
 

 

University of St Andrews 
 
 

 
 
 
 

  

 

 
Full metadata for this thesis is available in                                      

St Andrews Research Repository 
at: 

http://research-repository.st-andrews.ac.uk/ 
 

 
 
 
 

 
This thesis is protected by original copyright 

 
 

http://research-repository.st-andrews.ac.uk/


L

AN INVESTIGATION INTO THE EFFECT

OF ALUMINIUM FILLERS ON THE

THERMAL STABILITY OF HOST POLYMERS

A thesis

presented for the degree of

DOCTOR OF PHILOSOPHY

in the Faculty of Science of the

University of St. Andrews

by

Margaret Victoria Munro

March 1990 United College of St. Salvator

and St. Leonard, St. Andrews.



DECLARAT X OIST

I, Margaret Victoria Munro, hereby certify that this thesis has

been composed by myself, that it is a record of my own work, and that

it has not been accepted in partial or complete fulfilment of any

other degree or professional qualification.

I was admitted to the Faculty of Science of the University of

St. Andrews under Ordinance General No. 12 in October 1986, and as a

candidate for the degree of PhD. in October 1987.

March 1990



XV ^vv
C\ <



CERTIFICATION

We hereby certify that the candidate has fulfilled the

conditions of the Resolution and Regulations appropriate to the degree

of PhD.

March 1990



COPYRIGHT

In submitting this thesis to the University of St. Andrews I

understand that I am giving permission for it to be made available for

use in accordance with the regulations of the University Library for

the time being in force, subject to any copyright vested in the work

not being affected thereby. I also understand that the title and

abstract will be published, and that a copy of the work may be made

and supplied to any bona fide library or research worker.



ACKNOWLEDGEMENTS

I would like to thank Professor J.R. MacCallum and Dr. G.S.

Harris for their supervision of this research, and the Chemistry

Department of the University of St. Andrews for the provision of

research facilities.

My thanks also to all those whose help and support made this

possible.

This research was supported by a research grant from Silberline

Ltd., Leven, Fife.



ABSTRACT

The effect of aluminium fillers on the thermal stability of

various commercially used polymers is investigated using

thermogravimetric analysis and differential scanning calorimetry. The

activation energy and the pre-exponential factor for the degradation

reactions of each polymer are determined by kinetic analysis of the

thermogravimetric data. There is found to be a kinetic compensation

effect relationship between the two kinetic parameters, which is

discussed, and an explanation for the effect postulated.
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India by 3500BC [1] and steel around 1250BC by the Hittites in Egypt

[2]. Despite this, it was not until the twentieth century that the

value of composites began to be fully appreciated and production began

in quantity.

The vast majority of composites consist of two components. The

major constituent, to which a small proportion of a second material is

added, is referred to as the base or matrix, the second constituent

being termed the filler. There are three general types of composites,

those with metal matrices, those with ceramic matrices and those with

organic polymer matrices, and it is the latter which are most widely

used today. Development of organic polymer composites clearly had to

be preceded by the development of polymer technology. The first

plastics produced were the phenolics in the 1920"s, closely followed

by urea and melamime [3]. They each required a filler in the form of

wood flour, mica or glass to increase their strength and stability to

a commercially viable level. Polymers which did not require a filler

soon followed with the development of cellulosic plastics, polystyrene

and polyethylene. Polystyrene reinforced with glass fibre was the

first modern composite produced in which the properties of the polymer

were specifically tailored by the use of a filler. It was developed

for the U.S. army by Brandt in 1951, and used in the manufacture of

mine cases. Since then there has been a steady growth in the

production of polymeric composites and they are now used in the

manufacture of many different types of products previously the domain

of more traditional materials, particularly metals. As a result of

their great flexibility, composites find wide-ranging applications in

many industries, particularly in the automotive, construction,
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aerospace and electronics industries. Two recent noteworthy examples

of the application of composites are the Gossamer Albatross which

crossed the English Channel in 1979, and the Voyager which flew non¬

stop round the world in December 1986. Both aircraft owed much of

their success to the lightness of their airframes, achieved by the use

of strong lightweight composites in their construction rather than the

metals traditionally used in the manufacture of aircraft. The

increasing use being made of composites is illustrated by the

projection of the automotive industry that by 1991 the average

composite content of a vehicle will have increased by almost 20% since

1987.

1.2. EFFECT OF FILLERS ON COMPOSITES

The growth in the commercial production of composites is mainly

due to the ability of a filler to enhance the properties of the

compound in question, yielding materials with more desirable physical

and mechanical properties for their intended use. The effect of the

filler on the properties of the matrix is determined by both the type

of filler and the form of the filler. Fillers can be incorporated into

the matrix in one of two forms, either as fibres or as particles.

Fibres tend to enhance stiffness, strength, hardness, abrasion

resistance and lubricity. Conversely, particles tend to lower tensile,

flexural and impact strength, enhancing surface finish and heat

deflection, but particularly improving the stiffness. Generally, the

greater the aspect ratio (length to diameter) of the filler, the

greater the reinforcing effect in terms of increased tensile strength
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and stiffness. Consequently, choice of filler is dependent on

application, and many types of filler are used, the majority being

inorganics or metals. Some of the most widely used inorganics are

carbon fibres, calcium carbonate, kaolin and mica. This thesis however

is concerned with metallic fillers, in particular aluminium, and so

further discussion is confined to these.

1.3. METAL FILLED POLYMERS

The addition of metal fillers to polymers can enhance the

mechanical, physical, thermal, electrical or aesthetic properties of

the polymer. This ability to enhance such a wide range of properties

leads to many diverse applications for metal filled polymers such as

bulk materials, laminates, sealants, adhesives, tapes, paints and

coatings.

ADHESIVES AND SOLDERS

Adhesives containing metallic fillers have numerous applications

as the presence of the metal results in the formation of a conductive

structural bond between materials. The matrix is a silicone or epoxy

adhesive compound and common fillers are silver, gold, palladium,

copper and nickel. They can be used to bond almost any material and

applications include the production of completely conductive parts

from components, bonding chips to circuit boards, cementing aircraft

components and as substitutes for rivets and other metal fasteners.
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Solders, consisting of metal filled epoxy or polyester

compounds, are also widely used since they are considerably cheaper

than conventional metal solders. One of their main uses is in the

assembly of exterior shells and body components in the autemotive

industry.

ELECTROMAGNETIC SHIELDING

Metals are widely used as electromagnetic shields, particularly

lead and iron since due to their high atomic numbers they give a

greater photoelectric and pair production absorption than other metals

and hence offer a greater degree of protection from x-ray and gamma-

ray radiation. Metal filled polymers can offer similar protection,

their degree of effectiveness being dependent upon the proportion of

metal present. Use of metal filled polymers enables the production of

moulded shields, for example, lead filled epoxy blocks for ceiling

tiles, and flexible shields, for example, aprons and sheets for the

protection of personnel. Effective (3-shields are also produced from

metal filled polymers, usually aluminium filled epoxy compounds.

PAINTS, COATINGS, AND LACQUERS

Metal filled paints, coatings and lacquers are mainly used for

their electrical conductivity, corrosion resistance or shielding

properties. Their conductive properties are employed in order to

render floor coatings and other materials antistatic. The high

reflectivity of the metal particles results in coatings which give
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excellent protection against visible light, infra-red and ultra-violet

radiation. Protection from the atmosphere is due to the orientation of

the metal particles within the coating film which results in a

circuitous pathway for the penetration of oxygen or water molecules.

The corrosion resistance and shielding properties of metal filled

paints result in them being widely used as exterior paints,

particularly for roofs and oil tanks.

1.4. PREPARATION OF METAL-FILLED POLYMERS

A wide range of metals are used as fillers, including iron,

copper, nickel, aluminium, gold and silver. The metal filled polymer

is normally prepared by mixing the metal powder and the polymer resin,

the process of manufacture being illustrated in figure 1.

Metal fillers are normally incorporated into polymers in a

powdered form, the powders used being classified into groups depending

on their physical structure. The main types produced are:

(a) atomised powders, which have a spherical or elongated

spherical shape, and are produced by a blast of cold air or other gas

impinging upon a jet of molten metal.

(b) granular powders, which have an irregular particle shape and

are produced by allowing a stream of molten metal to solidify in

water.

(c) dendritic powders, which have a branched particle structure

and are most often produced by electrolytic deposition.
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FIGURE 1: PRODUCTION PROCESS FOR METAL-FILLED POLYMERS.
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such applications as pigments for paints, printing inks and other

coatings, and has the advantage of being dust free. Dry aluminium

flake powder is very prone to "dusting", the slightest draught keeping

the particles airborne. If aluminium flake particles become airborne,

there is a high risk of explosion [5], which is virtually eliminated

when the powder is in a paste form. Alternatively, if a dry metal

powder is required, the filter cake can be vacuum dried at a moderate

temperature Both dry powder and paste can also be polished in drums

fitted with polishing brushes or charged with steel balls, to yield a

bright pigment.

The fatty acids used as lubricants serve a secondary purpose

since, depending on the fatty acid incorporated, the aluminium paste

can be described as either "leafing" or "non-leafing". To produce a

leafing aluminium paste, an orientating fatty acid such as palmitic or

stearic acid is used as the lubricant. Such acids form an orientated

film on the metal flake surface causing the metal flakes, in turn, to

take up orientated positions at or near the air/liquid interface when

incorporated into a paint varnish. The term "leafing" is used to

describe such a pigment since the orientation of the metal flakes is

reminiscent of the layer formation of fallen leaves. The proportion of

metal flakes orientated is dependent upon the amount of fatty acid

present. The greater the number of orientated flakes in the paste,

then the greater the "leafing power" of the paste. Leafing results in

a bright mirror-like film, and high leafing power is essential for

bright metallic paints. Aluminium paste loses its leafing power on

storage, but this can be overcome by the addition of fatty acid to the

liquid phase of the paste preventing the diffusive migration of acid
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molecules from the aluminium flakes into the liquid phase.

Alternatively, chemical stabilisers can be incorporated, those

commonly used being amines, phenolics [ 6 ], [ 7 ], and long chain

aliphatics and amides [8]. Non-leafing metallic flake pigments are

produced by using non-orientating fatty acids as lubricants, for

example: oleic acid and ricinoleic acid. An alternative method of

production is to add a de-leafing agent to the leafing filter cake,

common such agents being solutions of metal soaps, for example,

lithium, magnesium or nickel soaps [9].

1.6. USES OF ALUMINIUM FLAKE POWDERS

Aluminium flake powders are widely used in the manufacture of

paints. Those for exterior applications require powders of high

leafing power in order to provide the high degree of reflectivity

necessary to ensure adequate protection from sunlight and other forms

of radiation, particularly important in hot climates. Some aluminium

paint applications are purely decorative, in particular those used for

so called "metallic" automotive finishes. These consist of a colour

combined with a small proportion, usually around 1%, of aluminium

flake. For this application non-leafing aluminium flake is required,

since a leafing metallic film would mask the underlying colour.

Aluminium flake powders are also widely used as fillers in plastics,

enhancing their aesthetic appeal by giving them a metallic appearance,

for example, in childrens toys and packaging for toiletries.
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1.7. THERMAL STABILITY OF METAL-FILLED POLYMERS

The mechanical and thermal properties of polymers and of polymer

composites containing non-metallic fillers have been widely studied

both theoretically and experimentally. Composites containing metallic

fillers have received little attention however and the experimental

data available is limited. Those properties which have been

investigated are the ones of direct relevance to the particular

application of the composite, for example conductivity and

reflectivity. No studies appear to have been carried out to determine

the effect that incorporation of a metallic filler has on the thermal

stability of the polymer matrix. Since polymers were first produced

commercially there has always been great interest in their degradation

and stability, and a continual drive to produce polymers that are

stable to greater and greater temperatures. If the presence of a metal

filler in the polymer matrix enhances the thermal stability by an

appreciable amount, it would allow for the use of the polymer at

higher temperatures than previously possible thus extending the range

of applications for which the particular polymer would be suitable.

Conversely, a decrease in the thermal stability would perhaps prove

advantageous with regard to disposal of the polymer after use, a

factor which is becoming an increasingly important consideration.

1.8. OBJECTIVES

The research described here is concerned with assessing the

effect of aluminium flake fillers on the thermal stability in air of
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several commercially used polymers, using the thermoanalytical

techniques of thermogravimetry and differential scanning calorimetry.

The term "thermal stability" is open to many interpretations. In the

context of this thesis, a material is considered to be thermally

stable to the temperature at which degradation, defined as the loss of

volatiles, begins.

The polymers studied are: polystyrene, polypropylene, high

density polyethylene (HDPE), low density polyethylene (LDPE), nylon 6,

polyethyleneterephthalate (PET) and polyvinylchloride (PVC). These

polymers were chosen as being representative of commercially used

polymers. Their structures are shown below.

POLYSTYRENE

POLYETHYLENE

POLYPROPYLENE

NYLON 6

C6H5

—CH- -C-

I
H

n

-CH2 CH2-
n

—CH2 CH-

CH-
n

-NH(CH2)5CO-
n
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POLYVINYLCHLORIDE CHo CH-

C1
n

POLYETHYLENETEREPHTHALATE

■( CH2 ) 2 c 0 c6h5 C 0-

A1 A1
n

The aluminium flake filler used is non-leafing and has a

particle size of diameter 15(jm and depth 0.25|im. It is produced by

ball-milling using oleic acid as lubricant and white spirit as the

solvent. It is then dried and dispersed in a resin binder or carrier,

in this case low density polyethylene, to produce granules. This type

of pigment was used in preference to a paste form since it is far more

compatible and easier to combine with the host polymer. The ratio of

flake to carrier is 7:3, that is, the aluminium pigment incorporated

consists of 70% aluminium flake powder and 30% carrier.

