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ABSTRACT

This dissertation describes work done on Fischer- Tropsch ionomeric waxes. The

waxes are characterized with respect to the method of manufacture, the mechanism of

the oxidation process, the saponification, the physical properties, the rheological

properties, the morphology and the water absorption of the waxes.

Different methods of physical and mechanical analysis are used to prove at which

concentration level, for each type of cation tested arid for each type of oxidized and

grafted wax prepared, the formation of multiplets and clusters within the Fischer-

Tropsch ionomeric waxes takes place. An understanding of multiplet and cluster

formation in Fischer- Tropsch ionomeric waxes is essential as these morphological

phenomena control the mechanical and physical behaviour of the Fischer- Tropsch

ionomeric waxes. The ability to be able to analyse the Fischer- Tropsch ionomeric

waxes for multiplet and cluster formation should allow one to predict the physical and

mechanical behaviour of the Fischer- Tropsch ionomeric waxes in practical

applications.
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OPSOMMING

Hierdie skripsie beskryfwerk gedoen op Fischer-Tropsch ionomeries wasse. Diewasse

is gekarakteriseer ten opsigte van die vervaardigingsmetode, die meganisme van.
oksidasie, die verseping, bulle fisiese en reelogiese eienskappe, bulle morfologie en

water absorpsie.

Verskillende metodes van fisiese en meganiese analiese is gebruik om te bewys by

watter konsentrasie, vir 'n spesifieke katioon en vir 'n spesifieke geoksideerde of

entwas, wanneer veelvoud of tros-vorming plaasvind. Die vermoë om te verstaan hoe

en wanner veelvoude en trosse in Fischer- Tropsch ionomeries wasse vorm is van

kardinale belang, aangesien die fisiese en meganiese eienskappe van die Fischer-

Tropsch ionomeries wasse direk beinvloed word deur die vorming van veelvoude en

trosse. Die vermoë om Fischer- Tropscb ionemerles wasse te kan analiseer vir

veelvoud en tros vorming is voordelig om Fischer- Tropsch ionomeries wasse se

meganiese en fisiese eienskappe in praktiese aanwendings te voorspel.
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1
CHAPTER 1 : Introduction and objectives

1.1 Introduction

There is.a vast array of literature available on ionomeric polymers, covering many facets,

but to my knowledge very little has been published on ionomeric waxes and I have not come

across any literature published specifically on Fischer- Tropsch (F-T) ionomeric waxes. The

ionorneric waxes can however be used in a variety. of potential applications where normal

waxes 1-8 do not function as well 1-9. Ionomeric waxes can be any type of low molecular

mass hydrocarbon- based polymers where a charge has been imparted on the backbone of

the hydrocarbon and the charge neutralised by saponification. F-T ionomeric waxes are

waxes which have been produced by the F-T process, and have either been oxidised or

grafted onto, and saponified to impart a charge on the backbone of the wax.

Oxidised waxes, which currently form the basis for ionomeric F-T waxes are produced by

oxidising saturated hydrocarbons with a stream of air (temperature of ca. 170°C) in a

bubble reactor. The exact structure of the oxidised product is not presently known, but

through chemical analysis, one can determine the carboxylic, ester, carbonyl, hydroxyl, etc.

content. The oxidation reaction is relatively easy to control and gives relatively consistent

results in terms of product understanding. The oxidised wax is then saponified with various

cationic hydroxide salts to form the ionomeric wax.

When F-T ionomeric waxes are manufactured and used in various practical applications, the

person manufacturing the products is not always aware that morphological changes such as

multiplet and cluster formation are taking place. These morphological changes have

however a direct impact on the mechanical and physical properties of the ionomeric wax and

dictate the behaviour of the wax on exposure to external forces 11-19. I have not found any

literature describing the analysis of F-T waxes based on their morphology and when and
J

how multiplets and clusters are formed.

It is therefore very important to be able to analyse the F-T ionomeric waxes in terms of their

morphology so that their mechanical and physical behaviour becomes predictable.
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To s!udy and investigate the oxidation process of F-T waxes and the corresponding

oxidised products formed so that upon saponification , the structure of the ionomeric

wax formed is understood.

2
1.2 Objectives

The main objectives of this dissertation were the following:

To analyse the F-T ionomeric waxes by various analytical techniques so as to determine

whether the selected analysis techniques are sensitive enough to detect whether the

samples have formed multiplets or clusters.

To determine at which oxidation concentration and at which percentage saponified (for

each type of cation), whether the F-T ionomeric wax has formed multiplets or clusters.

In order to achieve these objectives, the following tasks were envisaged:

1. To carry out a literature study to understand the concept of ionomers, oxidised hydrocarbons

and oxidised F-T waxes.

1.3 Tasks

2. To establish a better mechanistic understanding of the oxidation process performed on the

F-T waxes and the type of oxidised groups that are formed upon oxidation. The oxidised

waxes form the basis for the formation of the ionomeric wax and therefore gives information

as to the structure of the oxidised wax which must be understood in order to understand how

the ionomeric wax will respond under certain mechanical or physical tests.

3. To describe the synthetic approach followed for the preparation of the F-T ionomeric waxes.

4. To perform various physical, mechanical rheological and absorption tests on the F-T

ionomeric waxes in order to determine whether the specific method of analysis tested is

sensitive enough to detect whether the samples has formed multiplets or clusters.

S. Overall, to try to determine whether each individual sample tested has formed multiplets or

clusters. These results are also compared to that of ionomeric polymers, which have
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received more attention in the literature research.
3

1.4 Layout of thesis

The thes~s is divided into eight individual chapters, these being:

CHAPTER 1 : Introduction and objectives

CHAPTER 2 : Historical and theoretical background

CHAPTER 3 : Fischer-Tropsch wax oxidation experimentation

CHAPTER 4 : Fischer- Tropsch wax saponification

CHAPTER 5 : Ionomeric Fischer- Tropsch wax: Physical and mechanical analysis

CHAPTER 6 : Ionomeric Fischer- Tropsch wax: Rheological properties

CHAPTER 7 : Ionomeric Fischer-Tropsch wax: Water sorption and diffusion properties

CHAPTER 8 : Conclusions and recommendations for further research
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4
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CHAPTER 2 : Historical and theoretical background

2.1 Classifications of ionomeric polymers

Eisenberg and King go into great detail to distinguish between the many types of ion-.
containing molecules and give a graphical representation of their classification system I.

This thesis, however, is not going to attempt a detailed explanation of the different

definitions for the different classes of ion-containing molecules, but it will rather

concentrate on general definitions so that when reference is made to 'ionorners', they are

distinguished from other ion-containing molecules.

There are at present several classification methods for ion-containing polymers. As the

broad classification as proposed by Eisenberg and King 2 is appropriate for the F-T

ionomeric waxes used in this thesis, this thesis has adopted their classification system of

ionomers and polyelectrolytes. Ionomers represent polymers of relatively low ion content,

while polyelectrolytes represent polymers where most of the repeat units carry ion charges.

An example of a commercial ionomer is Surlyn (ethylene-methacrylic acid) copolymers, 10

mole percentage acid units, saponified with zinc or sodium salts. Polyacrylic acid 3 is a

typical commercial example of a polyelectrolyte. Both types are shown schematically in

Figure 2.1.

a) - [CBl - CB - CBl - CB - CBl - CH]n -
I I I
C=D C=D C=D
I I I
DNa DNa DNa

CBj

I
b) - [(CHl - CHl) dCHz-C) j]n-

I
C=D
I
DNa

Where subscript i is generally much greater than subscript j

'FIGURE 2.1 : Example of a) A polyelectrolyte (b) An ionomer
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These particular ion-containing polymers are not of direct interest to this thesis, but only

show how varied ion-containing polymers can be.

6
The above classification does not attempt to contradict or confirm the many other published

classifications 4-12 but merely serves as a broad definition for the purpose of this thesis.

There are many other types of ion-containing polymers lJ such as:

- Polysalts 14: A complex formed between oppositely charged polyelectrolytes

- Polycations IS: Cationic groups on polymers, such as poly-N-alkyl vinylpyridinium

chloride

- Ionenes 16-21: A specific kind of polycation where the cations are situated in the main

chain, instead of being pendant to the chain as in polycations

- Telechelics 22-36: Polymers which have ionic groups on both ends of the polymer

- Polyphosphates 37: Phosphate containing ionic polymer

- Perfluorinated ionomer membranes 21.38-39

- Ampholytes 36. 40-43: Cationic-anionic ionomers containing no inorganic ions

- Ionizable polymer brushes 44: Polymer brushes grafted with ionizable polymer chains

(polyacid or polybase polymers)

- Zwitterionic polymers 45-46: Polymers where both cationic and anionic charges are situated

on the same side branch. These anions and cations can then

react with anion-cation salts

- Block Ionomers 47-48: Ionomers prepared from blocks of different monomers

The above classification is demonstrated for carboxylic acid derivatives (see FIGURE 2.1),

but the polar groups could just as well have been sulphonic acid, thioglycolic acid,

phosphonic acid or any anion other than carboxylic acids. In fact, according to Lundberg

and Makowski, the sulphonic acid ionomers 49-53, when compared to carboxylate ionomers

under as similar conditions as possible, possess much stronger ionic association than the

corresponding carboxylates. The same reasoning follows for the neutralisation of anions,

which is assumed to take place by reacting with a metal salt. This need not be the case and

organic bases could also be used 54-58.

The backbone does not need to be constructed of methylene units, as in polyethylene, but

could just as well have been constructed of polymers such as polybutadiene 59, polystyrene
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60, polyoxymethylene 61, polypentamer 62 or any other type of backbone, providing the

backbone can be classified as essentially non-polar.

2.2 History of ionomeric polymers

.
Ionomeric polymers have been used for many years but due to a poor understanding of the

fundamental aspects of this class of polymers, they have taken a long time to reach their full

potential. Patent literature as early as 1933 describes the carboxylation of elastomers 63

(issued to l.G. Farben Industrie) and in 1949 Goodyear introduced HYCAR, which was a

butadiene-acrylonitrile-acrylic acid terpolymer. The concept or idea of neutralising the acid
-9groups was apparently largely due to Brown). In the early 1950's, Du Pont introduced

Hypalon 64, which was based on sulphonated structures obtained from chlorinated

polyethylene (cured with various metal oxides). Du Pont followed Hypalon up in 1960 with

their ionomer called Surlyn 6, 8, 65-74. This is an ethylene-methacrylic acid copolymer

containing less than 10mole percentage acid, which is neutralised mostly with zinc or

sodium salts. The unique properties of this polymer, its high melt strength, excellent

toughness and optical clarity, made this an ideal material for certain packaging applications

and golf ball covers.

Recently, new types of ionomers have been introduced which possess a wide variety of

properties, which are utilised in various applications. Du Pont have introduced the

Nafion 38,75 class of perfluorinated sulphonated ionomers, Exxon have described work done

on sulphonated ethylene-propylene terpolymers 76-77 and Asahi Glass Company have

introduced Flemion 78, a perfluorinated carboxylate ionomer.

Initially the reasons for the improvement in properties of ionomers were not fully

understood. A great deal of published literature and patents have been devoted to explaining

ionomeric phenomena and the expanded use of these polymers in a practical context. After

the initial discoveries described above, there has been an explosion in new materials.

2.3 Typical applications of ion-containing polymers

Ion-containing polymers are currently being used in many commercial applications 79-88 and

in novel market areas such as:

moulded products for housewares, automotive parts, toys

skin packaging (for high toughness, clarity and good adhesion to paperboard)
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blow-moulded containers (where good oil resistance and transparency are

required)

various types of films (where toughness, good low-temperature properties and

ease of opening packages are needed)

• extrusion-coated substrates for good grease resistance

waterless cement 89 (by mixing zinc oxide powders with polyacrylic acid)

other applications such as: tubing, electrical insulation, pharmaceutical parts,

cosmetic containers, business machine parts and safety gear

as an additive to cattle feed to increase the yield of milk 81.

8

2.4 Preparation of ionomers

Since there are many types of ion-containing polymers (see point l.I. for list of possible

types), there have been many methods used to prepare these polymers 35-36,90-101. I am not

going to describe the many processes in detail but would like to mention a few typical

methods, including the formation of ionomeric waxes.

Oxidised waxes, which form the basis for the ionomeric waxes, were produced by oxidising

saturated hydrocarbons with a stream of air (temperature of ca. 170°C) in a bubble reactor

(see CHAPTER 3 for more detail). The exact structure of the oxidised product is not

presently known, but through chemical analysis, one can determine the carboxylic, ester,

carbonyl, hydroxyl, etc content. The reaction is relatively easy to control and gives

relatively consistent results. The oxidised wax is then saponified with various cationic

hydroxide salts to form the ionomeric wax (see CHAPTER 4, for more detail).

Another example of ionomer preparation is the description given by Broze, Jerome and

Teyssie 102 for the preparation of halato-telechelic polymers, by first preparing the telechelic

polymer anionically and then neutralising the anionic polymer with metal pivalates or metal

methoxides. These ionomers were used as "model ionomers" to investigate the morphology

of ionomers.

Ionomers were initially only prepared as copolymers from either methacryLic acid or acrylic

acid monomers together with either ethylene n. IOJ-107 or styrene 108-110 as co-component.

Later there are specific examples of other types of polymers, such as those prepared by

Phillips and MacKnight 111 where a polyethylene-phosphonic acid copolymer was prepared

by treating polyethylene with phosphorus trichloride.
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The compositions of the different copolymers and oxidised waxes vary greatly in structure,

resulting in these differences in the physical characteristics. Regardless of the differences in

structure, the ionomers all seem to have the same mechanism of formation of multiplets and

clusters for a specific ionisation degree and anion percentage (see section 1.5 below for a

more detailed explanation).

2.5 Morphological models for ionomeric polymers

2.5.1 Introduction

During the past two decades a large amount of research and development has been done on

ionomers, due to their unusual physical characteristics. There are many papers which

describe the work done on the morphology of polymers 39,112-120. This section describes the

different morphological models and their conclusions.

Brown 59 observed that when carboxylated elastomers were saponified with cations such as

zinc, the product acted like vulcanised rubber. The natural conclusion was that ionic cross

linking was the reason for the properties observed. Itwas thus assumed that a bond such as:

would be predominant. This assumption did not take into consideration the coordination

tendencies of zinc ions, the influence that the hydrocarbon environment of the backbone

would have, or the influence of polar impurities. Initially this explanation for ionomers was

widely accepted, even when complicating factors, such as crystallinity in modified

polyethylene ionomers, were encountered. The proposed structure for ionomers had to be

modified however to explain the structure of monovalent cations. Otocka, Hellmann and

Bleyler 68 proposed a dipole-dipole interaction between salt pairs as shown below:

K+-OOC-R
o 0

R-COO- K+

This proposal recognised the fact that salt groups in the presence of hydrocarbon backbones

would be present as contact ion pairs.
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The ionic cross-link hypothesis did not however account for all the physical characteristics

encountered in ionomers, and other proposed models were developed to explain their

structures. Eisenberg 69 gave a comprehensive theoretical attempt at explaining the structure

of ionomers. This proposed model assumes that a distance corresponding to their ionic radii

separates cations and anions from each other. One thus obtains a contact ion pair. In this

proposal there are two considerations: 1). Ionic volumes or radii are used to calculate the

largest number of ion pairs which can group together (multiplets), taking into account the

effect of intervening hydrocarbon backbones. 2). Energetic considerations are used to

explain the formation of larger entities (aggregates or clusters) which are composed of

groups of ion pairs separated from each other by a layer of hydrocarbon backbones. A

single ion pair can thus be seen as the smallest multiplet that can be formed, while the

largest multiplet size will be limited by the size of the ions (ionic radii) and the

corresponding backbone attached to it. Clusters can be formed when multiplets associate

due to electrostatic interactions between multiplets and overcome opposed forces due to the

elastic nature of the hydrocarbon backbone.

10

Models other than those discussed above were also developed. These are now discussed

individually.

2.5.2 The model of Bonotto and Bonner

X-ray 121 and electron microscopy 122-123 experimentation on ionomers has shown that

structural reorganisation occurs upon neutralisation. The structural reorganisation then

supports the theory of cluster or aggregate formation. Bonotto apparently was the first to

propose the idea that association into ionic clusters occurs in ionomers. Bonotto and Bonner

IH later proposed a model for the formation of ionic aggregates which can be seen in

FIGURE2.2.
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FIGURE 2.2 : Schematic diagram of Bonotto and Bonner124 model for ionic aggregates

The model is not discussed quantitatively but the concept seems to hinge on the fact that

small clusters are formed, which can act as multi functional cross-links. The proposed

model does not clarify whether micro-phase separation takes place or whether the domains

are multiplets or clusters as defined by Eisenberg 69.

2.5.3 The model of Longworth and Vaughan

Longworth and Vaughan125 proposed a model, which assumes micro-phase separation

between the ionic carboxylic salts and the hydrocarbon backbone of an ethylene carboxylic

acid ionomer. This model is based on the analysis of the above ionomer by ionic X-ray

scattering peaks. According to the results, there exists an ionic peak, which gives an ionic

domain of lower limit 100 Á. This figure is calculated from the fact that for a diffraction

peak to occur, at least five repeat units of approximately 20 A must be present (based on the

assumption that the ionic peak observed is a diffraction maximum in the Bragg sense). The

absence of higher-order diffraction maxima indicates imperfect periodicity. Ordered

hydrocarbon chains are assumed to be the nature of the repeat units within the ionic domains

and not the ordered arrangement of the ions themselves. The proposed model of Longworth

and Vaughan is shown in FIGURE 2.3.
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(Q)

(b)

FIGURE 2.3 : Schematic diagram of Longworth-Vaughan'Y model for ionic

aggregates (a) acid copolymer (b) dry ionomer (c) wet ionomer

The Longworth-Vaughan model does not explain all the phenomena occurring in ionorners,

such as the intensity differences in ionic peaks for different cations. If the intensity in ionic

peaks is not cation related, then why does a metal such as cesium show a scattering intensity

approximately a thousand times greater than a metal such as lithium J2S? Secondly, a cluster

of approximately 100 A should influence the degree of crystallinity, which is not

experienced experimentally. There are thus still some unanswered questions.
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2.5.4 The model of Marx, Caulfield and Cooper

Marx, Caulfield and Cooper 126 interpreted the ionic peak differently from Longworth and

Vaughan 125. In their interpretation, they assume that there is no micro-phase separation and

that the acid groups are arranged as aggregates, homogeneously in the amorphous phase ..
An aggregate should then contain two or more carboxyl groups, depending on the type of

copolymer and the amount of water present. The ionic peak, in this model, is assumed to

arise from an electron density difference between the metal ion in the aggregate and the

hydrocarbon backbone. The cations are in fact taken as point scatterers on a paracrystalline

lattice. Marx et all26 then conclude, by mathematical formulae and experimental results, that

the number of ionic groups that aggregate is in fact very low, amounting to no more than

septimers, even at the highest concentration. This then implies that according to

Eisenberg's 69 definitions, in actual fact only multiplets are formed and no clusters are

formed.

