon further magnification up to 1.56 KX, 

it was observed that its surface was not as smooth as it was seen with smaller 

magnification rather in the form of layers which were overlapped upon each other 

(Fig.23). In case of sample “E” (magnification of 120 X), the additives were in greater 

concentration and were pointing upward and the surface was a little bit rough as 

compared to sample “Y” (Fig. 24). Upon magnification up to 30.09 KX, it was 

observed that sample “E” was thicker than the sample “Y” and further noted that not 

only its surface was rough but was also comprised of small grooves in the form of 

flacks which indicated the presence of additives in the form of fibrous material (Fig. 

25). These flakes had the tendency to become a favorable location for the 

weathering/ageing process which ultimately leaded to the degradation of the plastic 

(Corcoran, Biesinger & Grifi, 2009). 
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Fig. 22 Scanning electron micrographs of sample “Y”. 

 

 
 

Fig. 23 Scanning electron micrographs of sample “Y”. 
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Fig. 24 Scanning electron micrographs of sample “E”. 

 

 
 

Fig. 25 Scanning electron micrographs of sample “E” 
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4.1.3 Oxidative induction time 

The oxidative induction time (OIT) of the material under investigation was measured 

with the help of DSC instrument and the thermograms obtained are shown in Figs. 26 

and 27 for sample “Y” and “E”, respectively. It can be noted that OIT value for 

sample “Y” was more than “E”. Since both the samples were polyethylene and that 

greater OIT values reflected more thermal stability and high antioxidant activity. It 

concludes that the sample “Y” was more thermally stable and contained higher 

amount of antioxidants as compared to sample “E” (Eyenga et al. 2002). Normally, 

the antioxidant like Irganox 1076 (Ciba-Geigy Corp) are added in the polyethylene in 

order to extend their life time (Bualek et al. 1991). 

4.1.4 Melt Flow Index 

Melt Flow Index (MFI) for sample “Y” and “E” was measured. The values obtained 

were 0.106 g/10min and 0.781g/10min for sample “Y” and “E”, respectively. The 

smaller value of MFI for sample “Y” indicated high viscosity of it as compared to 

sample “E” under the same conditions concluding the higher molecular mass of 

sample “Y” as compared to sample “E” (Gulmine & Akcelrud, 2006). 

4.1.5 Percent crystallinity by using DSC 

The results of percent crystallinity, heat of enthalpy and melting point obtained from 

the DSC data analysis are shown on the respective thermograms for samples “Y” and 

“E” in Figs. 28 and 29, respectively. The value of percent crystallinity was calculated 

by using Equation (14) explained in experimental section. The values obtained were 

48.81% and 30.93% for sample “Y” and “E”, respectively. The endothermic peak of 

sample “Y” was sharper than that of sample “E” with higher heat of enthalpy and 

melting point as compared to sample “E”. This was also in accord with the results 

which are reported in literature that the HDPE has higher melting point than LLDPE 

(Ojeda et al. 2011). Literature reveals that DSC analysis is inappropriate technology 

for the measurement of long-term aging of polyethylene samples hence it is need of 

the job to explore additional methodology (Budrugeac & Segal, 1998; Dorner & 

Lang, 1998, pp 421-430; Dorner & Lang, 1998, pp 431-440). 

4.1.6 Percent crystallinity by using XRD 

The XRD analyses were performed for the determination of percent crystallinity of 

samples “Y” and “E” and their respective diffractogram are depicted is Figs. 30 and 
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31. The percent crystallinity was determined by using Equation (13). The values 

obtained were 26.93% and 16.32% for sample “Y” and “E”, respectively. It is evident 

that the percent crystallinity of sample “Y” was higher than the sample “E” either 

determined by DSC technique or XRD technique which is also in agreement with the 

literature (Ojeda et al. 2011). The percent crystallinity obtained by DSC technique is 

relatively higher in value for both the samples and this might be due to the basic 

difference in the principle of the applied technique. In DSC technique, the heat 

gradient is involved and during determining the percent crystallinity we made the use 

of Equation (14). Considering “ΔHo” (=290J/g) as fusion enthalpy for 100 percent 

crystallinity of polyethylene (Dalai & Wenxiu, 2002; Lin et al. 2007; Sarkhel & 

Choudhury, 2010). However, no such supposition was involved in XRD technique. In 

the light of the results obtained by applying these two techniques, it has been 

confirmed that the type of sample “Y” was “HDPE” with more crystalline region 

while the type of sample “E” was “LLDPE” with relative low crystalline region and 

these observations are also in accordance with the results obtained from Infrared 

spectroscopic analysis (Fig. 18 and 20) (Gulmine & Akcelrud, 2006). 
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Fig. 26 Oxidative inductive time (OIT) of sample "Y" determined by using DSC. 

 

 

 

 

 

 
 

Fig. 27 Oxidative induction time (OIT) of sample "E" determined by using DSC 
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Fig 28 Percent crystallinity of sample "Y" determined by using DSC 

 

 

 

 

 
 

Fig 29 Percent crystallinity of sample "E" determined by using DSC 
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Fig. 30 Black line represents the XRD pattern of sample "Y" while coloured line 

represent the Gaussian fitting by applying origin software for the determination of 

percent crystallinity. 

 

 

 

 
 

Fig. 31 Black line represents the XRD pattern of sample "E" while coloured line 

represent the Gaussian fitting by applying Origin software for the determination of 

percent crystallinity. 
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4.1.7 Thermogravimetric analysis 

It is established fact that the Thermogravimetry (TG) is a good technique for the 

estimation of order of reaction and activation energy using non-isothermal methods. 

For this purpose the samples were thermally degraded by heating them from ambient 

temperature to 650 °C by using four different heating rates (5, 10, 15 and 20 °C/min). 

In order to check the effect of ambient atmosphere during the thermal degradation 

process, both nitrogen and air atmosphere was used. Nitrogen gas being inert in nature 

gave the real picture of thermal degradation mechanism of the material with respect to 

increase in temperature while air gave the information about the response of polymer 

to the oxidative degradation.  The data so obtained was analyzed by employing 

"Flynn-Wall-Ozawa" (Ozawa, 1965), "Coats-Redfern" (Coats & Redfern, 1964), 

"Kissinger" (Kissinger, 1957) and "Augis -Bennett" methods (Augis & Bennett, 

1978). The Equations (7-11) and Equation (12) were used for the evaluation of 

activation energy and order of reaction (n), respectively. The onset temperature (To) 

on the DTG (Derivative thermogravimetric) curve tells about the initiation of the 

degradation process while the peak maxima (Tp) is the temperature corresponding to 

the highest rate of degradation. The theremograms for the lowest (5 °C/min) and the 

highest (20 °C/min) heating rates were compared and discussed to assess the effect of 

heating rates. The TG (green curve) and DTG (blue curve) curves of “standard” 

sample obtained at heating rates of 5 and 20 °C/min under nitrogen atmosphere are 

displayed in (Fig 32a,b). Only one DTG peak was observed in both heating rates 

indicating a single step degradation of polyethylene. The onset (To) temperature and 

peak temperature (Tp) were shifted towards the higher temperature side with the 

increase in heating rate. The thermogravimetric analysis of the same sample taken 

under air atmosphere showed a considerable decrease in To and Tp for both the heating 

rates (Fig. 33 a, b). At heating rate of 5 °C/min four DTG peaks were observed in 

which two were with high intensity. The two peaks were broadened and the other two 

smaller ones were submerged in it by heating the material was heated at heating rate 

of 20 °C/min. The thermograms of sample “Y” at heating rate of 5 and 20 °C/min 

under nitrogen atmosphere are displayed in indicated single step degradation (Fig 34 

a, b) whereas under air atmosphere for the same heating rate displayed multistep 

degradation (Fig. 35 a, b). The appearance of multiple DTG peaks concluded that 

oxidative degradation has taken place. Further To value was also decreased indicating 
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a low thermal stability of the material in air. 

The sample "E" showed a single step degradation process under nitrogen at heating 

rates of 5 and 20 °C/min as observed in case of sample "Y" and "Standard" (Fig 36 a, 

b). Similarly, the thermograms of sample “E” under air atmosphere at heating rate of 5 

and 20 °C/min are depicted in Fig. 37 a, b. Here again the oxidative degradation has 

been confirmed by the appearance of multiple DTG peaks with the decrease in 

thermal stability. 

The thermograms of the sample “Yp” at heating rates of 5 and 20 °C/min are shown in 

(Fig. 38 a, b). The “To” and “Tp” was shifted towards higher temperature with the 

increase in heating rate as shown by the other samples. The thermograms of sample 

“Yp” under air atmosphere at heating rate of 5 and 20 °C/min also depicted multiple 

degradation/ oxidative steps as observed for other samples (Fig. 39 a, b). 

In the light of these results it is concluded that the thermal degradation of these 

polyethylene samples is single step degradation under inert (nitrogen) atmosphere and 

multiple steps under air atmosphere. It can be said that degradation path is very much 

dependent upon the atmosphere used during thermogravimetric analysis and same is 

case for both To and Tp which were decreased in air atmosphere. These results further 

conclude that the thermal stability was decreased in air atmosphere. The onset 

temperature obtained at heating rate of 5 °C/min was considered as the appropriate 

one as this heating rate is neither very high nor very low. Keeping in view these 

results, the thermal stability of the samples was compared and came out in the order 

of Y>E>Yp>standard. This indicates that the commercial samples were more 

thermally stable than the standard sample. The reason behind this can be addition of 

additives /stabilizers added during the processing of the samples. Further it was 

observed that the higher heating rate(20 °C/min) has a little effect except shifting of 

thermogravimetric curves towards the higher temperature which may be due to 

lagging behind the sample temperature than the furnace as stated earlier (Wang & 

Sheng, 2006). 
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(a) 

 

 

 

 
(b) 

 

Fig. 32 DTG peak of "standard" sample under nitrogen atmosphere at heating rate of 

(a) 5°C/min and (b) 20 °C/min 
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(a) 

 

 
(b) 

 

Fig. 33 DTG peaks of "standard" sample under air atmosphere at heating rate of (a) 5 

°C/min and (b) 20 °C/min. 
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(a) 

 

 

 
(b) 

 

Fig. 34 DTG peak of sample "Y" under nitrogen atmosphere at heating rate of (a) 5 

°C/min and (b) 20 °C/min 
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(a) 

 

 

 
 

(b) 

 

Fig. 35 DTG peaks of sample "Y" under air atmosphere at heating rate of (a) 5 

°C/min and (b) 20 °C/min 
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(a) 

 

 

 
 

(b) 

 

Fig. 36 DTG peak of sample "E" under nitrogen atmosphere at heating rate of (a) 5 

°C/min and (b) 20 °C/min 
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Fig. 37 DTG peaks of sample "E" under air atmosphere at heating rate of (a) 5 °C/min 

(b) 20 °C/min 
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(a) 

 

 

 
(b) 

 

Fig. 38 DTG peak of sample "Yp" under nitrogen atmosphere at heating rate of (a) 5 

°C/min and (b) 20°C/min 
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(a) 

 

 
(b) 

 

Fig. 39 DTG peaks of sample "Yp" under air atmosphere at heating rate of (a) 5 

°C/min and (b) 20 °C/min 
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4.1.8 Activation energy of degradation 

The data of the four heating rates (5, 10, 15 and 20 °C/min) of the thermogravimetric 

curves of the samples obtained under nitrogen as well as air atmosphere were used for 

the determination of the activation energy by applying the following methods. 

4.1.8.1 Flynn-Wall-Ozawa method 

The Flynn-Wall-Ozawa method is one of the integral methods used for the 

determination of activation energy without having the knowledge of the order of the 

reaction. This method can be expressed by the equation given below: 

𝒍𝒐𝒈 𝜷 = 𝒍𝒐𝒈
𝑨𝑬𝒂

𝒈(𝜶) 𝑹
       

      𝑬𝒂

𝑹𝑻
    (7) 

Here, “A” and “R” are constant and for a particular conversion, g (α) is a constant. 

The activation energy was obtained from the slope of the plots of log of heating rates, 

β versus reciprocal of the temperature, T
-1

. The T corresponds to specific degree of 

conversion, α. The activation energy obtained in this way for “standard” sample under 

nitrogen and air atmosphere are shown in Fig. 40. It was noted that under the nitrogen 

atmosphere, the activation energy gradually increased from 254.90 to 351.50 (kJ/mol) 

with the increase in “α” from 0.1 to 0.4 and then gradually decreased from 317.10 to 

281.10 (kJ/mol) from 0.5 to 0.6 value of “α”. Once again the value of activation 

energy was increased from 308.9 to 335.2 (kJ/mol) for the “α” value of 0.7 to 0.8 and 

then dropped to 303.1 (kJ/mol) at α = 0.9. The average value of activation energy 

came out as 311.00 (kJ/mol). The variation in the values of activation energy can be 

attributed to the thermal degradation mechanism of the polyethylene which is 

followed by random scission mechanism. The mass loss during the random scission 

degradation occurred due to the evaporation of only those product fragments which 

were small enough to evaporate and thus lead to a decrease in the sample mass 

(Baloch, Khurram & Durrani, 2011). 