For each polymer, samples of pure polymer and composite samples

consisting of polymer and 1%, 2%, 4%, 8% and 16% aluminium pigment by

weight were studied. Since the pigment is partially composed of

carrier, it was also necessary to include composites consisting of

polymer and carrier in the study to be able to ascertain whether any

effect observed on the incorporation of pigment was due to the

presence of aluminium flake or to the presence of carrier. Composite

samples of polymer and carrier containing corresponding amounts of
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carrier to that in the polymer/pigment composites, that is, 0.3%,

0.6%, 1.2%, 2.4% and 4.8% carrier by weight were therefore also

included in the study.

All samples were supplied, in a pre-moulded form, by Silberline

Ltd., Leven, Fife.
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CHAPTER 2

THERMAL ANALYSIS

Thermal analysis is a term used to describe a group of

techniques in which a physical property of a material is continually

monitored while it is subjected to heating.

2.1. HISTORY

Thermal analysis evolved from the study of thermochemistry, the

origins of which can be traced back to the time when man first learnt

to control fire. Ancient man realised that heat affected different

materials in different ways and by 4000BC was using this knowledge to

produce pottery and extract metals from their ores by the action of

heat. The 4th century B.C. found a distinction being made between fire

and heat by Plato (427-347 BC), and between temperature and quantity

of heat by Aristotle (384-322 BC) [10]. By 315 BC, there is clear

evidence that an early form of thermal analysis was being used to

identify minerals and classify them into metals, stones and earths,

the most comprehensive text being that of Theophrastus "On Stones"

[11]. For thermal analysis as we know it, seme form of temperature

scale is required and an early "temperature scale" was introduced by

Galen (AD 129-199) [12]. He perpetrated the idea that there were four

degrees of heat and four degrees of cold with a neutral point between

them represented by the temperature of a mixture of equal parts of ice

and boiling water. This early idea of temperature scale was still
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being accepted 1500 years later by the alchemists of the 17th century,

yet despite its crudity great emphasis was by now being placed on

accurate temperature control [13]. A setback to the further

development of thermochemistry occurred around this time with the

emergence of the phlogiston theory. The theory was proposed by Johann

Becker [14] and further developed by Georg Stahl [15] who stated that

when bodies burn or are calcined they lose phlogiston whereas when

calces are reduced they gain phlogiston. The theory was widely

accepted and further modified to explain the fact that certain

substances are heavier after being heated by the suggestion that

phlogiston had "negative" weight. The main opposers of this theory

were Lomonosov and Lavoisier and it is to them that we are indebted

for the demise of the theory and the introduction of the ideas and

principles upon which modern day chemistry is built.

Mikhail Vasilevich Lomonosov (1711-1765) [16] proposed that

matter was composed of minute particles of finite dimensions, the

oscillation and rotation of which increases on heating. When the

motion reaches a certain stage the material melts or volatilises. He

also suggested that the weight increase of metals on heating was due

to something gained from the air on the basis that matter cannnot be

created. Antoine Laurent Lavoisier (1743-1794) also appreciated this

and carried out quantitative studies showing that the gain in weight

was due to the combination of the metal with one of the components of

air. This component he called oxygene and the other inert component

azote [17], which was later renamed nitrogen [18]. Collaborating with

Pierre Simon De La Place he built an ice calorimeter and from the

results of many experiments they concluded that as much heat is
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required to decompose a compound as is liberated on its formation from

its constituent elements [19]. This was later formalised by Henri Hess

in the law that bears his name, which states that the amount of heat

evolved in a reaction is the same irrespective of the number of steps

it occurs in [20].

Further advancement was curtailed by the difficulty in obtaining

accurate measurement of high temperatures. At the beginning of the

19th century the only method of measuring high temperatures was the

Wedgwood pyrometer, but there were doubts about the linearity of its

scale and gradually more reliable methods started to be introduced. It

was in 1821 that an observation by Thomas Johann Seebeck made thermal

analysis as we know it today feasible. He observed that an electric

current is generated when one of the junctions of two different metals

in contact with each other is heated [21]. It was applied to the

measurement of high temperatures by Becquerel in 1826 using platinum

and palladium [22], and by Pouillet using iron and palladium in 1836

[23]. There were difficulties in its application due to the impurity

of the metals used and the difficulty of measuring the generated

e.m.f.. Interest in the thermocouple waned, Regnault pronouncing in

the 1840's that it would never be an accurate measure of temperature

[24]. However, the introduction of the mirror galvanometer and the

availability of metals of increased purity saw the technique being

revived by Becquerel in 1863 [25], and it was eventually developed

into an accurate temperature measuring device by Le Chatelier in 1886

[26], Henry Louis Le Chatelier (1850-1936) was interested in both

pyrometry and clay mineralogy and, in 1887, combined the two when he

described a method for studying the thermal changes occurring within
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clays and minerals by heating them and recording their temperature as

a function of time using a thermocouple thus producing heating curves

[27]. These curves were automatically obtained by recording the

reflection from a mirror galvanometer of a spark produced by an

induction coil set at two second intervals. Breaks in the "heating

curve" were indicative of changes occurring within the sample such as

dehydration, decomposition and phase transitions. The technique was

not very sensitive to small heat effects and was affected by changes

in heating rate and recording equipment. Nevertheless, it was the

first application of the technique we know as differential thermal

analysis and it was to give rise to a host of thermoanalytical

techniques.

2.2. METHODS OF THERMAL ANALYSIS

The term thermal analysis covers a wide range of techniques

since it includes the study of any physical property of a material

that is temperature dependent. The four main groups of techniques are

those involving the measurement of weight changes, energy changes,

dimensional changes and the detection and identification of evolved

volatiles. The individual techniques covered by these groups, and

their interrelationships are shown in figure 3. The most widely used

methods are thermogravimetry (TG), differential thermal analysis
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FIGURE 3: CLASSIFICATION OF THERMOANALYTICAL TECHNIQUES.
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(DTA), thermal volatilisation analysis (TVA) and differential scanning

calorimetry (DSC). The thermoanalytica1 methods most relevant to

stability studies are those involving measurement of weight changes

and energy changes. The most commonly used technique is

thermogravimetry which monitors the weight loss of a sample as it is

heated. It is usually used in conjunction with another technique since

weight loss alone cannot be used as a criterion for stability. Many

materials can undergo irreversible property changes with minimal

weight loss, especially polymers where chain scission reactions and

subsequent transfer reactions can result in a reduction in the degree

of polymerisation with minimal weight loss. Complimentary techniques

therefore involve the measurement of the energy changes occurring

within a sample to detect any phase transitions or reactions occurring

which do not involve weight loss. For the purpose of this

investigation, the techniques of thermogravimetry and differential

scanning calorimetry were employed, the former monitoring weight loss

and the latter transition phenomena. The two techniques are described

in detail below.

2.3. THERMOGRAVIMETRY

The technique of thermogravimetry, TG, involves the continuous

measurement of the mass of a sample while it is subjected to a

controlled temperature programme. The initial sample weight recorded

constitutes the baseline of the thermogram and is the reference point

from which weight loss or gain is measured. Any plateau occurring

after a loss of weight indicates formation of an intermediate compound
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stable to a higher temperature than the initial material. If the

initial compound is known, then from the percentage weight loss it is

possible to deduce the structure of any intermediate formed. Thus, the

resultant curve yields information regarding the thermal stability and

composition of both the original sample and any intermediate compounds

formed on decomposition. The studies are carried out using a recording

thermobalance which are discussed below.

2.3.1. RECORDING THERMOBALANCES

Recording balances are divided into two classes on the basis of

their principle of operation. These are null point balances and

deflection balances

NULL POINT BALANCES

Null point balances (figure 4) consist of a balance beam

assembly, a sensing device to detect the deviation of the beam from

the equilibrium position or null point, and a means of applying a

force of appropriate magnitude and direction to return the beam to the

null point. This restoring force can be measured and any change in the

restoring force required is proportional to the change in weight of

the sample. In the early null point balances the restoring force was

applied by the manual addition of weights incrementally to the balance

pan. Ideally however changes in weight should be compensated for
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continuously rather than incrementally and so the above method was

replaced by electronic techniques. The first such balance, and

forerunner of the modern balances used today, was that produced by

Angstrom in 1895 [28]. This consisted of a beam balance from one end

of which was suspended a magnet which hung inside a solenoid coil. As

the sample, suspended from the other end of the beam, changed in

weight the current through the solenoid was adjusted to maintain the

balance at the null point. The current applied was measured using a

mirror galvanometer and since the change in the current applied is

proportional to the change in weight, the weight loss or gain of the

sample on heating could be monitored. The same principle was employed

by Urbain in 1912 [29] for a thermobalance to investigate the rates of

reaction of gas-producing compounds. In 1940, such an apparatus was

enclosed in glass by Mikulinskii and Gel'd [30] enabling studies to be

carried out in vacuum or in controlled atmospheres. The majority of

null point thermobalances available today operate on the principle of

electromagnetism, the main modification having been total automation

of the balance.

DEFLECTION BALANCES

Deflection balances (figure 5) differ from null point balances

in that there is no device to restore the balance beam to the original

position. Instead, the deflection of the beam caused by weight change

is measured directly and converted to a photographically recorded

trace, recorded electrical signals generated by displacement measuring

transducers, or electromechanically drawn curves.

2 4



The earliest automatically recording balance worked on the

deflection principle and was produced by Kuhlmann [31] in 1910. It

consisted of an analytical balance with a mirror mounted on the centre

of the balance beam. A beam of light focused on the mirror was

reflected onto photographic paper wrapped round a clock-motor driven

drum. When the light beam reached the edge of the paper, a

photoelectric relay activated a mechanism to arrest the balance whilst

a weight was added to the pan. The balance was then released and the

balance beam returned to its original position to begin a new

deflection. The change in weight of the sample could be calculated

since, for a small angle of deflection, it was proportional to the

relative deflection on the paper. Similar type balances were developed

by Abderhalden [32] and Kohler [33], but the first automatically

recording thermobalance was produced by Dubois [34] in 1935 making use

of the photographic recording technique of Kuhlmann. Chevenard et al

[35] developed a thermobalance in 1944 in which the balance beam was

suspended by wires but again used the photographic recording technique

to monitor change in weight. This was the prototype for the first

commercial thermobalance marketed in 1950 by Chevenard [36] and

illustrated in figure 6. Since then, many thermobalances have been

produced operating on the deflection principle and employing various

methods of detecting beam deviation, including strain gauges,

cantilever mechanisms, hydrostatics and springs.
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FIGURE 6:CHEVENARD PHOTOGRAPHICALLY RECORDING
DEFLECTION BALANCE

B: Balance beam.
C: Counterpoise.
M: Mirror.
0: Oi1 pots.
R: Support rod.
S: Sample crucible



2.3.2. ERRORS INVOLVED IN THERMOGRAVIMETRY

The information obtained by TG is of a quantitative nature. Care

should be taken however in the emphasis placed on the exactness of the

temperatures obtained since the values are dependent on a number of

factors. As several of these factors are characteristics of the

thermobalance employed, comparison of results obtained using different

thermobalances is difficult. The factors affecting the accuracy of TG

results can be divided into two categories: instrumental factors and

sample characteristics.

INSTRUMENTAL FACTORS

FURNACE HEATING RATE

A decrease in heating rate causes a decrease in the apparent

decomposition temperature of the sample and often the temperature at

which a reaction is completed [37]. For materials which undergo a fast

irreversible reaction on heating however, the effect of varying the

heating rate is minimal [38]. The detection of any intermediate can

also be dependent on the heating rate, fast heating rates often not

revealing plateau regions in the TG curve [39].

CHART SPEED

If the reaction being followed is very fast or very slow then

chart speed can have a pronounced effect on the shape of the curve. An
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excessive chart speed tends to minimise the differing rates of weight

loss and generally a chart speed of 6-12 inches/hour is considered

reasonable for a heating rate of 1-6°C per minute [38].

FURNACE ATMOSPHERE

Degradation reactions of a sample will clearly differ depending

on the furnace atmosphere and consequently the shape of the TG curve

will vary. Both the type of atmosphere and the pressure of the

atmosphere influence the reactions which occur [40].

GEOMETRY AND COMPOSITION OF SAMPLE HOLDER

The design of the sample holder should be such that heat is

supplied to the sample as quickly as possible [41]. It must not react

with the sample or with any reaction products formed and should be

shaped such that no sample is lost should any swelling or sputtering

take place on heating. The sample holder should also be symmetrical

and of minimal volume.

LOCATION OF THE TEMPERATURE MEASURING DEVICE

The actual sample temperature may lag that of the furnace by 3-

14°C [37], higher lags being associated with higher heating rates.

Accuracy requirements demand that the actual temperature of the sample

be measured, and most thermobalances make provision for this by the
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incorporation of a thermocouple in contact with the sample or the

sample holder, the output of which is recorded along with the furnace

temperature.

For any given thermobalance, the above factors are clearly

fixed. Hence, for comparison of results obtained using the same

thermobalance and similar conditions, the effect of the above factors

is minimised.

SAMPLE CHARACTERISTICS

The following sample characteristics can influence the

thermogram obtained:

1. Amount of sample.

2. Particle size of sample.

3. Sample packing.

The sample size needs to be small enough to ensure temperature

uniformity throughout the sample during decomposition. The thermal

conductivity of the sample is a function of the particle size,

increasing with decreasing particle size, and of the sample packing

density. It is preferable therefore to use as small a particle size as

possible and to ensure uniform packing of the sample in the crucible.