There are some objections to the model of Marx et a1126. Firstly, the interpretation of the

ionic peak as being due to the presence of a paracrystalline lattice of scattering sites implies

a considerable degree of regularity in the distance between scattering sites. It is difficult to

believe that in the amorphous zone of a random copolymer this can be possible. Secondly,

lithium cation ionic peaks are difficult to explain on the basis that the peak originates from

electron density differences between the cation and the hydrocarbon backbone. According

to the model of Marx et al126, it is difficult to understand why a peak should be absent for an

acid, but present for the lithium salt, when it is considered that this model proposed that the

difference in electron density of the lithium carboxylate and corresponding carboxylic acid

is very small. Thirdly, as in the Longworth-Vaughan 125 model, such regular scattering sites

should affect crystallinity when acids are saponified. The model does not account for the

alteration of the crystalline morphology when going from the acid to the corresponding salt

form.

2.5.5 The model of MacKnight, Taggart and Stein 127

The models of Longworth et al.125and Marx et al126, were all based on analyses of the ionic

peak, which were based on the assumption that the origin of the ionic peak lies in some

structural regularity in the system imposed by the presence of salt groups. The

interpretation of diffraction data is by no means unique and the random packing of spheres

will also give a peak similar to the ionic peak if the volume fraction of spheres is sufficiently
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Macknight, Taggart and Stein 127 used both RDF (radial distribution function) analysis and

low-angle x-ray scattering, as well as the theories of Guinier-Fornet 128 and Porod 129, to

show that the peak maxima were indeed due to the radius of ionic-spheres and not to the

distance between ionic-spheres. The application of the Porod 129 and Guinier_Fornetl28 data

treatments to the ionomer experimental results could however only produce fairly crude

approximations to the real situation, due to the idealised models on which they had based

their assumptions. The idealised model does not take into account particle size disparity,

non-uniformity of electron density in phases and interference effects, especially those

arising from the presence of ionic peaks. The interference arising from the presence of ionic

peaks is especially pronounced in the Guinier-Fornet!" analysis of the dry salts since the

nature of the interference function giving rise to the ionic peak is not known.

14
high. The peak maximum thus obtained in the case of sufficiently large volume spheres is

therefore related to the radius of the sphere and not to the distance between spheres 128.

Notwithstanding, the combined results of the Porodl19 and Guiruer-Fometl28 analysis and

the ROF analysis indicate the presence of ionic clusters 8-10 Á in radius, randomly

dispersed in the amorphous hydrocarbon matrix. A schematic representation of the

MacKnight Taggart and Steinl27 hard sphere model for ionic aggregates is shown in

FIGURE 2.4 below.

Stellenbosch University http://scholar.sun.ac.za



+

- I
+ HYDROCARBON

CHAINS

+
.....:+

+ +

15

FIGURE 2.4: Schematic diagram of MacKnight, Taggart and Stein127 model for ionic

aggregates

+ +

o
3-r3A

CLUSTER
RADIUS

o
""_--20-35 A--~

SHORT-RANGE OROER DISTANCE

2.5.6 The model ofPineri and co-workers.

,
Pineri et al, 110,130 and Meyer and Pineri 131-132 used other methods than those used before to

study the morphology of ionomers. They used transition metal cations on which electron

spin resonance (ESR) and Mëssbauer (y- ray) spectroscopy could be carried out. They also

used small-angle neutron scattering, x-ray scattering and electron microscopy to analyse the

ionomers. The type of ionomers studied included:

copper salts of low-molecular-weight polybutadiene with terminal carboxylic

groups (Hycar CTB from B.F. Goodrich Co.)
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dimers which account for 20 % of the iron content

quasi-isolated complexes which account for less than 20 % of the iron content.

These complexes have a weak: ferromagnetic coupling and may be present in very

small multiplets or preferentially located in the vicinity of clusters

clusters which account for 40 % to 60 % of the iron content. 90 % of these

clusters are less than 30 Á in radius and contain an average number of 30

complexes.

16
copper, manganese and nickel salts of high-molecular-weight butadiene-

methacrylic acid copolymers

iron [Fe(II)] complexes of butadiene-vinyl pyridine copolymers or butadiene-

styrene-vinyl pyridine terpolymers

Mathematical models were applied to the experimental neutron and x-ray scattering analysis

data to obtain the best tit. The mathematical analysis showed that more than 82 % of the

clusters formed were less than 30 Á in radius and that the average cluster radius was ca.

10 Á. These results are in agreement with the results found by MacKnight, Taggart and

Stein!" as discussed in Section 2.5.5.

Mëssbauer spectroscopy involves the recoilless resonance absorption of y-rays by a

particular nucleus, usually iron, to give an absorption spectrum which supplies more

information about the electronic environment of the specitic nucleus. Pineri's study on vinyl

pyridine complexes revealed three types of structures:

The quasi-isolated complexes and the clusters discussed above are identical to the shell-core

model as suggested by MacKnight, Taggart and Stein!" although the models were

developed for different cations. Considering that different cations were used in the

respective models, it is remarkable that the estimated sizes of the clusters for both models

are more or less the same.

2.5.7 The model of Eisenberg, Hird and Moorel12

Eisenberg, l-lird and Moore 112, proposed a different model to those already proposed. Their

model is based on the formation of multiplets. It differs from other cluster models however

in that they propose that a cluster is formed when there are enough multiplets for there to be

areas of overlap between multiplets. Only the regions of restricted mobility overlap; the

multiplets stay intact. As the overlaps become more frequent, large regions of restricted
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mobility are formed until the regions are large enough to have their own Tg's. Their model

does not require that the clusters be of any geometry, and highly irregular shapes are

possible. The clusters also have no upper limit on the number of ion pairs or multiplets that

they may contain.

The model also accounts for other experimentally observed phenomena, such as the weak

dependence of the Braggs distance on the ion content, phase inversion at a relatively low ion

content, the inability to see clusters using electron microscopy, the absence of two-phase

behaviour in stiff chain ionomers and the effect of plasticisers.

Tsagaropoulos, Kim and Eisenberg 133, used electron spin resonance spectroscopy to obtain

information on the chain mobility in spin-doped poly(styrene-co-(sodium methacrylate»

random ionomers. Based on this and earlier work done on filled systems, DSC and NMR

experimental analysis on ionomers':", they concluded that they had solid proof that the

Eisenberg, Hird and Moore 112 model explains the morphology of random ionomers.

2.5.8 Comparison with filler-filled polymers

Tsagaropoulos and Eisenberg 134 showed that there is an interesting comparison between the

glass transition properties of ionomers and filled polymers. They proposed that the process

of clustering and its effect on ionomer properties should be similar to that of the

incorporation of filler particles into polymers, where regions are created at the polymer-filler

particle interface, which have restricted mobility. For filled polymer systems with nano-

sized filler particles, there should thus be two glass transitions, as for ionomers: one

transition for the polymer matrix and a second transition at a higher temperature, which

correlates to an interfacial region of restricted mobility. Tsagaropoulos and Eisenberg':"

used several polymers such as poly(vinyl acetate) (PVAc), polystyrene (PS), poly(methyl

methacrylate) (PMMA) and poly(4-vinyl pyridine) (P(4VP» homopolymers filled with

nano-particle size silica fillers and used dynamic mechanical thermal analysis (DMTA)

measurements to observe the low temperature transitions. In the graph depicted below

(FIGURE 2.5) the first and second order transitions for both polymer-filled systems and an

ionomer can be seen. The T-Tg values are inconsistent and appear to be derived from the

Tan () peaks and not the extrapolated onsets.
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FIGURE 2.S : Tan 0 versus T - Tg curves for a poly(styrene-co-4.S mol % sodium

methacrylate) ionomer (e) and the following polymers filled with JO wt % of 7 nm

silica particles: PS (0), PMMA (T), P(4VP) (0), and PVAc (II). The curves of the

filled polymers have been shifted for clarity by 0.2, 0.9, 1.4 and 1.9 respectively IJ.&.

The authors do not go into a detailed explanation of the morphology of the filler-filled

system, but conclude by saying that both types of systems behave in a similar way with

respect to their glass transition, implying that they must have similar morphologies. It is

easy to envisage the filler-filled system, which could be another way of describing ionomer

morphology.

2.5.9 Summary

The preceding sections describe how clusters and multiplet models began and how the

different models were developed in trying to describe the experimental findings. Many types

of analytical techniques IJS·JjG were used to analyse the ionomers in an attempt to elucidate

their structure. The model according to Eisenberg, Hird and Moorell2, seems to account for

most of the experimental observations observed so far with respect to random ionomers.

Their approach is different to the previous models and contradicts the so called "hard

sphere" model. The experimentation for the morphological understanding of an ionomeric
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wax does not form part of this thesis, but it is important to attempt to understand the

physical phenomena encountered in ionomeric waxes in relation to their possible

morphology.

2.6 Physical properties of ionomeric polymers

2.6.1 Introduction

There are many physical properties of ion-containing polymers, which can be discussed to

illustrate the difference between an ionomeric polymer and its non-ionised counterpart. I

have only identified a few physical properties, which are of relevance to this thesis. These

properties are described to give an idea of how ionomeric polymers perform physically and

in order for the ionomeric waxes to be compared to the ionomeric polymers to see how far

they differ from each other. The comparison that I am drawing is obviously only a relative

comparison since there are already distinct chemical and mechanical differences between

different types of ionomers and the ionomeric waxes can therefore be expected to have their

own characteristics.

2.6.2 Glass transition in ionomeric polymers

2.6.2.1 Introduction

The glass transition (Tg), implying a transition from a glassy substance to a rubbery

consistency, is characteristic of many polymeric solids. During Tg-tests, as the temperature

is increased, the segmental mobility increases to the point where rubber-like deformation

under applied stress becomes possible. The segmental mobility will be dependent upon the

intermolecular forces. In the case of ion-containing polymers, the degree of ionisation, the

type of anion and the cation should playa role in the retardation of the segmental motion.

There are a few analytical methods for determining the glass transition temperatures of

ionomers. These could include differential scanning calorimetry (DSC) 85, 137-138, dynamic

mechanical thermal analysis (DMTA) 85,137-140,141, rheometry l·U and dynamic dielectric

spectroscopy 143-144. These analytical methods show that if the modulus temperature curves

were practically obtained, they would verify that the salt form of the original acid polymer is

dramatically different from the original non-ionised acid polymer.
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2.6.2.2 Specific examples

An example of the difference between the non-ionised polymer and the corresponding salt

form of the same polymer, is a comparison between sulphonated ethylene-propylene

ionomers and poly(ethylene-propylene) from which the ionomer was produced 95. The.
sulphonated-EPDM (ethylene-propylene diene monomer) has an elastic modulus that is

virtually constant up to 200°C, even at very low ionic concentrations (in the multiplet

regions), whereas the EPDM polymer displays viscous flow above 50°C.

Eisenberg and co-workers 71, 106, 14S-1~ had done extensive studies on the relaxation

behaviour of styrene ionomers. They had measured the Tg'S by DSC and had found that

there is a linear relationship between the observed Tg and the increase in salt concentration

of the styrene ionomer. This behaviour is illustrated in FIGURE 2.6 71 shown below .

oo

130 •

FIGURE 2.6 : Glass transition temperature (Tc) versus salt group concentration for

styrene-sodium methacrylate copolymers: (0) low molecular weight, (.) high

molecular weight 7J

110
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The Tg of the high-molecular weight polymer increases initially by 8°C for the first

2 mole % of salt groups whereafter the increase in Tg is ca. 2°C/mole % up to 9 mole % of

the ionomer. It is interesting to note that there is no change in slope at 6 mole %, which is

where ionic clustering starts to form (according to x-ray evidence)". The regular increase in

Tg thus implies that a constant fraction of the salt groups remains mixed in the hydrocarbon

phase, increasing the Tg by a combination of cross linking and copolymer effects. The

above analytical measurements were done by DSC, which is in fact not very sensitive

towards transitions versus temperature. Dynamic: mechanical analytical measurements

would show the transitions much more clearly. In work done by Eisenberg and Navratil 107,

two loss peaks are observed for ionomers with less than 6 mole % sodium methacrylate.

The two loss peaks are shown graphically in FIGURE 2.7107.

FIGURE 2.7 : Loss tangent (tan D)versus temperature for styrene ionomers containing

less than 6 mole % salt groupsl07

The graph shows that for a molar percentage sodium methacrylate above 0.6 % the first

transition (Tp) increases with increasing salt content, while the peak of the second transition

(Ta.) remains relatively constant at ca. ISO°C. For concentrations above 6 mole % however,

a continuous increase of the Ta. (Tan D of the ISO°C peak), is observed. The broadening of

the Tp peak at higher mole % salt groups is depicted graphically in FIGURE 2.8 107.

Stellenbosch University http://scholar.sun.ac.za



22

mol ->'. NoMA

,""', / 6.2
\ /

/ \_/ /7.7
I

/

7.9
t,- ......, "

I I " ;",. ,---....
I // r-. / /8.6/ If '- ..../ ./

_,// ._.., /// 9.1

_.;--- .I -. .,,' "Il <,; -. "
t t /
// ,"t/ ", __ ... ,".,......... ,I,' ...--__...'"
i:
if

10-2L- -L ~/~·L___ ~~ __ ~_L~--~~~
20 60 100 140 ISO

TEMPERATURE, ·C

FIGURE 2.8 : Loss tangent (tan b) versus temperature for styrene ionomers containing

more than 6 mole % salt groupsl07

From the above graphs, it is postulated that at low concentrations of salts (where phase

separation has not taken place yet), the T cx relaxation would be associated with multiplets.

At higher concentrations, where phase separation is more complete and cluster formation is

evident, the broader tan b peak occurs due to the motion of salt groups in large clusters,

which themselves have a distribution in size.

Investigations into the dynamic mechanical properties of ethylene-based ionomers have

been reported by many scientists 12S. 1-40. 1-47-152. Generally, the dynamic mechanical response

for both the acid copolymer and the corresponding salt resembles that of low-density

polyethylene (LDPE). At ca. -120 oe there is a large loss peak, called the a-relaxation,

which is best described as due to a crankshaft motion of short hydr'ocarbon segments in the

amorphous phase. LDPE normally has a transition at ca. - 20 oe, called f3-relaxation, which

is associated with branching. The acid copolymer however shows a relaxation at between

ooe and 50oe, called po, which is attributed to micro-Brownian segmental motion

accompanying restricted motion inbetween crystallites, while the increase in f3-relaxation is

attributed to the cross linking effect of dimerised carboxyl groups. FIGURE 2.9 125, shows

the effect of an increase in percentage neutralisation of the original annealed acid

copolymer. As the acid groups are increasingly neutralised, the J3'-relaxation disappears and
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the l3-relaxation shifts to lower temperatures. The l3-relaxation is thus assigned to a

relaxation occurring in the branched amorphous polyethylene phase, from which most of the

ionic material is excluded.

6 ANNEALêO

FIGURE 2.9 : Temperature dependence of G" for annealed ethylene methacrylic acid

copolymers (4.1 mole % acid) neutralised to various degrees with sodium125

4 0%

Yang, Sun and Risen 153 investigated linear sulphonated polystyrenes in the 3.4 mole % to

20.1 mole % sulphonation range. They used DSC analysis to look at the change in Tg with

changes in suiphonation level and type of cation employed. They found that there was no

correlation between the cation charge or size and the change in Tg. It appeared that the level

of sulphonation was the most important factor influencing the Tg.
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- the change in peaks associated with ionic clustering will be at different minimum

• salt concentrations of the parent copolymer, thus implying that the type of anion

and parent copolymer backbone all playa role in cluster formation

- it would be difficult to predict onset of cluster formation of an ionomeric wax,

based on the above knowledge of shifts in Tgwith onset of cluster formation

- DSC analysis is too insensitive to describe the relaxation peak associated with

cluster formation alone. The DSC peaks are attributed to TgiSfor the amorphous

zones as well as for cluster formation.

24
The above examples of TgiS for different polymers were used to illustrate the following

important conclusions, which form a basis for the investigation into ionomeric waxes:

2.6.3 Rheological properties

2.6.3.1 Introduction

The difference in rheology between the properties of an ionomeric compound and a non-

ionised starting compound is a very good and sensitive method to indicate the effect of the

chemical changes taking place when an ionomer in neutralised. There are many ways of

measuring the rheology of an ionomer (below and above the melt temperature), where all

the methods will still show the effect of neutralisation on the physical properties of the

ionomer. Rheology does not explain the structure or morphology of a particular ionorner,

but the rheological responses are used in conjunction with other techniques to corroborate

theories.

The rheology is discussed separately from Tg measurements, as it forms a large part of this

thesis. Tg measurements are based on rheological responses to mechanically induced

stresses, but only describe a certain transition, and thus do not give a picture of an ionomer's

response to time-temperature tests. These time-temperature tests give more information

concerning the formation of multiplets and clusters.

The number of ionic groups existing in clusters is strongly dependent on the polarity of the

polymer matrix, ionic functionality, and temperature 8-9. 72. 139. 154. At low neutralisation

percentages of an ionomer with a low polarity matrix, only multiplets are favoured, whereas

with an increasing degree of neutralisation, cluster formation is favoured. When an ionomer

is used with a higher degree of matrix polarity, then a progressively higher content of ionic

groups is required in order to favour cluster formation. As the polarity of the matrix
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Increases, the degree of ionic functionality required for cluster formation increases

substantially. TABLE 2.1 shows how the difference in the polarity of the matrix influences

the onset of cluster formation 155.

. TABLE2.1
Critical ion concentration for onset of cluster formation 155

Type of System Mole % a

Polyethylene -. I

Polystyrene 4-6

Poly( ethyl ac_!Ylate) 10-15

Poly(acryJic acid)with 20 wt % formamide 10-20

Na20-xSi02 ca. 20

Na2O-xP205 Unclustered
a Approximate value

The rheological behaviour of ionomers offers convincing evidence that cluster formation or

micro-phase separation has a significant impact on physical properties.

2.6.3.2 Specific examples below the melt temperature

An example to illustrate above statement ("the rheological behaviour of ionomers offers

convincing evidence that cluster formation or micro-phase separation has a significant

impact on physical properties"), is the superimposed time-temperature curves for

poly(styrene-co-methacrylic acid) ionomers with a low ionic content (less than 6 mole

percent) 156. The implication is that there is no cluster formation below 6 mole % but only

multiplet formation. Similar stress-relaxation data for samples with higher ion

concentrations, greater than 6 mole %, could not be superimposed and a master curve

describing the viscoelastic response over the entire region of time and temperature could not

be constructed. The explanation given was that superposition could not be applied because

at higher ionic contents a second relaxation mechanism occurs due to a change in structure.
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The above non-conformance of ionomeric polymers with the WLF-equation (William,

Landers and Ferry equation) is confirmed by work that was done by Broze et al 157. They

used a a,ro-dicarboxylato polybutadiene saponified with a magnesium salt, and investigated

the dynamic mechanical behaviour of this halato telechelic polymer. The resulting master

curve for the storage moduli was plotted and it was found that the shift factors (at) did not fit

the WLF-equation. There was thus no linear relationship found when plotting {To-T)llog 8t

versus (T-To) where To= 302 "K, The authors did however find that the shift factors

correspond very well to an Arrhenius-type of temperature dependence. This dependence is

shown in FIGURE 2.10 157 below.