By switching over to air, the value of activation energy was 77.35 (kJ/mol) for α = 0.1 

and increased gradually till it reached to 312.03 (kJ/mol) and then suddenly decreased 

to -333.69 (kJ/mol) at α = 0.4. The activation energy was once again increased up to 

73.27 (kJ/mol) with the increase in α up to 0.8. At α = 0.9 the activation energy was 

suddenly increased and reached up to 276.89 (kJ/mol) and the mean activation energy 

of these nine degree of conversions (α values) was found to be 35.20 (kJ/mol). The 
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mean activation energy observed under air atmosphere was very low as compared to 

that of nitrogen atmosphere. It was also observed that under air atmosphere the 

activation energy showed a slight increase from 80 to 125 kJ/mol during the initial 

degradation (α <0.5) while remaining reaction showed highly unstable value of the 

activation energy. It was also observed that activation energy increased steadily for α 

>0.5 and reached to maximum at α = 0.9 as was observed by Jeffery D. Peterson et. al 

(Peterson, Vyazovkin & Wight, 2001). 

Keeping in view the results of activation energy obtained by Flynn-Wall-Ozawa 

method, it can be concluded that the polyethylene is more vulnerable to thermo-

oxidative degradation when air is used during thermogravimetric analysis as an 

ambient atmosphere which played a key role to speed up the degradation process. It 

can been seen in Fig. 33 (a, b) that under air atmosphere the degradation path has been 

changed with the appearance of multiple DTG peaks whereas under nitrogen 

atmosphere only one DTG peak was observed Fig. 32 (a, b) It means that every step 

of degradation may had different activation energy and hence more than one maxima 

and minima was observed in activation energy versus degree of conversion. 

Further to it the activation energy obtained by Flynn-Wall-Ozawa method varies with 

the degree of conversion (α) may provide a clue about the change in reaction 

mechanism with the proceeding of degradation which can be very useful in 

monitoring the response of material at that very temperature and time (Baloch, 

Khurram & Durrani, 2011). 

The activation energy of sample “Y” determined by Flynn-Wall-Ozawa method under 

nitrogen and air atmosphere is displayed in Fig. 41. The activation energy was 

steadily increased from 158.47 to 197.70 (kJ/mol) with the increase in “α” values 

from 0.1 to 0.9 and the mean activation energy of these nine “α” values was found to 

be 179.13 (kJ/mol). A similar increase (150 to 240 kJ/mol) in activation energy of 

polyethylene has been reported under nitrogen atmosphere obtained through iso-

conversional method (Peterson, Vyazovkin & Wight, 2001). This steady increase in 

activation energy can be attributed to the thermal stability of the polymer having high 

percentage of crystallinity and increase in number of branches with in the polymer 

with the increase in temperature. When air was used as an ambient atmosphere the 

activation energy of “α” = 0.2 and 0.4 was decreased to 146.18 and 117.96 (kJ/mol), 

respectively while for rest of the “α” values activation energy was in the range of 
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157.63 to 187.50 (kJ/mol). The mean activation energy came up 169.30 (kJ/mol) 

which is slightly less than the mean activation energy obtained under nitrogen 

atmosphere (179.13 kJ/mol). These results further confirmed the thermal stability of 

the sample “Y” towards thermo-oxidative degradation. 

The activation energy of sample “E” determined by Flynn-Wall-Ozawa method under 

nitrogen and air atmosphere is shown in Fig. 42. The activation energy at α = 0.1 was 

356.63 (kJ/mol) which was suddenly increased to 648.99 (kJ/mol) at α = 0.2 and then 

there was a gradual decline in the value activation energy was observed which was 

reached to 306.74 (kJ/mol) at α = 0.9. The mean activation energy of these nine “α” 

value was found to be 423.64 (kJ/mol). The mean activation energy is quite higher 

than sample “Y” as well as “standard” sample which indicated the high concentration 

of additives.  These additives reinforce the polymer at the start of degradation but with 

the increase in degree of conversion (α values) the nature of the additives with regard 

to increase in temperature was revealed as there was a steady decrease in the values of 

activation energy was observed. 

The activation energy of sample “E” under air atmosphere was very small as 

compared to nitrogen atmosphere. The activation energy at α = 0.1 was 21.48 (kJ/mol) 

while for rest of the “α” it was in the range of 108.39 to 187.50 (kJ/mol) and their 

mean value was found to be 134.07 (kJ/mol). The small activation energy under air 

atmosphere indicated that the thermo-oxidative degradation of sample “E” is more 

conducive due to some oxidative reaction which may occur under air atmosphere 

resulting in enhancement in degradation process (Roy et al. 2007). 

The activation energy of sample “Yp” determined by using Flynn-Wall-Ozawa method 

under nitrogen and air atmosphere is depicted in Fig. 43. The activation energy under 

nitrogen atmosphere was 438.90 (kJ/mol) at α = 0.1 with a decrease in value it 

reached to 305.80 (kJ/mol) at α = 0.8 and ends up at 327.3 (kJ/mol) and their mean 

value was observed as 374.1 (kJ/mol). If we compare these values with the same 

sample “Y” which was in film form, it can be noted that these values are quite higher 

and the reason behind it that in sample “Yp” which is in small particle (size less than 

250 μm) form. 

If we look at the results of activation energy which were towards negative side under 

air atmosphere from α = 0.1 to 0.5. All of a sudden, it was increased to769.14 (kJ/mol) 
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at α = 0.6 and was abruptly decreased to 320.07 (kJ/mol) at α = 0.7 which ultimately 

approached to 195.69 (kJ/mol) with a gradual decrease. The mean activation energy 

was thus obtained as 53.99 (kJ/mol) which was much less than the mean activation 

energy of sample “Y” (169.30, kJ/mol) under air atmosphere (Fig. 41). Here we can 

compare the synergistic effect of ambient atmosphere and small particle size during 

the thermogravimetric analysis. As the sample “Y” was in film form which prevented 

the oxidation reactions and showed thermal stability (Fig 35b, 39b) while the smaller 

particles has larger surface area and due to these reasons the thermo-oxidative 

degradation was more pronounced in sample “Yp” as compared to sample “Y” (Garcia 

et al. 2009). 

 

 
 

Fig. 40 Activation energy of “standard” sample determined by using Flynn-Wall-

Ozawa method under nitrogen and air atmosphere. 
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Fig. 41 Activation energy of sample “Y” determined by using Flynn-Wall-Ozawa 

method under nitrogen and air atmosphere. 

 

 

 
 

Fig. 42 Activation energy of sample “E” determined by using Flynn-Wall-Ozawa 

method under nitrogen and air atmosphere. 
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Fig. 43 Activation energy of sample "Yp" determined by using Flynn-Wall-Ozawa 

method under nitrogen and air atmosphere. 
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4.1.8.2 Coats-Redfern method 

For the determination of activation energy by using Coats-Redfern method the 

supposed/predetermined order of reaction (n) is required. Therefore, we made the use 

of four order of reactions (n=0, 0.5, 0.7 and 1) for the purpose (Coats & Redfern, 

1964) and the activation energy was obtained by applying Equation(8) (for n equal to 

other than unity) and Equation (9) (for n =1). The proposed equations are given as 

under: 

𝒍𝒐𝒈 *
 −( −𝜶)  𝒏

𝑻 ( −𝒏)
+ = 𝒍𝒐𝒈

𝑨𝑹

𝜷𝑬𝒂
*  

 𝑹𝑻

𝑬𝒂
+  

𝑬𝒂

     𝑹𝑻
 𝒇𝒐  𝒏    (8) 

𝒍𝒐𝒈 *
−𝒍𝒐𝒈( −𝜶)

𝑻 
+ = 𝒍𝒐𝒈

𝑨𝑹

𝜷𝑬𝒂
*  

 𝑹𝑻

𝑬𝒂
+  

𝑬𝒂

     𝑹𝑻
 𝒇𝒐  𝒏 =   (9) 

Here “n” is the order of reaction. By plotting left hand side of these equations versus 

“1/T”, the slope will be equal to “-Ea/2.303R” and hence “Ea” and “A” can be 

obtained. It is to be noted that the value of 2RT/Ea is considered to be very small 

(1) hence considered as independent of temperature (Urbanovici, Popescu & Segal, 

1999). 

In this study we made the use of four (5, 10, 15 and 20 °C/min) different heating rates. 

By applying Coats-Redfern method we got four values of activation energy 

corresponding to each heating rate and supposed order of reaction (n). The mean 

value of activation energy of these four heating rate was considered for their 

corresponding supposed order (n). 

The results of activation energy for “standard” sample under nitrogen and air 

atmosphere are displayed in Fig. 44. The activation energy for n = 0 was 208.94 

(kJ/mol) which was increased gradually up to 290.60 (kJ/mol) for n = 1 with the 

supposed value of “n”. Their mean activation energy was came up to 251.31 (kJ/mol) 

which was lower than the mean activation energy obtained by using Flynn-Wall-

Ozawa method (311.00 kJ/mol). The activation energy determined under air 

atmosphere was 112.19 (kJ/mol) for n= 0 which was gradually increased up to 163.16 

(kJ/mol) when n = 1 with the supposed value of “n”. Their mean value was obtained 

as 138.57 (kJ/mol) which was quite greater than the activation energy of “standard” 

sample determined by Flynn-Wall-Ozawa method (35.20 kJ/mol). 
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The activation energy of sample “Y” determined by Coats-Redfern method under 

nitrogen and air atmosphere was determined and results are shown in Fig. 45. The 

activation energy under nitrogen atmosphere was 276.00 (kJ/mol) when n= 0 and was 

383.66 (kJ/mol) when n = 1. The mean activation energy was found to be 331.89 

(kJ/mol) which was higher than the one determined by using Flynn-Wall-Ozawa 

method (179.13 kJ/mol). The activation energy determined by Coats-Redfern method 

under air atmosphere was 53.55 (kJ/mol) for n =0 while it was 78.33 (kJ/mol) for n 

=1. The mean value was obtained as 66.39 (kJ/mol) which was very much lower than 

the one obtained by Flynn-Wall-Ozawa method. 

The activation energy of sample “E” determined by Coats-Redfern method under 

nitrogen and air atmosphere and results are shown in Fig. 46. The mean activation 

energy obtained under nitrogen atmosphere was 229.37 (kJ/mol) which is lower than 

obtained by Flynn-Wall-Ozawa method (423.64 kJ/mol). Similarly under air 

atmosphere the mean activation energy was found to 93.21 (kJ/mol) which is also 

lower than the activation energy determined by Flynn-Wall-Ozawa method (134.07 

kJ/mol). 

The activation energy of sample “Yp” determined by Coats-Redfern method under 

nitrogen and air atmosphere is represented in Fig. 47. The activation energy was 

206.94 (kJ/mol) when n=0 which was increased with the increase in the supposed 

value of order of reaction (except for n = 0.7) and reached up to 287.97 (kJ/mol) when 

n = 1. The mean activation energy was obtained as 224.01 (kJ/mol) which is lower 

than the one determined by Flynn-Wall-Ozawa method (374.10 kJ/mol). Similarly 

under air atmosphere the mean activation energy was found to be 64.95 (kJ/mol) 

which is somewhat close to the value determined by Flynn-Wall-Ozawa method 

(53.99 kJ/mol). 

Keeping in view the activation energy determined by Coats-Redfern method, it is 

pointed out that the values of activation energy increases with each supposed value of 

order of reaction (n = 0 < 0.5 < 0.7 < 1) and the same trend was observed nearly in all 

the samples under nitrogen as well as under air atmosphere. For comparison purpose 

and critical analysis, the activation energy was also determined by Kissinger and 

Augis-Bennett methods. 
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Fig. 44 Activation energy of "standard" sample determined by using Coats-Redfern 

method under nitrogen and air atmosphere. 

 

 

 
 

Fig. 45 Activation energy of sample "Y" determined by using Coats-Redfern method 

under nitrogen and air atmosphere. 
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Fig. 46 Activation energy of sample "E" determined by using Coats-Redfern method 

under nitrogen and air atmosphere. 

 

 

Fig. 47 Activation energy of sample "Yp" determined by using Coats-Redfern method 

under nitrogen and air atmosphere. 

229.37 

93.21 

0

50

100

150

200

250

300

Nitrogen Air

E
a

 (
k

J
/m

o
l)

 

Atmosphere employed during Thermogravimetric analysis 

0

0.5

0.7

1

Mean Ea

Order of reaction (n) 

224.01 

64.95 

0

100

200

300

400

Nitrogen Air

E
a

 (
k

J
/m

o
l)

 

Atmosphere employed during Thermogravimetric 

analysis 

0

0.5

0.7

1

Mean Ea

Order of reaction (n)  



103 

 

4.1.8.3 Kissinger method 

Kissinger method (Kissinger, 1957; Chrissafis 2009) has been used by the scientists to 

determine the activation energy of solid state reactions. According to Kissinger‟s 

method, the activation energy can be determined without having precise knowledge of 

the reaction mechanism, using the following equation: 

𝒍𝒏 (
𝜷

𝑻𝒑
 ) =  *𝒍𝒏

𝑨𝑹

𝑬𝒂
+ 𝒍𝒏*𝒏(  𝜶𝒎𝒂𝒙)

𝒏− ++  
𝑬𝒂

𝑹𝑻𝒑
   (10) 

Here, Tp is the temperature corresponding to the peak temperature of the derivative 

thermogravimetric curves (DTG) and corresponding to maximum reaction rate and 

“αmax” being the maximum conversion. The other symbols carry the same meaning. 