2.4. DIFFERENTIAL SCANNING CALORIMETRY

In differential scanning calorimetry, the difference in energy
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input into a substance and a reference material is measured as a

function of temperature whilst both are subjected to a controlled

temperature programme. If the sample is thermally active over the

region of investigation, then quantitative information regarding the

transitions or reactions occurring can be obtained. An endothermic

process occurring within the sample would require energy input to the

sample while an exothermic process occurring would require energy

input to the reference to maintain the controlled temperature

programme. The trace obtained from DSC of energy input versus

temperature or time therefore contains peaks associated with the

chemical or physical processes occurring within the sample. In this

way, the temperature and, from the area under the peak, the energy of

transitions and reactions of a substance occurring on heating or

cooling can be monitored. Due to different methods of measuring the

differential energy input, two types of DSC can be distinguished: heat

flux DSC and power compensation DSC.

2.4.1. PRINCIPLE

A simple calorimeter consists of a block containing the

measuring system and heat source or sink to generate or absorb heat in

a controlled manner, a sensing element to detect any change in

temperature of the block and a jacket surrounding the block to ensure

thermal isolation of any enthalpic changes which take place in the

system. A twin calorimeter, capable of differential measurement of the

thermal behaviour of two systems, contains two such blocks in one

jacket. The enthalpy of the system can be monitored either
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adiabatically or diathermally. Adiabatic measurement involves

monitoring the temperature changes of the block which is thermally

isolated from the jacket, and is the basis upon which many DTA

instruments are based. Diathermal measurement is the basis for "heat-

flux" DSC, which are discussed below.

2.4.2. HEAT FLUX DIFFERENTIAL SCANNING CALORIMETERS

In these instruments, the heat flux between the block and the jacket

is monitored as a function of time, with temperature being an

independent variable. The system was first introduced by Eyraud in

1954 [42] for a twin calorimeter in which the temperature difference

between the sample and the reference was kept to a minimum. Hence, if

an endothermic process occurred in the sample heat would be input to

compensate. Thus, the heat flux between the jacket and the block

varies depending on the processes occurring within the sample. The

heat flux from the jacket to the block is dependent upon the thermal

resistivity of the heat transport path and can be recorded in one of

two ways: by recording the temperature difference of the gradient of

the thermal resistivity or, alternatively, by using an internal heater

to maintain a constant temperature gradient and measuring the power

emission of the heater.
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2.4.3.POWER COMPENSATION DIFFERENTIAL SCANNING CALORIMETER

Power compensation DSC instruments were first introduced by the

Perkin Elmer Corporation in 1963 [43], [44], The energy absorbed or

evolved is compensated for by adding or subtracting an equivalent

amount of electrical energy to a heater located in the sample holder,

continuous automatic adjustment of the heater power keeping the sample

temperature identical to that of the reference. The distinguishing

feature of this type of DSC is the presence of two independent

temperature controlling circuits. An "average power" circuit controls

the preselected temperature programme and a "power compensation"

circuit adjusts the power balance to compensate for temperature

differences between the sample and the reference caused by thermal

activity of the sample, as illustrated in figure 7.

The low thermal mass of the dual furnaces used in these

instruments allows for rapid changes in sample temperature to a higher

or lower level, or for the sample to be held in precise isothermal

control. The main limitation of the first such instrument, the DSC-1,

was the furnace design. Containing fifteen individual components, all

mechanically crimped together into a tight sandwich, it limited the

range of temperature over which the instrument could usefully be used.

Extensive redesign of the furnace cell took place in 1972, resulting

in a cell consisting of only three materials: a platinum-iridium alloy

for the body and support, pure platinum wire for the heater and sensor

elements and pure a-alumina for electrical insulation. They were

joined by electron beam welding which avoids the need for extraneous
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FIGURE 7: BLOCK DIAGRAM OF PERKIN ELMER DSC-7

DIFFERENTIAL TEMPERATURE
CONTROL LOOP

AVERAGE TEMPERATURE
CONTROL LOOP

SAMPLE TEMPERATURE SAMPLE TEMPERATURE

REFERENCE TEMPERATURE REFERENCE TEMPERATURE



materials yet yields a strong joint. Placed in an aluminium heat sink,

the new design made measurements in the range -273°C to 730°C viable.

Further developments of the instrument have mainly been in the area of

data handling and the introduction of computerised control.

A number of operational variables can affect the trace obtained

and these are outlined below.

2.4.4. FACTORS AFFECTING THE DSC TRACE

ATMOSPHERE

If the sample is in an unsealed crucible, the atmosphere is

determined by the purge gas used, and in this way reactive gases can

be displaced or introduced into the sample cell. Since the reaction of

the sample on heating may vary, depending on the atmosphere, then

consequently the trace obtained will also vary with different

atmospheres. If the sample is in a sealed crucible, the reaction of

the sample is determined by the atmosphere within the crucible and so

the DSC trace will be unaffected by the purge gas.

SAMPLE SIZE

Sample size, in conjunction with the scanning rate, can affect

the quality of the results. The sample should be packed into the

crucible in such a way as to minimise heat resistance. Large samples

improve the sensitivity whilst small samples tend to improve the peak
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resolution. Samples are generally in the range 0.5mg to 30mg, with

small sample weights of around lmg employed for decomposition studies

and analyses in which the sample may contaminate the sample holder or

where the behaviour of the sample has not been previously

investigated.

SCANNING RATE

Slow scanning rates improve peak resolution while faster

scanning rates increase the sensitivity. To balance these two factors,

experimental scanning rates ranging from 5°C/minute to 40°C /minute

are typically used.

TEMPERATURE RANGE

Although the instrument can operate over a wide temperature

range, from -170°C to 730°C, scans are generally confined to the area

of interest since the smaller the range scanned over, the greater the

accuracy of the trace obtained. The temperature range can also be

limited by the type of crucibles used, for example, aluminium

crucibles cannot be used above 600°C as they melt and would alloy with

and destroy the sample holder.
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CHAPTER 3

EXPERIMENTAL

3.1. THERMOGRAVIMETRY

3.1.1. APPARATUS

The thermobalance used for this work was a Stanton automatic

thermorecording balance manufactured by Stanton Instruments Ltd.,

London in 1964. A deflection type balance, it operates by means of a

capacitance follower plate located over the balance beam which

measures, electrcmechanically, the change in weight for a

predetermined beam movement and records it. A schematic diagram of the

balance is shown in figure 8. The balance has the following

specifications:

Sensitivity: lmg per chart division.

Chart range: lOOmg full scale.

Maximum loading: lOOOmg.

Maximum rate of weight change: 400mg per minute.

Capacity: lOOg.

Maximum furnace temperature: 1000°C.
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FIGURE 8:SCHEMATIC DIAGRAM OF STANTON AUTOMATIC THERMOBALANCE



KEY TO FIGURE 8

1 . Cold junction.
2. Silica wool.
3. Silica baffle plate.
4. Furnace.
5. Silica support rod.
6. Pt/10% Rh:Pt thermocouple..
7. Radiance shields.
8. Synchronous motor.
9. Weight honing cam.
10. Electrical driven, servo controlled weight loading

mechanism.
11. Gain weight loading.
12. Loss weight loading.
13. Follower plate.
14. Beam capacity.
15. Standard aperiodic balance.
16. Synchronous action motor.
17. Automatic timing device controlling periodic

arrestment and action of balance.
18. Timing cam.
19. Gain and loss motor switches.
20. Servo motor.
21. Quadrant device with back lash eliminator.
22. Servo motor.
23. 15mV meter movement and capacity follower drive.
24. Condenser vane driven by servo mechanism.
25. Condenser vane positioned by output from thermocouple.
26. Programme control.
27. Programme control cam.
28. Programme control, high/low contact.
29. Power driven pens.
30. Chart driven by interchangeable synchronous motor.
31. Direct reading, continous strip recording giving

simultaneous records of weight, time and temperature.
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Incorporation of a servomechanism which, at the end of each

deflection, brings electric weight loading into operation allows for

changes in weight up to lg at lmg sensitivity to be recorded

automatically. The inclusion of dual chart recorders allows

simultaneous measurement of change in weight and temperature as a

function of time. The balance is also fitted with an automatic

periodic timer operative at all times which arrests and then

immediately re-actions the balance at five minute intervals,

repositioning the beam before vibration or any other external

influence can cause any drift which would result in errors in

measurement. These timings are indicated on the weight record by

horizontal lines drawn towards the centre frcm each side. At all

times, vertical lines recording weight and furnace temperature are

recorded on the thermogram. An additional feature is the presence of a

second thermocouple which is located below the sample to give an

accurate measure of sample temperature. The output of this

thermocouple is recorded on a separate chart recorder running at the

same speed as that of the thermobalance so the two charts are

synchronised.

3.1.2. TECHNIQUE

The preweighed sample is placed in a cylindrical quartz crucible

of dimensions inner diameter: 13mm, outer diameter 15mm and height

27mm. The crucible has an indentation in the bottom which accommodates

the thermocouple monitoring the sample temperature. The crucible is

then placed on the sample support rod and the furnace hood lowered.

Weights are placed on the front pan of the balance so that, when
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released, the weight reading recorded on the chart is around 90mg. The

balance is then allowed to record the cold starting weight for several

minutes prior to activation of the heating cycle. By changing the

motors which control the heating cycle, it is possible to run samples

at heating rates of 1°C, 1.5°C, 2°C and 4°C per minute. At the end of

the heating cycle, or when it is clear that total decomposition has

occurred, the furnace hood is raised and the crucible allowed to cool

prior to being weighed to determine the weight of residue, if any.

3.1.3. METHOD

For each polymer under investigation, samples of the pure

polymer, polymer containing 2.4% carrier and polymer containing 8%

aluminium pigment were subjected to thermogravimetric analysis.

Thermograms were obtained for each sample at four different heating

rates: 1°C, 1.5°C, 2°C and 4°C per minute. The weight of sample used

was usually between 70 and 90mg and the particle size was

approximately 2rrm square. Fran the weight trace and the thermocouple

trace, the sample temperature at the onset of degradation and at 10,

20, 30, 40, 50, 60, 70, 80 and 90% degradation was calculated. For the

purpose of calculation, the weight of the sample was taken as the

initial weight less the weight of any residue. Any residue remaining

was analysed by CHN analysis to determine whether or not any polymer

remained.
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3.1.4. REPRODUCIBILITY

The reproducibility of the thermograms obtained was checked by

running three samples of pure polypropylene and three of pure

polystyrene, of different masses, at a heating rate of 4°C/minute. The

results are shown below and clearly indicate that the reproducibility

of the thermograms is good.

DEGRADATION TEMPERATURE (°C)

POLYPROPYLENE POLYSTYRENE

234 291
234 293
232 293

3.2. DIFFERENTIAL SCANNING CALORIMETRY

3.2.1. APPARATUS

For this work, a Perkin Elmer DSC-7 differential scanning

calorimeter introduced in 1984 was used [46]. Working on the power

compensation principle described in section 2.4.3., the instrument has

the following specifications:
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Calorimetric precision:> + 0.1%

Temperature precision: + 0.1°C

Temperature accuracy: + 0.1°C

Temperature display: 0.1°C increments.

Heating and cooling rates: 0.1°C/min to 200°C/min
in 0.1°C increments.

Temperature range: ambient to 730°C, extending to
-170°C with cooling accessory.

Temperature sensors: distributed platinum resistance
thermometers.

Atmosphere: static or dynamic.

Sample type: solids, liquids, powders.

The instrument comprises a sample holder,a data station, a

controller unit and an analyser. Under computer control, it is

programmed to scan from an initial to a final temperature at a linear

rate. The temperature and energy measurements are accomplished using

platinum resistance heaters and thermometers. Continuous adjustment of

the heater power to maintain the sample and reference at the same

temperature provides a varying electrical signal which is equivalent

to the varying thermal behaviour of the sample. This is recorded as a

function of temperature and provides true electrical measurement of

peak areas. Data collection, storage and manipulation is carried out

by the data station in conjunction with the controller unit, records

of the data being kept in files on floppy disks.

The sample holder consists of an aluminium sink into which are
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embedded two low mass platinum-iridium sample cells and furnaces. They

are covered with vented platinum lids and isolated from the atmosphere

during analyses by a swing-over lid fitted with a rubber O-ring seal.

The atmosphere of the sample holder is determined by the purge gas

which flows continuously during analysis. The gas used depends on the

conditions required, standard purge gases being air, nitrogen, oxygen,

argon and helium.

Accuracy of the instrument is maintained by calibration with

samples of known thermal properties. Indium and zinc are the two

calibrants employed, expected melting temperatures being entered along

with the measured melting temperatures into the program so

compensation can be made. A calibration constant for energy

measurement, which is the ratio of the expected melting peak energy of

the indium standard to the measured peak energy, is also entered into

the program.

3.2.2. TECHNIQUE

The sample is encapsulated in an aluminium crucible of volume

20m1 which is hermetically sealed and capable of withstanding internal

pressures of 3 atmospheres. The crucibles are preconditioned by

washing in methylene chloride and then acetone followed by heating in

an oven at 400°C for fifteen minutes. Prior to a sample being run, two

empty, sealed crucibles are placed in the sample holder and a baseline

run over the same temperature range and under the same conditions as

the sample is to be run. The temperature range over which the sample

is to be scanned is entered via the data station. Scanning rate,

sample weight and baseline correction are also entered. The sample is
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then scanned over the required range and on completion the trace is

displayed on the screen. The data is saved onto floppy disk and any

peaks present in the trace are analysed by the computer to determine

the temperature at which the peak occurs and the energy of the

transition.