-1

-2

-3

2.7 2·9 3·1 33

FIGURE 2.10 : Shift factors (aT) versus Iff for Mg-a,ro-dicarboxylato polybutadiene

(ion content: 2 mole 0/0)157

2.6.3.3 Specific examples for above the melt temperature

The viscosity of an ionomer decreases with an increase in shear stress. This is true for all

high polymers. An example of an ionomer's viscosity response to an increase in the degree

of neutralisation (for change in shear rate), is shown below in FIGURE 2.11 ISS.
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FIGURE 2.11 : Shear rate dependent viscosities of an ethylene-methacrylic acid

copolymer (3.5 mole % acid) at various degrees of neutralisation, 160 oe.
% Neutralisation: (X) 0; (0)10;( ~)50;( O)10015~

Log shear rote

The data points used in the graph shown above were used to calculate the parameters of the

following empirical equation (1) 158 :

10g(Tle'yyTlo) = Q(log y-r)2 (y ~ II!) (1)

where:

TID zero stress or Newtonian viscosity

The parameters were calculated by linear multiple regression analysis. The value for TID was

obtained by differentiation. The parameter values were used to calculate the curves shown

in the above figure. The above graph shows that there is a large increase in the low shear

rate viscosity with an increasing degree of neutralisation, but that the effect is much less at

higher shear rates 72. We can therefore conclude that there is a breakdown in some flow unit

in the ionomer at a high shear rate so that the behaviour corresponds more closely to that of

the non-ionised copolymer.

=

TIer) shear rate dependent non-Newtonian viscosity at shear rate y

r has dimension of time

and for y < II!, Tj(.y) = TID

Stellenbosch University http://scholar.sun.ac.za



28
It can be seen from the above that rheology is an important parameter for quantifying the

onset of multiplet and cluster formation.

2.6.4 Strength of ionomeric polymers

The strength of ionomers is mostly expressed in terms of their tensile strength and strain,

although there are obviously many other ways of expressing strength such as toughness,

modulus, flexibility, deformation modes lIJ etc., depending on the typical end use or one's

perspective of what is the most important change occurring during and after reactions with

different cations. Some observations follow concerning the effect of ionomerisation on

polymers with respect to the change in their strength.

The neutralisation of acid copolymers has the effect of increasing the viscosity and the

ultimate tensile strength and of decreasing the elongation at break. This is illustrated in

TABLE 2.2159.

TABLE2.2
Properties of ionomers and polyethylenes 159

Properties ASTM Ionomers Polyethylenes
tests Surlyn Aa HXQD- Low- High-

2137b density density
Melt Index, 44 psi D 1238-52T 0.3-10.0 1.6 1.5 5.0
(190°C)
Density, 23°C/4°C, D 1505-5Tf 0.93-0.94 0.955 0.920 0.960
g/crrr'
Secant modulus of D 882-61T 28 000-40 000 50000 23000 150000
elasticity at 1%
strain, psi
Tensile strength, psi D 882-61T 3500-5500 3600 1 800 4600
Yield strength, psi D 882-61T 2000-2500 1 925 1 200 4200
Elongation, % D 882-61T 300-400 425 600 15% at

yield
Brittleness D 746-55T < -160°C -105°C -80°C -70°C
temperature, 20%
failure
Tensile impact D 1822-61T 150-400 413 f 388 54
(230C), ft-lb/in.'
Stress-crack D 1693-60T no failure, 50%
resistance (50°C, 500 h failures,
Igepal) 24 h
~ Dupont, I> Union Carbide

The above table shows that the tensile strength is increased by neutralisation of the ionorner,

and the melt index is reduced.
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A graphical representation of how typical ionomers perform during stress strain tests is

shown below in FIGURE 2.1216°.

_ 3000
ut
c..
.,;
III~
in 2000

1000

._._.~_.-_.
_._._._._._._. Low-density polyethylene

FIGURE 2.12 : Stress-strain curves of ionomers and polyethylene at 230C 160

Mohajer, et al. 161 looked at the influence of excess neutralising agent on the mechanical

properties of three-arm star polyisobutylene-based model ionomers. They found that excess

neutralising agent increased the tensile strength and postulated that the excess neutralising

agents are retained within the multiplets/clusters formed, up to a certain concentration, after

which the salts will show phase separation and crystallise out to act as fillers.

Bara, et al. 162 also looked at the effect of excess neutralising agent in a sulphonated

polystyrene ionomer with respect to fatigue behaviour. They found that the fatigue

behaviour of an ionomer with excess neutralising agent was better than the same ionomer

with no excess neutralising agent. They postulated that the better fatigue properties were

due to the presence of small particles (1 J..1.mto 5 urn in size), which enhanced resistance to

crack propagation.

2.6.5 Effect of cation

2.6.5.1 Introduction

The role that the independent cations, used to neutralise the ionomers, play in the physical

and chemical characteristics of ionomers, is described in this section.
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The role that the cation plays with respect to physical properties of the ionomer is varied, as

illustrated by TABLE 2.3 12~.

30
2.6.5.2 Mechanical properties

TABLE2.3
Flow behavior of ethylene-acrylic acid copolymer salts 11..

Control Low conversion to salt

Na+ K+ Li + Ca2+ Mg2+

. % Ionised 0 30 25 28 30 37

Melt 67 3.8 4.5 5.2 3.1 2.5
Index"

High conversion to salt

Na + K+ Li+ Cal+ Mg2+

% Ionised 0 66 63 67 63 64

Melt 67 0.3 0.6 0.2 0.1 0.2
Index"

II ASTM D1238 @ 190°C

The above values for melt index show that there is actually not much difference between the

different salts tested, especially at high salt conversions. It thus appears from the above

results that either the melt index is not sensitive enough to show differences in physical

properties or there are no differences, irrespective of the cation, between these particular

copolymers.

The effect of cations on the viscosities and physical properties of metal sulphonated EPDM

(ethylene-propylene diene-monomers) is shown in TABLE 2.4 76. Only zinc and lead

decrease the apparent viscosity at 200°C significantly. The other cations, both monovalent

and divalent, cause very high apparent viscosities.
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TABLE2.4a

Effect of cation on flow and physical properties of sulphonated EPDM 76

Metal . Apparent Melt Melt Index@ Tensile Elongation d,e

viscosity b,
fracture at 190°C,3.3 strength, MPa

mPa.s C
shear rate, MPa d, d,e

Hz fOg/min..
Hg Disintegrated
Mg 55 < 0.88 0 2.2 70

Ca 53.2 <0.88 0 2.8 90

Co 52.3 < 0.88 0 8.1 290

Li 51.5 < 0.88 0 5.2 320

Ba 50.8 <0.88 0 2.3 70

Na 50.6 < 0.88 0 6.6 350

Pb 32.8 88 0.1 11.6 480

Zn 12 147 0.75 10.2 400

a Sulphonate content: 32 meq/l00 EPDM; b At 200°C and 0.88 S-I; eTo convert mPa.s to
centipoise, divide by 1000; d To convert MPa to psi, multiply by 145; e At 25°C

The effect of various cations on an ethylene-methacrylic acid ionomer's physical properties

is shown in TABLE 2.5 163. Monovalent, divalent and trivalent cations enhance the physical

properties when compared to the original starting copolymer.
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Broze, Jerome and Teyssie 29used a halato-telechelic polymer as a model compound to try

and determine what effect the various variables such as cations, percentage neutralised, etc.,

would have on the physical characteristics of these model ionomers. A carboxy-relechelle

polybutadiene (CTPBD) polymer commercially available from BF Goodrich as Hycar CTB,

was neutralised with various cations. FIGURE 2.13 29shows that jf one keeps the 11rt:!value

constant at 3 (log llrcl = 0.48), then for Mg (ionic radius = 0.65 A) a concentration of 1.12

gldL was observed, for Ca (ionic radius = 0.99 A) a concentration of 1.25 g/dl, was

observed and for Ba (ionic radius = 1.35 Á) a concentration of 1.48 g/dL was observed.

These results are in agreement with equation (2).

32
TABLE2.5.

Influence of cation on ethylene-rnethacrylic acid ionomer properties 16J

Methacrylic Na+ Li+ Ba 2+ Mg2+ Zn2+ AIJ+
acid

Anion CH~O' Off Off CHJCOO' CH.lCOO' CH3COO'

% Ionised 4.8 2.8 9.6 8.4 12.8 14.0.
Properties

Melt Index, 10 5.80 0.03 0.12 0.19 0.12 0.09 0.25
g/min.
Yield point, 6.1 13.2 13.1 13.4 15.0 13.2 7.1
MPab

Elongation, % 553 330 317 370 326 313 347
Ultimate tensile 23.4 35.8 33.9 33.9 40.4 29.7 22.0strength, MPa b

Stiffness, Wa b 68.9 190.3 206.8 223.4 164.1 208 103.4
Visual Hazy Clear Clear Clear Clear Clear Clear
transparency
II 10wt % methacrylic acid' D To convert MPa to psi, multiply by 145

(2)

where f (the attractive force) between anion (eA) and cation (ec), varies inversely with both
j

the dielectric constant (e) and the square of their distance (r). For the above values, f does

thus increase as r decreases. The non-correlation of Cu (ionic radius = 0.69 Á) and Mn

(ionic radius = 0.8 A) to equation (2) is ascribed to the less ionic and more coordinating

character of these cations.
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FIGURE 2.13 : Relative viscosity-concentration plots in toluene at 25°C for

a.,ro-carboxylated-polybutadiene containing different metal ions: (.) Mg ; (.A.) Ca ;

(II) Ba ; (T) Cu; (+) Mn29

The above results show that the effect of the type of cation varies depending on the property

measured. Lefelar and Weiss 164 found that with carboxylated ionomers, the packing within

anion layers is determined by the cation. Small divalent cations give denser packing. In

sulphonated ionomers, the anion packing is independent of the counterion.

To understand the influence of the cations, it is necessary first to look at the complete

system and the properties measured. Only then can conclusions be drawn.

2.6.6 Melting point

2.6.6.1 Introduction

The melting point of ionomers is an important physical characteristic, in that this parameter

really distinguishes this class of molecules from the normal covalently cross-linked

polymers. The ionomers appear to exert a reversible cross linking effect, although this cross

linking effect cannot morphologically be directly associated with the normal covalently-
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cross-linked polymers (see Section 2.5 Morphological models). The melting point of an

ionomer is obviously not onJy dependent on the ionomeric character of the polymer but also

dependent on such factors as hydrogen bonding, molecular mass, van der Waals' bonds and

crystallinity. When ionomers do melt, the melting point (Tr) will be dependent upon the

ratio of the heat of fusion (.1Hr) to the entropy of fusion (.1S,) (Tr = .1H,/.1St) and the

melting point may vary over a wide range.

34

Disrupting crystallinity in crystallised ionomers results in, over a limited range, lowering of

the melting point. The crystalline character of the starting material is thus an important

factor to consider before the possible melting point after ionisation can be predicted. This

would be especially true for F- T ionomeric waxes, which exhibit a high degree of

crystallinity before oxidation. Examples of the influence of crystallinity and ionisation

percentage on melting points are shown in TABLE 2.61~8.

TABLE 2.6
Melting points and crystallinities of ethylene-metal acrylate copolymers 1411

COOH/ Molar Acid Na salt Mg salt
100 CH2 % copolymer

acid melting point Melting Crystallinity Melting Crystallinity

(OC) point (OC) point (OC)

0.66 1.32 107 99 24 95 18

1.57 3.14 101 95 18 92 <5

2.26 4.52 98 93 11 Infusible

2.78 5.56 96 91 <5 Infusible

I/Tm - l/Tom = - RI.1Ho In N

where:

Tm is the melting point of the copolymer

TOm is the melting point of the homopolymer

(3)

The melting points of the sodium and magnesium salts are lower than the acid copolymer

and the original starting material polyethylene. Both the crystallinity and the melting points

are lowered with increasing cation concentration. The effect of magnesium on lowering the

melting point is greater than that of sodium, although at higher magnesium concentrations

the ionomers become infusible, while at the same concentration the sodium salts still melt.

The above data can be represented by Flory's copolymer crystallisation equation (3):

Stellenbosch University http://scholar.sun.ac.za



35
Mlo is the heat of fusion of the homopolymer crystals

N is the fraction of crystallised units.

2.6.7 The effect ofplasticisers on ionomers

There have been many articles published on the effect of plasticisers on ionomers 46,52, 120,

143 165-168 P . h as mechani I . d hl' I' d' . ropertles sue as mee aruca propertles an r eo ogica properties are compare

with and without plasticisers, firstly to see the influence of the plasticiser, and secondly to

try and deduce the morphology of the ionomers. Many types of ionomers and plasticisers

have been tested. I will describe a few of these articles concentrating on the effect of

moisture as I later examine the influence of water on ionomers, specifically with regard to

diffusion and sorption.

2.6.7.1 The effect of water on ionomers

The effect of moisture on the Tg of poly(styrene-co-methacrylic acid) is described by Kim

and Eisenberg 169. They found that for a polymer containing 3.6 mole % ions, neutralised

with sodium, even very small amounts of moisture change the tan 0 peak associated with the

clusters formed while the matrix peak (polymer backbone peak) is unchanged. They also

showed however that the activation energies of the cluster phase are independent of the

moisture content. A summary of their results is given in TABLE 2.7 169. Kim and

Eisenberg's results agree with the findings of Tong and Bazuin 166 where for a poly(ethyl

acrylate)-based ionomer plasticised with various amounts of 4-decylaniline, the activation

energies for the two glass transitions remained constant. Kim et al. 170 also noted that for a

sodium-sulphonated polystyrene ionomer mixed with sodium dodecylbenzene sulphonate,

the activation energies for the two Tg's remained constant.
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TABLE2.7

Moisture effect on the matrix peak and cluster peak Tc's and apparent activation
energies 169

Moisture Matrix peak Cluster peak Ea(kJ/mol

content Tg.m Width@ Area Tg.c Width Area Matrix Cluster
(%) eC) liz height eC) eC) @lIz eC) phase phase

eC) height
(OC)

0 128 16 22 184 40 17 530 ± 16 220 ± 15

0.04 127 15 23 173 37 .. 11 520±4 240±7

0.16 129 16 22 181 29 7 500 ± 27 230 ± 10

Villeneuve and Bazuin 171 and Tachino, et al. 172 looked at the influence of plasticisers on

various ionomers. Tachino, et al. aged the ionomers, saponified with various cations, at

50% relative humidity for two years, before immersing them in water for a week. They then

analysed the different ionomers for stiffness and changes in their respective DSC

thermograms. A summary of their results is given in TABLE 2.8 172.

TABLE2.8
Changes of DSC thermograms and stiffness upon water

• • 17limmersion

Ionomer Water content Stiffness .1Hj .1HM
(Wt%) (MPa) (JIg) (JIg)

EMAA-O.6Na O.69a/2. 24b 4778/246b 16a/9b 44a/38b

EMAA-0.6K 1.27/3.47 331/152 17/8 54/43

EMAA-0.6Mg 0.23/0.45 3991391 20120 19120

EMAA-O.6Zn 0.09/0.16 4041399 15114 54/59

II before and b after water immersion at 293 K for a week.
EEMAA-0.6 Na refers to poly(ethylene-co-methacrylic acid)
neutralised with a cation (Na, K,Mg, Zn) to 60% of its acid value .
.1Hj and .1Hm refer to the heat of fusion for the ionomeric clusters
and the crystallisation region respectively.

The table indicates that the sodium and potassium neutralised samples show a relatively

large increase in water content and a corresponding change in stiffness and .1Hj. The Mfm

values do not change significantly, irrespective of the cation used for neutralisation (the

slight reductions of the .1Hm for Na and K neutralised samples are ascribed to erratic

readings caused by peaks around 380 Kelvin which are due to the release of water). The
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authors conclude that certain salts are more prone to water absorption and that the water

only affects the ionic aggregates, leaving the crystalline regions unchanged.

Makowski, et al. 173 prepared vanous metal sulphonated ethylene-propylene-diene

terpolymers (EPDM) and tested these ionomers for melt viscosities, physical characteristics

and water absorption. They found that if the same base polymer is used and only the type of

cation is varied, barium absorbed the most water and lead the least. The graph for water

absorption versus immersion time is shown in FIGURE 2.14173.
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terpolymers 173

Effect of cation on water absorption of sulphonated EPDM

Bagrodia, et al. 17-t, prepared a sulphonated polyisobutylene telechelic ionorner 81 and

neutralised the ionomer with calcium, potassium and zinc. They found that the

polyisobutylene structure was not very susceptible to water absorption, but that there was

still a difference between the different cations used in the sense that the water absorption

increased from zinc to calcium to potassium. The relative rate of absorption for the cations

tested by Bagrodia et al., agrees with the other authors stated above.
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This part of the thesis examines literature describing the F-T wax as well as the mechanism.
of oxidation for hydrocarbons.

38
2.7 Fischer- Tropsch wax oxidation

2.7.1 Introduction

2.7.2 Definition of waxes

The word or term 'wax' has evolved from the Anglo-Saxon word 'weax'. Weax was the

name given to the material obtained from the honeycomb of the bee. For many years there

was no general definition, which could categorise waxes. In 1953, a definition was

formulated by the Deutsche Gesellschaft fur Fettwissenschaft m, based on the physical

properties of waxes. The definition is given as:

Can be solid, pliable to hard, brittle at 20°C, coarse to fine crystalline, translucent to

opaque but not glassy; melt above 40°C without decomposition, having a relatively

low viscosity just above its melting point, cannot be drawn to threads; consistency

and solubility strongly dependent upon temperature; can be polished under slight

pressure" .

"Wax is a collective technological term for a series of natural or synthetic substances that as

a rule have the following properties:

The above definition is quite a broad definition and certainly describes most waxes, but I

prefer to stick to my own definition of waxes, that is:

Waxes are generally classified as low molecular mass polymers, which have a higher

molecular mass than oligomers and a lower molecular mass than polymers.

2.7.3 History of Fischer-Tropsch waxes

Waxes have also been classified as natural, mineral and synthetic waxes. Natural waxes can

be waxes such as beeswax, spermaceti wax (obtained from the head cavities and the bladder

of the sperm whale), wool wax, vegetable waxes, candelilla wax, carnauba wax, etc.

Mineral waxes are waxes derived from coal in various stages of development. One of these

is montan wax, which is obtained by solvent extraction of lignite of brown coal. Other
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mineral waxes include paraffin wax, ozocerite wax, ceresin wax, utah wax and peat wax.

The main synthetic waxes in commercial use today are F-T and polyethylene waxes.

F Fischer and H Tropsch did research at the Kaiser-Wilhelm Institute (for coal research),

later named the Max-Planck Institute, in MuehlheimlRuhr, in the 1920's. The process,.
which is named after the two researchers, utilises coke or brown coal and steam to form

water gas. The water gas contains, among other things, 6% carbon dioxide, 40% carbon

monoxide and 50% hydrogen. The refined water gas is used at elevated temperatures and,

with a suitable catalyst, forms aliphatic hydrocarbons. Initially Fischer and Tropsch worked

at atmospheric pressure and ca. 200cC to produce the full spectrum of hydrocarbons from

methane to hard waxes (waxes with melting points above lOOCC). The catalysts used

consisted initially of nickel and later mostly of cobalt.

In the years after 1950, the F-T plants operating in Germany and the plants in the USA were

shut down due to the high cost of coal. In South Africa though, where no oil could be found

and large coal resources were available, the construction of a plant utilising the F-T process,

was started in 1953. The fixed bed process is still in operation today.