The activation energy was calculated from the slope of the straight line from the plots 

log (β/T
2

p) versus 1/Tp.(Table.1) These plots are displayed in Figs. 48 to 51 of the 

thermogravimetric data obtained under nitrogen atmosphere for all the four samples. 

The equation of straight line showed a better fitting (R
2
>0.9) for all these samples. 

Similarly, under air atmosphere, the plots obtained after fitting of this equation were 

depicted in Figs. 52 to 55 for “standard”, “Y”, “E” and “Yp” samples, respectively. 

There was a poor fitting of the straight line (very low R
2
 value) to the equation and 

activation energy was not calculated except for sample “Yp” (R
2
 = 0.944). 

 

Table 1Activation energy of polyethylene samples determined by using 

Kissinger method measured under nitrogen and air atmosphere. 

 
Samples name Ea (kJ/mol) 

Under nitrogen Under air 

Standard 294.23 ___ 

Y 182.99 ___ 

E 355.67 ___ 

Yp 304.79 135.27 
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Fig. 48 Kissinger plot for "standard" sample. The data was obtained under nitrogen 

atmosphere. 

 

 

 
 

Fig. 49 Kissinger plot for "Y" sample. The data was obtained under nitrogen 

atmosphere. 
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Fig. 50 Kissinger plot for sample "E". The data was obtained under nitrogen 

atmosphere. 

 

 

 
 

Fig. 51 Kissinger plot of sample "Yp". The data was obtained under nitrogen 

atmosphere. 
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Fig. 52 Kissinger plot of "standard" sample, the data was obtained under air 

atmosphere. 

 

 

 
 

Fig. 53 Kissinger plot for sample "Y". The data was obtained under air atmosphere 
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Fig. 54 Kissinger plot of sample "E". The data was obtained under air atmosphere. 

 

 

 

 
 

Fig. 55 Kissinger plot of sample "Yp". The data was obtained under air atmosphere. 
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4.1.8.4 Augis-Bennett method 

For the determination activation energy by Augis-Bennett method, the following 

equation was applied (Augis & Bennett, 1978), 

𝒍𝒏 (
𝜷

𝑻𝒑−𝑻 
) =

𝑬𝒂

𝑹𝑻𝒑
+ 𝒍𝒏𝑨       (11) 

In this method the activation energy was obtained from the slope of the plots of 

ln[β/(Tp-To) vs 1/Tp after fitting the data to straight line equation. Where “β” is the hr, 

“Tp” is the temperature corresponding to peak in of DTG curve, “To” is the “onset 

temperature” for degradation process, these terms has already been discussed in 

introduction chapter. The activation energy obtained in this way under nitrogen 

atmosphere for “standard”, “Y”, “E”, and “Yp” samples are shown in Fig. 56 to 59. It 

can be noted that the data fit well to this equation (R
2
>0.9). 

The plots for “standard”, “Y”, “E” and “Yp” under air atmosphere are depicted in 

Fig.60 to 63. The plots of sample “Y” (R
2
=0.048) and sample “E” (R

2
= 0.4) showed a 

poor fitting for straight line equation hence their activation energy was not considered. 

The activation energy calculated by this method is given in Table .2 under nitrogen as 

well as under air atmosphere. The activation energy obtained under nitrogen 

atmosphere for “standard” (307.78kJ/mol) and “Yp” sample (308.45 kJ/mol) was very 

close to each another while under air atmosphere, it was decreased up to -207.10 

kJ/mol for "standard” sample and 135.44 kJ/mol for sample “Yp” Keeping in view, 

these facts the mean value of activation energy was used which was obtained by 

Flynn-Wall-Ozawa method. The reasons behind are as follow, (i) the activation energy 

can be obtained without having the precise knowledge of order of reaction, (ii) It 

gives the activation energy at each instant with the progression of degradation 

reaction, (iii) The degree of conversion (α) can be calculated with the help of formula 

based on the actual weight of sample present at each instant of time which is quite 

reliable, (iv) The mean activation energy is the average of nine “α” (degree of 

conversion) values which seems to be more appropriate as deviation in any degree of 

conversion can be compensated. A single value of activation energy was obtained by 

applying Kissinger and Augis-Bennett methods and further if numbers of heating rates 

are less then there will be uncertainty in value of activation energy. According to some 

authors the Coats-Redfern is very successful to predict the reaction mechanism 
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(Urbanovici, Popescu & Segal, 1999; Sinfronio et al. 2005) while others stated that 

Flynn-Wall-Ozawa is better than Coats-Redfern method because there was no 

correlation between the mean activation energy values (Tonbul & Yurdakoc, 2001).In 

Coats- Redfern method, we have to presume the order of reaction first and then we 

can get the activation energy. In this research work, it was observed that the value of 

activation energy was increasing with the increase in the supposed value for order of 

reaction. This trend was observed during the analysis of these four stated samples 

under nitrogen as well as under air atmosphere. The mean activation energy for HDPE 

and LDPE was found to be 445.1 and 340.8 (kJ/mol) and the literature also reveal that 

the activation energy is influenced by the method used to calculate the activation 

energy and experimental equipment and procedures (Sorum, Gronli & Hustad, 2001). 

Keeping in view all these facts and observations we reached to the conclusion that 

Flynn-Wall-Ozawa method was a better method and the mean activation energy 

determined through Flynn-Wall-Ozawa method was used for further kinetic studies. 

 

 
 

Fig. 56 Augis-Bennett plot of "standard" sample. The data was obtained under 

nitrogen atmosphere. 
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Fig.57 Augis-Bennett plot of sample "Y". The data was obtained under nitrogen 

atmosphere. 

 

 

 
 

Fig. 58 Augis and Bennett plot of sample "E". The data was obtained under nitrogen 

atmosphere. 
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Fig. 59 Augis-Bennett plot of sample "Yp" the data was obtained under nitrogen 

atmosphere. 

 

 

 
 

Fig. 60 Augis-Bennett plot of "standard" sample. The data was obtained under air 

atmosphere. 
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Fig. 61 Augis-Bennett plot of sample "Y" the data was obtained under air atmosphere. 

 

 

 
Fig. 62 Augis-Bennett plot of sample "E" the data was obtained under air atmosphere. 
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Fig. 63 Augis-Bennett plot of sample "Yp" the data was obtained under air 

atmosphere. 

 

 

 

Table 2 Activation energy of polyethylene samples determined by using 

Augis and Bennett method under nitrogen and air atmosphere. 

 
Samples name Ea (kJ/mol) 

Under nitrogen Under air 

Standard 307.78 -207.10 

Y 218.16 ___ 

E 273.70 ___ 

Yp 308.45 135.44 
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4.1.9 Order of reaction 

The order of reaction for these samples was determined by using the following 

equation for all the applied heating rates (5, 10, 15 and 20 °C/min) (Baloch, Khurram 

& Durrani, 2011; Khurram, Baloch & Simon, 2014). 

𝒍𝒏 [
𝜷𝒅𝜶

𝒅𝑻
⁄

𝒆𝒙𝒑(−
𝑬𝒂

𝑹𝑻⁄ )
] = 𝒍𝒏𝑨 + 𝒏𝒍𝒏(  𝜶)    (12) 

From the plots of left hand side of Equation (12) versus ln(1-α), the order of reaction 

can be obtained from the slope of the straight line of these plots (Meng et al. 2007; 

Baloch, Khurram & Durrani, 2011; Khurram, Baloch & Simon, 2014). 

It is observed and reported earlier (Baloch, Khurram & Durrani, 2011) that order of 

reaction of polyethylene does not depend on heating rate as the degradation of 

polyethylene occurs through random chain scission. Therefore, the data of that heating 

rate was selected which showed best fitting of linearity to Equation (12) (having the 

highest R
2
 value). Such plots of “standard”, “Y”, “E” and “Yp” samples under 

nitrogen atmosphere are displayed in Fig. 64 to 67. For air atmosphere these plots are 

depicted in Fig. 68 to 71, respectively. 

The order of reaction obtained in this way under nitrogen and air atmosphere for these 

samples is listed in Table 3. It was observed that under nitrogen atmosphere, the order 

of reaction for three samples came almost equal to “1” while for “standard” sample its 

value was 0.839 which is slightly lower than one and can be considered equal to “1”. 

Under air atmosphere the value of order of reaction was slightly increased for all the 

samples. From the thermograms, it was evident that the mechanism of degradation 

was a single step under nitrogen atmosphere and multiple steps under air atmosphere 

for all the investigated samples. It can be further concluded that an increase in the 

value of order of reaction under air atmosphere was attributed to the activity of 

additives which were passive under inert atmosphere (nitrogen) and became active 
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under air atmosphere. Therefore, the path of the thermo-oxidative degradation was 

quite different than under nitrogen and hence the activation energy was decreased. 

The literature reveal that the order of reaction obtained from the kinetic study of the 

thermal degradation of polyethylene was in the range of 0.8 to 1.4 (Baloch, Khurram 

& Durrani, 2011) or in the range of 0.5 to 1.5 (Gao, Amasaki & Nakada 

2003).Fractional order of reaction like 0.5 to 0.74 has also been reported (Mucha, 

1976; Wu et al. 1993; Bockhorn et al. 1999; Bockhorn, Hornung & Hornung, 1999). It 

can be concluded that our results are reliable and consistent with the literature. 

 
 

Fig.64 Plot for the determination of order of reaction (n) for "standard" sample under 

nitrogen atmosphere at heating rate of 20 °C/min. 
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Fig. 65 Plot for the determination of order of reaction (n) for sample "Y" under 

nitrogen atmosphere at heating rate of 5 °C/min. 

 

 

 
 

Fig. 66 Plot for the determination of order of reaction (n) for sample "E" under 

nitrogen atmosphere at heating rate of 20 °C/min. 
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Fig. 67 Plot for the determination of order of reaction (n) for sample "Yp" under 

nitrogen atmosphere at heating rate of 15 °C/min 

 

 

 
Fig. 68 Plot for the determination of order of reaction (n) for "standard" sample under 

air atmosphere at heating rate of 10 °C/min. 
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Fig. 69 Plot for the determination of order of reaction (n) for sample "Y" under air 

atmosphere at heating rate of 5 °C/min. 

 

 

 
 

Fig. 70 Plot for the determination of order of reaction (n) for sample "E" under air 

atmosphere at heating rate of 20 °C/min. 
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Fig. 71 Plot for the determination of order of reaction (n) for sample "Yp" under air 

atmosphere at heating rate of 20 °C/min. 

 

 

 

 

 

Table 3 Order of reaction (n) of polyethylene samples as obtained through 

thermogravimetric data under nitrogen and air atmosphere. 
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4.2 Aging in an Oven 

For the investigation of the impact of heating/aging, the films of polyethylene samples 

"Y" and "E" were cut into fine strips and were placed in an electric oven for 20 days 

at 80°C under the air atmosphere. For differentiating the samples from the samples 

prior and after aging, the samples were named as "Yoad" and "Eoad", where “oa” 

means aging by keeping the sample in oven and "d" represents the "no of days of 

aging/ heating" of the sample "Y" and "E", respectively. The strips of both the 

samples were taken out of the oven after the interval of 2 days and were characterized 

by using following techniques. 

4.2.1 FT Infrared spectroscopic Analysis 

The IR spectra of sample "Yoa20"overlaped over the IR spectra of sample "Y" 

(Fig.72) reflecting that there was no significant chemical change occurred during the 

aging. However, the IR spectra of sample "Eoa20" displayed an additional peak at 

1715 cm
-1 

indicating the formation of carbonyl group during aging of "E" (Fig. 73). In 

order to quantify the extent of formation of carbonyl groups, its "carbonyl index" was 

measured by using Equation (13) (see experimental section). In case of sample 

"Yoa20" its carbonyl index could not be determined as no carbonyl peak was 

observed. The value of carbonyl index for sample "Eoa20" came out as 28.45 %. The 

presence of carbonyl groups in aged polymer sample indicated that oxidation has 

taken place. Aldehyde and ketone carbonyl groups are common products during 

processing and the effect of processing on the subsequent degradation behavior has 

been identified as of significant importance (La Mantia, 1986). 

Keeping in view the carbonyl index and IR spectra of both the samples before and 

after ageing, it can be concluded that the ageing process had brought about some 

chemical modification in the sample "Eoa20" and formation of oxygenated products 

took place such visible impact was observed in case of sample "Yoa20".This 

observation are in accord with the literature that the oxidation rate of LLDPE are 

slightly higher than those of HDPE, despite the thickness of the LLDPE film samples 

which may limit oxygen diffusion (Ojeda et al. 2011). 

Further, the nature of the additives added in these samples during their processing can 

be predicted. The additives of sample "E" were more susceptible to thermo-oxidative 

degradation while in case of sample "Y" were thermo-stabilizer in nature. Sometime 
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the product needs stability instead of degradation in order to increase the outdoor uses 

with enhanced weathering resistance for the use at high temperature(Singh & Sharma, 

2008). Metals act as good pro-oxidants in polyolefins making polymer susceptible to 

thermo-oxidative degradation. For example, manganese (Mn) is a suitable metal 

participating in metal combination for pro-oxidant activity. Upon activation by heat in 

the presence of oxygen, pro-oxidants have produced free radicals on the polyethylene 

chain which may have undergone oxidation and changed the physical properties of the 

polymers (Orhan, Hrenovic & Buyukgungor, 2004). In addition, the pro-oxidant 

catalyzes the reaction of chain scission in the polymer, producing low molecular mass 

oxidation products, such as -COOH, -OH, C=O groups (Jakubowicz, 2003). 