3.2.3. METHOD

For each polymer under investigation, samples of the pure

polymer, polymer containing 0.3%, 0.6%, 1.2%, 2.4% and 4.8% carrier

and polymer containing 1%, 2%, 4%, 8% and 16% aluminium pigment were

analysed. Sample weights of between lmg and 4mg were used and a

particle size of around 1mm square, the sample being evenly spread

across the bottom of the crucible to minimise the heat resistance to

the measuring sensor. The sample weight was determined by the

difference in weight between the empty crucible and lid and the sealed

crucible containing the sample. Although the presence of the aluminium

may affect the peaks obtained, they will still be characteristic of

the polymer and so, for samples containing aluminium, the weight

entered was corrected to represent only the weight of polymer thus

ensuring the accuracy of the energy values of any peaks obtained. The

temperature range over which the samples were scanned depended to an

extent on the range over which the sample was thermally active. All

scans had a lower limit of 50°C with an upper limit of 350°C for

polyethylene and polypropylene, 300°C for polyethyleneterephthalate

and 450°C for nylon 6, polystyrene, and polyvinylchloride. A scanning

rate of 10°C per minute was used in all cases, and a purge gas of
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99.9% purity nitrogen at a flow rate of 40cc/minute. A baseline

correction was used for all samples.
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CHAPTER 4

RESULTS

4.1. TG RESULTS

Samples of pure polymer and polymer/2.4% carrier degraded

completely leaving no residue for all the polymers studied. For the

samples containing aluminium pigment however a residue was observed in

each case, having the appearance of tiny silvered flakes The

percentage weight residues for each polymer /aluminium composite at the

four different heating rates are shown in table (1).

HEATING RATE

BASE POLYMER l°C/min 1.5°C/min 2°C/min 4°C/min

POLYSTYRENE 6 .19 5 . 03 6 . 50 6 . 99
POLYPROPYLENE 8.78 5 . 61 9 . 41 6 . 94
LDPE 5 . 32 6. 76 4 . 66 5 . 04
HDPE 4 . 56 7 .11 3 . 69 5 . 32
NYLON 6 6 . 08 9 . 02 7 . 47 7 . 23
PVC 5 . 74 4. 94 5 . 42 7 .18
PET 6 . 93 5 . 79 6 .76 5 . 99

TABLE 1: PERCENTAGE WEIGHT RESIDUES OF

POLYMER/8% ALUMINIUM COMPOSITES.

CHN analysis of the residues showed no hydrocarbon was present,

which suggested that the residue was composed of the aluminium

incorporated in the composite. It was expected that the surface of the

residue, if indeed aluminium, would have oxidised to aluminium oxide.

Examination by X-ray diffraction showed that there was no aluminium
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oxide present in the residue suggesting that the residue is pure

aluminium. If the residue is the aluminium initially incorporated into

the polymer matrix then the expected percentage weight residue would

be 5.6%. The observed values are reasonably close to this for most of

the samples and it is postulated that any discrepancy is due to non-

uniformity in the distribution of the aluminium flake throughout the

polymer. To verify the degree of uniformity, samples were taken from

four different areas of a polypropylene/8% aluminium pigment composite

and analysed by CHN analysis. A polypropylene/8% aluminium pigment

composite should contain 92% polypropylene, 2.4% carrier

(polyethylene) and 5.6% aluminium flake. Table (2) contains the

expected composition of the samples and the actual compositions

determined.

% WEIGHT % WEIGHT % WEIGHT
CARBON HYDROGEN ALUMINIUM

THEORETICAL COMPOSITION 80 .85 13 . 57 5 . 60

ACTUAL COMPOSITIONS:
SAMPLE 1 82 . 58 14 . 40 3 . 02
SAMPLE 2 80 . 84 13. 99 5.17
SAMPLE 3 80. 60 14. 68 4. 72
SAMPLE 4 79 . 60 14. 03 6 . 37

TABLE 2: RESULTS OF CHN ANALYSIS FOR SAMPLES OF
POLYPROPYLENE/8% ALUMINIUM

The variation in the percentage weight of aluminium contained in

these samples clearly shows that the distribution of the aluminium

flake throughout the composite is not uniform. It was therefore

concluded that the residue was indeed the aluminium flake incorporated

in the polymer, the non-uniform distribution of the flake throughout
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the polymer accounting for the discrepancies in the percentage weight

residues of the different samples.

All the samples of a given polymer gave similar thermograms

irrespective of the addition of carrier or aluminium flake. The shape

of the thermogram was also unaffected by heating rate. All the samples

degraded in one step apart from the composites of PVC and PET, which

gave a two step TG trace. Typical thermograms for each sample, at a

heating rate of 4°C, are shown in appendix A (pages i to xxi).

4.1.1. DISCUSSION OF RESULTS OBTAINED BY TG.

The temperature at which loss of weight first becomes apparent

is termed the procedural decomposition temperature, PDT, and these

values are tabulated in table 3. As expected, the PDT of a sample

varies with heating rate, increasing with increasing heating rate.

Since the increase in PDT on increasing the heating rate is a constant

factor between any two heating rates, differences in PDT caused by the

presence of carrier or aluminium should be the same for all heating

rates. Comparison of the PDT for samples of pure polymer, polymer/2.4%

carrier and polymer/8% aluminium pigment suggested that the presence

of carrier or aluminium does not affect the thermal stability of any

of the polymers investigated, or that any enhancement or reduction in

stability is minimal, since any differences in PDT observed were

inconclusive, not being present at all heating rates.

Table (4) contains the temperatures at which 50% of a given
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TABLE 3: PDT FOR COMPOSITE SAMPLES (°C)

SAMPLE
HEATING RATE

l°C/min 1.5°C/min 2°C/min 4°C/min

POLYSTYRENE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

244
254
231

243
243
242

233
255
256

250
266
272

POLYPROPYLENE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

210
215
220

215
233
215

210
233
228

228
261
239

HDPE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

217
267
234

216
281
226

246
276
276

253
297
272

LDPE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

216
242
254

225
251
229

243
226
285

280
307
259

NYLON 6

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

334
279
276

301
255
281

262
279
279

323
293
280

PET

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

278
303
293

283
285
324

289
323
312

300
340
339

PVC

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

191
204
210

220
193
204

220
224
223

214
234
232

49



TABLE 4: 50%DT FOR POLYMER COMPOSITES (°C)

SAMPLE
HEATING RATE

l°C/min 1.5°C/min 2°C/min 4°C/min

POLYSTYRENE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

331
346
322

333
350
331

342
347
355

366
379
357

POLYPROPYLENE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

295
327
316

305
326
317

311
331
322

360
388
355

HDPE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

386
403
405

397
401
411

410
414
410

429
441
440

LDPE

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

385
382
395

389
387
397

398
400
414

424
428
420

NYLON 6

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

396
391
394

397
391
391

402
401
400

427
419
425

PET

PURE POLYMER
2.4% CARRIER
8% ALUMINIUM

381
378
394

386
387
391

393
397
400

406
406
425

PVC

PURE POLYMER
2.4% CARRIER
8%ALUMINIUM

264
265
265

270
275
271

281
281
284

300
293
300
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sample had decomposed, 50%DT. This is often a better parameter to use

than PDT when comparing the thermal stability of different samples,

since it tends to be more clearly defined on the thermogram. As with

the values of PDT, variation in 50%DT is observed with heating rate.

Comparison of the 50%DT for the different composites of a particular

polymer proved more informative than comparison of the PDT, since the

differences observed in 50%DT between the samples were reasonably

consistent across all four heating rates. Incorporation of carrier or

aluminium had no effect on the 50%DT for high density polyethylene,

low density polyethylene, nylon 6, polyethyleneterephthalate and

polyvinylchloride. For polypropylene and polystyrene however an

enhancement in thermal stability was observed on the incorporation of

carrier into the polymer matrix, with the 50%DT increasing by an

average of 25°C for polypropylene and 12°C for polystyrene. The

further inclusion of aluminium into the matrix had the effect of

decreasing the 50%DT, relative to the value for the polymer/2.4%

carrier sample, by 15°C for both polymers.

4.2. DSC RESULTS

Polystyrene and polyvinylchloride proved unsuitable for analysis

using DSC, as no peaks were observed prior to decomposition and

analysis of this was not possible since the process continued beyond

the range of temperature which could be scanned. The other five

polymers responded well to the technique however and the results

obtained are discussed below.
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POLYPROPYLENE, HDPE AND LDPE

As might be expected due to their similar structures,

polypropylene, high density polyethylene, low density polyethylene and

their composites all gave similar DSC traces. They contained two

peaks: one endothermic and one exothermic. Typical traces for each

polymer are shown in appendix A (pages xxii to xxiv). The endothermic

peak is due to the sample melting while the exotherm is produced by

the decomposition of the sample. The onset temperatures and energies

of these two processes for the three polymers and their composites are

shown in tables (5), (6) and (7).

NYLON 6

Nylon 6 and it's composites gave a DSC trace which again

contained two peaks, only in this case both were endotherms, as shown

in appendix A (page xxv). The first of these is due to the sample

melting, while the second is due to the degradation of the sample,

both processes requiring an input of energy in the case of nylon 6.

The temperatures and energies of these transitions for the different

composites are shown in table (8).

POLYETHYLENETEREPHTHALATE

The degradation of polyethyleneterephthalate was found to be

beyond the range that could be scanned, that is, it had not reached

completion by 500°C which was the upper limit imposed by the aluminium

crucibles used. Samples of this polymer were therefore only scanned
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TABLE 5: DSC RESULTS FOR POLYPROPYLENE COMPOSITES.

SAMPLE
TYPE

WEIGHT

(mg)
ONSET

TEMP.(°C)
ENERGY

(Jg )
ONSET

TEMP. (°C)
ENERGY

(Jg)

PURE 1.056
1.660

154.000
146.561

107.440
104.896

202.825
204.045

-49.992
-31.124

0.3% CARRIER 2.342
2.429

150.564
149.954

88.638
86.123

225.708
224.254

-18.230
-18.376

0.6% CARRIER 1.808
2.635

150.249
150.902

83.006
86.574

226.486
228.878

-24.205
-16.630

1.2% CARRIER 2.465
2.767

150.417
150.194

83.531
84.075

223.554
223.810

-16.898
-18.324

2.4% CARRIER 2.729
3.812

149.864
150.394

83.219
83.775

221.574
211.154

-15.150
-10.115

4.8% CARRIER 2.598
3.263

148.798
149.600

81.236
83.305

223.337
226.164

-15.805
-12.661

1% ALUMINIUM 2.217
2.231

148.657
149.844

100.600
87.275

217.320
223.040

-20.233
-19.616

2% ALUMINIUM 2.248
3.949

151.630
151.258

101.830
101.837

230.776
224.018

-17.437
-8.746

4% ALUMINIUM 1.558
2.338

150.959
150.374

85.311
91.845

229.208
231.540

-32.945
-19.874

8% ALUMINIUM 1.061
2.058

149.863
149.256

97.709
92.723

233.582
231.730

-46.151
-21.111

16% ALUMINIUM 1.497
1.660

149.608
150.308

93.843
94.761

238.206
234.684

-25.343
-29.108
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TABLE 6: DSC RESULTS FOR HDPE COMPOSITES.

SAMPLE
TYPE

WEIGHT

(mg)
ONSET

TEMP-(°C)
ENERGY

(Jg-1)
ONSET

TEMP.(°C)
ENERGY

(Jg-1)
PURE 1.866

2.967
125.906
125.986

199.944
192.998

192.858
198.485

-27.944
-15.717

0.3% CARRIER 1.478
4.057

125.638
125.486

199.144
194.456

227.374
228.835

-33.836
-8.291

0.6% CARRIER 1.560
2.730

125.197
125.862

190.709
192.115

233.946
234.308

-27.476
-11.600

1.2% CARRIER 2.224
3.573

125.357
124.841

192.196
192.188

236.426
236.070

-14.510
-3.715

2.4% CARRIER 2.461
2.462

124.287
124.401

180.498
184.332

237.522
235.029

-7.696
-9.413

4.8% CARRIER 3.247
4.251

124.206
124.109

179.625
156.193

210.652
204.117

-18.774
-6.643

1% ALUMINIUM 2.556
2.798

125.316
125.065

187.922
185.898

219.781
224.473

-17.078
-15.158

2% ALUMINIUM 1.838
2.845

125.576
126.029

215.403
194.530

225.558
229.059

-24.876
-13.869

4% ALUMINIUM 2.827
2.900

125.144
125.344

198.336
197.618

229.440
226.560

-12.903
-11.221

8% ALUMINIUM 1.710
3.150

125.543
125.578

198.171
203.445

234.128
232.952

-26.712
-11.642

16% ALUMINIUM 1.776
2.278

124.668
125.051

156.968
193.181

234.729
228.927

-18.497
-13.668
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TABLE 7: DSC RESULTS FOR LDPE COMPOSITES.

SAMPLE
TYPE

WEIGHT

(mg)
ONSET

TEMP.(°C)
ENERGY

(Jg)
ONSET

TEMP. (°C)
ENERGY

PURE 3.738 98.125 106.256 175.838 -10.586
4.328 99.924 99.924 178.052 -5.869

0.3% CARRIER 3.794 98.016 108.991 211.951 -10.748
4.477 98.264 105.959 210.302 -7.382

0.6% CARRIER 2.780 97.978 105.226 216.832 -16.632
3.877 98.052 104.861 213.471 -11.186

1.2% CARRIER 2.975 98.925 104.634 224.710 -15.050
3.683 99.129 110.736 222.457 -11.142

2.4% CARRIER 2.463 97.990 107.350 228.925 -18.430
3.300 98.211 104.807 225.606 -12.225

4.8% CARRIER 3.085 98.174 102.590 226.074 -13.493
4.040 99.035 99.573 213.281 -8.368

1% ALUMINIUM 3.330 98.625 106.077 208.268 -11.824
4.223 99.241 105.108 205.808 -8.352

2% ALUMINIUM 2.790 98.466 102.375 216.899 -18.054
3.382 98.420 103.743 216.714 -13.248

4% ALUMINIUM 1.785 98.318 106.654 223.289 -27.621
3.576 98.355 94.067 221.848 -13.653

8% ALUMINIUM 2.360 98.603 104.691 228.860 -18.927
2.568 99.711 92.277 228.789 -16.548

16% ALUMINIUM 2.909 98.146 94.524 228.506 -13.478
3.582 98.575 90.672 224.997 -10.162
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TABLE 8: DSC RESULTS FOR NYLON 6 COMPOSITES.