2.7.4 Products produced at Schumann Sasol through Fischer-Tropsch synthesis

Three main groups of hydrocarbon waxes are produced at Schumann Sasol through the F-T

synthesis: Hard waxes with melting points above 70cC

Medium waxes with melting points in the region of 40cC to 60cC

Liquid paraffins or waxes with melting points below 40cC

This thesis focuses on the hard waxes and I will thus concentrate on these waxes. The

Schumann Sasol hard waxes are the bottom distillates from reactor wax where the lighter

material is removed by distillation. The wax Paraflint H2 (further referred to as H2), forms

the basis of the hard waxes. H2 is further distilled to give products .with narrower molecular

mass distributions. These products are called Paraflint CIOS and Paraflint C80 (further

referred to as CIOS and C80). The physical properties of H2, CIOS and C80 are given

below in TABLE 2.9
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TABLE 2.9

Physical properties of waxes ID, CtOS and C80
Properties Test method H2 CI05 C80

Mn (Average molecular mass, High temperature GPC 17ó 656 1008 541
g/mole) .
Mw (Average molecular High temperature GPC 17ó 785 1180 564
weight, g/mole)

Mz (glmole) High temperature GPC 17ó 1003 1458 589

Pd (polydispersity) High temperature GPC lib 1.2 LI 1.0

lso content (%) HTGC III 2.80 1.19 3.02
Congealing point (OC) ASTMD938 98 103 82

Needle penetration @ 65°C ASTM D 1231 21 6 44
(10.1 mm)

Viscosity @ J20°C (cPs) Brookfield, no. I spindle 12 20 5

The CIOS wax is a harder wax than H2 wax, with a higher average molecular mass. The

waxes oxidised from CIOS for this thesis were, WAX 6 (acid value of ca. 6 mg KOHlg),

WAX 16 (acid value of ca. 16 mg KOHlg) and WAX 28 (acid value of ca. 28 mg KOHlg).

WAX 6 and WAX 16 were manufactured in the laboratory for use in this thesis, while WAX

28 is manufactured commercially. Iused only C 105 based oxidised waxes to saponify as

these waxes have not been well documented and the narrower cut CIOS would possibly give

a more consistent product. I will elaborate on the oxidation procedure later in this chapter.

2.7.5 Hard wax uses

The H2, e80 and CIOS waxes are used in polishes, in plastics to enhance gloss, in colour

dispersions, in candles to improve hardness and finish, in insulation, in can coatings, in

carton coatings, in anti-blocking agents, in PVC lubricants, in components for electrical

cables, in paper conversion, in chewing gums, in carbon paper backing, in printing inks, in

paints, in wax crayons, in hot melt adhesives and as lubricants i~ the rubber industry, in

washing machines and in plastic mouldings.

2.7.6 Structure of Fischer-Tropsch waxes

It is necessary to understand the structure of the non-oxidised F-T waxes before it is possible

to understand what happens when these waxes are oxidised. A description of the possible

structure of F-T waxes follows.
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The production methods of F-T waxes had been well documented before 1960 178-185 but

there was very little work that had been done to explain the structure of the waxes formed

from F-T synthesis. Le Roux 186 described the structure of waxy material to be a type Ior

a type II wax, where a type Iwax is a highly crystalline wax and a type II wax is essentially

an amorphous material. The two classes described, type I and type II, are seen as extreme

cases. Many waxes however would fall into an intermediate class between these two

extreme classes. Le Roux utilised IR (infra red) spectrometric analysis, average molecular

mass measurements, needle point hardness tests, density ..measurements, melting points and

X-ray diffraction analysis and concluded that a type Iwax consists of crystallites which are

thick plates. Disorder regions occur, called defects, within the plates. The so-called defects

occur due to ends of chains, end of branches and kinks. The amount or volume of these

defects has a pronounced effect on the properties of the wax. Waxes are of type I if their

molecules do not differ too much from each other, so that they can crystallise out together.

Type Iwaxes are defined as waxes 187-188 where the differences between molecules are so

small that three dimensional crystal growth is not hindered. There is no experimental
id 187-188 f h' f h " IeVI ence 0 t e existence 0 an amorp ous matnx 10 type waxes.

deformations in type Iwaxes are due to the following factors:

Plastic

molecular movement within crystallites

boundary migration helped by the existence of defects

slip promoted by the presence of crystallites of different sizes

The above third type of mechanism is further promoted by the presence of a liquid layer

(very low molecular mass wax) absorbed to the crystallites. All the above factors are

probably influenced by molecular mass distribution.

Type II waxes and intermediate waxes are waxes where the crystal structure has been

disrupted by either extensive branching (microcrystalline waxes) or where atoms other than

carbon and hydrogen are present (oxidised waxes). The viscosity of the matrix, the thickness

of the crystallised plates, and the relative amount of the two phases present would determine

the properties of a type II wax, The differences between the molecules in type II waxes

severely limit crystal growth. Due to the inhibition of new molecular layers to crystallites,

the crystallites tend to be thin plates. There is also experimental evidence 187-188 of a highly

viscous amorphous matrix. Type II plastic deformations are based on the viscous flow of the

amorphous matrix and bending of crystallites.
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This section gives a review of the oxidation of hydrocarbons in general. There is not much

literature available on the oxidation of F-T waxes 189-190, and the basic chemical

mechanisms, which would explain non-F- T hydrocarbon oxidation, should in theory be the

same for F-T reactions. Although hydrocarbon reactions have been studied for well over a

hundred years, the mechanisms have only been understood for less than 50 years 191-197.
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The waxes used in this thesis are typical type I waxes with a high degree of linearity and low

percentage branching. H2 waxes have ca. 98 % linear content and ca. 2 % iso content. CIOS

has ca. 99 % linear content and ca. 1% iso content, while e80 has ca. 96 % linear content and

ca.4 % iso content. Thus, due to the high linearity, one would expect essentially linear

by-products on oxidation, as there is a very low degree of branching. The oxidation of

waxes is more fully discussed in the next section.

2.8 Oxidation of hydrocarbons

2.8.1 Introduction

The oxidation of straight chain hydrocarbons containing 20 to 25 carbon atoms (e20-C25),

leads to the formation of fatty acids of various molecular weights, beginning in practice

from formic acid and ending with the same number of carbon atoms as the initial paraffin.

This mixture of acids can be distilled to obtain the "soap fatty acids" with 12 to 18 carbons

(C 12-C 18) and then used in the manufacture of synthetic soaps, which are practically

equivalent in detergent action to soaps from animals and vegetable fats and oils 198.

There are obviously two methods of oxidising hydrocarbons, that is, in the vapour phase and

the liquid phase. As the oxidation of F-T waxes takes place in the liquid phase, I will only

be discussing the liquid phase oxidation of hydrocarbons. The history of hydrocarbon

oxidation will be discussed first.

2.8.2 The history of oxidation of hydrocarbons

Approximately twenty five years after the discovery of paraffin wax, Hofstadter 199 was the

first to study the oxidation of paraffin wax with nitric acid. Hofstadter obtained reaction

products such as butyric acid, valerie acid and succinic acid using the above oxidation

method. Gill and Meusel zoo obtained larger oxidation fragments by oxidation with chromic

acid.
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Engler and Boch 201, established the formation of water soluble fatty acids while studying

the oxidation of paraffin wax In air. Schaal 202, was the first to realise the commercial

importance of the oxidation reactions and he was granted a patent on the "Process for the

oxidation of petroleum and similar hydrocarbons to acids and for the manufacture of soaps

and esters of these acids". Schaal 202 was already utilising accelerators such as alkali, but

the process was not fully optimised, giving products of low quality.

The company, D Fanto at Pardubitz 20] was the first company to industrialise the process for

the oxidation of paraffin wax. At first the oxidation at 130°C to 135°C took weeks to

complete, but the process was refined by adding mercury oxide, which shortened the

oxidation process to days.

The research of Grun and Ulbrich 204 showed the important influence of the oxidation

temperature and the airflow rate on the reaction products of air oxidation. The products

prepared on a technical scale were still dark in colour and had an unpleasant smell, but upon

saponification, soaps were produced which had a satisfactory foaming action and a

considerable detergent activity.

In 1921 the Badische Anilin-und Sodafabrik produced several tons of synthetic fatty acids in

an experimental plant in Oppau 205. In 1931 l.G. Farbenindustrie together with Standard Oil

Co. of New Jersey constructed a large experimental plant at Baton Rouge to oxidise

petroleum paraffin wax. In 1934, the companies Henkel und Co. of Dusseldorf and

Markishe Seifenindustrie of Witten, later combined in the Deutsche-Fettsaure-Werke, began

their investigations on the oxidation ofF-T-Rurhchemie synthesised slack paraffin wax.

In America and the former Soviet Union, paraffin wax from crude distilled oil had been the

main starting material for oxidation, while in Germany, lignite paraffin wax was mainly

used until the slack wax from the F-T-Ruhrchemie synthesis became available.

2.8.3 Mechanism of oxidation

The chemistry of the mechanism of oxidation has been described in many articles 206-229.

The oxidation of hydrocarbons is very complex and there are several sequences of reactions

taking place simultaneously, which can affect one another.

Zerner 2]0 found that two different peroxides are formed during oxidation. One of the

peroxides reacts with potassium iodide and sulphuric acid with the liberation of iodine while
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Rt CH2 -CH- CH2 R2 + 02 ~ Rt CH2 -CH- CH2 R2
I I
H OOH

Rieche at that stage was not sure how the alkyl hydroperoxide was formed, but Eman~a) 214

(4)
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the other decolourises indigo sulphuric acid and, only after hydrolysis, liberates iodine

immediately with potassium iodide because of the formation of hydrogen peroxide 231-233.

Rieche 234 gave the first clearly acceptable mechanism for the liquid oxidation of

hydroca~bons. He assumed the initial reaction to be the formation of an alkyl hydro peroxide

produced by the insertion of molecular oxygen between a carbon atom and hydrogen atom,

shown below in equation (4).

RCOH + RO' (9)

describes the initial reactions during autoxidation of hydrocarbons as (equation 5 to 13):

RH + R + (5)

2RH + 2R + (6)

+ (7)

RH e ROOH+ R (8)

The alkyl hydroperoxide can now rearrange into a semi-acetal, which then decomposes into

aldehydes and ketones. The reaction products formed can now also take part in further

reactions.

ROOR, ROR, RCOR ~ R + products (10)

R, RO', O'H + RH ~ + R (11)

ROOH Ii) products (molecular decomposition) (12)
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(13)products

A summary of the reactions is shown schematically below in FIGURE 2.15.

HYDROCARBONS
I Autoxidation

HYDORPEROXIDE
IMain reaction

I
Ketone

I
u- Ketohydroperoxides

Side reaction

I
SECONDARY ALCOHOLS

ACIDS ALDEHYDES

PER-ACIDS
,.--__ -----' Reaction with ketone

(Baeyer- Villiger reaction)

ACIDS and ESTERS
ACID

FIGURE 2.15 : Schematic diagram of oxidation reactions of hydrocarbons

45

It is evident from the above that various end products are formed where equations 4 to 8 are

seen as initiation reactions, equations 9 to 11 as propagation reactions and equations 12 to

13 as termination reactions.

Oxidation of hydrocarbons thus produces substances such as acids, esters, lactones,

alcohols, ketones and aldehydes, of which the acid groups and to a lesser extent the esters

can be saponified, to be utilised in the formation of ionomeric waxes.
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Film thickness
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Instrumental conditions
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The two products were oxidised In laboratory bubble reactors with a capacity of

ca. 800 grams. A drawing ofa typical reactor is shown below in Figure 3.1 I.
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CHAPTER 3: Fischer- Tropsch wax oxidation experimentation

This chapter describes the experimental work done at Schumann Sasol on oxidised wax, to

gain a better understanding of the oxidised F-T wax, as well as the experimental waxes

prepared' for this thesis.

3.1 Oxidation of Fischer-Tropsch waxes

3.1..1 Introduction

This chapter is divided into three sections. The first section describes work done to see how

the oxidation of F-T wax proceeds and to obtain a more fundamental understanding of the

oxidation process. The second section describes the production of the three oxidised waxes

used for the synthesis of ionomeric F-T waxes. The manufacture of grafted waxes is

described in the third section.

3.1.2 Experimentation on the effect of oxidation temperature on the functionality of oxidised F-T

waxes

This section describes the work done to identify the type of oxidised groups formed during

uncatalysed oxidation ofF-T waxes, and to determine the influence of oxidation temperature

on the formation of the various groups. The results are then correlated with respect to the

oxidation mechanism mentioned in the previous Chapter 2 and assumptions are made

concerning the structure and reaction mechanism of the waxes used for further

saponification and the formation of ionomeric waxes.

3. I.2.1 Experimentation

Two F-T hydrocarbon products produced at Schumann Sasol were oxidised and the

formation of functional groups was monitored over a period of time to get a more

fundamental understanding of the oxidation process. The two hydrocarbons were a liquid

paraffin (C 14-C 17) and a hard wax called C80. The specifications of the unoxidised Cl 4-

C 17 are given in APPENDLX 3.1.
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. t
AiR

FIGURE 3.1 : Example of a bubble reactor. A. Glass reactor. B. Glass frit. C. Tap for

withdrawing wax. D. Glass bulb to prevent mechanical loss of wax. E. Vessel to

prevent pressure build up and trap of volatile components. F. Tap. G. Heated reactor.

H. Thermocouple coupled to G to regulate temperature 1.

3.l.2.2 Results

The oxidation results for C14-C17 are shown in APPENDIX 3.2 and for C80 in

APPENDIX 3.3. The oxidations were conducted at constant temperatures with no catalysts

present and the flow rate of the air was kept constant at 2.3 litres/minute.

3.1.2.3 Discussion

The results of APPENDIX 3.2 are depicted graphically in FIGURES 3.2 to 3.4 shown

below.
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Oxidation value vs oxidation time

for C14-C17 at 170 °C oxidation temperature
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The three graphs above all show the same trends:

59

The formation of alcohol groups and peroxide groups are initially dominant

at low temperatures, but as the oxidation temperature increases, the alcohol

and peroxide groups are still formed initially, but the conversion to

carbonyls, esters and acid groups takes place much faster.

There are always more ester groups formed than acid groups.

The carbonyl group formation seems to be more or less on a par with the

formation of ester groups.

The higher the oxidation temperature, the lower the peroxide value.

The higher the oxidation temperature, the higher the-ratio of alcohol value to

peroxide value.

The alcohols formed seem to reach a maximum value after which the alcohol

value seems to taper off.

The results of APPENDIX 3.3 are depicted graphically in FIGURES 3.5 to 3.7, which are

shown below.
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Oxidation value vs oxidation time for CSO

at 140 °c oxidation temperature
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Oxidation time vs oxidation values for CSO wax

, at 170 ·C oxidation temperature
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Please note that the carbonyls were not analysed for the above three graphs. The trends in

the above three graphs (excluding the carbonyls, as no results are available for the last three

graphs) are identical to the trends described for FIGURES 3.2 to 3.4. The reaction

mechanism is therefore assumed to be the same for both types of hydrocarbons, irrespective

of the starting molecular mass difference.

If we try and correlate the mechanism of reaction to the equations described in

CHAPTER 2, we would see that the initiating equations 4 to 8 describe the formation of the

peroxides and equation 9 the formation of the alcohols. As the reaction proceeds however,

the peroxides and alcohols formed are converted to acids, esters and carbonyls, with the

formation of esters and carbonyls taking preference. In fact, it seems that the carbonyl

groups, according to equation 10 and FIGURE 2.15, CHAPTER 2, are the feeding material,
for the formation of acids and esters.

3.1.3 Oxidation of model compounds

Work had been done at Schumann Sasol 2 on the oxidation of model compounds to further

understand the mechanism of reaction in the formation of oxidised F-T waxes.
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Johannes 2 oxidised the n-C16, n-C24 and n-C32 model compounds at various temperatures

to try and elucidate the process of oxidation. TABLE 3.1 gives a summary of the results

obtained.

62
The study of oxidised F-T waxes and liquids, ranging in carbon numbers from two to one

hundred, cannot be analysed meaningfully utilising standard analytical techniques. Model

compounds were thus oxidised to try and understand what products are formed during the

oxidation process and to try to deduce a mechanism in order to understand more fully the

reaction products formed during hard wax oxidation. The three model compounds used were

n-hexadecane (n-C16), n-tetracosane (n-C24) and n-dotriacontane (n-C32). Samples were

drawn during the reaction of the three model compounds and analysed by GC-MS (Gas

Chromotography-Mass Spectroscopy).
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TABLE3.1

Summary of exuerimental results Z

Exneriments Results
l.Identification of
products formed
during oxidation
ofn-C16 and
n-C24

1.1
1.2
1.3

Products are very similar for both model compounds
The oxidation products form according to a set pattern
A substantial amount of the parent alkane remains unaffected
by the oxidation process. This is in agreement with the
I. 3iterature
The alkanes formed have carbon numbers starting at carbon 2
and going up to one less than the parent hydrocarbon
The aldehydes and ketones range from carbon 2 to the
oxygenate with the same number of carbon atoms as the
parent molecule. The methyl ketones are predominantly
formed during the oxidation and only small amounts of di-
ketones are formed
The y-lactones formed range from carbon 6 to two carbons
less than the parent model compound
Acids range from carbon 2 to two less carbons than the parent
model compound

2.Products formed
during the
oxidation of
n-C16

1.4

1.5

1.6

1.7

2.1 The full range of oxygenates is present very early in the
oxidation
The products present in the reaction mixtures at different
times during the reaction are similar to those that are present
at the start of the reaction
The major differences between the samples taken at different
time intervals concerned were the relative concentration of
the products

3.n-CI60xidised
at various
temperatures

2.2

2.3

3.1 The oxidation products formed are similar, irrespective of the
temperature of oxidation

4.Molecular mass
influence on the
oxidation of
model
compounds
(constant
temperature)

4.1 The oxidation products are similar although n-C32 could
possibly show more isomers of oxidation products than n-
C16
The higher the molecular mass, the higher the concentration
will be of the initial oxidation products. That is, the first
products formed, before these products are themselves
reacted, to form other scission products and derivatives of the
first product.

4Experimental results confirm Pope et al.'s theory that
oxidation takes place at the end of the molecule

5.Oxidation of a
blend of n-C 16,
n-C24 and n-C32
at a constant
temperature

4.2

4.3

5.1 The higher the molecular mass the faster the molecule is
oxidised, within the range examined.
The products formed for the blended model compounds are
the same as for the individual model compounds

5.2

3.1.4 Analysis of oxidised Fischer- Tropsch wax

2Johannes also took a wax rwAX 28 as used in this thesis, see Section 3.4) that was

oxidised for production purposes and analysed the wax to determine its structure.
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The oxidised wax was fractionated on a silica column by eluting the wax with different

polarity solvents and then analysing the wax elutions using infrared spectroscopy (IR),

differential scanning calorimetry (DSC) and high temperature gas chromatography (HTGC).

Attempts were made to conduct mass spectroscopy and nuclear magnetic resonance

spectroscopy (NMR. both proton and carbon 13 NMR), on the eluted portions, but the

spectra were too complex to interpret.
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The results and conclusions of Johannes 2 are summarised as follows:

There is assumed to be an unoxidised portion of the wax ranging in carbon numbers

from C20 to Cl 00. This is not really representative of the carbon distribution of the

original unoxidised wax, see Table 1.9, Chapter I. The results must thus be due to

both the starting material and possible scission products.