The IR spectra in the range of 1400 to 1300 cm
-1

 can be exploited to identify the 

polymer sample as low or high density polyethylene (Gulmine et al. 2002). The IR 

spectra concludes aging has process did not bring such changes in the sample. 

 

 
 

Fig.72 IR spectra of sample “Y” (before) and "Yoa20" (after aging for 20 days in 

oven under air) overlap upon each other revealing the negligible effect of aging up to 

20 days. 
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Fig.73 Comparison of IR spectra of sample “E” (before) and "Eoa20" (after aging for 

20 days in oven under air). The emergence of carbonyl peak at 1715 cm
-1

 can be 

noted. 

 

4.2.2 Scanning electron microscopic Analysis 

The film of both the samples were taken out from the oven after interval of 2 days and 

analyzed by scanning electron microscopy. The SEM micrographs did not show any 

detectable change in the morphology up to 12 days of ageing for sample "Yoa12". 

However, after 14 days of ageing the wrinkles and etching process can be seen in the 

SEM image of sample "Yoa14" (Fig. 74). 

The SEM image of sample "Yoa20" indicated that the wrinkles became deep and 

converted to cracks and ultimately the film was torn up at some specific sites (Fig.75). 

Similarly, the morphological changes was observed in sample "Eoa14" in the form of 

small cracks which are encircled in the figure to indicate the initiation of cracking 

process in the film (Fig.76). 

The SEM image of sample "Eoa18" is shown in Fig. 77. It can be seen that the 

degradation process is at its full swing where the encircled area indicated that the film 

has been swollen up in the form of big flakes. The area selected in cylindrical shapes 

represents the formation of longitudinal grooves where the portion which selected in 

square shapes reflects that the additives are burst out due to prolonged exposure to 
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heat and oxygen. The SEM image of sample "Eoa20" is displayed Fig. 78 where 

highlighted parts of the film indicate the formation of grooves, pitch, cracks and 

flakes at numerous sites which ultimately lead to the tearing up of the film. 

From these SEM images one can conclude that the ageing in oven had a little effect 

on sample "Yoa20" as the degradation process was initiated at some selective sites 

while in case of sample "Eoa20" the ageing shown drastic effect by instigating the 

degradation process at numerous sites The main factors influencing the process of 

degradation was the presence of pro-oxidant (Ojeda et al. 2011).and this observation 

is also supported by the results obtained through IR analysis. 

 

 

 
 

 

Fig. 74 SEM image of sample "Yoa14" (after aging for 14 days in oven under air). 

Encircled portion indicates the etching and the formation of wrinkles in the film. 
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Fig. 75 SEM image of sample “Yoa20” (after aging for 20 days in oven under air). 

Enclosed portion indicates the formation of cracks resulting in tearing of the film. 

 

 

 
 

Fig. 76 SEM image of sample "Eoa14" (after 14 days aging in oven under air). 

Enclosed portion indicates the initiation of the cracking process in the film. 
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Fig. 77 SEM image of sample “Eoa18”. 

 

 
 

Fig. 78 SEM image of sample “Eoa20”. 
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4.2.3 Percent crystallinity measurement by using DSC 

The strips of both the samples were taken out from the oven for the determination of 

percent crystallinity by using DSC technique. The samples were heated according to 

the pre-determined heating program and the percent crystallinity was determined by 

applying equation 14 (see experimental section). The significant change in the percent 

crystallinity of both the samples was noticed after 20 days of ageing and the values 

obtained were 51.82 % and 42.61 % for sample "Yoa20" and "Eoa20", respectively 

and the same is depicted in Figs. 79 and 80. Though, it has been reported that the DSC 

analysis is not a good technique to characterize the long-term aging in polyethylene 

samples but the results we got seem to be reliable and consistent to other techniques 

(Budrugeac & Segal, 1998; Dorner & Lang, 1998, pp 421-430; Dorner & Lang, 1998, 

pp 431-440). 

 
 

Fig.79 Percent crystallinity of the sample "Yoa20" determined by using DSC. 
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Fig. 80 Percent crystallinity of sample "Eoa20" determined by using DSC. 

 

4.2.4 Percent crystallinity measurement by using XRD 

The XRD analysis was performed on both the samples after 20 days of ageing in the 

oven. The diffractograms of sample "Yoa20" and "Eoa20" are depicted in Figs. 81 and 

82, respectively. The black line represents the original diffractogram of the respective 

sample while the coloured lines represent the "Gaussian" fitting used for the 

integration of the diffractogram. The data obtained was used for the determination of 

percent crystallinity by applying Equation (15) (see experimental portion). The values 

obtained were 28.59% and 33.88% for sample "Yoa20" and "Eoa20", respectively. 

Both the techniques (DSC and XRD) employed for the determination of percent 

crystallinity conclude that it was increased for both the samples after oven ageing. 

Although, the results obtained by DSC were relatively higher in value than obtained 

by XRD due to already stated reasons but the trend was the same. Further, the 

increase in percent crystallinity was high for sample "Eoa20" accompanied by a 

decrease in melting point (Figs 29 and 80) while in case of sample "Yoa20", the 

melting point remained unchanged (Figs. 28 and 79). 

From the trend and the behavior polymer showed to the heating process, it can be 

concluded that the additives in sample "E" were vulnerable to thermo-oxidative 

degradation which is consistent to the results of MFI, OIT, carbonyl index and SEM 
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images of sample "E". Keeping in view that sample Y was purchased from Pakistan 

and Sample E from Canada, it is understandable that Pakistani polymer material will 

have stabilizers to prolong the life, whereas, Canadian are much aware of 

environmental pollution hence add the material which can reduce the material life. 

 
 

Fig. 81 The XRD of sample "Yoa20" (black line) and "Gaussian" fitting by applying 

origin software (colored line). 
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Fig. 82 XRD of sample "Eoa20" (black line) and "Gaussian" fitting by applying 

origin software (colored line). 

 

4.2.5 Thermogravimetric analysis 

Thermogravimetric (TG) analysis was performed for both the samples (Yoa20 and 

Eoa20) after ageing for 20 days in an oven at 80 °C. For this purpose these samples 

were heated from 30°C to 650°C at four (5, 10, 15 and 20 °C/min) heating rates. The 

data was analyzed by employing Flynn-Wall-Ozawa (Ozawa, 1965), Coats-Redfern 

(Coats & Redfern, 1964), Kissinger (Kissinger, 1957) and Augis-Bennett method 

(Augis & Bennett, 1978). The activation energy and order of reaction (n) were 

evaluated using Equations (7-12). Thermogravimetric analysis was performed under 

nitrogen as well as air atmosphere. The “To" (onset temperature) and "Tp" (peak 

maxima, the temperature at which degradation rate was maximum) are the 

temperatures obtained from the DTG curves. The thermograms of lowest (5°C/min) 

and highest (20 °C/min) heating rates are discussed over here for the assessing the 

impact of heating rates. The TG (Thermogravimetric) and DTG (Derivative 

thermogravimetric) curves are illustrated with green and blue colour in Fig. 83 (a and 

b) for sample Yoa20, at heating rates of 5 and 20 °C/min. Only one DTG peak was 

observed at both the heating rates indicating that the degradation was a single step 

process. There was a little increase in the "To" while the "Tp" was shifted towards 
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higher temperature from 451.08 to 462.24 °C if the heating rate was increased. The 

"To" for both the heating rates was decreased as observed prior to ageing (Fig. 34a, b). 

"To" is the temperature which is sensitive to the stabilization effect of the additives 

(Garcia et al. 2009) and thus it is obvious that the thermal stability of these samples 

has been decreased due to prolonged exposure to heat and air atmosphere. 

The thermogram of sample "Yoa20" obtained at heating rates of 5& 20 °C/min for air 

atmosphere are displayed in Fig. 84 (a and b). There is a drastic decrease in the "To" 

as compared to under nitrogen atmosphere and even under air atmosphere of prior to 

ageing (Fig. 35 a, b). A decrease in To indicated the lowering in thermal stability of 

the sample due to synergistic effect of thermal ageing under air atmosphere. The DTG 

peaks were more than one as observed prior to ageing (Fig. 35 a, b) indicating that the 

degradation mechanism was changed comprising of multiple steps with the change in 

ambient atmosphere. 

The thermogram of sample "Eoa20" obtained at heating rates of 5 & 20 °C/min in 

nitrogen environment displayed only one DTG peak indicating the single step 

degradation mechanism as it was observed prior to ageing under nitrogen 

environment(Fig. 85 a & b).In both the heating rates the "To" was lower than prior 

ageing (Fig. 36) and was further decreased for heating rate of 20 °C/min. The 

broadening of DTG peak and lowering of onset temperature (To) indicated that during 

ageing process the degradation of the polymer may have occurred resulting in the 

formation of low and different molecular weight polymer. Lowering of To and Tp can 

be due to aging which may have converted high molecular weight polymer material 

into smaller molecular fragments as these parameters are molecular weight of 

polymer dependent (Luzuriaga, Kovarova & Fortelny, 2006).Polyethylene might have 

been converted to some long and short chain hydrocarbons. Heating above 200 °C 

ledto chain scission and the nature of the product may be dependent over the 

impurities, presence of unsaturated sites and head-to-head units, etc (Ramis et al. 

2004). Further the Poly-olefins may be susceptible to thermal oxidation and the 

impurity generated there in (Khabbaz, Albertsson & Karlsson 1999). 

The thermogram of sample "Eoa20" recorded at heating rates of 5 & 20 °C/min under 

air atmosphere are shown in Fig. 86 (a & b). The multiple DTG peaks represent that 

the degradation process took place in several steps as observed prior to ageing (Fig. 

37 a & b) but these DTG peaks are relatively broader. An enormous reduction in the 
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onset temperature indicating that sample is more susceptible to oxidative-thermal 

degradation which ultimately led to the decline in thermal stability of the material. 

Conversely, the repetition of the process in the presence of even a small amount of 

oxygen, degradation took place rapidly and noteworthy. It is expected that free 

radicals are formed during degradation due to scissor fragments of the chain. 

However, if the oxygen is replaced by nitrogen, the radicals formed may immediately 

recombine to retard chain breakage process. Due to its radicals scavenger nature 

Oxygen quickly reacts with the radicals produced at the fragmented ends of the 

molecule and render the chain breaking permanently (Boenig, 1964). 

Keeping in view these results, it has been confirmed that the degradation mechanism 

of polyethylene before and after ageing proceeded through single step under nitrogen 

atmosphere while comprised of multiple steps under air atmosphere. The thermal 

degradation of polyethylene under air atmosphere (thermo-oxidative degradation) is 

quite a complex process and several reactions take place simultaneously. The 

thickness of the film also has a significant impact in the thermo-oxidative degradation 

during the thermogravimetric analysis (Garcia et al. 2009). This is also evident in this 

study that the "To" of sample "Yoa20" has been decreased with the increase in heating 

rate from 5 to 20 °C/min (Fig 85 a, b). For rest of the cases it was observed that the 

high heating rate (20 °C/min) has a little effect over the shifting of onset temperature 

towards the higher value which may be due to lagging behind the sample temperature 

than the furnace as stated earlier (Wang & Sheng, 2006) which has already been 

discussed in before exposure section. It is further concluded that the onset temperature 

(To) played a key in accessing the stability against the heat and ageing phenomenon of 

the materials and that the heating has a pronounce effect on sample "Eoa20" as 

compared to sample "Yoa20". 
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(a) 
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Fig. 83 Thermograms of sample "Yoa20" under nitrogen atmosphere and heating rate 

(a) 5°C/min & (b) 20 °C/min. 
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Fig. 84 Thermogram of sample "Yoa20" under air atmosphere and heating rate (a) 

5°C/min & (b) 20 °C/min. 
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Fig. 85 Thermograms of sample "Eoa20" under nitrogen atmosphere and heating rate 

(a) 5°C/min & (b) 20 °C/min. 
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(b) 

 

 

Fig. 86 Thermograms of sample "Eoa20" under air atmosphere and heating rate (a) 

5°C/min & (b) 20 °C/min. 
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4.2.6 Activation energy of thermal degradation 

The results obtained for 5, 10, 15 & 20 °C/min heating rates from the 

thermogravimetric plots of the sample "Yoa20" and "Eoa20" under nitrogen as well as 

air atmosphere were utilized for the evaluation of the activation energy (Ea) of 

thermal degradation by applying the following models. 

4.2.6.1 Flynn-Wall-Ozawa methods 

It is one of the basic methods employed to calculate the Ea without knowing the order 

of the reaction (Ozawa, 1965; Meng et al. 2007). The Ea was obtained from the 

parameter d(log β)/d(1/T) obtained from the plots of “log β” versus “1/T” (T = The 

corresponding temperature of each specific degree of conversion) (Equation. (7) 

displayed in introduction section) for different heating rates (β) for any particular 

degree of conversion (α). The Ea of that degree of conversion (α) was not considered 

whose data showed lower R
2
 value (showing poor fit to the straight line of "log β" 

versus "1/T"). The Ea obtained in this way for sample “Yoa20” under nitrogen and air 

atmosphere is displayed in Fig. 87. 