SAMPLE
TYPE

WEIGHT

(mg)
ONSET

TEMP.(°C)
ENERGY

(Jg_1)
ONSET

TEMP.(°C)
ENERGY

(Jg-1)
PURE 1.366

1.443
204.817
204.063

56.881
84.399

257.305
273.560

30.922
37.554

0.3% CARRIER 1.033
1.241

210.162
206.359

59.587
64.298

309.683
268.055

35.837
25.809

0.6% CARRIER 1.390
1.893

210.517
207.991

51.799
79.114

265.726
254.260

20.711
25.388

1.2% CARRIER 0.247
1.154

212.333
209.358

22.105
53.605

425.062
331.645

205.954
24.177

2.4% CARRIER 0.774
1.064

209.544
210.672

42.262
54.221

323.793
295.684

18.915
29.754

4.8% CARRIER 0.554
1.194

207.033
199.844

51.769
56.734

349.266
280.236

66.823
35.879

1% ALUMINIUM 0.468
0.874

206.391
211.214

32.553
51.073

380.126
370.447

149.233
78.745

2% ALUMINIUM 0.587
0.682

211.137
210.097

36.797
36.690

380.873
382.264

119.591
104.076

4% ALUMINIUM 0.859
0.916

211.174
206.110

44.494
44.613

376.477
361.941

84.240
77.948

8% ALUMINIUM 0.469
0.581

206.328
204.916

38.124
41.824

392.003
388.774

150.448
158.833

16% ALUMINIUM 0.486
0.600

211.373
211.132

23.827
37.688

375.232
385.400

89.387
128.800
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TABLE 9:DSC RESULTS FOR PET COMPOSITES.

SAMPLE
TYPE

WEIGHT

(mg)
ONSET

TEMP.(°C)
ENERGY

(Jg-*)
PURE 1.897 238.463 59.255

2.150 240.467 60.000

0.3% CARRIER 1.846 238.162 59.255
1.939 237.417 44.796

0.6% CARRIER 0.820 238.980 56.250
0.895 240.619 48.080

1.2% CARRIER 2.370 235.579 55.182
2.755 235.150 53.000

2.4% CARRIER 0.899 238.551 51.255
1.257 239.651 49.627

1% ALUMINIUM 1.043 239.826 44.628
1.199 240.078 44.445

2% ALUMINIUM 2.882 236.976 51.462
3.154 234.055 49.346

4% ALUMINIUM 1.332 239.895 63.873
3.407 235.841 47.549

8% ALUMINIUM 0.830 237.856 61.954
1.526 238.899 52.036

16% ALUMINIUM 0.562 238.253 67.727
0.792 238.256 54.938
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over the range 50°C to 300°C in order to obtain the melting peak.

This was an endotherm on the DSC trace as depicted in appendix A (page

xxvi). The energy required to melt the samples and their melting

temperatures are tabulated in table (9).

4.2.1. DISCUSSION OF RESULTS OBTAINED BY DSC

MELTING PEAK

The onset temperature of the first peak, or melting point of the

sample, appears to be characteristic of the matrix polymer, since it

is unaffected by the presence of either carrier or aluminium for all

the polymers studied. The melting point for each polymer, obtained by

taking an average of all the melting points for composites of that

polymer, is given in table (10) together with the expected literature

value for the pure polymer.

POLYMER
ACTUAL MELTING

POINT (°C)
EXPECTED MELTING

POINT (°C)

POLYPROPYLENE 150 171
HDPE 125 130
LDPE 98 115
NYLON 6 206 228
PET 238 265

TABLE 10: MELTING POINTS OBTAINED BY DSC

The energy required to melt a sample is directly proportional to

the degree of crystallinity of the sample. Fran literature values for

the heat of fusion of a 100% crystalline sample and the energy of the

58



HDPE LDPE PP NYLON 6

PURE POLYMER 70 . 89 49 . 96 50.19 29.31
68 . 88 53 .13 51. 41 29 . 94

0.3% CARRIER 69 . 45 52 . 98 41.21 31.36
71. 09 54. 50 42.41 33.84

0.6% CARRIER 68.11 52.61 39 . 72 41. 64
68.61 52.43 41. 42 27.26

1.2% CARRIER 68. 64 55.37 40.23 28.21
68. 64 52.32 39. 97 11.63

2.4% CARRIER 65.83 52.40 39.82 22.24
64.46 53 . 68 40.08 26 . 32

4.8% CARRIER 55 . 78 49 .79 39.86 27.25
62 . 68 51. 30 38.87 29.86

1% ALUMINIUM 67 .12 52 .55 48.13 17 .13
66 . 39 53.04 41. 76 26.88

2% ALUMINIUM 76 . 93 51.87 48. 73 19.37
69 . 48 51.19 48. 71 19.31

4% ALUMINIUM 70.83 37 . 03 43. 95 23 . 42
70 . 58 53 . 33 40.82 23.48

8% ALUMINIUM 70 . 78 52 .35 44. 36 20.07
72 . 66 47 . 14 46 .75 22.01

16% ALUMINIUM 68.99 47 . 26 44 . 90 19.84
56 . 06 45 . 34 45 . 34 12 . 54

TABLE 11:PERCENTAGE DEGREE OF CRYSTALLINITY OF
COMPOSITE SAMPLES.

HDPE LDPE PP NYLON 6

PURE POLYMER 69 . 89 51. 55 50 . 80 29 . 63

POLYMER/CARRIER 68.10 52. 73 40 . 36 28.14

POLYMER/ALUMINIUM 68 . 98 50 . 45 45 .35 20 .14

TABLE 12: AVERAGE DEGREE OF CRYSTALLINITY FOR THE
DIFFERENT COMPOSITES.
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melting peak it is possible to calculate the degree of crystallinity

of each sample and therefore ascertain whether or not crystallinity is

affected by the presence of the carrier or the aluminium. The values

calculated are shown in table (11). From these values, the average

percentage crystallinity of each polymer for the three types of

composite was calculated, and are shown in table (12).

Fran the results it is seen that the crystallinity of both high

and low density polyethylene is unaffected by the presence of carrier

or aluminium in the matrix, being around 68% for high density

polyethylene samples and 50% for low density polyethylene samples.

Differences in crystallinity for the different composites is observed

for polypropylene and nylon 6. In the case of polypropylene,

introduction of carrier into the polymer matrix decreases the

crystallinity by 10%. Further incorporation of aluminium into the

composite causes the crystallinity to increase again by 5%, relative

to the carrier composite. For nylon 6, the presence of carrier has no

effect on the crystallinity, but incorporation of aluminium reduces

the crystallinity by 8%.

DEGRADATION PEAK

The degradation of polypropylene, high density polyethylene and

low density polyethylene will be considered first since all three gave

exothermic peaks. The average temperature of the onset of degradation

for each composite type is shown in table (13)
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PP HDPE LDPE

PURE POLYMER 203.4 195 . 7 176 . 9

POLYMER/CARRIER 223. 5 230.4 219 . 4

POLYMER/ALUMINIUM 229.4 228. 6 220 . 4

TABLE 13: AVERAGE DEGRADATION TEMPERATURE OF
COMPOSITES.

For all three polymers, the presence of carrier within the

polymer matrix increases the degradation temperature, though by

differing amounts. Addition of aluminium to the composite has no

further effect on the degradation temperature of high or low density

polyethylene, but increases that of polypropylene by, on average, a

further 6°C. Referring back to table (5), it can be seen that the

increase in degradation temperature of polypropylene on the inclusion

of aluminium is a function of the amount of aluminium incorporated

into the polymer matrix, incorporation of 1% aluminium having little

effect on the degradation temperature whereas incorporation of 16%

aluminium increases the degradation temperature by 13°C.

The energy evolved on degradation appears to be a function of

the sample weight, decreasing with increasing sample weight. As a

result it is very difficult to reach any conclusions regarding the

effect of carrier or aluminium on the energy evolved. However, if the

energies evolved by different composites of the same polymer and

similar sample weight are compared, little difference is observed

tending to suggest that the presence of carrier or aluminium affects

only the temperature at which degradation occurs, and not the energy

evolved.
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The degradation of nylon 6 is endothermic and both the

temperature of degradation and the energy required appear to be

dependent on the sample weight. It is therefore not possible to

assess, unambiguously, the effect of carrier or aluminium on the

degradation of nylon 6.
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CHAPTER 5

KINETIC ANALYSIS

5.1. THEORY

The thermograms obtained from TG experiments can be used to

calculate the kinetic parameters of activation energy, Ea, and the

pre-exponential factor, A, for the thermal reaction occurring.

Determination of such parameters is based upon the classical laws for

homogeneous kinetics. TG experiments involve a reaction of the type:

The rate of this reaction can be described as a function of the

degree of conversion, C, of B to products, by the general formula:

The temperature dependence of the rate constant, k, is given by

Arrhenius' equation:

> PRODUCTS

dC
k f(C) (1)

dt

k = A e -E/RT (2)
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where A: pre-exponential factor

E: activation energy

T: temperature in °K.

Combining (1) and (2) gives:

dC
= A e"E/RT f(C) (3)

dt

This equation holds for experiments carried out isothermally,

that is, at a single temperature. However, if a constant rate of

heating is employed, then the temperature will vary with time such

that:

dT
= 8

dt

where 8: heating rate

Substituting this in (2) gives the rate expression for non-

isothermal conditions:

dC A
-E/RT

= - e h/RT f(C) (4)
dT 8

Determination of the kinetic parameters is based on equations

(3) and (4), the equations being solved either by integration or

differentiation.
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DIFFERENTIAL METHODS

Differential methods are based on the dependence of the rate of

loss of weight, dC/dt, on the temperature, T. Differential methods

have been suggested by Kissinger, [47], Fuoss, [48], Ingraham and

Marier, [49] and Friedman, [50] amongst others, but the most popular

and widely used method is that proposed by Freeman and Carroll [51].

They base their method on the assumption that:

f(C) = (1-C)n

where n: order of reaction.

Substituting this in (3) and differentiating:

dC El
A In = n A ln(l-C) - - A - (5)

dt R T

Since in isothermal analysis T is constant, a plot of In dC/dt

versus In (1-C) should yield a linear plot of gradient n and intercept

E. The value of E calculated can then be substituted into (2) to give

the pre-exponential factor.

For non isothermal analysis values of In dC/dt versus 1/T for a

fixed percentage conversion are plotted for various heating rates. The

activation energy can then be calculated from the gradient of the

resultant plot, and again the pre-exponential factor can be determined

by substitution of E in Arrhenius' equation.

The main source of error in differential methods is the

difficulty in accurately measuring dC/dt from the thermogram. Integral
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methods do not require the determination of the rate and consequently

tend to be more accurate.

INTEGRAL METHODS

Integration of (4) gives:

C dC

f (C)
F(C) =

A
- exp (E/RT) dT = G(T)
IB

■(6

The two integrals are usually treated separately to obtain an

equation describing the curve. The temperature integral, G(T), can be

expressed in the following way:

A
G (T ) exp (-E/RT) dT

AE -exp (-x'

13 R

'x
exp (x)

dx
x

AE

13 R
P(x)

where x = E/RT.

The value of p(x) has been tabulated by several authors for

various ranges of activation energies and temperatures. Akhira was the

first to do so in 1925 [52], and these values were later improved by

Vallet [53], Sherman [54] and Satava [55]. The most widely used values
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however are those of Doyle [56] who produced a limited range formula

for p(x) such that:

log p(x) = -2.315 + 0.4567x (8)

Combining (6) and (7):

F(C) = AE p(E/RT)

log F(C) = log AE + log p(E/RT)

and substituting (8) in this:

AE 0.4567E

log F(C) = log 2.315 + (9)
BR RT

By plotting log 1/B versus 1/T, the activation energy can be

obtained frem the gradient and by substituting this value in (9), the

pre-exponential factor A can be determined.

The method of analysis used in this work is a modification of

the integral method, proposed by MacCallum and Tanner [57].

Dimensional inadequacies exist when equations derived for homogeneous

kinetics are applied to solid state reactions such as those

investigated in thermogravimetric analysis, since the volume of the

system does not remain constant but is dependent upon the weight and

density of the sample at any given time. Equation (1) can be expressed

in the form:

-dW
a

dt
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where Wa: weight of active component remaining at time t.

n: order of the reaction.

The dimensionally correct form of this equation for a

heterogeneous reaction was proposed by MacCallum and Tanner to be:

-dWa k Wan
•(10)

dt Vn_1 Man_1

where: (W-, + Wr.)n~l
vn-l = _± £ (11)

dn-l

where Wr: total weight of unreactive material,
d: density of whole sample.