A portion of long chain esters was detected.

Ketones, alcohols and esters were detected, ranging in molecular mass from high to

low with an average carbon distribution of C36.

Lactones, carbonyls and acids were detected with molecular masses ranging from

C20 to CIOO.

IR spectra showed the presence of normal esters, which were not detected in the Ge-

MS of the model compounds, due to the normal ester peaks not being resolved in the

spectra.

3.1.5 Summary and conclusions

Through the work of Johannes on oxidised F-T wax and the work done on oxidised

hydrocarbons, the following can be concluded with respect to the possible products formed

when oxidising F-T waxes:

Alkanes can be formed or be left unoxidised from the original starting material,

which will have a carbon distribution ranging from C2 to the carbon number equal to

the original starting material.

Ketones and aldehydes will be formed ranging up to the carbon number equal to the

highest parent hydrocarbon.

Lactones ranging from C6 to two carbons less than the highest carbon number from

the starting material will be formed.
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Acids having carbon numbers ranging from C2 to two carbons less than the highest

carbon number from the starting material will be formed.

Long chain esters will be formed.

Alcohols will be present.

A myriad of oxidised products will thus be present, of which the acid groups, the ester

groups and lactones will be utilised in the formation of the ionomeric waxes.

3.2 Production of grafted Fischer- Tropsch waxes

The possible changing of a wax structure by grafting on acidic groups is an interesting

method of producing a wax, which may be saponified, but which does not have the large

variation in oxidation groups as when oxidised using the conventional method. The idea

behind the grafted waxes is that a more predictable wax will be produced with only specific

types of groups added to the wax. The grafting of polymers has been known for many

years 5-12 and was the basis of the idea of grafting functional groups onto waxes. In this

thesis, the main idea behind the inclusion of grafted waxes was to see how oxidised

ionomeric waxes would differ from grafted ionomeric waxes.

3.2.1 Preparation of grafted Fischer- Tropsch waxes

Many types of monomers can be grafted onto F-T waxes. In this thesis study, it was decided

to use maleic anhydride as a monomer. The maleic anhydride monomer is not so reactive,

that it would rather react with itself to form homopolymer, but in combination with di-

tertiary-butyl peroxide (DTBP), it grafts quite readily onto the wax backbone.

The reaction was conducted in a closed Buchi reactor system utilising a high pressure dosing

unit to add the DTBP/maleic anhydride mixture. The DTBP/maleic anhydride mixture was
/

dissolved in acetone. DTBP only starts forming radicals at temperatures above ca. 120°C

so that one would be assured that the DTBP/maleic anhydride mixture would not react at

room temperature, but only when it entered the reactor. The reaction temperature was

180°C and the reaction was allowed to proceed for ca. 80 minutes after the addition of the

maleic-anhydride and DTBP mixture. The wax was then hydrolysed in the reactor with

distilled water at 140°C, by stirring for ca. 30 minutes, after the water addition. This wax

was called WAX GIl.
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The analysis results of the oxidised waxes, which form the basis of this thesis, are' shown

below in TABLE 3,2

66
3.3 Analysis results of oxidised Fischer- Tropsch waxes

TABLE3.2
Analysis results of the oxidised and grafted Fisc her- Tropsch waxes

ANALYSIS METHOD WAX6 WAX 16 WAX28 WAX GIl
Mn (g/rnole) Ref. 176 Chapter 2 904 832 , 821 913
Mw (g/mole) Ref. 176 Chapter 2 996 983 930 976
-Acid value ASTM 0 3242-79a 6.5 16.0 29.0 10.9
(mg KOHJg)
Saponification Ref. 13 Chapter 3 9.8 30.7 50.5 12.5
value (mg
KOHJg)
Ester value (mg Saponification 4.3 14.7 21.5 1.6
KOHIg value - Acid value

The ester value is obtained by subtracting the acid value from the saponification value. One

can see by the decrease in the Mn (molecular mass) value that the wax is lower in molecular

mass as the oxidation value increases. This implies that the wax is degraded to lower

molecular mass with higher oxidation values. For the acid values observed, the ester value

is always less than the acid value. This contradicts the findings for oxidised C80 wax and

oxidised C 14-C17 liquid wax. I can only assume that the temperature of oxidation is the

difference. Figures 3.5 and 3.8 show that the difference in acid and ester values at 170 °C is

not as great compared with the differences shown in Figures 3.3 and 3.6 (oxidation at 140

°C). The difference in findings can thus be attributed to temperature of oxidation.

The above waxes were used in the following chapters for saponification purposes.
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Because of the many possible variations in the degree of oxidation of the F-T waxes the

degree of saponification, and the type of cation used, I decided to use a statistical block

experimental approach to reduce the possible number of samples needed to describe the

chemical and physical properties of ionomeric F-T waxes. Since this thesis is to my

knowledge the first work conducted on F-T ionomeric waxes, I will try, in this thesis, to

correlate the physical and mechanical tests results with the unique morphological structure

found in ionomeric waxes
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CHAPTER 4 : Fischer- Tropsch wax saponification

4.1 Introduction

The saponification of polymeric acids to form ionomers has been done for many years. In

fact, the' saponification of acids has been known since the first soap was produced from

animal fats. Although soaps do not form exactly the same structures as ionomeric polymers

after saponification of the starting chemical, the saponification process remains the same.

This chapter is devoted to the description of the saponification process of specific waxes,

which were described in CHAPTER 3, as well as a description of the block experimentation

process used and a discussion of the results of the chemical analysis.

4.2 Block experimentation design

I used a computer program called CSS Statistica (windows version 5), which enables one to

design a block experiment, and interpret the test results. The experimental approach used

was a central composite and non-factorial response surface design. This design is used for

the analysis and interpretation of results where the dependence of chemical or physical test

results on the initial chemical composition is unknown. The program allows one to do

three-dimensional graphic interpretations so that at least two variables can be changed

simultaneously and the results of a test be graphically shown, 'measured against these

variable changes. Below, a typical graph shows how the block experiment results can be

represented graphically. In the graph, the x-axis shows the % saponified vs. the acid' value

change on the y-axis, vs. the experimental response on the z-axis (thus a three-dimensional

graph) for a typical ionomeric wax,
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Z-axis
Response

Acid value (mg KOH/g)
Y-axis

X-axis

0/0 Saponified

4.3 Type of waxes saponified and types of cations used

Four types of waxes were saponified. The waxes were WAX 6, WAX 16, WAX 28 and

WAX GIL The acid numbers of the waxes were 6.5 mg KOHlg, 16.0 mg KOHlg, 29.0 mg

KOHlg and 10.9 mg KOHlg as shown in TABLE 3.2, CHAPTER3. These waxes were

saponified to ca. 50 % (m/m) and ca. 100 % (m/m) relative to their acid numbers, with the

corresponding cation salts. Cations used for saponification were lithium (Li), sodium (Na),

potassium (K), calcium (Ca) and barium (Ba). The cations were used as the hydroxides,

which are commercially available in chemically pure grades. WAX GII, the grafted wax,

was only saponified with potassium and calcium, as I only wanted to see if one could detect

differences between grafted and oxidised waxes saponified with specific cations.

4.4 Saponification method

Polymers are saponified in a very different way from waxes 1-<25. They are normally

saponified at much higher temperatures than waxes. Waxes could degrade as oxidation

takes place, if it is not run in an inert atmosphere, and concurrently if the temperatures are

too high.

The first stage in the saponification process was to melt the waxes while stirring, ensuring

that the wax temperature was kept below 140 °C and keeping a nitrogen blanket above the

molten wax to avoid oxidation of the wax. A slurry or solution (depending on the type of
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hydroxide) of the cationic hydroxide (chemically pure grade) was then added slowly (over a

30 minute period) to the molten wax, ensuring that the temperature remained above 100 oe.
If the temperature drops below 100°C, the wax starts to solidify.
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The wax~s were kept molten at a temperature of between 130°C to 140°C for 20 minutes

to 30 minutes before samples were taken for acid value determination. If the acid values

were not found to be equivalent to the desired acid value, then additional cationic hydroxide

was added to lower the acid value to the desired value. After the desired acid value was

obtained, the wax was poured into a shallow metal pan and left to solidify for further use.

4.5 Experimentation

TABLE 4.1
Block experimental design for the ionomeric waxes

Oxidised wax Cation % Saponified Mole % of Mass % of
cation cation

WAX 6 (acid value Li 0 0 0

= 6.5 mg KOHlg) 50.0 5.2 0.04
100.0 10.5 0.08

Na 0 0 0
59.3 6.2 0.16
115.0 12.0 0.31

K 0 0 0
62.3 6.5 0.28
125.0 13.1 0.57

Ca 0 0 0
57.0 6.0 0.27
115.8 12.1 0.54

Ba 0 0 0
50.0 5.2 0.80
126.0 13.2 2.01

WAX 16 (acid value Li 0 0 0
58.7 13.9 0.12

= 16.0 mg KOJ-Ug)
100.0 23.7 0.20

Na 0 0 0
59.9 14.2 0.39
100.0 23.7 0.66

K 0 0 0
70.2 16.7 0.78
131.9 3l.3 1.47

Ca 0 0 0
58.8 14.0 0.67
119.4 28.3 1.37

The block experiments were designed as shown below in Table 4.1 :
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TABLE 4.1 (continued)

Block experimental design for the ionomeric waxes

Oxidised wax Cation % Saponified Mole % of Mass % of
cation cation

WAX 16 (acid value Ba 0 0 0
= 16.0 mg KOHlg) 63.3 15.0 2.48. 117.9 28.0 4.62

WAX 28 (acid value Li 0 0 0
50.0 21.2 0.18= 29.0 mg KOHlg)
72.5 30.8 0.26

Na 0 _. 0 0
51.4 21.8 0.61
100.0 42.4 1.19

K 0 0 0
59.0 25.0 1.19
119.9 50.9 2.42

Ca 0 0 0
58.2 24.7 1.21
119.3 50.6 2.47

Ba 0 0 0
58.8 25.0 4.17
129.1 54.8 9.16

WAX G Il (grafted K 0 0 0

wax, acid value = 50.0 9.0 0.38

10.9 mg KOHlg) 110.7 19.8 0.85
0 0 0Ca

50.0 9.0 0.39
129.1 23.1 1.01

NOTE: The molecular masses for WAX 6, WAX 16, WAX 28 and WAX GII were taken

from TABLE 3.2 in CHAPTER 3. These values were used to determine the mole

percentage of the cation in the wax. For the above results, the % saponified is an expression

of actual amount of salt added with respect to available acid groups and not a percentage of

the actual acid groups saponified.

The reaction temperatures of between 130 °C to 140 °C were increased for the samples

shown below in TABLE 4.2, as these samples started to gel when the temperatures were

below 130 °C, during the cationic hydroxide addition.
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TABLE4.2

Deviations from normal reaction temperatures
WAX TYPE CATION % TEMPERATURE OF

TYPE SAPONIFIED SAPONIFICATION CO Cl

WAX 16 Li 100.0 135 to 155
Na 100.0 130to 150. Li 72.5 130 to 160WAX28
Na 51.4 130to150

100.0 130 to 160
Ba 118.8 130 to 150

The WAX 28 batch saponified with LiOH.H20 was only saponified to 72.5 % of the acid

value, as the samples started to gel (even running the saponification at higher temperatures

did not help) and further addition of the cation hydroxide could not take place.

In TABLE 2.1, CHAPTER 2, the onset of clustering for different polymers is shown. It is

very difficult to predict the onset of clustering for the F-T ionomeric waxes, based on the

results shown in TABLE 2.1. lo the preparation of the waxes, I tried to cover a wide scope

of waxes to try and ensure that I might be able to see where multiplet and cluster formation

takes place in the oxidised and grafted F-T waxes prepared.

4.5.1 Results

The analyses results for the waxes are shown below in TABLE 4.3 :

TABLE4.3
Analysis results of saponified oxidised waxes

Oxidised wax Cation 0/0 Acid value Saponification Ester value
Saponified (mg KOHJg) value (mg (mg KOH/g)

K08Jg)

WAX 6 (acid Li 0 6.5 10.8 4.3

value = 6.5 50.0 3.5 7.6 4.1

mg KOHlg) 100.0 0.6 4.6 4.0

Na 0 6.5 10.8 4.3
59.3 3.3 7.1 3.8
115.0 0.1 3.9 3.8

K 0 6.5 10.8 4.3
62.3 3.4 7.7 4.3
125.0 0.1 3.9 3.8

Ca 0 6.5 10.8 4.3
57.0 3.3 7.3 4.0
115.8 0.2 4.2 4.0
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TABLE 4.3 (continued)

Analysis results of saponified oxidised waxes
Oxidised wax Cation 0/0 Acid value Saponification Ester value

Saponified (mg KOH/g) value (mg (mg KOH/g)
KOWg)

WAX 6 (acid Ba 0 6.5 10.8 4.3
value = 6.5· 50.0 3.6 7.5 3.9
mgKOHlg) 126.0 0.7 4.6 3.9

WAX16 Li 0 16.0 30.8 14.8

(acid value = 58.7 7.5 19.6 12.1

16.0 mg 100.0 1.3 _. 13_6 12.3
KOH/g) Na 0 16.0 30.8 14.8

59.9 7.7 20.2 12.5
100.0 1.7 13.0 11.3

K 0 16.0 30.8 14.8
70.2 7.6 18.7 11.1
131.9 0.9 9.2 8.3

Ca 0 16.0 30.8 14.8
58.8 8.5 23.3 14.8
117.9 1.4 16.1 14.7

Ba 0 16.0 30.8 14.8
63.3 8.2 23.0 14.8
117.9 1.3 16.0 14.7

WAX28 Li 0 29.0 50.5 21.5

(acid value = 50 15.3 36.9 21.6

29.0 mg 72.5 7.4 28.8 21.4

KORlg) Na 0 29.0 50.5 21.5
51.4 15.0 34.0 19.0
100.0 2.2 21.4 19.2

K 0 29.0 50.5 21.5
59.9 15.0 35.6 20.6
119.9 2.5 19.9 17.4

Ca 0 29.0 50.5 21.5
58.2 16.9 38.5 21.6
119.3 2.6 24.4 21.8

Ba 0 29.0 50.5 21.5
58.8 16.5 37.1 20.6
118.8 0.5 15.7 15.2

WAX Gil K 0 10.9 12.7 , 1.8

(grafted wax, 50.0 5.1 6.6 1.5

acid value = 110.7 0.9 2.5 1.6
10.9 mg Ca 0 10.9 12.7 1.8
KORlg) 50.0 5.3 7.0 1.7

129.1 3.1 4.6 1.5
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Some of the saponified waxes had to be treated with more than the theoretical amount of

cation hydroxides to reach the required acid values .. TAB~E 4.4 below shows the amount of

excess cation hydroxide that was added by taking the drop in actual saponification value

versus the amount of cation hydroxide added. The excess cation hydroxide may playa role

in the physical and mechanical properties of the waxes. Mohajer, et al.26 and Hara et al.27

both conducted work in which they used excess neutralising agent in the ionomers. They

concluded that the excess neutralising agent increases the tensile strength of the ionomer up

to a point, after which the salts show phase separation and crystallise out, to act as fillers.

Before phase separation takes place, the excess neutralising agent is retained within the

multiplets/clusters.
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The original analysis results for the acid and saponification values as well as the standard

deviations are shown in APPENDIX 4.1 and APPENDIX 4.2. The graphical representations

of the values are shown in APPENDIX 4.3

4.5.2 Discussien and conclusions

TABLE 4.4 below shows that there are some waxes that have excess cations which are not

accounted for in the analyses implying that the extra cation hydroxides will be present as

unbound cation hydroxides. In the next chapter where the mechanical and physical analyses

are discussed, the extra cations may playa role in the response of a wax to the physical or

mechanical test that it is subjected to and make the interpretation of the data more

understandable.

TABLE4.4
Excess % cation after saponification

Oxidised wax Cation °;0 Mole% Mass%
Saponified excess excess cation

cation

WAX 6 (acid Li 0 0.0 . 0.00

value = 6.5 50.0 0.0 0.00

mg KOHlg) 100.0 0.5 0.00
0 0.0 0.00Na

59.3 0.2 0.00
115.0 1.1 0.03

K 0 0.0 0.00
62.3 1.0 0.04
125.0 2.5 0.11

Ca 0 0.0 0.00
57.0 0.2 0.01
115.8 1.7 0.08
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TABLE 4.4 (continued)

Excess % cation after saponification
Oxidised wax Cation % Mole% Mass%

Saponified excess excess cation
cation

WAX 6 (acid Ba 0 0.0 0.00
value = 6.5 50.0 -0.1 -0.01
mg KOH/g) 126.0 4.0 0.61

WAX16 Li 0 0.0 0.00

(acid value = 58.7 -1.6 -0.01

16.0 mg 100.0 -1.8 -0.02

KOH/g) Na 0 :0.0 0.00
59.9 -0.9 -0.03
100.0 -2.7 -0.07

K 0 0.0 0.00
70.2 -0.9 -0.04
131.9 -1.0 -0.05

Ca 0 0.0 0.00
58.8 1.7 0.08
117.9 7.3 0.35

Ba 0 0.0 0.00
63.3 2.2 0.36
117.9 7.1 1.17

WAX28 Li 0 0.0 0.00

(acid value = 50 0.7 0.01

29.0 mg 72.5 -0.7 -0.01

KOH/g) Na 0 0.0 0.00
51.4 -1.2 -0.03
100.0 -0.2 -0.00

K 0 0.0 0.00
59.9 5.7 0.27
119.9 7.3 0.35

Ca 0 0.0 0.00
58.2 4.2 0.20
119.3 14.8 0.72

Ba 0 0.0 0.00
58.8 3.1 0.53
118.8 -0.6 -0.10

WAX GIl K 0 0.0 0.00

(grafted wax, 50.0 -0.5 -0.02

acid value = 110.7 3.6 ' 0.15

10.9 mg Ca 0 0.0 0.00

KOH/g) 50.0 -0.2 -0.01
129.1 12.8 0.56

A summary of the information of above table is contained in TABLE 4.5, below.
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TABLE4.5

Summary of tabled saponification results

Osidised Cation COMMENTS
wax

WAX6 Li A slight excess of LiOH was needed to achieve the desired acid
(acid value. Hardly any drop in ester value was seen. There is a slight
value = excess of LiOH in the saponified samples (see TABLE 3.4), but the
6.5 mg 50 % sample would most probably be due to experimental errors
KOHlg) (see APPENDIX 3.2).

Na, K An excess of NaOH and KOH were needed to achieve the desired
acid value. Hardly any drop in ester value was seen. There is a
significant amount of excess salt, which will most likely be
accumulated in the multiplets/clusters 26,27 formed during
saponification.

Ca An excess of Ca(OH)2 was needed to achieve the desired acid
value. Hardly any drop in ester value was seen. There is a
significant amount of excess salt, which will most likely be
accumulated in the multiplets/clusters 26.27 formed during
saponification.

Ba An excess of Ba(OH)2 was needed for 100 % saponification to
achieve the desired acid value. The 50 % saponification sample
needed no excess Ba(OH)2 to reach the desired acid value. Hardly
any drop in ester value was seen.