It was noted that the Ea was gradually increased from 65.17 to 180.53 (kJ/mol) with 

the increase in "α" from 0.1 to 0.3 and was suddenly dropped to -323.36 (kJ/mol) at α 

= 0.4. The Ea at α = 0.5 was not considered as its R
2
 value was very low. While at α = 

0.6 it was suddenly increased to 369.73 (kJ/mol) and then a decreasing pattern was 

observed with the increase in "α" and reached to 219.72 (kJ/mol). The mean Ea of 

these 8 "α" values was equal to 153.44 (kJ/mol). The Ea under air atmosphere was 

135.18 (kJ/mol) at α = 0.1 which was decreased gradually with the increase in degree 

of conversion and reached to only 5.35 (kJ/mol) at α = 0.6. There was a little increase 

in the Ea at α = 0.7 while it was an abruptly increased for α = 0.8 and 0.9 and reached 

to 192.23 and 194.06 (kJ/mol), respectively. The mean Ea of these 9 "α" values was 

obtained as 93.63 (kJ/mol) which was relatively lower as compared to under nitrogen 

atmosphere. The results obtained so far conclude that the degradation of polyethylene 

under nitrogen atmosphere follows the following mechanism which means firstly the 

two or more molecules of the polymer can further react together for further 

polymerization. This reaction can be slow and requires high amount activation energy. 

However, the product obtained will be unstable and can degrade which results 

unsaturated molecules. These ultimately can be easily oxidized to give low molecular 



137 

 

weight radicals/species which require less amount of energy. 

 

The Ea of sample "Eoa20" determined by this method under nitrogen and air 

atmosphere is depicted in Fig. 88. The Ea was very low from the initiation of 

degradation under nitrogen atmosphere and was with negative value -48.12 and -

67.14 (kJ/mol) for α = 0.1 and 0.2, respectively. The Ea for α = 0.3 and 0.4 was not 

considered as the data showed poor fitting for straight line (very low R
2
 value). The 

Ea was abruptly increased and reached to 357.23 and 368.09 (kJ/mol) for α = 0.5 and 

0.6, respectively. A decreasing trend was observed and its value was reached to 185.49 

(kJ/mol) for α = 0.9. The mean Ea was 218.55 (kJ/mol) which was about 50 % less 

than the Ea determined prior to ageing but this is still greater than the mean Ea of 

sample "Yoa20". Although the impact of ageing was high in case of sample Eoa20 

with respect to the results obtained from spectroscopic, DSC and XRD analysis. The 

reason might be the thickness of the film of the sample "Eoa20" which could not 

respond up to that much extent during its ageing inside the oven and hence the sample 

"Eoa20" had higher "Tp" than that of sample "Yoa20"(Garcia et al. 2009).The Ea of 

sample "Eoa20" under air atmosphere was 60.23 (kJ/mol) at α = 0.1 and there was a 

very little but a gradual decrease in the value of Ea was observed and approached to 

value 32.93 (kJ/mol) at α = 0.5. And then a steady increase was observed up to 79.35 

(kJ/mol) from α = 0.6 to α = 0.9 and the mean Ea came out as 54.85 (kJ/mol). 

Keeping in view the results obtained from thermogravimetric analysis of both the 

samples under nitrogen and air atmosphere it was concluded that the ageing has a 

prominent effect on these samples and results a decrease in thermal degradation Ea 

and thermal stability as compared to prior to ageing. The impact of ageing was intense 

on sample "Eoa20" as compared to sample "Yoa20. 
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Fig. 87 Ea of sample "Yoa20" calculated by employing Flynn-Wall-Ozawa model 

under nitrogen and air atmosphere. 

 

 

 
 

Fig. 88 Ea of sample "Eoa20" obtained by employing Flynn-Wall-Ozawa model under 

nitrogen and air atmosphere. 
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4.2.6.2 Coats-Redfern method 

For the determination of Ea by using Coats-Redfern method the pre-supposition of 

order of reaction (n) is required. Therefore, four order of reactions (n=0, 0.5, 0.7 and 

1) were used (Coats & Redfern, 1964) and the Ea was obtained by applying Equation 

(8) (for n equals other than one) and Equation (9) (for n =1. In this study we made the 

use of four different heating rates (5, 10, 15 and 20 °C/min), so by applying Coats-

Redfern method we got the activation energy for each heating rate and took their 

average value for their respective supposed value of "n". 

The Ea of sample "Yoa20" obtained by this method under nitrogen and air atmosphere 

is shown in Fig. 89. The Ea under nitrogen atmosphere was 158.07 (kJ/mol) for n = 0 

and was gradually increased up to 220.14 (kJ/mol) for n =1. The mean Ea for the 

supposed value of "n" was 190.15 (kJ/mol). The Ea of the same sample under air 

atmosphere was 41.96 (kJ/mol) for n = 0 and was increased with the increase in 

supposed value of "n" and approached up to 61.88 (kJ/mol) for n = 1. The mean Ea 

for these supposed values of "n" was 52.29 (kJ/mol) which was quite lower than the 

one obtained prior to ageing under nitrogen and even under air atmosphere. 

The Ea of sample "Eoa20" determined by Coats-Redfern method under nitrogen and 

air atmosphere is displayed in Fig. 90. Ea of this sample under nitrogen atmosphere 

was 99.73 (kJ/mol) for n = 0 it increased gradually with the increase in supposed 

value of "n" and found to be 116.83 (kJ/mol) for n=1. The mean Ea for these four 

supposed values of "n" was 108.63 (kJ/mol). Under air atmosphere and for n = 0 it 

was 37.51 (kJ/mol) and increased gradually to 47.38 (kJ/mol) for n = 1. The mean Ea 

came out as 42.64 (kJ/mol). 
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Fig. 89 Ea of sample "Yoa20" determined under nitrogen and air atmosphere 

employing Coats-Redfern method. 

 
 

Fig. 90 Ea of sample "Eoa20" determined by using Coats-Redfern method under 

nitrogen and air atmosphere. 
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4.2.6.3 Kissinger method 

Ea was also determined by using Kissinger method using Equation (10). For the 

purpose data of log (β/T
2

p) versus 1/Tp were plotted and Ea was obtained from the 

slope of such plots. Here “β” is the heating rate, “Tp” is the “peak temperature” at the 

maxima of DTG peak, the data obeying Equation (10) and showing reasonably high 

R
2
value were considered for Ea determination. For instance the plot shown in Fig. 91 

is of sample "Yoa20" but showed very low R
2
 under nitrogen atmosphere and hence 

its results were not considered. Only the sample "Eoa20" under air atmosphere 

showed good fit (R
2
=0.989) (Fig. 92) and hence its results for activation energy was 

considered and was found as 79.44 (kJ/mol). 

 

 

 
 

Fig. 91 Plots of sample "Yoa20" for the determination of Ea by using Kissinger 

method under nitrogen atmosphere. It can be noted that the value of R
2 

is very small. 
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Fig.92 Plots of sample "Eoa20" for the determination of Ea by using Kissinger 

method under air atmosphere. 

 

 

4.2.6.4 Augis-Bennett method 

Ea by Augis-Bennett method was determined from the rate of variation  of ln[β/(Tp-

To) vs 1/Tp by plotting the data according to Equation(11). Here “β” is the hr, “Tp”is 

the “peak temperature” at the maxima of DTG peak, “To” is the “degradation onset 

temperature”. In this case the data was also discarded if it did not fit to Equation (11). 

The plot for sample "Yoa20" under nitrogen atmosphere is shown in Fig. 93 which 

showed a very poor fitting of the straight line (R
2
 = 0.054) and hence the results 

obtained from these data were discarded. Only the sample "Eoa20" under air 

atmosphere showed good fit (R
2
 = 0.877) (Fig. 94) and hence its results for Ea was 

considered and was calculated as -174.43 (kJ/mol). 

Knowing that the Ea obtained by using Kissinger and Augis-Bennett methods were 

not reliable as the thermogravimetric data of the samples did not fit appropriately to 

the equation proposed by them `the results were ignored. It is the limitation of these 

methods that one gets a single value of Ea even using different heating rates 

(Chrissafis, 2009). The Ea of HDPE, LDPE and LLDPE determined by Coats-Redfern 
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method was increasing exponentially with the increases in heating rate (Park et al. 

2000) which gave rise to some kind of uncertainty in the value of Ea. The results of 

Ea obtained by applying Coats-Redfern method were less satisfactory because the 

mean Ea value was increased with the increase in supposed value of "n". Under such 

scenario the Flynn-Wall-Ozawa method seems to be a better choice than rest of the 

applied methods. It has also been reported that Flynn-Wall-Ozawa is useful for 

predicting the trend of Ea even for complicated degradation reactions (Shih & Jeng, 

2002). The mean Ea obtained by Flynn-Wall-Ozawa method was used for the 

determination of order of reaction. 

 

Fig. 93 Plots of sample "Yoa20" for the determination of Ea by Augis- Bennett 

method under nitrogen atmosphere, R
2 

value was quite low. 
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Fig. 94 Plots of sample "Eoa20" for the determination of Ea by using Augis-Bennett 

method under air atmosphere. 
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Table 4 under nitrogen as well as under air atmosphere. 
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cases prior and after ageing. The ageing process had noticeable effect on the order of 

reaction and especially for sample "Eoa20" under air atmosphere. This is an indication 

of change of degradation mechanism due to the presence of pro-oxidants which 

enhance the oxidative degradation. The impact of ageing was also visible from the 

results of spectroscopy, SEM, DSC and XRD techniques. 
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Fig. 95 Plot for the determination of order of reaction (n) of sample "Yoa20" under 

nitrogen atmosphere employing 20 °C/minas heating rate. 

 

 
 

Fig.96 Plot for the determination of order of reaction (n) of sample "Eoa20" using 20 

°C/min heating rate under the atmosphere of nitrogen. 
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Fig. 97 Plot for the determination of order of reaction (n) of sample"Yoa20"using 15 

°C/min heating rate under the atmosphere of air. 

 

 

 

 

 
Fig. 98 Plot for the determination of order of reaction (n) for sample "Eoa20" under 

air atmosphere using 15 °C/minas heating rate. 
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Table 4 Order of reaction (n) of samples "Yoa20" and "Eoa20" determined from 

thermogravimetric data obtained under nitrogen and air atmosphere. 

 

 

Samples name Order of reaction (n) 

Under nitrogen Under air 

Yoa20 1.04 1.84 

Eoa20 0.87 2.03 
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4.3 Accelerated Weathering of polyethylene in QUV chamber 

For the measurement of impact of accelerated weathering over the samples, 

Accelerated Weathering Tester, Model: QUV, assembled by "The Q-Panel Company", 

Cleveland, Ohio, USA was used. The samples were exposed to accelerated weathering 

conditions according to the procedure stated in ASTM No. D 4329-05. The “cycle B” 

was selected which comprised of two cycles, the first was 8 hours of exposure to UV 

light and temperature was kept at 70 ± 3 °C whereas the second cycle was 4 hours of 

condensation keeping the temperature at 50 ± 3 °C. These two cycles were 

alternatively repeated continuously for the period of 20 days. The sample "Y" and "E" 

were exposed to accelerated weathering conditions. The samples were taken out from 

the QUV chamber after the interval of 2 days and are symbolized as "Yawd" and 

"Eawd", where "aw" stands for "accelerated weathering" and "d" for "no of days" of 

exposure to accelerated weathering, The samples were characterized by the following 

techniques. 

4.3.1 FT Infrared spectroscopic analysis 

The films of both the samples were taken out from QUV chamber after had been 

exposed to accelerated weathering conditions with the interval of 2 days and their IR 

spectra was taken. In IR spectra of sample "Yaw20" (after exposure) and Y (before 

exposure) is displayed in Fig. 99. A peak which was observed at 2362 cm
-1 

before the 

exposure was disappeared and another peak at 1715 cm
-1

 was noted; concluding that 

the additives might have been degraded/ volatilized/leached out with the exposure. 

The formation of carbonyl peak also indicated that the oxidation has taken place due 

to degradation of the polymer (Chiellini et al. 2006). It was also observed that the 

intensity of 1715cm
-1

band was gradually increased with the exposure time which 

confirmed the degradation of material with the passage of time. 

It has been well documented that the IR spectra of polyethylene in the range 1400-

1300 cm
-1 

can be exploited to identify the type of polyethylene (Gulmine et al. 2002). 

The IR spectra of sample “Yaw20”gave another peak at 1377 cm
-1 

(Fig. 100) 

indicating that the sample was transformed from HDPE to LLDPE whereas no such 

phenomenon was observed after 20 days of ageing in an oven. 

The IR spectra of sample “E” before and "Eaw20" after exposure were depicted in 

Fig.101. The appearance of new peak at 1715 cm
-1

 (carbonyl peak) can be seen noted 
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in the spectra of Eaw20 sample. The IR spectra of sample "Eaw20" was magnified in 

the range of 1400 to 1340 cm
-1

 and it was observed that the depth of peak at 1378 cm
-

1 
was enhanced than the one observed at 1368 cm

-1
 which confirmed the 

transformation of sample "E" from LLDPE to LDPE (Fig.102) with the exposure 

(Khurram, Baloch & Simon, 2014). 