Incorporating (11) into (10) gives:

-dWa k dn_1 Wan
dt Man_1 (Wa + Wr)n_1

Since Ma, d and k are constants for a given reaction, this can

be rearranged to give:
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-(Wa + wr)
dW- = k' dt (12)

W n

k dn_1
where k' =

M n_1lla

Substituting for k1 using the Arrhenius' equation, and for a

constant heating rate, 0, (12) becomes:

-(Wa + Wr)n_1 A'
dWa = - exp(-E/RT) dT

Wan B

A dn_1
where A' =

M n-1

Integrating according to the following conditions:

"a <wa + A'
dW-

Wa W " 0
exp(-E/RT) dT

A' E

F(Wa) = P(x)
13 R

-(13)

MacCallum and Tanner also proposed a more comprehensive

approximation than that of Doyle for the form of log p(x), valid over

a wider range of activation energies and temperatures such that:

0.449 + 0.217E
-logp(x) = 0.4828E0-4351 + 103

T

when the units of E are kcal mol-1
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Converting this expression for E expressed in kJmol 1 gives:

0.449 + 0.0515E
-logp(x) = 0 . 2583E0 • 4351 + 103 (14)

Taking logarithms of (13):

A' E

log F(Wa) = log + log p(x)
BR

Substituting equation (14) into this expression:

A'E (0.45 + 0.052E)
log F(Wa) = log 0.258E0-44 --(15)

BR T.10

The form of the weight integral F(Wa) is dependent upon the
order of the reaction and the amount of unreactive residue, but is

independent of the heating rate, and so for a fixed percentage

degradation of a particular sample, F(Wa) is a constant. From

thermograms of the same sample run at different heating rates it is

therefore possible to determine the activation energy of the reaction.

For a given percentage degradation, equation (15) can be written:

1 (0.449 + 0.0515E)

B T
K = log . 103

where:

A' E
K = log F(Wa) - log + 0.2583E0-44 (16)

R
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A plot of log 1/13 versus 103/T, where T is the temperature at

which a given percentage degradation has occurred, yields the

activation energy from the gradient:

Gradient = 0.449 + 0.0515E (17)

Once the activation energy has been determined, the value can be

substituted back into equation (16) and, if the order of the reaction

is known and hence F(Wa), the pre-exponential factor, A', can be
calculated.

5.2. ANALYSIS OF THERMOGRAMS

From the thermograms, the temperatures at which 10%, 20%, 30%,

40%, 50%, 60%, 70%, 80% and 90% of a particular sample had degraded

were determined, and are quoted in appendix C. For each sample, log

1/13 versus 10°/T was plotted at each of the above percentage

degradations, the plots being shown in appendix B (pages i to vii).

Least squares analysis was used to determine the equations of the

straight line for each plot and the activation energies were then

calculated from the gradients of the graphs in accordance with

equation (17). The values calculated at each percentage degradation

are shown in table (14).
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TABLE 14: ACTIVATION ENERGIES OF COMPOSITES STUDIED (kJ mol-1)

POLYSTYRENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 304.5000 153.3000 70.4455
20 147.3818 134.7818 71.0181
30 113.7818 105.3818 74.8364
40 105.0000 103.4727 75.0273
50 104.0455 101.2636 84.3818
60 100.9909 99.6545 99.2727
70 103.6636 95.2636 107.4818
80 99.2727 90.4909 109.2000
90 37.8000 93.5455

POLYPROPYLENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 55.5545 63.5727 61.4727
20 53.2636 60.9903 73.6909
30 52.1182 56.5091 74.8364
40 50.4000 49.2545 80.3727
50 50.0182 48.6818 81.5182
60 49.6364 50.9727 76.3636
70 54.2182 53.8364 71.7818
80 68.5364 60.5182 66.8182
90 81.5182 53.6455

HIGH DENSITY POLYETHYLENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 13.7455 199.5000
20 161.8909 150.2455 218.5909
30 154.2545 112.0636 130.3909
40 134.0182 112.4455 137.8364
50 112.0636 110.5364 129.0545
60 119.5091 113.2091 141.2727
70 122.3727 111.8727 130.2000
80 123.9000 128.6727 121.4182
90 126.5727 155.0182 116.0727
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LOW DENSITY POLYETHYLENE

% DEGRADED PORE 2.4% CARRIER 8% ALUMINIUM

10 79.2273 28.6364
20 209.0455 176.5909 148.1455
30 141.0818 118.9364 148.1455
40 129.6273 110.9182 155.7818
50 115.5000 97.5545 158.0727
60 120.4636 101.9455 170.2909
70 133.0636 111.8727 163.8000
80 143.9455 113.9727 177.9273
90 135.7364 161.5091 165.3273

NYLON 6

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 110.7273 125.8091 126.0000
20 139.7455 137.6455 121.4182
30 129.8182 144.7091 123.9000
40 138.0273 152.3455 135.5455
50 137.8364 152.7273 124.6636
60 141.2727 170.8636 131.7273
70 151.5818 171.8182 142.8000
80 182.1273 176.2091 193.7727
90 201.4091 103.4727

POLYETHYLENETEREPHTHALATE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 118.7455 81.7091 157.1182
20 146.4273 148.7182 172.0091
30 167.4273 145.4727 218.5909
40 189.9545 160.1727 220.5000
50 189.9545 163.9909 209.0455
60 184.2273 150.8182 216.6818
70 184.2273 148.7182 216.6818
80 144.7091 123.7091 155.5909
90 95.0727 48.6818 116.8364
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POLYVINYLCHLORIDE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 77.7000 102.9000 78.0818
20 76.9364 122.3727 99.0818
30 89.3455 121.2273 92.9727
40 82.6636 119.3182 83.4273
50 84.9545 116.6455 86.4818
60 86.4818 116.0727 104.8091
70 22.3364 42.1909
80 70.6364 181.7455 380.8636
90 123.5182 122.1818 142.8000
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5.2.1. DISCUSSION OF ACTIVATION ENERGIES DETERMINED

The activation energy calculated for a particular sample varies

depending on the extent of degradation of the sample. In general, it

is those values calculated at the start or end of the degradation

reaction, that is at 10% and 90% degradation, that show the most

disparity. These points on the thermogram are the least well defined,

and determination of the temperature at these values is far more

susceptible to error. Any error in temperature recorded clearly

affects the activation energy calculated and could explain the

variances observed at either end of the reaction. For each sample, an

average activation energy was calculated, excluding values calculated

at 10% and 90% degradation where they were unreasonably high or low

compared with the other values. For PVC and its composites, the

average activation energy was calculated from the values obtained

between 10% and 60% degradation inclusive, that is , for the first

step of the degradation reaction only.

PURE POLYMER 2.4% CARRIER 8% ALUMINIUM

POLYSTYRENE 110.5909 104.3298 88.7454
POLYPROPYLENE 54 . 2182 55.5420 73.3568
HDPE 131.8227 124.2580 129.4636
LDPE 131 . 3455 116.6727 162 .7636
NYLON 6 141.3921 154.0159 137.4784
PET 172.4182 148.8000 201.3000
PVC 83 . 0136 116.4227 90.8091

TABLE 15: AVERAGE ACTIVATION ENERGIES (kJ mol"1 ) .

Comparison of the average activation energies for different

composites of the same polymer show differing trends depending on the

base polymer.
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POLYSTYRENE

The activation energies for the pure polymer and the

polymer/2.4% carrier composite are very similar. The activation energy

— 1
of the composite containing 8% aluminium however is 20kJ mol ± less

than that of the pure polymer.

POLYPROPYLENE

As with polystyrene, the activation energy of the pure polymer

is comparable to that of the polymer/carrier composite. When aluminium

is introduced into the composite the energy increases by 19 kJ mol

HDPE.

The values of activation energy for all the composites of HDPE

are very similar suggesting that the presence of carrier or aluminium

has no effect on the degradation of HDPE.

LDPE AND PET

Both LDPE and PET exhibit similar behaviour, with the activation

energy of the polymer/carrier composite being less than that of the

pure polymer. For the polymer/aluminium composite an increase in

activation energy relative to that of the polymer/carrier composite is

observed. The decrease in activation energy due to the presence of the

carrier is 15 kJmol"1 for LDPE and 24 kJ mol-1 for PET, with increases

of 46 kJmol~l for LDPE and 53 kJ mol--'- for PET occurring on the
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incorporation of aluminium.

NYLON 6 AND PVC

In contrast to the behaviour of LDPE and PET, nylon 6 and PVC

show an increase in activation energy on incorporation of carrier into

the polymer of 13 kJ imol--4 for nylon 6 and 33 kJ mol-1 for PVC. This

increase is counteracted by the presence of aluminium, with the

activation energies of the polymer/8% aluminium composites decreasing

by 17 kJ mol-1 for nylon 6 and 26 kJ mol-1 for PVC relative to the

polymer/carrier composites. This results in only a small difference in

activation energy between the pure polymers and the aluminium

composites for both nylon 6 and PVC.

5.3. CALCULATION OF THE PRE-EXPONENTIAL FACTOR

The pre-exponential factor, A' , can be found using equation

(16). Rearranging this equation gives:

E

log A' = log F(Wa) - log - + 0.2583E0-44 - K (18)
R

K and E are both known, so it is necessary to calculate F(Wa).
The integral F(Wa) is dependent upon reaction order and is quoted for

n=0, 0.5, 1.0, 1.5 and 2.0 in appendix C. For a pure polymer, no
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unreacted material is present and for all values of n, the integral

F(Wa) reduces to :

wa°
F(Wa) = loge —

wa

For the composite samples, an order of n=l was assumed,

attempted determination of the order of the reaction by plotting F(Wa)
versus time for the various orders of reaction having proved

inconclusive. The values of F(Wa) and log F(Wa) are therefore the same

for all the samples at a given percentage degradation and are shown in

table (16).

% DECOMPOSITION F(Wa) log F(Wa)
10 0.1054 -0.9973
20 0.2231 -0.6514
30 0.3567 -0.4477
40 0.5108 -0.2917
50 0.6931 -0.1592
60 0.9163 -0.0380
70 1.2040 0.0806
80 1.6094 0.2067
90 2.3026 0.3622

TABLE 16: VALUES OF F(WA) FOR ALL SAMPLES.

Substituting the corresponding log F(Wa) and activation energy

values into equation (18), log A' and hence A', can be calculated at

the various percentage degradations for each sample studied. The

resulting values are shown in table (17).

78



TABLE 17: LOGARITHM OF PRE-EXPONENTIAL FACTORS OF COMPOSITES.

POLYSTYRENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 27.1570 12.0215 4.4240
20 11.7237 10.1729 4.5822
30 8.4898 7.4543 4.9926
40 7.7086 7.2921 4.9994
50 7.5871 7.1765 5.8525
60 7.3242 7.0485 7.1869
70 7.5952 6.7093 7.8915
80 7.2226 6.3648 8.0449
90 1.9414 6.6835

POLYPROPYLENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 3.4005 3.8945 3.9955
20 3.2268 3.5991 5.2238
30 3.1459 3.3040 5.2726
40 3.0150 2.6703 5.7726
50 2.9859 2.6505 5.7701
60 2.9645 2.8999 5.3179
70 3.4028 3.2112 4.9176
80 4.4997 3.8053 4.5223
90 5.5515 3.3820

HIGH DENSITY POLYETHYLENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 14.3977
20 11.4809 10.2351 15.9926
30 10.8548 7.1625 8.6587
40 9.1296 7.2401 9.2451
50 7.3710 7.1146 8.5417
60 7.9224 7.3661 9.5117
70 8.1540 7.3100 8.6863
80 8.3864 8.7061 8.0961
90 8.6529 10.7677 7.7493
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LOW DENSITY POLYETHYLENE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 4.4121
20 15.5582 12.8376 10.2267
30 9.8022 7.9114 10.3305
40 8.9116 7.3237 10.9168
50 7.7258 6.2593 11.0583
60 8.2264 6.6683 12.0260
70 9.1980 7.5000 11.5207
80 10.0681 7.6950 12.7009
90 9.4905 11.4931 11.7080

NYLON 6

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 7.1474 8.5104 8.6112
20 9.6930 9.5845 8.1179
30 8.7564 10.1168 8.3320
40 9.4459 10.7032 9.3358
50 9.4776 10.7372 8.4236
60 9.7117 12.2282 9.0729
70 10.5725 12.2514 9.9374
80 12.9168 12.4943 13.8604
90 13.8441 6.5160

POLYETHYLENETERPHTHALATE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 7.8811 4.6029 11.1365
20 10.3199 10.4290 12.4201
30 12.1062 10.2198 16.3964
40 13.9478 11.5340 16.6595
50 13.8803 11.8814 15.5505
60 13.5790 10.7499 16.1983
70 13.4986 10.6611 16.1179
80 10.2712 8.5856 10.9144
90 5.8301 2.4319 7.3725
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POLYVINYLCHLORIDE

% DEGRADED PURE 2.4% CARRIER 8% ALUMINIUM

10 5.8055 8.4142 5.8372
20 5.8379 10.5219 8.0936
30 7.1855 10.4209 7.5011
40 6.5625 10.2689 6.6058
50 6.8150 9.9903 6.9416
60 6.9518 9.8081 8.6605
70 0.6444 2.3953
80 4.1588 12.8154 28.2746
90 7.7103 7.5948 9.0190
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5.3.1.DISCUSSION OF THE PRE-EXPONENTIAL FACTORS DETERMINED

The pre-exponential factor calculated for a particular sample,

like the activation energy, varied depending on the extent of

degradation of the sample with those values calculated at 10% and 90%

degradation again being the most widely, variant due to the error in

temperature determination at these points as discussed earlier.

Average values for A' were calculated in the same way as the average

activation energies, and the values can be found in table (18).

POLYMER PURE 2.4% CARRIER 8% ALUMINIUM

POLYSTYRENE 1.72 E8 2.88 E7 1.18 E5
POLYPROPYLENE 2.14 E3 1.80 E3 1.80 E5
HDPE 9.86 E8 1.73 E8 4.38 E8
LDPE 5.19 E9 2.90 E8 2.05 Ell
NYLON 6 5.19 E9 6.73 E10 6.81 E8
PET 3.27 E12 3.80 E10 2.66 E14
PVC 3.36 E6 8.02 E9 1.88 E7

TABLE (18):AVERAGE VALUES OF PRE-EXPONENTIAL FACTOR (s_1).

On comparison of the average A' values for the composites of a

particular polymer, the trends observed were similar to those of the

activation energies.