WAX 16 Li, Na Although an excess of LiOH and NaOH was used for the 50 %
(acid saponified sample to achieve the desired acid value, the excess was
value = used to react with the ester and give a negative excess as shown in
16.0 mg TABLE 4.4. A more significant drop in ester value was found due
KOHlg) to a more significant reaction of the ester with the hydroxide, when

compared to WAX 6. The change in ester results could also be
within the repeatability of the analysis method.

K Although an excess of KOH was used for the saponification of the
samples to achieve the desired acid value, the excess was used to
react with the ester and give a negative excess as shown in TABLE
3.4. A more significant drop in ester value was found due to a more
significant reaction of the ester with the hydroxide, when compared
to WAX 6.

Ca, Ba The ester values did not decrease after the divalent salt additions,
with the result that the excess salt, as shown in TABLE 3.5, must
be taken up in the multipiets/clusters 26,27 '

WAX28 Li The ester values did not decrease after LiOH additions. The 100 %
(acid sample could only be saponified to 72.5 % of the desired acid value
value = as the sample gelled up and no further salt could be added. The 50
29.0 mg % sample showed a slight excess in salt, TABLE 4.4, due to
KOH/g) experimental error (see APPENDIX 4.2).
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TABLE 4.5 (continued)

Summary of tabled saponification results

Oxidised Cation COMMENTS
wax

WAX28 Na The ester values decreased slightly after NaOH additions, which
(acid could also be due to experimental errors, see APPENDIX 3.2. Novalue = excess of salt was found for the 59 % sample, although an excess of
29.0 mg salt was added. The excess must have been consumed by the esters
KOH/g) in the sample.

K An excess ofKOH was added, which was not consumed entirely by
the esters in the sample. This is shown in TABLE 4.4 as a
significant amount of excess salt, which will most likely be found
in the multiplets/clusters formed.

Ca An excess of Ca(OH)2 was added, which was not consumed by the
esters in the sample and is shown in TABLE 3.4 as a significant
amount of excess salt, which will most likely be found in the
multiplets/clusters formed.

Ba Although an excess of Ba(OH)2 was added to the samples during
saponification, only the 58.8 % sample shows an excess salt
content, which will most likely be found in the multiplets/clusters
formed.

WAX K,Ca No significant drop in ester value was seen with the greater than
GII 100 % saponified samples. Both cations showed an excess of salt

(grafted after saponification.
wax, acid
value =
10.9 mg
KOHJg)

If one looks at the deviations from normal reaction temperature results in TABLE 4.2, and

one correlates these results to the results in Table 4.4 (excess % cation after saponification),

then there is a correlation between the samples gelling up (needing a higher temperature to

get the sample to flow) and the lack of excess salt. This is true for all the samples in

TABLE 4.2, except for the WAX 16, K, 131.9 % saponified sample. This sample did not

gel up at normal reaction temperatures and yet it did not have an excess of salts as indicated
j

in TABLE 4.4. I can only deduce from this trend that if there are excess salts present in a

highly oxidised sample and the sample is highly saponified (see WAX 16, 100 % saponified

samples and WAX 28, 100 % saponified samples), the excess salts help the samples to flow

when exposed to heat and shear forces. This concurs with the findings ofMohajer, et al.26

and Hara et al.27;ifthere are excess salts, the salts will be retained within the multiplets and

clusters up to a point where phase separation can occur and the salts act as fillers. The

anomaly of the WAX 16, K, 131.9 % sample, I cannot explain. The most likely explanation
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is possibly to do with the larger volume that the K cation occupies, relative to the other

cations. It was not the intent of this thesis to investigate this anomaly .
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A wax penetration test IS a standard test used for waxes to quantifying their hardness

(ASTM 0 1231). The penetration test works on the principle that a needle with a certain

design is loaded with a certain mass at a certain temperature, to see how far the needle will

penetrate the wax within a certain time unit.
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CHAPTER 5 : lonomeric Fischer- Tropsch waxes : Physical and mechanical properties

5.1 Introduction

The ionorneric waxes prepared in CHAPTER 4 were analysed with respect to their physical

and mechanical characteristics. The tests completed included : analysis for penetration,

impact strength, softening point, stress, strain, modulus and toughness.

5.2 Wax penetration tests

The penetration tests can be conducted at temperatures ranging from 25 oe to ca. 90 oe, i.e.
water temperatures, as the instrument is equipped with a thermostatically controlled water

bath. The higher the water temperature, the softer the wax becomes and the more sensitive

the test method becomes towards structural changes. The problem with the saponified

waxes is that some of the ionomeric waxes tend to be sensitive to water absorption and thus

the test could be conducted only at 25 oe (room temperature). The penetration instrument

used was not designed to be used within an oven environment, so that there was no practical

way to heat the waxes to higher temperatures for an elevated temperature test.

The reason behind including this test was to see whether the saponification process alters the

structure of the wax significantly enough to identify trends as the wax is saponified and the

wax cations are varied.

5.2.1 Sample preparation

The waxes were heated to their melting point and cast in a special mould. The moulded

samples were left overnight in a vacuum oven at 25 oe to eliminate any moisture that may

be present on the surface as well as to ensure that the waxes were treated similarly. The wax

moulds were removed from the vacuum oven individually and tested on the penetrometer.

Three samples of each wax were tested to assure a more accurate and representative result.

Stellenbosch University http://scholar.sun.ac.za



81
5.2.2 Results and discussion

The results for the tests are shown below in Table 5.1.

TABLE 5.1
Penetration test results of the Fischer- Tropsch ionomeric waxes at 25 °C
Oxidised Cation 0/0 Average Standard

wax Saponified penetration deviation
value (dmml (dmm)_

WAX16 0 0.9 0.2

Li 58.7 0.2 0.1
100.0 0.2 0.1

Na 59.9 0.2 0.1
100.0 0.2 0.1

K 70.2 0.2 0.1
131.9 0.2 0.1

Ca 58.8 0.3 0.1
119.4 0.2 0.1

Ba 63.3 0.2 0.1
117.9 0.2 0.1

WAX28 0 l.8 0.2
Li 50.0 0.2 0.1

72.5 0.3 0.1
Na 51.4 0.1 0.1

100.0 0.3 0.1
K 59.0 0.5 0.2

119.9 *** ***
Ca 58.2 0.5 0.2

119.3 0.1 0.1
Ba 58.8 0.4 0.2

118.8 0.2 0.1
Note: Only WAX 16 and WAX 28 were tested initially to see ifthere
were any trends. If trends did appear, the rest of the samples were to be

tested.

The WAX 28 potassium saponified wax (119.9 %) could not be moulded
properly, as the wax viscosity was too high. /

A graphical representation of the results of TABLE 5.1 can be seen below in FIGURES 5.1

and 5.2. The mole % for each cation was taken from TABLE 4.1, CHAPTER 4.
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A summation of the results from TABLE 5. J, FIGURES 5.1 and 5.2 are shown below in

TABLE 5.2.
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TABLE 5.2

Summary of penetration test results of the Fischer- Tropsch ionomeric waxes at 25°C

Oxidised Cation
wax

Comments

WAX 16

Ca The 50 % saponified sample does not harden to the same values as
the saponified samples of the monovalent cations and there seems
to be a continued decrease in hardness for the 100 % saponified
sample. Even when one takes the standard deviations into account,
the assumption that I am making of a continued decrease seems to
be reasonable.

Ba This cation seems to show the same trend as the monovalent
cations.

Li, Na,
K

There is a definite decrease in penetration value at about 50 %
saponification when compared to the oxidised wax, and a slight
Increase In penetration value at 100 % saponification when
compared to the 50 % saponified samples. If one looks at the
standard deviations of the individual samples however, one cannot
conclude an increase, but rather a flattening out trend in hardness.

WAX28

Na The trend of the monovalent cation for WAX 28 and WAX 16 to
decrease in penetration value from the original oxidised wax and
then to increase in penetration value on 100 % saponification is
more pronounced for this cation sample. Taking the standard
deviations into account however, it could still be a flattening out
effect.

K No trend could be seen, as the 100 % saponified sample was too
viscous to be moulded. The 50 % saponified sample did not show
the same percentage penetration decrease as the corresponding
lithium and sodium cation samples.

Ca, Ba The 50 % saponified samples do not show the same percentage
decrease in penetration value as the monovalent cations, but the
decreasing trends In penetration value (from 0 to 100 %
saponification samples) seem to be the same, for WAX 28 and
WAX 16.

Li The 50 % saponified sample shows a much larger percentage
decrease than the oxidised wax penetration values than the
corresponding WAX 16 sample, but the penetration values for the
saponified samples are in the same order as for the WAX 16
samples.

FIGURES 5.3 to 5.7 show the same results shown in FIGURES 5.1 and 5.2, but the data is

arranged according to cations. From these graphs, the summation given above in

TABLE 5.2, is more apparent.
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It thus appears that the monovalent cation-saponified samples react differently from the

divalent-cation saponified samples. From a morphological viewpoint, it might be that the

monovalent cations have already formed clusters or multiplets at about 50 % saponification

values. This can be deduced from the fact that the wax does not really become harder after

50 % saponification value and seems to flatten out in hardness. The calcium and barium

samples (especially WAX 28 samples for barium) show a definite decrease in penetration

value from the oxidised wax to the 100 % saponified samples. This test does not show clear

changes on the saponified samples to give conclusive proof that the saponified samples are

either in a state of multiplet formation or cluster formation. If it were possible to do the

penetration tests at higher temperatures one might be able to see more clearly whether

multiplet formation or cluster formation is dominant. In isolation, this test is not conclusive

as to whether multiplet formation or cluster formation is dominant on the saponified.
samples, but in conjunction with the other tests performed one might be able to come to a

more firm conclusion (see at the end of this Chapter).

5.3 Impact tests

The next test conducted was an impact test. In this test I was looking at whether the

frequency of a test, in other words, in this case a high frequency impact test, would reveal

any differences between the samples.
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5.3.1 Sample preparation )

The samples were heated to melting point and moulded in a silicone rubber mould. The

samples were left in a vacuum oven overnight to remove any surface moisture and to make

sure that .the samples were all treated in the same way before the test.

The sample dimensions, after de-moulding, were measured to determine the surface area

exposed to the hammer. A reading was taken and the energy required to break the sample

was calculated.

5.3.2 Results and discussions

The results for the tests are shown below in Table 5.3.

TABLE5.3
Impact test results of the Fischer-Tropsch ionomeric waxes at 25 DC

Oxidised Cation 0/0 Surface Impact Energy Average Standard
wax Saponified area reading to energy deviation

[mm') (J) break readings (kJ/mz)
(kJ/mz) (kJ/mz)

WAX 0 137.76 0.143 1038 1056 26
0 137.75 0.148 1074

16 Ba 63.3 136.00 0.104 ·765 792 38
63.3 134.24 0.110 819
117.9 136.60 0.071 520 537 23
117.9 139.24 0.077 553

WAX 0 136.00 0.126 927 883 62
0 137.14 0.115 839

28 Li 50.0 135.72 0.099 729 688 59
50.0 136.30 0.088 646
72.5 140.67 0.088 626 590 51
72.5 138.92 0.077 554

Na 51.4 143.40 0.099 690 958 378
51.4 143.67 0.176 1225

WAX K 59.0 136.6 0.121 886 920 58
28 59.0 138.36 0.136 954 I

Ca 58.2 148.20 0.088 594 671 109
58.2 147.01 0.110 748
119.3 138.94 0.088 633 675 59
119.3 138.06 0.099 717

Ba 58.8 137.76 0.132 958 879 112
58.8 137.44 0.110 800

Note: Only a few samples were tested to see if this test would show any trends.

The above results are shown below graphically in FIGURE 5.8.
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Reproducibility of the impact tests as shown in the above graph and Table 5.3, is rather

suspect, especially with respect to samples WAX 28, Na 51.4 % saponified and WAX 28,

Ca 58.4 % saponified. Due to the poor reproducibility, only a limited amount of samples

were tested. The poor reproducibility could be due to sample preparation.

The structural changes that take place during the formation of ionomeric waxes are a

decrease in crystallinity, due to straight chain disrupture and the formation of multiplets and

I 1-10 W kn fr li Co 1 3 5-7 10 11-19 hl' I d Ic usters . e ow om iterature relerences " ,. t at mu tip ets an c usters

within an ionomeric polymer take much more energy to deform or flow than the

corresponding non-ionised polymer does. The impact test works on the premise that if a

sample becomes harder and more brittle, then the sample will show a lower energy value to

break. The fact that a sample becomes more brittle as it becomes harder is not always true.

Some of the crosslinked polymers become harder with erosslinking but they do not

necessarily become more brittle, so that on impact tests they show high impact value on

breaking. In the case of the above ionomeric wax samples, I would expect the samples to

become more brittle and harder with an increased degree of oxidation in combination with

increased % saponification.

The WAX 28 and WAX 16 oxidised wax samples show that the impact value for WAX 28

is in fact lower than the impact value for WAX 16. This is not what I would expect. J

would expect that as the crystallinity decreases (acid value increases, hardness decreases and
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brittleness decreases), the wax would show a higher impact value. Does this thus imply that

a wax with a lower acid value would give you a higher impact value? Would WAX 6 then

give a higher impact value than WAX 16 and would the un-oxidised Cl 05 wax give you an

even higher impact value? Would this also imply that crystallinity acts as a type of

crosslinking? There are too few results from the above analysis to answer my questions, but

the tensile analysis test results described later in this chapter could give an answer to the

above questions.

The WAX 28 ca. 50 % sodium, potassium and barium samples do not show a trend. The

impact values for these samples are, within experimental error, more or less the same value

of the oxidised sample value.

The WAX 28 lithium samples and WAX 16 barium samples do show a trend. These

samples show lower impact values with increase in saponification value. This implies that

the samples became more brittle as the saponification value increased. WAX 28 calcium

samples also showed a decrease in impact value with an increase in saponification value, up

to the ca. 50 % saponified sample, whereafter the ca. 100 % sample seems to have more or

less the same impact value as the ca. 50 % sample.

The above results in isolation are not conclusive enough to state that the WAX 28 lithium

and calcium samples and the WAX 16 barium samples have formed multiplets or clusters.

In conjunction with the penetration results, one can conclude that for the three sets of

samples (WAX 28 lithium and calcium and WAX 16 barium) multiplet or cluster formation

must have taken place. Both tests showed that the samples either increased in hardness or

brittleness, which implies that only multiplet or cluster formation could have been

responsible.

5.4 Softening point test

This test is done according to ASTM 7893. In this test, the waxes are heated and poured

molten into a special cup with a certain size aperture. After the wax has solidified, the cup

is placed in an instrument where the cup and wax are heated up at a rate of 1°C/minute.

When the wax reaches the softening point, the wax flows out of the cup and falls by

gravitational forces. The wax drop falls past a light beam, which then records the

temperature. Due to this method being very accurate (inherent standard deviation of 1.3 oe,
according to the ASTM method, but in practice it has been found that this method of
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analysis is much more accurate). Only single analyses were done and the error bars are

therefore not included on the graphs of results. A standard wax is used as a reference to

ensure that the instrument is calibrated correctly.

90

5.4.1 Results and discussion.
The results of the softening point tests are shown in Table 5.4.
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TABLE 5.4

Softening point results of the Fischer- Tropsch ionomeric waxes
Oxidised Cation % Mole% Softening point

wax Saponified cation (Oe)
WAX6 Li 0 0.00 109.0

50.0 5.23 109.3. 100.0 10047 10904

Na
0 0.00 109.0

59.3 6.21 107.8
115.0 12.0~ 115.5

K
0 0.00 109.0

62.3 6.52 108.9
125.0 13.08 109.4

Ca
0 0.00 109.0

57.0 5.97 109.....
115.8 12.12 109.5
0 0.00 109.0

Ba 50.0 5.23 109.3
126.0 13.19 108.8

WAX16 Li
0 0.00 108.1

58.7 13.92 108.3
100.0 23.71 112.0

Na
0 0.00 108.1

59.9 14.20 10·U
100.0 23.71 141.0

K
0 0.00 108.1

70.2 16.65 10804
131.9 31.28 114.6

Ca
0 0.00 108.1

58.8 13.9~ 107:9
119..... 28.31 107.9

Ba
0 0.00 108.1

63.3 15.01 107.0
117.9 27.96 107.9

WAX28
0 0.00 10·U

Li 50.0 21.21 10~.5
72.5 30.75 129.2

Na
0 0.00 1O~.1

SlA 21.80 107.6
100.0 ~2.41 129.0
0 0.00 10·U

K 59 25.02 105.2
119.9 50.85 120.3
0 0.00 10~.1

Ca 58.2 24.68 105.6
119.3 50.60 107.9
0 0.00 10·U

Ba 58.8 24.9~ 109.0
118.8 5~.75 116.7
0 0.00 11-U

WAXGll K 50.0 8.86 112.5
110.7 19.62 112.2

Ca
0 0.00 114.3

50.0 8.86 113.8
129.1 22.89 113.6

The results from TABLE 5.4 are shown graphically in FIGURES 5.9 to 5.13.
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FIGURE 5.9 : Li cation: Acid value vs. % Saponified vs. Softening point

The softening point of a wax is dependent on both the melting point of the wax as weU as

the flow characteristics of the wax. as the wax droplet will flow under gravitational forces at

a certain temperature.

The above graph for lithium cation of the ionomeric F-T waxes show that:

I. For the 0 % saponified waxes, as the acid value increases, so the softening point

decrea es. This is to be expected. as the more the wax i oxidised, the more the

crystallinity is decreased, the amount of chain scissions are increased and oxidative

groups are increased so that the softening point is decreased.

2. At ca. 50 % saponification, WAX 16 (acid value 16.0 mg KOH/g) has more or less

the same softening point as WAX 6 (acid value 6.5 mg KOH/g), which implies that

although the crystallinity has been disrupted by oxidation. the formation of

multiplots may have counteracted the lowering of the softening point, resulting in the

net effect of the softening point staying the same as for WAX 6. WAX 28 (acid

value 29.0 mg KOH/g) has a lower softening point than either WAX 6 or WAX 16,
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which implies that the possible formation of multiplets could not counteract the

disruption of the crystallinity. There does not seem to be any formation of clusters

for any of the ca. 50 % saponified samples, as the change in softening points is not

pronounced.

3. For the ca. 100 % saponified samples, the increase in softening point from WAX 6 to

WAX 16 is more pronounced. This implies that the formation of multiplets and/or

possible clusters is much more pronounced when the softening point is increased,

than when the crystallinity is disrupted (lowering of softening point). Wax 28 shows

a large increase in softening point compared with WAX 16 and it may therefore be

concluded that cluster formation is possible.

4. If one looks at WAX 28, ca. 100 % saponified compared to ca. 50 % saponified,

there is a dramatic increase in the softening point, which gives more validity to the

statement I made in point 3. For WAX 6 and WAX 16, the increase in softening

point versus the increase in % saponified is not that great and I assume that only

multiplet formation is seen.
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FIGURE 5.10 : Na cation: Acid value vs. % Saponified vs. Softening point

The above graph for the sodium cation of the ionomeric Fisher- Tropsch waxes shows that:

1. For the ca. 50 % saponified samples, the possible decrease in crystallinity is

counteracted by the formation of most probably multiplets, giving a net result that

the softening point remains more or less the same, irrespective of the acid value.

2. For the ca. 100 % saponified waxes, WAX 16 and WAX 28 show a remarkable

increase in softening point versus WAX 6, which could possibly be due to the

formation of clusters.