The peaks observed at 1715 cm
-1 

(Fig. 101) indicated the formation of carbonyl 

compounds like ketones and aldehydes in the sample. A peak observed at 1170 cm
-1

 

was credited to stretching/elongation and bending of C-CO-C, confirming the 

presence of ketone (Sharma, 2007) and this peak was also observed in sample "Y" 

after the exposure for 20 days in QUV chamber. It rationalized the formation of 

ketone as a major oxygenated product in both the samples. It was also observed that in 

case of sample "E" the intensity of peaks 1715 cm
-1 

and 1170 cm
-1 

was greater than 

"Y". 

 
Fig. 99 IR spectra of sample "Y" (before) and "Yaw20" (after 20 days of accelerated 

weathering in QUV chamber). 
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Fig. 100 IR spectra indicating the conversion of sample "Y" from HDPE to LLDPE 

by the exposing to accelerated weathering conditions. 

 

 
 

Fig. 101 IR spectra of sample "E" (before) and "Eaw20"(after 20 days of exposure in 

QUV chamber). 
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Fig. 102 IR spectra of sample "E indicates that the exposure to accelerated weathering 

conditions transformed the polymer from LLDPE to LDPE. 

 

4.3.2 Carbonyl index analysis 

The rate of formation of carbonyl groups of the samples was calculated in term of 

carbonyl index (C.I), which gave a numerical value and thus the extent of 

oxidation/degradation was quantified. The area of the peak observed at 1715 cm
-1

was 

exploited to obtain the carbonyl index and considering 2923 cm
-1

 (C-H stretching) as 

a reference peak and using Equation (15) (Amato, Gilbert & Caswell, 2005; Ferreira 

et al. 2009). 

The carbonyl index for samples "Y" and "E" was increased with the exposure time 

(Fig. 103) as observed by other (Li et al. 2012) and that the rate of formation was high 

for sample "E" as compared to "Y", throughout the experiment. The low value of C.I 

for sample "Y" might be due to its higher percent crystallinity and it is reported that 

the photo-degradation is slower in oriented polyethylene(White & Turnbull, 1994). It 

is also reported that the mechanical properties can be co-related to the evolution of the 

carbonyl index. If the C.I value are high then the tensile strength is low and vice versa 

(Naddeo, Guadagno & Vittoria, 2004). It is well documented that some additive may 

be added to inhibit the photo-oxidation of polyethylene films in order to increase their 

life time for out-door exposure. Keeping in view that some polymers have low 
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stability against UV radiations and hence carbon black, TiO2, benzophenone, 

benzotriazole, HALS, and other stabilizers are added to get the required stability 

against UV (Khare & Deshmukh, 2006).In our study the difference in the C.I between 

two samples was accredited to the disparity in degree of polydispersity, molecular 

weight, viscosity and effectiveness of antioxidants against thermo-oxidation process 

of the two samples. This statement was also supported by high OIT and low MFI of 

sample "Y". The stated observations/facts concluded that the photo and thermal 

degradation that occurred during the exposure of the samples to accelerated 

weathering conditions resulted in the formation of oxygenated products in both the 

samples. It has also been reported that the concentration of oxygenated species 

formed were twice by the exposure to QUV as compare to weather-o-meter. The 

plausible explanations can be the high intensity of UV (320 nm and 290 nm) radiation 

produced by the instrument provide the energy required for the dissociation of C-

C(375 kJ/mol) and C-H(420 kJ/mol) bonds (Gulmine & Akcelrud, 2006).Thus, there 

is a possibility of getting C-C and C-H bonds photolysis initiated by the radical 

formed during the process of degradation (Singh & Sharma 2008). 

 
 

 

Fig. 103 Carbonyl index (CI) of sample "E" and "Y" as a function of exposure time in 

QUV chamber. 
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4.3.3 Scanning electron microscopic analysis 

The SEM micrographs obtained for "Y" samples after the exposure of 6, 10, 14 and 

18 days in QUV chamber are displayed in Fig. 104 (a, b, c, d). It has been reported 

that oxidation by exposure to sunlight increased plastic degradation, and with 

additional abrasion (Corcoran, Biesinger & Grifi, 2009). This might be due to high 

intensity radiations emitted by the sun along with visible and IR radiations which 

increase the temperature of the material. It results in breakage of bonds along with 

fractures, eventually leading to introduction of brittleness in the polymeric material. 

Further it is also documented that the polyethylene is conducive to oxidative 

processes, it happens in pits and beside cracks caused during exposure. Tiny patches 

of severely oxidized portions concluded that the additives may offer privileged sites 

for constant degradation with the passage of time (Cooper & Corcoran, 2010) Fig 104 

(a). The Figure104 (a-d) indicated that with the exposure of the material, the peeling 

process was initiated and preferential sites were then created. These sites further grew 

up to form cracks and fractures which became deeper and deeper with the exposure 

time. Ultimately, the process lead to the formation of small pits/depressions which 

ended up to completely degraded material. 

The SEM micrographs of sample "E" obtained after the exposure in QUV chamber for 

2, 6, 10 and 16 days are depicted in Fig. 105 (a, b, c, d). The figure illustrated that the 

process of degradation was different as compared to sample "Y" as some flakes and 

grooves were observed and the initiation of degradation was quite high. The 

accelerated degradation that has been observed after a short span of exposure is an 

evidence for the importance of the wavelength of the irradiation (Gulmine et al. 

2003). The SEM indicated that the degradation was instigated only from the 

preferential sites in sample "Y" and this was because of high concentration of 

photostabilizers, colorants and softeners (Cooper & Corcoran, 2010). Whereas, in 

sample "E", the degradation proceeded in all directions and was attributed to the 

presence of higher concentration of photodegradable materials than sample "Y", 

which were widely distributed and caused the polymer degradation fast. It means that 

sample "E" was less stable and was more conductive to oxidative degradation process 

than sample "Y". This statement was also supported by the pronounced cracks which 

were observed with the naked eye in the film of sample "E" with the exposure to 

accelerated weathering conditions. Further to it the colour of sample "Yaw20" faded 
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while the film of sample "Eaw20" was totally shred up and broken into fine pieces 

and was unable to be affixed on the sample holder of the QUV chamber to be exposed 

further beyond 20 days (Fig. 106). Synergistic effect on the degradation of the 

polymeric materials caused by UV radiations was concluded to be quite significant 

due to high temperature and existence of moisture in the chamber (Andrady, Hamid & 

Torikai, 2003). The photodegradation was promoted by the moisture as at high 

humidity, photo-stabilizers which were soluble might have leach out of the polymeric 

material and hence the instability was increased. High humidity and high temperatures 

increased the photodegradation in the material. A little increase in ultraviolet intensity 

enhanced the degradation process significantly. It can be said that the fast degradation 

of the polyethylene films under such conditions is basically due to UV radiation 

emitted by the solar system and synergistic effect of high temperature (Rabonavitch, 

Quisensberry & Summers, 1983). It was noted that a significant decrease in molar 

mass and increase in amount of carbonyl groups was associated with the oxidative 

degradation. Such degradation led to determinate the mechanical properties (Ojeda et 

al. 2011). 

The accelerated ageing technologies initiated morphological variations, and were 

synergistically associated to the chemical variations recorded through FTIR (Gulmine 

et al. 2003) and also analogous to the findings observed from the differential scanning 

calorimetry and melt flow index. 
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Fig. 104 SEM micrographs of "Y" samples: (a) exposed to accelerated weathering for 

6 days. The encircled segments indicate the initiation of peeling process and these 

sites may be termed as early preferential degradation sites, (b) Sample exposed for 10 

days. The encircled segments indicate the advancement of degradation/oxidation 

process in terms of cracks/fractures in the sample, (c)The sample exposed for 14 days. 

The formation of small pits/depressions is very much visible and some of these are 

enclosed in the circle. (d) The sample exposed for 18 days and the film seems to be 

tearing up. 
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Fig. 105 SEM micrographs of sample "E" exposed to weathering conditions in QUV 

chamber for (a) 2 days (b) 6 (c) 10 and for (d) 16 days. In fig-a numerous degradation 

sites are visible reflecting a high concentration of photodegradable material 

distributed all over the sample evenly, while encircled segments indicate the etching 

process. Fig-b indicates the propagation of horizontal notching in grooves 

(rectangular) with the passage of time. In Fig-c Peeling/flaking can be noticed on the 

polymer surface. Fig-d concludes that the polymer was ultimately completely 

degraded (encircled) while peeling was also observed on rest of the polymer surface. 
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Fig. 106 Photographs of polyethylene films of sample "Yaw20" and"Eaw20" after 

exposing to accelerated weathering in QUV chamber. 

 

 

4.3.4 Percentage crystallinity Analysis 

4.3.4.1 Percentage Crystallinity Analysis Obtained through DSC 

The DSC technique was applied for the determination of percent crystallinity and 

melting point of the samples. Both the samples after exposing in QUV chamber were 

analyzed for percent crystallinity by DSC and their 1st cycle of temperature scan was 

taken into account because it contained the thermal history of the samples(Lima, 

Vasconcellos & Samios, 2002). It was observed that melting point of both the samples 

was decreased with the exposure time but the decrease was not noticeable up to 5th 

days of exposure(Fig. 107). However, the decrease was quite sharp for the exposure 

time from 5th to 16th days for sample "Y" and from 5th to10th days for sample "E" 

and then became constant. It was concluded that the degradation started on 5th days 

and lasted up to 16
th

 day for sample Y sample and 10
th

 day of exposure for sample E. 

It has been reported that the molecular weight reduces due to thermal degradation of 

polyethylene (Chielllini et al. 2006). It was further noted that the degradation initiated 
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two different chemical process i) random scission of links, resulted reduction 

molecular weight and ii) chain-end scission of C-C bonds, resulting volatile 

material(Singh & Sharma 2008).Addition of additives / introduction of carbonyl 

functionality in the polymeric material, the addition such as photo-sensitizers and pro-

oxidants e.g. metal salts, ethers, ketones, mercaptans and some polyunsaturated 

compounds may result in the variation of variation in photo-sensitivity. The alteration 

may be in the main skeleton or in the side part of the polymer. These additives may 

lead initiation of a reaction resulting degradation of the polymer (Khare & Deshmukh, 

2006). The decrease in melting temperature may likely due to increased cross-linking 

associated with scission and oxidation reactions (Alves, Nascimento & Suarez, 2005). 

The variation in the trend of the samples was attributed to thermal stability of the 

samples due to having different molecular weight and added antioxidant to the 

material (Larena, A., Ochoa, S.J.d., & Dominguez, F. (2006). 

The degree of crystallinity was determined by applying Equation (13) (Dalai & 

Wenxiu, 2002; Lin et al. 2007; Sarkhel & Choudhury, 2010). 

The results indicated that the enthalpy was increased from 141.5 to 183.3 J/g for 

sample "Y" and 89.7 to 136.6J/g for sample "E" by the exposure of the material to 

accelerated weathering conditions. The percent crystallinity obtained through 

Equation (13) was increased from 48.81 to 63.20 and 30.93 to 47.09 for sample "Y" 

and "E", respectively (Fig. 108). It was observed that the percent crystallinity for both 

the samples was increased after ageing in oven or QUV chamber. It is reported that 

the increase in crystallinity after degradation was mainly caused by the change in the 

configuration which may be due to reduce in molecular weight and have resulted in an 

increase chain entanglement‟s density in chain mobility, and the loss in mechanical 

properties (Shi et al. 2011). 
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Fig. 107 Melting point of samples "Y" and "E" verses time to accelerated weathering 

conditions in QUV chamber. 

 

 

 
Fig.108 Percent crystallinity of polyethylene (Y and E) samples as a function of 

exposure time to accelerated weathering in QUV chamber; the results were obtained 

through DSC. 
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4.3.4.2 Percent crystallinity Analysis Obtained through XRD 

The XRD analysis was performed for the samples "Yaw20" and "Eaw20" after 20 

days of exposure in QUV chamber and their diffractograms are depicted in Figs. 109 

and 110, respectively. The Black line represents the original diffractogram of the 

respective sample while the coloured lines represent the "Gaussian" fitting used for 

the integration of the diffractogram. The data obtained was used for the determination 

of percent crystallinity by applying Equation (14) (Gulmine & Akcelrud, 2006; 

Boukezzi et al. 2008). The values obtained were 44.13 and 41.80for sample "Yaw20" 

and "Eaw20", respectively. These values suggested that the percent crystallinity was 

increased for both the samples. 

Keeping in view the values of percent crystallinity, one can conclude that the impact 

of ageing and accelerated weathering is more on sample "E" with comparison sample 

"Y". An increase in crystallinity was attributed to rupturing of long molecular chains 

(chain scission) and hence the segregation of entangled molecular segments took 

place which encouraged the crystallization process (Rabello & White, 1997; Dudic et 

al. 2000; Obadal et al. 2006) and resulted a decrease in the toughness of the material 

which made it more brittle and ultimately leads to the degradation of the material 

(Alves, Nascimento & Suarez, 2005). It can be concluded that the additive already 

added to sample "E" were more susceptible and vulnerable to thermal/photo-oxidation 

under high temperature and in the presence of UV light and hence morphological and 

chemical changes occurred leading to the degradation of the film which is also 

supported by its SEM images and high carbonyl index value. 
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Fig. 109 Black line represents the XRD pattern of sample "Yaw20" (after exposing to 

accelerated weathering conditions in QUV chamber for 20 days) while colored line 

represent the "Gaussian" fitting by applying origin software. 