POLYSTYRENE

Incorporation of carrier into the polymer matrix results in a

decrease of the pre-exponential factor by a factor of ten. Addition of

aluminium flake causes a further decrease by a factor of 102.
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POLYPROPYLENE

The presence of carrier in the polymer matrix does not affect

the value of A', presence of aluminium flake however resulting in an

increase of 103.

HDPE

The value of A' was of the same order of magnitude for both the

pure polymer and the composite samples.

LDPE AND PET

The presence of carrier caused a decrease in A' by a factor of

103 for LDPE and a factor of 103 for PET. The incorporation of

aluminium increases the value of A' again relative to the carrier

composite, by 10° for LDPE and 10^ for PET.

NYLON 6 AND PVC

Both these polymers showed an increase in A' when carrier was

added to the polymer matrix, of a factor of ten for nylon and a factor

of 103 for PVC. A' decreased again when aluminium was also

incorporated, by 103 for both nylon and PVC.
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CHARTER €>

KINETIC COMPENSATION EFFECT

6.1. INTRODUCTION

The kinetic compensation effect, k.c.e., was first developed in

catalysis studies to account for the fact that differing treatments of

a catalyst resulted in a change in the calculated activation energy

but with no corresponding change in the reaction velocity, the rate of

the reaction remaining constant. To explain this, it was suggested

that the pre-exponential factor, A, varied with the activation energy,

E, in accordance with the equation:

log A = aEa + b

This linear relationship between the two kinetic parameters was

termed the "kinetic compensation effect."

The effect has since been observed in many types of reactions,

both organic and inorganic, in a number of different areas including

hydrolysis, oxidation and decomposition. Although it has been the

subject of much investigation over recent years, it has still to be

satisfactorily explained and there are several conflicting theories

regarding the effect. Opinions are divided over whether it is a true

effect arising from sane physical or chemical process of the reaction

or an apparent effect due to a canputational artefact.
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6.2. DISCUSSION OF K.C.E.

6.2.1. CATALYSIS STUDIES

The first observation of the k.c.e. was by Constable [57] when

investigating the dehydrogenation of ethanol on copper catalysts

prepared by the reduction of copper oxide at different temperatures.

At first it was thought to be a special case but observation of the

effect over a far wider range of activation energies and pre-

exponential factors led to the opinion that it was a general

phenomenon. Early observations of the effect were with variation of

the catalyst and a fixed substrate [58], [59], [60], but later

examples appeared where the effect was observed by using different

substrates with the same catalyst [61]. Cremer's discussion on the

k.c.e. in catalysis [62] considers many different reactions in which

the effect is observed, and suggests several possible explanations of

the effect:

(a) electron tunnelling, where an electron transition is an

essential step in the reaction, for example, the decomposition of

ethylene chloride on metal halides.

(b) a variation in the relative proportions of two active

centres when the catalyst is treated. This would explain

multicomponent catalysts exhibiting a k.c.e. when subjected to

different pre-treatments but no such effect being observed for very-

pure catalysts.
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(c) a temperature dependence of the activation energy of the

reaction, or of the effective surface area of the catalyst caused by

diffusion effects.

(d) the simultaneous occurrence of a homogeneous and

heterogeneous reaction.

(e) a heterogeneous reaction occurring which changes order part

way through the reaction.

The last three explanations result in erroneous values of the

rate constant being calculated and hence result in an "apparent"

compensation effect due to experimental error.

More recently, explanations have been put forward based on the

variation in the rotation and vibration of the excited species formed

during reaction. Conner [63] attempts to explain the effect via a

statistical treatment of the vibrational and rotational modes of the

excited species, while McCoy [64] proposes a quantum mechanical model

based on the anharmonic nature of the oscillating bound species and

it's interaction with the catalyst. Kera and Negoro [65] studied the

thermal decomposition of alcohols over alkali vanadates and found a

good linear relationship between log A and Ea for each alcohol

decomposition over the series of alkali vanadates (Li-Cs). They

attribute the effect to a proportionality between the entropy of

activation and the inner frictional rotation of the alkyl groups in

the activated alcohol molecule.

Rhim et al [66] have demonstrated the appearance of the k.c.e.
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in the acid-catalysed hydrolysis of disaccharides. Three

disaccharides, sucrose, maltose and lactose, were studied and the

degree of hydrolysis measured as a function of the acid concentration.

Although large variation was found in the kinetic parameters of

activation energy and pre-exponential factor, the values fitted a

linear compensation relationship with values for the compensation

parameters, a and b of 0.295 molkJ-1 and -2.317 respectively.

Evidence that it is a true effect is given by comparison of the

isokinetic temperature, Tc, calculated from the slope of the graph,
and the harmonic mean of the temperatures, T^. The isokinetic
temperature is a reference temperature defined at k=kQ. The rate

constant can therefore be expressed as:

k = kQ exp(-E/R)(1/T - 1/TC)

Substituting this in the Arrhenius equation gives:

kQ exp(E/R)(1/T - 1/TC) = A exp(-E/RT)

Taking logarithms of this gives:

log kQ + E/RTC = log A

Hence, Tc can be obtained from the slope of the log A versus Ea

plot. The harmonic mean of the temperatures is defined as:

n

Tv-hm
I (1/T-l)

Statistical analysis of the compensation effect by Krug et al

[67] showed that a true compensation effect is observed only when Tc =j=
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Tj^. In this case, Tc = 132.4°C and = 118°C, which are

significantly different, confirming the effect is real. Since all

three disaccharides conform to the same compensation law it indicates

that each are hydrolysed by the same mechanism.

6.2.2. THERMAL DECOMPOSITION

The applicability of the k.c.e. to thermal decomposition

reactions was not appreciated until the early seventies when Gallagher

and Johnson [68] and Zsako and Arz [69] investigated the kinetics of

the thermal decomposition of calcium carbonate. When the decomposition

took place in oxygen, Gallagher and Johnson found that the kinetics of

the reaction were dependent upon sample size and heating rate,and

correlation was observed between the activation energy and the pre-

exponential factor in accordance with the kinetic compensation law. On

repeating the experiments in an atmosphere of carbon dioxide, the

k.c.e. was still observed although the parameters a and b differed.

The results obtained are given below:

In 02: log A = 0.278Ea - 5.98

In C02 log A = 0.175 Ea - 2.95

Investigating the same reaction, Ray [70] suggests that the rate

constant, k, is not dependent on temperature alone but is also

influenced by particle size and the thermodynamic driving force of the

reaction. In this case, the driving force is determined by the

concentration of C02 in the atmosphere and at the air/solid interface.
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Rewriting the Arrhenius equation to take these parameters into

account, gives:

A (pe - p) e~E/RT
k =

rQ RT

where, rQ: internal radius of the particles.

pe: equilibrium pressure of C02.

p: pressure of C02 in gas stream.

Hence, what is actually calculated is the apparent values of A

and Ea rather than the true values. It is the variation in rQ and pe
as the reaction proceeds that gives rise to the variation in these

apparent kinetic parameters and produces the kinetic compensation

effect.

Adonyi and Korosi [71] also investigated the decomposition of

calcium carbonate and observed a k.c.e. for particular sample weights

at different heating rates. The compensation parameters they derived

are shown below, with the correlation coefficient, r, of the straight

line.

Other thermal decomposition reactions studied include those of

CuC12.2H20 [72], CaC204.H20 [73] and ZnOH [74]. All were found to
exhibit a k.c.e. and the compensation parameters obtained for the

three reactions are shown in table (20).
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SAMPLE WEIGHT

(mg)
a

(molkJ-1)
b r

100 0.1133 -6.3020 1.0000
200 0.1112 -5.7839 0.9999
400 0.1058 -5.4843 1.0000

1000 0.1026 -5.6422 0.9999
2000 0.1037 -6 . 2205 0.9991

TABLE 19:COMPENSATION PARAMETERS FOR THERMAL
DECOMPOSITION OF CaC03.

REACTION a

(molkJ-1)
b r

CuCl2-2H20 0.1539 -3.4806 0 . 9996

CaC204.H20 0 .1078
0.1094
0.1245
0 .1272

-1.8163
-1.9581
-2.4629
-2.7559

0.9 9 9 91
0.99992
0.99973
0.99994

ZnOH 0.13
0 .14

-2.33^
-4 . 29

TABLE 20:COMPENSATION PARAMETERS OF VARIOUS THERMAL
DECOMPOSITION REACTIONS.

1:ambient air, heating rate range 0.55-18.94 Kmin-4.
2:ambient air, heating rate range 0.55-4.71 Kmin-1.
3:N2 flow(80ml/min), heating rate range

0.55-18.94 Kmin--'-.

4:N2 f low (80ml/min), heating rate range
0.55-4.48 Kmin--'-.

5:for 0.1<a<0.2.
6:for 0.01<a<0.05.
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Although a large number of reactions have been investigated and

shown to exhibit a kinetic compensation effect, the controversy over

whether the effect has any chemical or physical significance has still

to be resolved. One of the main opponents of the effect being "real"

is Garn [75]. He believes that the effect arises from the form of the

Arrhenius equation and claims that any experimental values showing a

variance with temperature can be adjusted to approximate a straight

line. If the rate constant remains the same, then the Arrhenius

equation gives a reciprocal relationship between A and exp(-E/RT):

E

log A = ——— + log k
2 . 3RT

Hence, a change in whichever of these two parameters is

calculated first implies a corresponding change in the other. For a

reaction studied over a narrow temperature range, Garn claims that the

above equation must yield a straight line and so result in observation

of the kinetic compensation effect. The wide variation in the

calculated values of the pre-exponential factor in some reactions, for

example, values of A ranging from 102 to 1069, which is clearly a

meaningless value, have been calculated for the decomposition of

calcium carbonate [76], leads Garn to suggest that the Arrhenius

equation is inadequate for describing such reactions. Having been

developed in homogeneous kinetics, he questions the applicability of

the equation to solid state decomposition reactions without any

modifications. He suggests that all reactions exhibiting the k.c.e.

have one thing in common: they all consist of a principal reaction in

which the temperature dependency is changed by sane parameter without
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affecting the nature of the reaction. It is this secondary effect

which influences the activation energy calculated and consequently the

pre-exponential factor since it is calculated from the activation

energy via the Arrhenius equation. Thus, the effect is purely a

mathematical one. For heterogeneous reactions, Gam states that the

rate constant is not merely temperature dependent but is also

influenced by the fraction of material reacted, the pressure of any

gaseous products and the area of the interface.

Gam's theory is borne out by the work of Eisenreich [77], who

considers the k.c.e. mathematically by evaluating and measuring the

Chi square function and relating the shape of the function to the

values of A and Ea. These calculations appear to indicate that the
k.c.e. is a purely mathematical effect with no physical or chemical

significance.

While agreeing with Gam that the kinetic parameters do not have

the same physical significance in heterogeneous kinetics as in

homogeneous kinetics, due to their dependence on variables other than

temperature, Zsako [78] maintains this merely results in a masking of

the true effect rather than proving it is only an apparent effect. By

the use of theoretical TG curves he demonstrates the characterisation

of a reaction via the compensation parameters, a and b, rather than

the kinetic parameters. The results he obtains show that for a series

of TG curves of a particular reaction, values of A and Ea vary for
each individual TG curve, depending on procedural variables while the

compensation parameters describing the reaction remain the same

suggesting that they are independent of procedural variables. This
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suggests that the compensation parameters are far better variables to

use for the characterisation of a reaction and that they must possess

sane physical significance which is masked by the kinetic compensation

effect.

6.3. K.C.E. IN THE DEGRADATION OF POLYMERS

For each of the degradation reactions studied, graphs of log A

versus Ea were constructed from the values of the kinetic parameters

calculated at the varying degrees of degradation. The plots were found

to be linear, and are shown in appendix B (pages viii to xiv).

indicating that the variation in kinetic parameters observed during

the degradation reaction exhibits the kinetic compensation effect. The

compensation parameters for each polymer and composite were determined

by least squares regression analysis and the values obtained are given

in table (21).

The observation of the k.c.e. in the degradation reactions

studied here differs in two ways from previous investigations of the

effect. The temperature range over which the kinetic parameters are

determined is far larger, being 200-300°C whereas the reactions

discussed earlier all occurred within a temperature range of 50°C or

less. The other main difference is that the variation in kinetic

parameters considered here is during a single reaction. All previous

work has involved the variation in kinetic parameters on alteration of

sane variable of a reaction such as the heating rate, or on

modification of one of the canponents of the reaction, for example, a

93



POLYMER
COMPOSITE

a

(molkJ-!)
b r

POLYSTYRENE
PURE
2.4% CARRIER
8% ALUMINIUM

0.0958
0.0902
0.0911

-2.25
-1 . 91
-1. 88

0.999
0.998
0.999

LDPE
PURE
2.4% CARRIER
8% ALUMINIUM

0.0834
0 . 0843
0.0856

-1.89
-2 . 01
-2.47

1.000
0.999
1.000

HDPE
PURE
2.4% CARRIER
8% ALUMINIUM

0.0863
0.0815
0.0817

-2 . 39
-1.89
-1 . 93

1.000
1.000
0.999

POLYPROPYLENE
PURE
2.4% CARRIER
8% ALUMINIUM

0.0816
0.0872
0.0879

-1 .09
-1 . 58
-1 . 36

0 . 998
0 . 996
0. 998

NYLON 6
PURE
2.4% CARRIER
8% ALUMINIUM

0.0744
0.0824
0.0787

-0 . 84
-1 . 88
-1 .36

0 . 996
0 . 999
1.000

PET
PURE
2.4% CARRIER
8% ALUMINIUM

0.0854
0.0834
0.0876

-2 . 22
-1 . 85
-2 .74

1.000
0 . 999
1.000

PVC
PURE
2.4% CARRIER
8% ALUMINIUM

0.0772
0.0755
0.0724

-0 . 38
0 . 38
0 . 45

0.930
0 . 919
0 . 995

TABLE 21: COMPENSATION PARAMETERS FOR K.C.E. IN
THERMAL DEGRADATION REACTIONS
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catalyst which has undergone various pretreatments.