3. If one compares WAX 16 and WAX 28, relative to WAX 6, the increase in softening

point from ca. 50 % saponified to ca. 100 % saponification, then one would conclude

that cluster formation must be evident.

4. A phenomenon which I cannot explain at this stage, is that WAX 28 at ca. 100 %

saponi fication has a lower softening point than WAX 16 at ca. 100 % saponification.

One would expect that WAX 28 (100 % saponification) should have a higher

softening point than WAX 16 (100 % saponification) has, due to the larger mole
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percentage concentration of Na cation in WAX 28 (100 % saponification) than for

the WAX 16 (100 % saponification). As I progress further with the thesis, I will

look for patterns regarding this wax sample.
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FIGURE 5.11 : K cation: Acid value vs. % Saponified vs. Softening point

The above graph for potassium cation of the ionomeric Fisher- Tropsch waxes shows that:

1. Results are similar to those seen for the lithium cation. That is, the ca. 50 % saponified

samples show a decrease in softening point with an increase in acid value and for the

100 % saponified samples there is a dramatic increase in softening point with an increase

in acid value. For Wax 28, 100 % saponified, the increase in softening point is most

likely due to cluster formation.
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FIGURE 5.12 : Ca cation: Acid value vs. % Saponified vs. Softening point

For this graph I had to rotate the axis so that the graph was more visible and easier to read.

The acid value and % saponified are thus not on the same axis as in the previous three

graphs.

The above graph for the calcium cation shows that:

1. For both the ca. 50 % saponified samples and the ca. 100 % saponi tied samples, the

softening points essentially stay the same, within experimental error. This is true but

for WAX 28 samples, which show an increase in softening point value with an

increase in saponification value.

2. This differs from results for the monovalent cations, where the ca. 100 % saponified

samples show an increase in softening point with an increase in acid value.

Although multiplet formation is possible, it is not more predominant than the
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possible disruption of the crystallinity, so that the net result is the lowering of the

softening point.

3. It is also noted that even for WAX 28 (high acid value), saponified at ca. 100 %, the

softening point is still lower than for the non-saponified WAX 6 and WAX 16.

4. From the above graph one can thus deduce that only the WAX 28 ca. 50 % and 100

% saponified samples were forming multiplets.
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FIGURE 5.13 : Ba cation: Acid value vs. % Saponified vs. Softening point

The above graph for barium cation shows that:

1. Barium cation results are more similar to the sodium cation results at ca. 50 %

saponification and to the lithium and potassium cation results at ca. 100 % saponification

than to the calcium cation results. The results at 100 % saponification are less

pronounced than the lithium cation and potassium cation results, so that I cannot

conclude that possible cluster/multiplet formation is predominant.

2. The above graph shows that, as in the Ca samples, only WAX 28 samples seem to have
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formed multiplets on saponification. The fact that there is not a dramatic increase in

softening point value from the WAX 28 ca. 50 % saponified sample to the ca. 100 %

saponified samples (as was the case for Li, Na and K samples) leads me to conclude that

cluster formation has not taken place.

I have not included the grafted wax samples in the above graphs, as I wanted to compare

the grafted results in another set of graphs shown below in FIGURE 5.14.
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FIGURE 5.14: K cation: % Saponified vs. Softening point.

The most important fact shown in the above graph is that the softening point of WAX GIl,

o % saponified is ca. 114 oe. This is ca. 1 oe lower than the non-grafted starting wax,

el05, which has a softening point of ca. 115 oe. The grafting process thus does not disrupt

the crystallinity to such a degree that the softening point drops dramatically. It is further

noted that the ca. 50 % saponified and ca. 100 % saponified WAX GIl samples show a

slight decrease in softening point, which could imply that although the crystallinity is

decreased with increasing percentage saponification, the possible formation of multiplets

counteracts the softening effect to a large extent. It is also noticeable that the grafted wax

does not show the same trends as the oxidised wax on saponification, which would be

expected. The grafted wax has only the maleic acid groups grafted onto the wax backbone,

while the oxidised wax has many other functional groups present, all of which could have an

influence on the tests that were carried out on the waxes. WAX G Il seems to behave more

like WAX 6 than WAX 16. This is understandable as WAX G Il has a saponification value'
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99
of ca. 12 mg KOHlg close to the ca. 10 mg KOHlg ofW AX 6. Itwould also appear that the

more polar character of the oxidised waxes causes them to form possible multiplets and

possible clusters to a greater degree than the corresponding grafted wax, if the acid values

are equal.

Graphs of the oxidised and grafted calcium saponified waxes are shown below.

116~--------------------------------------------------~

_ -WAX6
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102+-----~------~------_,------~------~----~------~
100 120 140o 4020 60 80

% Saponified

FIGURE 5.15 : Ca cation: % Saponified vs. Softening point.

In FIGURE 5.15 one can see that, except for WAX 28, the waxes do not seem to form

significant quantities of multiplets to influence the softening point dramatically. The results

shown in this graph agree with both the penetration results and the impact results (see.

sections 5.2 and 5.3), where the saponification with calcium cations does not provide large

changes in results. It appears that the saponification only makes the original oxidised waxes

relatively harder.

In TABLE 2.6 20, the effect ofionomerisation on various polymers has been shown. This

table compares the effect of ionomerisation versus melting point and the degree of

crystallinity. The various polymers had molar percentage acid groups of up to about 6 mole

percentage and, for the polymers tested, it was found that the melting point dropped for all

the polymers, except for the magnesium ionised samples where some of the samples became

non-fusible.

Firstly, there should be a comparison between the melting point and the softening point as

both are related to heating the sample to a specific temperature. The softening point
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The waxes were moulded into dumbbells and the samples were analysed for their

mechanical properties to see whether there are any trends that could be correlated to the

starting oxidation value, the percentage saponified or the cation used.

100
however also incorporates the use of gravitational force to induce viscous flow to determine

the softening point. Correlations might therefore be found between the polymer results and

the wax results. There is however no direct comparison between the results of the oxidised

waxes tested and the polymer results in TABLE 2.6. I presume that oxidation of the waxes

disrupts the crystallinity to such a degree that other effects such as multiplet and cluster

formation become more pronounced in determining the softening point. The saponified

grafted waxes (based on WAX GII) however show the same trend as shown by the

polymers in TABLE 2.6. The crystallinity is probably not disrupted to such a degree when

grafting the waxes, compared to oxidising the waxes. The saponification of the waxes,

when grafting the waxes, thus only lowers the degree of crystallinity, hence lowering the

softening point while the formation of multiplets and clusters is not sufficient enough to

counteract the decrease in the softening point.

5.5 Mechanical analysis

Using the argument I used to explain the inappropriateness of the impact test (section 5.3),

one would conclude that if you test the waxes on a tensile tester at a very slow rate, say

0.5 mm/min crosshead speed, then trends may possibly be identified by this method of

testing. Whether the test would be sensitive enough to show real structural changes is

difficult to predict. The test results stated in literature 1-',15,21-27 were all done on polymers

with very high molecular masses (relative to waxes). Waxes are however very rigid, due to

their crystallinity, and I was not sure of the influence of multiplets/clusters formation on the

tensile strength and elongation.

5.5.1 Dumbbell preparations

The waxes were heated to a molten state and cast in dumbbell mould, specially designed for

waxes. The waxes were allowed to cool down in an oven; the oven temperature was

lowered in stages, 10 °C/30 minute, to room temperature. The dumbbell samples were kept

in a desiccator until the mechanical tests were done.
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5.5.2 Mechanical analysis results and discussions

The test conditions were as follows:

Crosshead speed : 0.5 mm/min.
Temperature

Humidity 50%

The mechanical analysis results can be seen in TABLE 5:5, and a summary of the raw data

can be seen in Appendices 5.1 to 5.4.

TABLES.S
Mechanical test results of the Fisher- Tropsch ionomeric waxes

Oxidised Cation 0/0 Max. Tensile Max. Modulus Toughness
wax Saponified strength (MPa) Elongation (%) (MPa) (KPa)

WAX.6 Li 0 3.0 8.6 35.8 161
50.0 2.4 7.6 32.0 134
100.0 2.1 7.1 29.3 115

Na 0 , 3.0 8.6 35.8 161
59.3 2.6 8.0 33.4 137
115.0 3.2 8.6 37.5 167

K 0 3.0 8.6 35.8 161
62.3 3.4 9.2 37.4 211
125.0 4.4 11.0 46.1 277

Ca 0 3.0 8.6 35.8 161
57.0 1.4 8.4 17.4 95
115.8 2.7 8.6 3l.8 144

Ba 0 3.0 8.6 35.8 161
50.0 3.5 8.7 40.9 184
126.0 1.5 5.7 25.8 58

WAX. Li 0 2.6 10.3 25.7 165

16 58.7 3.9 9.1 42.9 195
100.0 3.3 9.6 34.9 202

Na 0 2.6 10.3 25.7 165
59.9 3.5 9.1 39.3 190
100.0 2.1 7.2 29.5 119

K 0 2.6 10.3 25.7 165
70.2 1.7 7.5 22.9 101
131.9 1.7 6.1 27.3 71

Ca 0 2.6 10.3 25.7 165
58.8 1.3 5.0 27.8 49
119.4 3.4 9.4 36.5 190

Ba 0 2.6 10.3 25.7 165
63.3 1.8 7.0 25.7 97
117.9 l.1 5.3 2l.6 59

101
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TABLE S.S (continued)
Mechanical test results of the Fisher- Tropsch ionomeric waxes

Oxidi sed Cation % Max. Tensile Max. Modulus Toughness
wax Saponified s1~D~(MPa) EIOD!atiOD (%) (MPa) (KPa)

WAX Li 0 1.9 12.0 15.8 134

28 50.0 2.5 7.4 33.7 108. 72.5 2.5 8.5 30.1 165

Na 0 l.9 12.0 15.8 134
51.4 3.4 9.8 34.8 195
100.0 1.4 4.5 30.3 37

K 0 l.9 12.0 .. 15.8 134
59.0 2.3 8.5 27.3 125
119.9 2.2 6.4 34.7 86

Ca 0 l.9 12.0 15.8 134
58.2 l.2 5.9 215 60
119.3 0.6 6.5 9.1 32

Ba 0 l.9 12.0 15.8 134
58.8 2.3 8.6 26.8 115
118.8 l.8 5.5 32.0 62

WAX K 0 2.9 7.9 37.3 165

GII 50.0 4.2 10.6 40.0 266
110.7 4.0 10.8 37.1 283

Ca 0 2.9 7.9 37.3 165
50.0 2.4 6.0 40.3 102
129.1 5.4 9.5 56.2 300

102

FIGURES 5.16 to 5.19 show the mechanical results of the mechanical tests for lithium,

sodium, potassium, calcium and barium cation samples for all the types of waxes.
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FIGURE 5.16 : Li cation: Stress vs. % Saponified vs. Acid value
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FIGURE 5.17 : Li cation: Strain vs. % Saponified vs. Acid value
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FIGURE 5.18 : Li cation: Modulus vs. % Saponified vs. Acid value
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FIGURE 5.19 : Li cation: Toughness vs. % Saponified vs, Acid value
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FIGURE 5.20 : Na cation: Stress vs. % Saponified vs. Acid value
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FIGURE 5.21 : Na cation: Strain vs. % Saponified vs. Acid value
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FIGURE 5.22 : Na cation: Modulus vs. % Saponified vs. Acid value
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FIGURE 5.23 : Na cation: Toughness vs. % Saponified vs. Acid value
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FIGURE 5.24 : K cation: Stress vs. % Saponified vs. Acid value
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FIGURE 5.25 : K cation: Strain vs. % Saponified vs. Acid value
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FIGURE 5.26: K cation: Modulus vs. % Saponified vs. Acid value
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FIGURE 5.27 : K cation: Toughness vs. % Saponified vs. Acid value
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FIGURE 5.28 : Ca cation: Stress vs. % Saponified vs. Acid value
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FIGURE 5.29 : Ca cation: Strain vs. % Saponified vs. Acid value
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FIGURE 5.30 : Ca cation: Modulus vs. % Saponified vs. Acid value
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FIGURE 5.31 : Ca cation: toughness vs. % Saponified vs. Acid value
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FIGURE 5.32 : Ba cation: Stress vs. % Saponified vs. Acid value
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FIGURE 5.33 : Ba cation: Strain vs. % Saponified vs. Acid value
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FIGURE 5.34 : Ba cation: Modulus vs. % Saponified vs. Acid value
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FIGURE 5.35 : Ba cation: Toughness vs. % Saponified vs. Acid value

TABLE 5.6 summarises the observations made from the above graph FIGURES 5.16 to 5.35).
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TABLE 5.6
Summary of observations of the mechanical test results for the Fisher- Tropsch

ionomeric waxes
CATION . OBSERVATIONS
Li cation 1. For the 0 % saponified samples; looking along the acid value axis, the

tensile strength decreases, the strain increases and the modulus decreases
with increasing acid value. The toughness remains more or less the same.
This could be expected, as the crystallinity is likely to decrease with higher
acid values, resulting in the above observatións.

2. WAX 6 (6.5 mg KOHlg acid value) does not show significant changes with
saponification. The tensile strength, strain, modulus and toughness all
remain more or less the same.

3. WAX 16 (16.0 mg KOHlg acid value) at ca. 50 % saponification shows a
decrease In strain and an Increase In tensile strength, modulus and
toughness. The ca. 100 % saponified sample shows a levelling off of
changes when compared to the ca. 50 % saponified sample, except for the
toughness, which seems to increase further. This is most likely due to the
formation of multiplets. Cluster formation does not appear to be taking
place.

4. Saponified WAX 28 samples seem to show the same trend as the WAX 16
samples.

Na cation 1. WAX 6 saponified samples do not show significant changes for any of
the four mechanical test responses. This could possibly imply that the
decrease in crystallinity with the increased degree of saponification is
more or less compensated for by the formation of multiplets, causing
the mechanical test responses to be more or less the same.

2. WAX 16 saponified samples show an increase in tensile stress, modulus
and toughness for the ca. 50 % saponified sample while the ca. 100 %
sample shows a decrease in tensile strength, modulus and toughness.
The WAX 16 strain samples show a decrease in strain, going from the
WAX 16, 0 % saponified sample to the ca. 100 % saponified sample.
The above responses to the mechanical stresses applied could be
explained by the assumption that for the ca. 50 % saponified sample,
there is formation of multiplets in the sample, counteracting the
decrease in crystallinity of the sample and increasing the "strength" of
the sample. For the ca. 100 % saponified sample, however cluster
formation is possible, with much more clearly defined boundaries
between the clusters than when multiplets are formed. The areas
between the clusters can however then be seen as weaker areas than the
clusters themselves, acting as stress points and causing the samples to
fail more quickly on stress induction. The assumption that there is
cluster formation taking place in the ca. 100 % saponified sample is
corroborated by the softening point results.

3. WAX 28 samples show the same trend as the WAX 16 samples, but the
decrease in tensile strength, modulus and toughness for the ca. 100 %
saponified versus the ca. 50 % saponified sample is more pronounced.
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ionomeric waxes

114r---------------------------------------------------------------------TABLE 5.6 (continue)
Summary of observations of the mechanical test results for the Fisher- Tropsch

CATION
K cation

Ca cation

OBSERVATIONS
1. WAX 6 samples show increases in tensile stress, strain, modulus and

toughness with an increase in saponification value. This is most
probably due to the formation of multiplets, which counteracts the
decrease in crystallinity with an increase in saponification value.

2. WAX 16 samples, show a decrease in stress, modulus and toughness for
the ca. 50 % saponified sample, which then flattens out for the ca. 100
% saponified sample. The strain results show a linear decrease with an
increase in % saponified. The above results imply that the ca. 50 %
saponified sample is already in the cluster phase and that the increased
% saponification does not drastically change the morphology of the
sample. This is not in total agreement with the softening point results,
where it seems that cluster formation is prominent only for the ca. 100
% saponified sample.

3. There must therefore be other influences, such as test speed, playing an
important part in the test results.

4. WAX 28 shows an increase in stress and modulus and a decrease in
strain and toughness with increasing % saponification. From the above
results, it is very difficult to say whether cluster formation is dominant
or not.

1. WAX. 6 shows an initial decrease in stress, modulus and toughness (for
the ca. 50 % saponified sample) after which there is an increase in the
stress, modulus and toughness values with increasing saponification
values. The strain values stay more or less constant with increasing
saponification values. This could possibly be due to an initial decrease
in the crystallinity, after which the formation of multiplets results in the
higher "strength" values.

2. WAX 16 shows an initial decrease in the stress, strain and toughness
values (for the ca. 50 % saponified sample) after which there is an
increase in the stress, strain and toughness values with increasing
saponification values. The modulus values initially stay more or less
constant with increasing saponification values. Subsequently there is an
increase in modulus value (for the ca. 100 % saponified sample). The
behaviour of WAX 16 samples is slightly different to that of WAX 6. J
suspect that for WAX 16 the samples are initially weakened due to
saponification, but that with further saponification, multiplets are
formed which results in higher stress, strain and toughness values. In
theory, the strain should decrease when the stress increases, but while
multiplets are formed, crystallisation would be decreased which could
cause the increase in strain with higher saponification values.

3. WAX 28 shows a decreasing trend for the stress, strain, modulus and
toughness results with increasing saponification value. The only logical
explanation for these results is that there is perhaps some multiplet
formation taking place, but not to such an extent that the decrease in
crystallinity (to produce a "weaker" wax) IS overcome. Cluster
formation must be non-existent.
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TABLE 5.6 (continue)

Summary of observations of the mechanical test results for the Fisher- Tropsch
ionomeric waxes

CATION OBSERVA TIONS
Ba cation 1. WAX 6 samples show an initial increase in stress, modulus and

toughness with increasing saponification values (for the ca. 50 %
saponified sample) after which the stress, modulus and toughness
decrease in value. The strain shows a continued decrease in value with
an increase in saponification value. These results are exactly opposite
to the calcium cation results. The fact that the strain decreases implies
that the sample must become more brittle. This would also imply a
lower stress and modulus. It would thus' appear that although multiplet
formation must be prominent, the multiplets resist molecular movement
to such an extent that the samples fail more quickly with mechanical
testing.

2. WAX 16 samples show decreases in stress, strain and toughness with
increasing saponification values. The modulus values remain
essentially constant. The explanation for this is similar to that for WAX
6, ca. 100 % saponified sample. The multiplets formed resist
movement to such a degree that the samples appear "weaker" on
mechanical testing.

3. WAX 28 samples show no apparent change in stress up to ca. 50 %
saponified sample, after which there is a decrease in stress to the
ca. 100 % saponified sample. The strain and toughness, decrease with
increasing saponification value. The modulus increases with increasing
saponification value. The above is explained by the fact that there is
multiplet formation, but that the multiplets are more pronounced than
for WAX 16 samples, resulting in an increased modulus, but yet still
giving lower stress results due to brittleness.

The graphs for the grafted waxes showing mechanical tests results vs. % saponified are shown

below in FIGURE 5.36 to FIGURE 5.43.
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A summary of the observations that can be made from the above graphs (FIGURES 5.36 to

5.43), is given in TABLE 5.7.