 

 

 
 

Fig. 110 Black line represents the XRD pattern of sample "Eaw20" (after exposing to 

accelerated weathering conditions in QUV chamber for 20 days) while colored line 

represent the "Gaussian" fitting by applying origin software. 
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4.4 Thermogravimetric analysis 

TGA was conducted for the samples Yaw20 and Eaw20, after the exposure of 20 days 

in QUV chamber. For this purpose these samples were heated from 30 °C to 650 °C at 

four 5, 10, 15 and 20 °C/min heating rates. The data was analyzed by employing 

Flynn-Wall-Ozawa(Ozawa, 1965), Coats-Redfern (Coats & Redfern, 1964), Kissinger 

(Kissinger, 1957) and Augis-Bennett methods(Augis & Bennett, 1978). The activation 

energy and order of reaction (n) were determined by using Equations (7-11) and 

Equation (12), respectively. Thermogravimetric analysis was performed under 

nitrogen as well as air atmosphere. The “onset temperature”, (To) and the “peak 

temperature”, (Tp) on the differential thermogravimetric curve (DTG) are the 

temperatures of initiation and maximum rate of degradation, respectively. 

In this study, the thermograms recorded at heating rate 5°C/min are depicted here for 

discussion, as it seems to be the appropriate heating rate which is not very high and 

nor very low. It has been found previously that with the higher hr, the higher 

temperature reaches at its earliest (Wang & Sheng, 2006). 

The TG (green colour) and DTG (blue color) curves of sample "Yaw20" obtained at 

heating rate of 5°C/min under the atmosphere of nitrogen displayed only single DTG 

peak indicating that it is a single step thermal degradation. "To" was equal to 405.31 

°C (Fig.111 a) which was lower than the "To" of after ageing (413.18 °C). It reflects 

that sample "Yaw20" has become more thermally unstable due to exposure to 

accelerated weathering. Fig.111 (b)displays that under air atmosphere, the "To" was 

further dropped to 195.00 °C and the sample showed two DTG peaks which indicated 

that the degradation process took take in two steps instead of single step concluding 

that the degradation mechanism was changed. 

In case of sample "Eaw20" the "To" was equal to 394.24 °C under nitrogen 

atmosphere and single DTG peak (Fig. 112a). However, under air atmosphere the "To" 

was remarkably dropped to 178.94 °C and showed double DTG peaks mechanism and 

in between these two peaks, the DTG line was little bit clumsy which might be due to 

the creation of polydispersity within the sample during its thermal degradation (Fig. 

112b). It can be seen that after the exposure to accelerated weathering, the thermal 

stabilities of the samples was decreased as the sample "Y" was transformed from 

HDPE to LLDPE and the sample "E" from LLDPE  to LDPE which has been 
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confirmed from spectroscopic analysis. The previous study showed that the thermal 

stabilities are found in the order: HDPE>LLDPE>LDPE (Gulmine et al. 2003). 

Keeping in view these results, it was confirmed that under nitrogen atmosphere, the 

thermal degradation of polyethylene was single step degradation while under air 

atmosphere it was more than one steps; before and after aging. In case of exposure to 

accelerated weathering a significant effect was observed as compared to ageing in 

oven. It can be concluded that the "To" can be considered as a major factor in 

accessing the thermal stabilities of the polymeric materials. The impact of ageing and 

accelerated weathering had greater effect on sample "E" as compared to sample "Y". 

These results also supported by the finding made through spectroscopic and scanning 

electron microscopy. 
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(a) 

 

(b) 

 

Fig. 111 Thermograms of sample "Yaw20" heating rate5 °C/min was under the 

atmosphere of (a) nitrogen and (b) air. 
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(a) 

 
 

(b) 

 

 

Fig. 112 Thermograms of sample "Eaw20" recorded at heating rate of 5 °C/min under 

(a) nitrogen and (b) air atmosphere. 
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4.4.1 Activation energy of degradation 

The data of the four heating rates (5, 10, 15 and 20 °C/min) of the thermo-gravimetric 

plots of samples Yaw20 and Eaw20 after the exposure to QUV chamber was obtained 

under nitrogen as well as air atmosphere and activation energy was determination by 

applying the following methods. 

4.4.1.1 Flynn-Wall-Ozawa method 

Activation energy (Ea) was calculated by using Flynn-Wall-Ozawa method by 

applying Equation(7). 

The Ea so obtained under nitrogen and air atmosphere for sample "Yaw20" are 

displayed in Fig. 113. Under nitrogen atmosphere the mean Ea was 71.31 (kJ/mol) 

which was very low. It was negative from α = 0.1 to 0.5 and became positive for α = 

0.6 to 0.9. Under air atmosphere the mean Ea was67.40 (kJ/mol) and was positive for 

all values of "α". The Ea for α = 0.1 was 135.19 (kJ/mol) and was gradually decreased 

up to5.35 (kJ/mol) for α = 0.6. It was further increased slightly from α = 0.7 to 0.9. 

The Ea of sample "Eaw20" obtained by using the same method under nitrogen and air 

atmosphere is depicted in Fig. 114. The Ea energy under nitrogen atmosphere was 

137.68 (kJ/mol). However, it was negative for α =0.1 to 0.3 while positive for α = 0.3 

to 0.9. It was highest (365.73 kJ/mol) for α = 0.6. Under air atmosphere, the mean Ea 

was 36.83 (kJ/mol) which was considerably lower than the one obtained under 

nitrogen atmosphere. It was negative for α = 0.1 to 0.6 and became positive for α = 

0.7 to 0.9. 

The results concluded that the mean Ea obtained under air was lower than the one 

obtained under nitrogen atmosphere. The mean activation energy of sample "Y" 

obtained under nitrogen and air atmosphere was in the order of before exposure> after 

oven ageing>after exposure in QUV chamber. The same order was observed in case 

of sample "E" sample. 
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Fig. 113 Ea of sample "Yaw20" obtained by using Flynn-Wall-Ozawa model under 

nitrogen and air atmosphere. 

 

 

 
 

Fig. 114 Ea of sample "Eaw20" obtained by using Flynn-Wall-Ozawa model under 

nitrogen and air atmosphere. 
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4.4.1.2 Coats-Redfern method 

In this method four values of order of reaction (n=0, 0.5, 0.7 and 1) were presumed 

(Coats & Redfern, 1964) for the determination of Ea by applying Equations(8 & 9) 

for n ≠ 1 and n = 1, respectively. 

The Ea of sample "Yaw20" obtained in this way under nitrogen and air atmosphere 

are shown in Fig. 115. By applying Coats-Redfern method, we got Ea for every (5, 

10, 15 and 20 °C/min) heating rate and its mean value for each supposed value of 

order of reaction (n=0, 0.5, 0.7 and 1) is obtained. Under nitrogen atmosphere, the 

mean Ea for n = 0 was 72.48 (kJ/mol) which was gradually increased with the 

increase in supposed value for "n" and reached up to 101.67 (kJ/mol) for n =1 and the 

overall mean Ea was 87.66 (kJ/mol). 

The mean Ea for sample "Yaw20" under air atmosphere was 21.33 (kJ/mol). It was 

15.77 (kJ/mol) for n=0 under air atmosphere that was slightly increased with the 

increase in supposed value of n and approached to 26.49 (kJ/mol) for n = 1 (Fig. 115). 

The activation energy for sample "Eaw20" determined in the same under nitrogen as 

well air atmosphere is shown in Fig. 116. The mean Ea under nitrogen atmosphere 

was 74.34 (kJ/mol). The value for n=0 was 61.09 (kJ/mol) and was increased 

gradually with the increase in supposed value of "n" up to 86.61 (kJ/mol) at n=1. 

However, under air atmosphere the mean activation energy value was further 

decreased up to 20.22 (kJ/mol) for the same sample (Fig.116). It was noted that the 

mean Ea of sample "Y" was high under nitrogen as compared to under air atmosphere 

and it can be arranged in the order of before exposure> after oven ageing>after 

exposure in QUV chamber. The same decreasing pattern was observed in case of 

sample "E". 
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Fig. 115 Ea of sample "Yaw20" determined by using Coats-Redfern method under 

nitrogen and air atmosphere. 

 

 
 

Fig. 116 The Ea of sample "Eaw20" determined by employing Coats-Redfern method 

under nitrogen and air atmosphere. 
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4.4.1.3 Kissinger method 

The Ea of the material was also obtained after exposing to accelerated weathering 

condition in QUV chamber. The activation energy was obtained by plotting the 

thermogravimetric data according to Equation (10) (Kissinger, 1957; Chrissafis, 

2009). 

The Kissinger plots of sample "Yaw20" under nitrogen and air atmosphere are 

depicted in Figs. 117 and 118 and that of "Eaw20" in Figs. 119 and 120. These plots 

showed a very poor fitting of the data (with very low value of R
2
) and especially 

under nitrogen (Figs. 117 and 119) for both the samples. Hence, the energy of 

activation obtained by this method was less reliable and it is not trust worthy to 

compare it with the values obtained by other methods. However, it brought to 

conclusion that the Ea obtained under atmosphere of nitrogen was greater than air. 

The Ea obtained by applying this method for both the samples is given in Table No. 5. 

 

 
Fig. 117 Kissinger plots of sample "Yaw20" under nitrogen atmosphere. 
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Fig. 118 Kissinger plot of sample "Yaw20" under air atmosphere. 

 

 

 
 

Fig. 119 Kissinger plot of sample "Eaw20" under nitrogen atmosphere. 
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Table 5 Ea of samples "Yaw20" and "Eaw20" determined from thermogravimetric 

data by applying Kissinger method under nitrogen and air atmosphere after 20 days of 

exposure in QUV chamber. 

 

 

Sample name Ea (kJ/mol) 

Under nitrogen Under air 

(i) Yaw20 431.42 155.06 

(ii) Eaw20 314.52 69.58 

 

 

 
 

Fig. 120 Kissinger plot of sample "Eaw20" obtained under air atmosphere. 
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4.4.1.4 Augis-Bennett method 

The Ea was obtained by this method by applying Equation (11) as per Augis-Bennett 

method (Augis & Bennett, 1978). 

The plots of Augis-Bennett method for sample "Yaw20" showed a better fitting of the 

data obtained under nitrogen atmosphere (R
2
 = 0.973) (Fig. 121). The Ea obtained by 

this method was 247.92 kJ/mol. It can be noted that it is relatively less than the one 

obtained through Kissinger method (431.42 kJ/mol) and greater than the one obtained 

through Flynn-Wall-Ozawa (71.31 kJ/mol) and Coats-Redfern (87.66 kJ/mol) 

methods. The plots of sample "Yaw20" obtained under air atmosphere and displayed 

in Fig. 122 and the Ea was obtained as 154.47 (kJ/mol) which was approximately 

equal to the one obtained by Kissinger method (155.06 kJ/mol) and greater than 

obtained by Flynn-Wall-Ozawa (67.40 kJ/mol) and Coats-Redfern (21.33 kJ/mol) 

methods. 

The plots for sample "Eaw20" under nitrogen and air atmosphere are depicted in Fig. 

123 and 124, respectively. Sample "Eaw20" showed poor fitting of the data to the 

Equation(11) and R
2
 was equal to 0.548 (Fig. 123). The activation energy obtained by 

applying this method for both the samples is given in Table No. 6. It can be noted that 

the Ea obtained under air atmosphere are lower in value for both the samples as 

compared to the energy obtained under nitrogen atmosphere. 

Keeping in view the value of Ea obtained by applying these four methods, it can be 

concluded that during thermograivmetric analysis, in case of air atmosphere the 

activation energy was less for both the samples. The DTG peaks confirm that the 

degradation mechanism comprised of multiple steps under air atmosphere and single 

step under nitrogen atmosphere. It reflects the degradation path was varied with the 

change in ambient atmosphere. 

The comparison of the results concluded that model/ method proposed by Flynn-Wall-

Ozawa was the best among the model applied in this study for the calculation of Ea. 

The Ea estimated from Flynn-Wall-Wall model was independent of order of reaction 

(n) under consideration. In case of Coats-Redfern method, initially the order of 

reaction (n) has to be supposed then Ea can be obtained. If we look at the mean values 

of Ea calculated by this method was increased with the increase in the supposed value 

of "n" for all the samples and hence, lead towards the uncertainty in the results. The 
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Flynn-Wall-Ozawa method gave the Ea with respect to "α" in which the progress of 

thermal-degradation mechanism and Ea at each instance can be calculated. In 

Kissinger and Augis-Bennett method, the To (temperature at initiation of degradation) 

and "Tp" (temperature at which rate of degradation is maximum) on DTG peaks for 

each heating rate are taken into account. From fitting the data to straight line equation 

for various heating rates Ea was obtained. Making use of data of four heating rates a 

straight line was obtained and Ea was estimated. Sometimes the fitting was very poor 

and hence it was not possible to get the precise results (Fig.54, 61). The issue became 

more serious especially under air atmosphere where multiple DTG peaks were 

obtained which became broader and comprised of major and minor peaks and was not 

worth to relay upon such results. In this study we made the use of the mean Ea which 

was obtained by Flynn-Wall-Ozawa method for the determination of order of reaction 

(n). 