The method of calculation of the kinetic parameters also

differs. In this study, the reaction rate is not measured and both the

activation energy and pre-exponential factor are calculated from the

experimental results in the form of the TG curves, rather than

calculation of Ea from the rate of the reaction and then from this
value the calculation of A, assuming the correctness of the Arrhenius

equation. Although the derivation of the equation from which the two

kinetic parameters are calculated, equation (15), section 5.1,

involves the Arrhenius equation, the inadequacy of the equation to

describe solid state reactions is corrected for. Calculation of the

kinetic parameters is not therefore dependent upon an inadequate form

of the Arrhenius equation. The k.c.e. does not in this case therefore

arise, as Garn suggests, frcm mathematical necessity due to an

inaccurate expression of Arrhenius' equation. Also, since the reaction

occurs over a relatively large temperature range, the equation:

E

log A = + log k
2. 3RT

cannot be expected to yield a straight line as may be the case

when the temperature range is small.

On this basis,it is concluded that the effect is not an apparent

one but real, and must therefore possess sane physical

significance.Any explanation for a variance in activation energy and

pre-exponential factor during a reaction must be linked to the

molecular dynamics of the reaction. The energetics of the degradation
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reaction can be examined in terms of the transition state theory in an

attempt to derive the physical significance of the k.c.e..

6.4. TRANSITION STATE THEORY

The transition state theory, or activated state theory, was

introduced by Eyring [79] in 1935. It defines a state of maximum

energy, termed the transition state, which has to be attained for a

reaction to occur. The energy required to attain this state is the

activation energy and reaction will not take place unless this energy

barrier can be overcome This is illustrated in the reaction profile

below.

TRANSITION STATE

GIBBS
ENERGY

PRODUCTS

REACTANTS

REACTION COORDINATE

The standard equilibrium constant of the reaction, Kc, is

related to the Gibbs free energy change by:

AG°
m Kc =

RT
-(19)
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The equilibrium constant is the ratio of the rate constants for

the forward and back reactions, k-j_/k_1( therefore:
A G°

In k-L - In k_^ = - (20)
RT

hG#1 AG#_X
RT RT

Introducing a factor, In v , this equation can be split to give:

AGW1
In k-^ = In v - (21)

RT

AG#_±
In k_]_ = In v - (22)

RT

Equation (21) can be rewritten as:

k-]_ = v exp ( -hG^/RT ) (23)

The Gibbs free energy of activation can be expressed in terms of

the enthalpy and entropy changes:

AG# = A H# - TAS# (24)

Substituting this in (23), gives:

= v exp(AS^^/R) exp(-AH^/RT) (25)

where AS: entropy of activation

AH#: enthalpy of activation
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Eyring found the factor v was given by:

kfiT

h

where kB: Boltzmann constant

h: Planck1s constant.

Substituting this in (25):

kpT

(26)

kx = exp(hSft1/R) exp(-AHtf1/RT) (27)

The rate constant kB can also be expressed as :

kBT
kx = K# (28)

h

From (27) and (28) it follows therefore that:

K#= exp(-AS#1/R) exp(-hH#1/RT) (29)

and, taking logarithms of this:

4S# hH#
In K# = (30

R RT

where K# is the equilibrium constant for the formation of the

transition state. It is a concentration dependent equilibrium constant
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and so will vary with temperature according to the equation:

d In K# AU#

dT
■(31)

RT'

where A : increase in internal energy on going from the

initial state to the transition state.

Differentiating equation (28) gives:

din 1 din K
= - +

dT T dT

#

■(32)

Substituting (31) in (32):

din k-j_ 1 AU
= - + —

#

dT T RT'

RT + AU

RT'

#

The activation energy, E-,, is defined as

■(33)

Ea = RT'
din k

dT

The activation energy is therefore given by;

Ea = RT + A U ■(34)

AU# is related to Aby the equation:
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AH# = AU# + PAV# (35)

where AV^ is the increase in volume in going from the initial

state to the transition state. Substituting for AU^ in (34) gives:

Ea = RT + AH# - PAV# (36)

For the degradation reactions under consideration, AV# is

effectively zero, hence:

Ea = A H# + RT (37)

Substituting for AH# in (27) therefore:

kBT
k = exp(AS^/R) exp[-(E-RT)/RT]

h

which simplifies to:

kBT
k = exp (A S # /R ) exp ( -E /RT ) e (38)

h

Comparing this with Arrhenius1 equation it follows that the pre-

exponential factor is given by:

kBT
A = exp(AS^/R).e (39)

h

Taking logarithms of this:

kBT AS
In A = In + —— +1

h R
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hence,

AS# kBT
= In A - In — 1 (40)

R h

Substituting (40) in (29):

kBT AH#
In K# = In A - In 1 (41)

h RT

which, expressed in terms of the activation energy is:

In K# = In A - In
kBT Ea

h RT

therefore,

kBT Ea
In A - In K# + In (42)

h RT

This equation is analogous to that for the kinetic compensation

effect:

In A = aEa + b

To explain the physical significance of the k.c.e. it is

necessary to equate the compensation parameters to constant terms in

equation (42). Comparing the two equations, suggests that:

1
a =

RT
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it &
b = In K + In

h

Considering b first, is dependent on the concentration of the

transition state. For most of the reaction it will remain fairly-

constant, the exception being at the onset and at near completion of

the reaction where the concentration of the transition state will be

zero. Although the other factor, In kgT/h will vary with temperature,

being a logarithmic function of temperature the variation is fairly

small. For example, for 100°C < T < 600°C, 29.68 < In kBT/h < 30.53.

Apart from the degradation of PVC/2.4% carrier and PVC/8% aluminium,

the experimental results give negative values of b. For this to be the

case, K# must be less than zero, and since the value of In kBT/h is
around 30, K# must be small, of the order of 10-14. This indicates

that the concentration of the transition state is always small.

The compensation parameter, a, appears to be equal to 1/RT.

However this clearly cannot be constant throughout the reaction. Since

it is the reciprocal of temperature, the variation over a range of

temperature will not be very large and this could account for its

value appearing to be constant. Alternatively,some other hidden factor

is affecting its value which has an inverse relation with temperature

and so results in a constant a.

Nevertheless, the derivation of an equation that appears

analogous to that of the kinetic compensation effect, by considering

the energetics of the reaction suggests that the k.c.e. is certainly a

real effect. The analogy would seem to suggest that values of a should
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be similar for any reaction occurring in the same temperature range,

with b varying depending on the concentration of the transition state.

Since this concentration is influenced by the reaction mechanism then

it would appear that the k.c.e. is characteristic of the type of

reaction occuring.
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APPENDIX C



TEMPERATURES FOR GIVEN PERCENTAGE DEGRADATION.

PURE POLYSTYRENE

log 1 / IB 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 287 306 316 323 331 337 342 350 361
-0.1761 286 303 316 326 333 341 348 356 367
-0.3010 289 311 324 332 342 349 356 362 371
-0.6021 296 325 345 357 366 375 381 391 455

POLYSTYRENE/2.4% CARRIER

log 1/8 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 303 322 332 341 346 352 356 362 369
-0.1761 301 323 334 345 350 355 360 364 372
-0.3010 305 322 333 341 347 353 358 363 370
-0.6021 321 344 362 372 379 386 393 400 407

POLYSTYRENE/8% ALUMINIUM

log 1/8 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 272 291 303 312 322 331 339 347 354
-0.1761 275 292 308 320 331 342 355 361 369
-0.3010 300 321 335 347 355 361 368 372 377
-0.6021 307 320 328 348 357 364 373 386 400

PURE POLYPROPYLENE

log 1/8 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 233 254 268 282 295 307 322 360 400
-0.1761 239 262 279 292 305 317 331 353 401
-0.3010 250 274 287 298 311 321 331 353 401
-0.6021 280 308 327 344 360 374 384 399 407



POLYPROPYLENE/2.4% CARRIER

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 261 286 306 317 327 333 341 355 371
-0.1761 265 285 302 316 326 333 341 355 381
-0.3010 277 297 309 318 331 341 352 363 386
-0.6021 306 333 353 373 388 396 404 413 425

POLYPROPYLENE/8% ALUMINIUM

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 238 371 385 303 316 322 328 332 345
-0.1761 240 265 284 302 317 326 335 346 377
-0.3010 251 274 295 310 322 331 340 347 354
-0.6021 279 301 323 340 355 367 379 390 407

PURE HDPE

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 349 364 373 380 386 394 402 410 419
-0.1761 360 376 385 392 397 408 416 422 428
-0.3010 375 385 395 403 410 419 423 428 434
-0.6021 353 382 401 415 429 436 445 453 461

HDPE/2.4% CARRIER

log 1/13 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 369 377 385 396 403 411 414 420 429
-0.1761 367 381 389 395 401 406 412 421 434
-0.3010 377 390 398 405 414 421 427 433 440
-0.6021 387 407 425 433 441 446 453 457 463
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HDPE/8% ALUMINIUM

log 1/13 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 361 375 381 397 405 413 416 420 427
-0.1761 376 385 395 403 411 417 420 423 427
-0.3010 372 382 394 403 410 421 428 431 436
-0.6021 364 396 418 430 440 447 454 460 467

PURE LDPE

leg 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 340 361 372 380 385 393 401 403 407
-0.1761 353 365 373 381 389 394 400 414 428
-0.3010 359 372 380 388 398 403 410 416 427
-0.6021 362 382 401 412 424 429 433 439 445

LDPE/2.4% CARRIER

leg 1/13 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 356 362 372 378 382 389 397 409 418
-0.1761 354 367 376 381 387 394 400 405 426
-0.3010 365 375 382 391 400 405 411 416 423
-0.6021 357 387 408 417 428 434 438 444 448

LDPE/8% ALUMINIUM

leg 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 363 371 379 390 395 400 405 412 417
-0.1761 346 372 380 389 397 407 415 420 424
-0.3010 380 390 399 408 414 420 425 430 436
-0.6021 365 385 400 410 420 427 436 441 448
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PURE NYLON 6

log 1/13 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 335 360 375 384 396 401 407 418 453
-0.1761 351 372 381 390 397 401 409 420 463
-0.3010 357 374 387 396 402 410 417 428 472
-0.6021 373 393 410 418 427 432 438 445 482

NYLON 6/2.4% CARRIER

log 1/13 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 342 361 372 382 391 397 405 429 457
-0.1761 340 362 375 383 391 399 405 418 441
-0.3010 356 371 383 394 401 407 414 428 471
-0.6021 368 390 402 410 419 424 431 438 478

NYLON6/8% ALUMINIUM

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 339 361 372 386 394 400 410 418 467
-0.1761 344 364 376 383 391 398 405 417 445
-0.3010 352 372 383 393 400 407 414 424 450
-0.6021 371 395 407 414 425 431 436 441 452

PURE POLYETHYLENETEREPHTHALATE

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 337 356 367 375 381 386 393 401 448
-0.1761 350 367 376 381 386 391 399 405 452
-0.3010 356 373 382 387 393 398 404 417 467
-0.6021 373 387 395 400 406 412 420 434 504



POLYETHYLENETEREPHTHALATE/2.4% CARRIER

log 1/13 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 345 360 368 374 378 382 387 392 400
-0.1761 340 367 374 381 387 391 397 407 450
-0.3010 367 378 383 392 397 402 408 420 472
-0.6021 381 389 399 402 406 413 419 430 494

POLYETHYLENETEREPHTHALATE/8% ALUMINIUM

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 349 361 371 377 382 387 395 408 449
-0.1761 354 368 375 381 386 400 407 426 478
-0.3010 361 376 380 387 396 400 403 429 472
-0.6021 376 387 392 398 403 409 417 441 497

PURE POLYVINYLCHLORIDE

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 231 244 253 258 264 272 306 416 467
-0.1761 238 249 257 262 270 278 312 436 475
-0.3010 248 261 268 274 281 291 356 443 499
-0.6021 266 280 285 293 300 308 322 429 510

POLYVINYLCHLORIDE/2.4% CARRIER

log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 236 247 253 259 265 274 326 420 468
-0.1761 240 255 263 270 275 282 326 425 479
-0.3010 254 260 267 274 281 286 369 438 494
-0.6021 266 275 286 294 300 307 327 436 520
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POLYVINYLCHLORIDE/8% ALUMINIUM

. log 1/(3 10% 20% 30% 40% 50% 60% 70% 80% 90%

0.0000 232 245 254 259 265 278 333 431 481
-0.1761 237 254 260 265 271 281 342 426 482
-0.3010 248 262 270 279 284 294 364 433 500
-0.6021 266 275 286 294 300 307 327 436 520
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F(Wa) FOR VARIOUS ORDERS OF REACION.

The integral is given in terms of the fractional degree of

conversion, C, defined as:

wa
C = 1

w. o

where, Wa°: initial weight of active material.

The value S is defined as Wr/WQ, where Wr is the weight of
unreactive material and WQ the total initial weight.

ORDER, n F(Wa)

log.
1 - C + SC

0.5 2 log.
1 + (1 - S)*

(1 - C + SC)"*" + (1 - C)* (1 - S)"*"

1.0 log.
1 - C
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ORDER, n F(W-)

1. 5
1 (1 - SC)"^

(1 - S) (1 - S)*

2 log.
1 + (1 - S)*

(1 - C + SC)^ + (1 - C)* (1 - S)*

2.0 log.
(1 - C)

SC

(1 -C) (1 - S)
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