In the light of these facts and figures it can be concluded that accelerated weathering 

and/or oven ageing has a significant impact on the properties of the polymeric 

material. Once a polymeric material has been exposed to these accelerated weathering 

conditions then its further thermal degradation is much easy. It has further been 

observed that the ambient atmosphere employed during thermogravimetric analysis 

played vital role. The degradation under nitrogen atmosphere was single step while in 

air atmosphere it was multiple which resulted in lowering of Ea and thermal stability 

of the material. It became clear that additive introduced in the sample "E" were 

photosensitive in nature as its activation energy was very high (423.64 kJ/mol) under 

nitrogen atmosphere prior to its exposure. Once it was exposed to accelerated 

weathering conditions then these additives were activated and introduced the 

degradation process of the material; hence the thermal stability and activation energy 

was decreased. The Ea was significantly decreased to the value of 36.83 kJ/mol when 

the thermogravimetric analysis was performed under air atmosphere which revealed 

the synergistic effect of these additives in thermo-oxidation process. The prevailing 

effects of ageing and accelerated weathering were more perceptible in sample "E" as 

compared to sample "Y" that might be attributed to such additives. This 

thermogravimetric study is also in concordance with our previous results obtained 

from different techniques like Infrared spectroscopy, Scanning electron microscopy, 

X-ray diffraction analysis and Differential scanning calorimetry etc. 
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Fig. 121 Augis-Bennett plot of sample "Yaw20" obtained under nitrogen atmosphere. 

 

 

 
 

Fig. 122 Augis-Bennett plot of sample "Yaw20" obtained under air atmosphere. 
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Fig. 123 Augis-Bennett plot of sample "Eaw20" under nitrogen atmosphere. 

 

 

 
 

Fig. 124 Augis-Bennett plot of sample "Eaw20" obtained under air atmosphere. 
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Table 6 The Ea of samples "Yaw20" and "Eaw20" determined from 

thermogravimetric data by applying Augis-Bennett method under nitrogen and air 

atmosphere after 20 days of exposure in QUV chamber. 

 

 

Sample name Ea (kJ/mol) 

Under nitrogen Under air 

(i) Yaw20 247.92 154.47 

(ii) Eaw20 250.17 70.16 

 

4.4.2 Order of reaction 

The order of reaction of samples "Yaw20" and "Eaw20" was determined by inserting 

the Ea obtained through Flynn-Wall-Ozawa method in Equation (12) (Meng et al. 

2007; Baloch, Khurram & Durrani, 2011; Khurram, Baloch & Simon, 2014). The 

plots for sample "Yaw20" and "Eaw20” for nitrogen and air atmosphere data are 

displayed in Figs.125 and 126 and Figs. 127 and 128, respectively. For the analysis 

purpose, the plots of those heating rates were selected which showed best linearity to 

the data (high R
2
 value) and rest were ignored. The order of reaction of the samples 

determined by this method is given in Table. No. 7. 

If these values of order of reaction are compared with the values of before exposure 

and after ageing in oven, a trend can be observed that these values are higher under 

nitrogen atmosphere than under air atmosphere. The values of "n" under nitrogen 

atmosphere are in the order of Before exposure>After oven ageing>After exposure in 

QUV chamber, while under air atmosphere the trend is, After exposure in QUV>After 

oven ageing> Before exposure which is totally reversed. This variation in the value of 

order of reaction might be due to the difference in the path followed during their 

thermal degradation (Golemba & Guillet, 1972; Kato & Yoneshige, 1973).It is well 

documented in the literature that the exposure of polymers to UV radiation, the ketone 

functionalities gets activated and then fragmented following Norrish types I and II 

mechanism. The polymers having carbonyl functionality in the main skeleton the 

chain cleavage may take place following both the said mechanism. However, in other 

cases that is the carbonyl groups are present in the branches then main chain breaking 

follows Norrish type II mechanism (Golemba & Guillet, 1972; Kato & Yoneshige, 



180 

 

1973). 

The increase in the value of "n" after oven ageing and exposure in QUV chamber was 

higher for sample "E" as compared to sample "Y" and its reasons have been described 

earlier in the light of the results obtained from other techniques which were applied in 

this study. 

 

 

 
 

Fig. 125 Plot for the determination of order of reaction (n) for sample "Yaw20".The 

data is obtained at heating rate of 15 °C/min under the atmosphere of nitrogen. 
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Fig. 126 Plot for the determination of order of reaction (n) for sample "Yaw20". The 

data is collected at heating rate of15 °C/min under the atmosphere of air. 

 

 

 
 

Fig. 127 Plot for the determination of order of reaction (n) for sample "Eaw20". The 

data is collected at heating rate of 5 °C/min under the atmosphere of nitrogen. 
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Fig. 128 Plot for the determination of order of reaction (n) for sample "Eaw20". The 

data is taken at heating rate of 5 °C/min under the atmosphere of air. 

 

 

 

Table 7 Order of reaction (n) of samples"Yaw20" and "Eaw20" determined from 

thermogravimetric data under nitrogen and air atmosphere after 20 days of exposure 

in QUV chamber. 

 

Sample name Order of reaction (n) 

Under nitrogen Under air 

(i) Yaw20 0.93 2.64 

(ii) Eaw20 0.72 2.65 
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4.4.3 Thermal stability 

Both the samples were assessed with reference to thermal stability employing TGA 

technique before and after exposing the samples to accelerated weathering conditions 

for twenty days. The results indicated that 10% conversion (thermal degradation) took 

place at 422 and 382 °C, before and after the exposure for sample "E", respectively; 

concluding that the material became thermally unstable and needed low temperature 

to degrade and the sample "Y" also behaved in the same way. The percent decrease in 

the temperature required for conversion up to 10 % (α = 0.1) was calculated using 

Equation (16) and displayed in Fig. 129. 

b e

b

T T
Percent decrease in temperature 100

T


                    (16) 

"Tb" and "Te" represent the temperatures before and after the exposure, respectively at 

the degradation level of 10 %. The percent decrease in temperature for sample "E" 

was (9.38) greater than the sample "Y" (6.03), reflecting that the sample "E" was 

more vulnerable to thermal/photo-oxidation. In our case, this was the reason that up to 

20 days of exposure in QUV chamber under the prevailing conditions both the 

samples were degraded into small particles and were unable to be mounted on the 

samples holders of the QUV chamber for further exposure. All these results indicated 

that the sample "Y" was more stable than sample "E" against heat as well as UV light. 

The activation energy values were low for sample "E" and hence it was degraded with 

high rate. The reason behind this difference was due to high molecular weight, greater 

OIT, low percent crystallinity and low value of carbonyl index of sample "Y" as 

compared to sample "E". 
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Fig. 129 Degradation temperatures noted at 10 and 20 percent conversion for the 

samples "E" and "Y" (before) and Samples "Eaw20" and "Yaw20" (after the exposure 

for 20 days in QUV chamber). For more detail see the text. 

 

 

4.4.3 Recommendations 

Keeping in view the results we obtained for both the polymers, it has been concluded 

that sample "Y" (Yaadgar) is much stable toward heat, light and humidity. Whereas, 

sample "E" (Econogreen) is less stable towards the above stated parameters. It was 

due to the addition of different stabilizers in "Y" sample. It is therefore, recommended 

that the manufacturer should prepare such material its life should be short or the bio-

degradable. Among these samples sample "E" is environment friendly and hence can 

be encouraged to use. 
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Chapter 5: Conclusion 

Three samples of polyethylene were investigated in detail with reference to thermal 

degradation and impact of aging in an oven at 80 °C and accelerated weathering in 

QUV chamber for 20 days over the composition, morphology, percent crystallinity, 

thermal stability and degradation kinetics of "Yaadgar" (Y) and "Econogreen" (E) 

samples. The samples were characterized before and after the exposure using various 

techniques so that the impact may be investigated. 

The FT-IR analysis was performed for both the samples before and after interval of 2 

days up to 20 days of aging in an oven at 80 °C. No significant chemical change was 

observed in sample "Y" while sample "E" displayed an additional peak at 1715 cm
-1

 

in IR spectra, indicating formation of carbonyl group with aging. In case of exposure 

to various constraints like UV radiation, thermal and humidity simultaneously by 

placing the samples in QUV chamber a gradual increase in carbonyl peak with the 

increase in exposure time was observed. It was noted carbonyl index was high for 

sample "E" as compared to sample "Y". It was concluded that sample "Y" was more 

stable than sample "E" against photo/thermal exposure. The IR spectra also concluded 

that the sample "Y" was converted from HDPE to LLDPE and sample "E" from 

LLDPE to LDPE during the exposure in QUV chamber while no such transformation 

were observed during their aging process in an oven. It was concluded that heating is 

less effective than exposing the samples to UV radiations for degradation. 

SEM analyses revealed that the degradation was initiated only from the preferential 

sites in sample "Y" which reflected the high contents of photo-stabilizers. In case of 

sample "E" the degradation proceeded in all the directions and was attributed to the 

presence of high amount of photodegradable material. These observations were also 

in accordance with the high OIT (oxidative induction time) value of sample "Y" 

which reflected high thermal stability and high antioxidant activity as compared to 

sample "E". After 18 days of exposure in QUV chamber the cracks on the surface of 

sample "E" were very much visible on and after 20 days it was totally broken into 

small pieces and was unable to be affixed on the sample holder of the QUV chamber 

for further aging. The reason behind this was the energy of the UV radiations having 

the wavelength in the range of 290-320 nm was corresponding to the energy needed to 

break C-C and C-H bonds. Thus the free radicals so formed, which acted as initiators 

for the further degradation of the polymer. 
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The percent crystallinity determined by DSC was relatively higher than the one 

obtained by X-ray diffraction and was attributed to the difference in the basic 

principle of these two techniques. In DSC technique, the heat gradient is involved and 

during determining the percent crystallinity in the equation the “ΔHo” was the fusion 

enthalpy of 100 percent crystalline polyethylene which was taken to be equivalent to 

290 J/g whereas no such consideration was involved in XRD technique and hence 

XRD was considered as more reliable technique. The percent crystallinity determined 

by DSC and X-ray diffraction analysis for both the samples was increased with the 

increase in exposure time in an oven and in QUV chamber. An increase in crystallinity 

was ascribed to rupturing of long molecular chains (chain scission) and hence the 

segregation of entangled molecular segments took place which encouraged the 

crystallization process resulted a decrease in the toughness of the material that made it 

more brittle and ultimately lead to the degradation of the material. The results 

concluded that the increase in crystallinity was high in sample E in comparison to “Y” 

sample and hence the impact of ageing and accelerated weathering was more 

pronounced on sample "E" as compared to sample "Y". Conclusion was drawn that 

the additive already added to sample "E" were more susceptible and vulnerable to 

thermal/photo-oxidation under high temperature and in the presence of UV light and 

hence morphological and chemical changes occurred leading to the degradation of the 

film that were also supported by SEM images and high carbonyl index value. 

The melting point of sample "E" was decreased after 20 days of aging in an oven 

while it remained unaffected for sample "Y" concluding that sample Y was more 

resistant to heat as compare to E. A gradual decrease in the melting point of both the 

samples was observed with the increase in exposure time in QUV chamber, it 

concluded the domination of chain scission reactions over the cross-linking in both 

the samples. Thermogravimetric analysis concluded that under nitrogen atmosphere 

all the samples degraded through a single step while under air atmosphere it was 

multiple steps degradation. It was further concluded that the degradation mechanism 

was changed by changing the ambient atmosphere. 

The thermogravimetric analysis performed after the exposure of samples to QUV 

chamber indicated less stability to heat in air atmosphere. Further to it the decrease in 

stability was more in E as compared to other one concluding the formation of some 

active groups/ radicals during the exposure in both but high in amount in case of 
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sample E. The application of four different methods like Flynn-Wall-Ozawa, Coats-

Redfern, Kissinger and Augis-Bennett for the calculation of Ea and order of reaction 

(n) concluded that Flynn-Wall-Ozawa method provided more consistent values of 

activation energy as compared to others hence this method was more appropriate to 

study the thermal degradation of polyethylene under nitrogen as well as under air 

atmosphere as compared to others. The order of reaction under nitrogen atmosphere 

showed a decreasing trend like before exposure>after oven aging>after exposure in 

QUV chamber while under air atmosphere an increasing pattern was observed before 

exposure<after oven aging<after exposure in QUV chamber. It was observed that 

heating rate had little effect on the value of the order of reaction. The activation 

energy, order of reaction, melting point and thermal stability were decreased with the 

exposure time for both the samples. Concluding the impact of aging in an oven and in 

QUV chamber was greater on sample "E" as compared to sample "Y". This was 

attributed to its low molecular weight, low viscosity and smaller amount of 

antioxidant present in sample "E" as compared to sample "Y". It made the sample "E" 

thermally unstable and more vulnerable to thermal/Photo-oxidative degradation. The 

morphological and chemical changes lead to the rupturing of the film which was also 

supported by SEM images and high carbonyl index value. 

It was further concluded that both the testing techniques had the merits for 

understanding the mechanism of degradation. For example oven degradation process 

provided the impact of only thermal whereas QUV was useful for understanding the 

impact of simultaneous exposure of sample to UV radiation, thermal and dew/ 

humidity. This arrangement was very close to exposing the polymer to a natural 

outdoor environment as these tests are carried out at elevated temperature/conditions 

and high intensity UV radiations and hence it can be concluded that its few days‟ 

exposure of sample is equivalent to environment impact of several years. 

Keeping in view the versatile and invincible properties of polyethylene it would be 

good to improve its formulation by controlling the amount and nature of stabilizers so 

that it can be easily degraded and should have less environmental impact. 
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