TABLES.7
Summary of observations of the mechanical test results for the Fisher- Tropsch

ion om eric waxes
CATION OBSERVATIONS.
K cation 1. FIGURE 5.36 is very interesting because there does not seem to be any

trend in the wax sample results. WAX 6 shows an increase in stress
values as the % saponification increases. WAX 16 shows a decrease in
stress values, flattening out from the ca. 50 % saponified sample to the
ca. 100 % saponified sample. WAX 28 samples show very little change
with an increase in saponification percentage, staying essentially
horizontally unchanged. WAX GIl shows an increase in stress value
with increasing saponification value up to the ca. 50 % saponified
sample, after which the stress value essentially flattens out towards the
ca. 100 % saponified sample.

2. FIGURE 5.37 shows that WAX 6 samples show increasing strain values
with increasing saponification percentage values. WAX 16 and WAX
28 show decreasing strain values with increasing saponification values
and WAX GII shows an increase in strain value with increasing
saponification value up to the ca. 50 % saponified sample, after which
the strain value essentially flattens out towards the ca. 100 % saponified
sample.

3. In FIGURE 5.38, WAX 6 and WAX 28 show increases in modulus with
increasing saponification values, while WAX 16 and WAX GIl
modulus values remain essentially unchanged with increasing
saponification values.

4. FIGURE 5.39 shows that WAX 6 and WAX GIl show an increase in
toughness values for an increase in saponification value, while WAX 16
and WAX 28 show a decrease in toughness values for an increase in
saponification values.

5. What can one conclude from the above observations? It would appear
that the mechanical test responses above show a trend as to the molar %
acid available and the molar % cation with which saponification takes
place. The higher the molar % cation, the more the sample is inclined to
show brittleness, which gives lower stress and strain results. This
would imply that the spread of multiplets and clusters throughout the
sample is important for the response to mechanical testin_g_.
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CATION OBSERVATIONS

TABLE 5.7 (continue)
Summary of observations of the mechanical test results for the Fisher- Tropsch

ionomeric waxes

Ca 1. FIGURE 5.40 shows the same trend for WAX 6, WAX 16 and WAX
cation GII. All these waxes show an initial decrease in stress up to the ca. 50

% saponified sample, after which the stress increases with an increasing
saponification value up to the ca. 100 % saponified sample. WAX GII
shows a marked increase from the ca. 50 % saponified sample to the ca.
100 % saponified sample. WAX 28 shows a continuous decrease in
stress with an increasing saponification value.

2. In FIGURE 5.41, WAX 6 shows no change in strain with an increasing
saponification value. WAX 16 and WAX GIl show the same pattern in
strain that was seen for the stress results (FIGURE 5.40). WAX 28
shows a decrease in strain with an increasing saponification value,
flattening from the ca. 50 % saponified sample to the ca. 100 %.
saponified sample.

3. For the modulus graph (FIGURE 5.42) WAX 16 and WAX GIl show
the same trend: an increase in modulus with an increasing saponification
value. WAX 6 initially shows a decrease in modulus with an increasing
saponification value after which the modulus increases to the ca. 100 %
saponified sample. WAX 28 is just the opposite of WAX 6. Initially an
increase in modulus is seen, after which a decrease in modulus follows
with increasing saponification values.

4. FIGURE 5.43 shows that for WAX 6, WAX 16 and WAX GIl, the
pattern is the same. An initial decrease in toughness is followed by an
increase in the toughness with an increasing saponification value. WAX
28 shows a continuous decrease 10 toughness with increasing
saponification value.

5. For the calcium saponified samples, the trend seems to be that the
samples, for low molar % cation concentration show a decrease in
"strength" after which the samples show an increase in stress and
toughness values. WAX 28, which starts out with a high molar % cation
value for the ca. 50 % saponified sample is "brittle" and thus gives lower
values for stress, strain, modulus and toughness. This trend then
continues for the ca. 100 % saponified sample. WAX GII shows more
or less the same trend in mechanical tests that was shown by WAX 6.

I did one more analysis of the mechanical test results. I assumed that the initial oxidation

value has an influence on the mechanical response. If one then takes the initial acid groups

and their corresponding mole percentage acid value and adds the mole percentage cation,

creating a shift effect on the corresponding graph, would one more clearly understand the

mechanical analysis results? The graphs for the shifted modulus results are shown below in

FIGURES 5.44 to 5.47.
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The above graphs show that the effect of each cation is different w.r.t. the mechanical test

results. None of the graphs above show exactly the same pattern for the various cations.

The literature quoted in Chapter 2 with respect to mechanical properties (references 29, 76,

124 and 163) also concludes that each cation has a different effect on the ionomers tested. In

the above references, polymers were used which were relatively simple and not as complex

as the waxes that I used for this thesis, which makes it even more difficult to draw

conclusions.
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FIGURE 5.48 : Ba cation: Modulus vs. Total mole percentage cation and acid groups

5.5.3 Summary of mechanical test results

The above results for the mechanical tensile tests seem inconclusive as to whether multiplet

formation or cluster formation is dominant, if seen in isolation. -If one looks at relative

changes however, then there are patterns to observe.

First of all if one looks at the oxidised wax samples (WAX 6, WAX 16 and WAX 28), then

from the values in Table 5.5, it can be seen that as the acid value increase, so the elongation

increases, the maximum tensile strength decreases and the modulus decreases. The only

significant change in these samples was the increase in oxidative groups, the decrease in
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crystallinity and the increase in amorphous regions. The above relative changes thus make

For the saponified samples, the picture is however more complex. As the wax samples

increase in acid value and % saponified, there will be a decrease in crystallinity, an increase.
in amorphous regions, the formation of multiplets and clusters. The way to correlate the

above changes as to the mechanical results is to look initially at the elongation in isolation.

As the crystallisation decrease and the amorphous regions increase, the elongation increase

for a sample. If this sample were to be saponified, the amorphous regions would first be

filled with multiplets, causing a decrease in elongation values. If one had to still continue

saponifying the sample, the multiplets would start growing in number and in size. This

would then disrupt the crystalline regions, giving more amorphous regions and increasing

the elongation. If you still kept on saponifying the sample, the multiplets would grow too

significant amounts and cluster formation would take place. At this stage, the clusters

would cause the sample elongation to decrease. In conjunction with the elongation results,

the tensile strength results must also be considered. As a sample is saponified and the

amorphous regions with acid and ester groups are saponified, the tensile strength will

increase. As the sample is further saponified, the tensile strength can decrease or increase

due to crystalline regions decreasing and multiplet formation increasing. As the sample is

further saponified and the elongation decreases, the sample becomes brittle and tensile

strength decreases. At this stage, cluster formation is predominant. Table 5.8 tabulates, for

each sample, based on above principle of analysis, whether multiplet formation is

predominant or whether cluster formation is predominant. . In this table, in the maximum

tensile strength and maximum elongation columns, the letters I (for increase in value versus

the previous value), L (for more or less similar values relative to the previous value) and D

(for decrease in value relative to the previous value) are used. Taking the values in Table

5.5, I compared the values in sequence in a column. Thus as an example, for WAX 6, Li

cation, the maximum elongation column, the WAX 6 value for ma~imum elongation is 8.6

%. The next value in the column, 7.6 % is lower than the value 8.6 % and the last value for

Li, 7.4 % is more or less similar to the previous value if you take the standard deviation in

Appendix 5.2 into account. The rest of the table works on the same principle. Now for the

last column, I have taken the analysis principle explained above and deduced whether

multiplet of cluster formation is predominant. All the cation ca. 50 % saponified samples

were relatively compared to the WAX 6, WAX 16, WAX 28 and WAX Gil samples. For

the table below, I also looked at, relatively speaking, the changes taking place between the
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different wax groups (WAX. 6, etc.) for the same cation. Where the symbol MlC is shown, it

means that J am not sure whether multiplet or cluster formation is predominant.
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TABLE5.8
Summary of the mechanical test results showing whether multiplet or. cluster formation is predominant

Oxidised Cation % Max. Max. Predominantly
wax Saponified Tensile Elongation multiplet or

strength cluster
formation

WAX.6 0 "''''''' "''''''' "''''*
Li 50.0 D D M

100.0 I L M
Na 59.3 D L M

115.0 I L M
K 62.3 I L M

125.0 I I M
Ca 57.0 D L M

115.8 I L M
Ba 50.0 I L M

126.0 D D C
WAX. 16 0 "'*'" "''''''' "'''''''

Li 58.7 I L M
100.0 D L M

Na 59.9 I D M
100.0 D D C

K 70.2 D D M/C
131.9 L D C

Ca 58.8 D D M
119.4 I I M

Ba 63.3 D D C
117.9 D D C

WAX. 28 0 *.,,'" "''Ic'" **."
Li 50.0 L D M

72.5 I I M/C
Na 51.4 I D M

100.0 D D C
WAX. 28 K 59.0 I D M

119.9 L D C
Ca 58.2 D D M

119.3 D I M
Ba 58.8 I D M

118.8 D D C
WAX 0 "''''* "''''''' *"'*
GII K 50.0 D D M

110.7 L L M/C
Ca 50.0 D D M

129.1 I I M
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To test the above results, I have, in this chapter's summary, compared the other test results

from the penetration tests, the impact tests and softening point tests in one table to

summarise whether multiplet formation or cluster formation is predominant.

One last .thought is that if one did stress relaxation tests at constant stress, instead of tensile

tests, one could possibly have learnt more. I think that the test speed of o.5 mm/min is still

too high to really show the morphological changes taking place in the wax. If one also had

an idea at where multiplet formation and cluster formation. took place, one could zoom into a

smaller experimental area and choose the samples to give responses where the possible

transitions take place.

5.6 Chapter 5 summary

A summary of all the results of this chapter is given in Table 5.9, shown below. In this table

I show all the results with respect to whether the individual samples have formed

predominantly multiplets or predominantly clusters. Where I am uncertain, a MlC symbol is

shown meaning that cluster formation is possible. The symbol ND implies that this sample

was not tested.
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The above results as a whole correlate each other, but for the Ba cation results where the

softening point and mechanical analysis results are not in agreement tor a few samples. This

could be due to many factors, but the rheological results of the next chapter will be used to

128
TABLE5.9

Summary of Chapter 5 results with respect to multiplet or cluster predominance

Oxidised Cation % Penetration Impact test Softening Tensile test
wax Saponified test results results point results

results
WAX6 . 0 *** *** *** ***

Li 50.0 ND ND M M
100.0 ND ND M M

Na 59.3 ND ND M M
115.0 ND ND M M

K 62.3 ND ND M M
125.0 ND ND M M

Ca 57.0 ND ND M M
115.8 ND ND M M

Ba 50.0 ND ND M M
126.0 ND ND M C

WAX 16 0 *** *** *** """"*
Li 58.7 MiC ND M M

100.0 M/C ND M M
Na 59.9 MiC ND M M

100.0 M/C ND C C
K 70.2 M/C ND M MiC

131.9 M/C ND C C
Ca 58.8 M/C ND M M

119.4 M/C ND M M
Ba 63.3 MiC MiC M C

117.9 MiC M/C M C
WAX28 0 *** *** *** ""*""

Li 50.0 M/C M/C M M
72.5 M/C M/C C M/C

Na 51.4 MiC M/C M M
100.0 M/C ND C C

K 59.0 M/C MiC M M
119.9 ND ND C C

Ca 58.2 MiC MiC M M
119.3 MiC M/C M M

Ba 58.8 M/C MiC M M
118.8 M/C ND M/C C

WAXGll 0 *** *** *** """""".
K 50.0 ND ND M M

110.7 ND ND M M/C
Ca 50.0 ND ND M M

129.1 ND ND M M
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correlate the results of Table 5.9 and thus define in which morphological state the samples

are.
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Rheometry has been one of the more successful methods used to analyse ionomeric

polymers in order to see cluster and multiplet formations 1-25 and it is a very sensitive

method of analysis with respect to morphological changes 26-28. The onset of multiplets and

clusters has been deduced from rheometry results. I wanted to see in this chapter if I could

deduce more about the morphology of ionomeric F~T waxes when studied through

rheometry. This rheometry chapter was done in an attempt to verify the results of the

previous chapters.

132
CHAPTER 6: Ionomeric Fischer- Tropsch wax : Rheological properties

6.1 Introduction

6.2 Background

There are many mathematical models describing the viscoelastic behaviour of polymers

under stress, such as the Maxwell and Voigt models 29JO. These models describe polymer

response to stress as a spring and dashpot response. In the spring response, the polymer can

store the energy exerted on it and then release the stored energy when the stress is removed.

Hence the description as storage modulus CG'). The second component to induced stress,

acts as a dashpot. This element acts as a damping resistance to the establishment of

equilibrium of the spring element. The dashpot element is described as the loss modulus

CG"). When a polymer, or in the case of this thesis an ionomeric wax, is subjected to a stress

over a certain temperature range, the results are given as the storage modulus G', loss

modulus G" and the loss tangent (Tan 8). The implication of the tests is to show that if one

were to saponify a wax increasingly, the morphological structure of the wax would change

and thus the transition associated with these structural changes would also be seen at

different temperatures. One would thus be able to follow changes in the structure of the wax

with increased saponification or oxidation, or with combinations of both. The effect of the

types of cations should also be visible.

6.3 Experimentation and results

A Rheometries ARES was used to analyse the ionomeric wax samples. The samples were

cast in a rubber mould, 50 mm long, 3 mm thick and 10 mm wide. These samples were

placed in a desiccator with silica gel to make sure that moisture did nol playa role in the

analysis of the samples. The temperature of analysis ranged from - 50 oe to about 80 oe
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and the frequency of testing was kept constant at 1 Hz. The samples were analysed in

duplicate and in triplicate if the results were not close enough in duplicate analysis. The

average results are given in Appendix 6.1.

In analysing the experimental results, I took the G' peak temperature and value results, the.
G" first transition peak temperature and its values and the Tan 8 transition temperature and

value. The results of all the analyses are shown Appendix 6.1. I initially only worked with

the Tan 8 peak for this thesis (see Table 6.1 below), as this. region is where multiplet and

cluster transitions would most probably be seen. I also only looked at the oxidized wax

samples in this part of the thesis, as there was not enough sample left of the grafted waxes

by the time the rheometric experimentation was done.

The rheometric results for the tan 8 values for the individual cations are shown in

TABLE 6.1.
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TABLE6.1
Rheometric experimental results

Wax type Cation type % Tan 0 peak Tan 0 peak
Saponified temperature(°C) value

WAX6 0.0 13.8 0.088. Li 50.0 7.5 0.086
100.0 9.0 0.074

Na 59.3 9.2 0.063
115.0 7.2 0.072

K 62.3 0.5 0.091
125.0 7.5 0.072

Ca 57.0 6.2 0.080
115.8 6.6 0.091

Ba 50.0 9.6 0.077
126.0 7.9 0.091

WAX 16 0.0 9.2 0.105
Li 58.7 9.6 0.084

100.0 8.9 0.075
Na 59.9 5.9 0.072

100.0 6.3 0.055
K 70.2 7.0 0.084

131.9 7.0 0.071
Ca 58.8 4.0 0.077

119.4 8.0 0.075
Ba 63.3 7.3 0.084

117.9 9.6 0.078
WAX28 0.0 -12.1 0.094

Li 50.0 -3.0 0.071
72.5 0.6 0.067

Na 51.4 -3.7 0.068
100,0 4.2 0.057

K 59.0 -0.7 0.089
119.9 -0.4 0.069

Ca 58.2 -8.4 0.067
119.3 1.0 0.063

Ba 58.8 -10.1 0.068
129.1 6.9 0.078
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The results in TABLE 6.1 are shown graphically for the tan ()peak temperature values in AGURES

6.1 to 6.5
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FIGURE 6.1 : Li cation: Tan () transition temperature vs. Acid value vs. % Saponified
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FIGURE 6.2 : Na cation: Tan li transition temperature vs. Acid value vs. % Saponified
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FIGURE 6.3 : K cation: Tan li transition temperature vs. Acid value vs. % Saponified
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_ -11.597
_ -9.901
_ -8.205
_ -6.508
_ -4.812

-3.116
CJ -1.419
CJ 0.277

1.973
_ 3.669
_ 5.366
_ 7.062
_ 8.758
_ 10.455
_ 12.151
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FIGURE 6.4 : Ca cation: Tan 0 transition temperature vs. Acid value vs. % Saponified
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_ above
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FIGURE 6.5 : Ba cation: Tan 0 transition temperature vs. Acid value vs. % Saponified
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When one looks at the oxidised waxes, progressing from WAX 6 through to WAX

28, then the tan 8 transition temperatures decreases in value. This is understandable,

as the tan 8 peak is associated with the crystallinity of the wax samples and there is a

crystallinity decrease in the waxes as the acid number increases.

138
These graphs show the following:

2. If one looks along the acid value axis for the Li cation graph, for WAX 6 and WAX

16, the tan 8 peak temperature values are essentially linear. For WAX 28 however,

there is a definite increase in temperature value.

3. For the Na cation graph, there is a slight drop in tan 8 peak temperature values for

WAX 6 and WAX. 16, whereafter, for WAX 28 there is a definite increase in

temperature value as seen along the acid value axis. The Li cation and Na cation

graphs thus show the same trends.

4. The K cation graph shows the same trends as the Li and Na graphs, when looking

along the acid value axis. For WAX 6 and WAX 16, essentially linear responses for

the tan 8 peak temperature values and for WAX 28, an increase in tan 8 peak

temperature values. It does however appear that for the K cation, WAX 28 results,

that there is an initial increase in Tan 8 peak temperature value, followed by a

flattening out effect.

5. For both the Ca and Ba cation graphs, the trend is slightly different to the

monovalent cations, when looking along the acid value axis. For WAX 6 and WAX

16, there is an initial drop in tan 8 peak temperature values, whereafter the tan 8 peak

temperature values increase. WAX 28 for both the divalent cations shows an

increase in tan 8 peak temperature values.

It appears that the rheometric analysis results show that this method of analysis for

tan 8 alone does not give enough results to conclusively state that a sample is either in

multiplet or cluster formation. The lowering of crystallinity and the increased formation of

multiplets and clusters were seen as a combined peak in the tan 8 peak temperature values,

for the sets of samples tested. There are thus two types of transitions that must be accounted

for. For W~ 6 and WAX 16, as the crystallinity decreases and the multiplets increase, they

counteract each other, giving an essentially linear response on the tan 8 peak temperature

6.4 Discussion
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values. For WAX 28, the increase in multiplets and clusters are predominant and hence the

rise in the tan 8 peak temperature values. Unfortunately, one cannot see from the above

graphs where multiplet formation is predominant and where cluster formation is

predami nant.

To try and understand the tan 8 peak temperature value results more fully, I used the same

reasoning that I used in the mechanical analysis chapter (Chapter 5). I assumed that the

initial oxidation value has an influence on the morphology for the tan 8 peak temperature

value response. If one then took the initial acid groups and their corresponding mole

percentage acid value and added the mole percentage cation added, creating a shift effect on

the corresponding graph, one could more clearly understand the results of the rheological

analysis. The graphs for the five cations are shown below in FIGURES 6.6 to 6.10.

15,------------------------------------------------------------,
~
\

10 ----------,-------------------~----------------------------------_,..-----_._---.-.'......
5 -----------------------------------------------------------------

E
Ol

~ o+-------~----_,------~------_.------,_------,_------~~--~
êii
Q.
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~
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-5 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-10 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-15~----------------------------------------------------------~
Cation mole % plus mole % acid groups

I---WAX 28 ..... ·WAX 6 - • 'WAX 161

FIGURE 6.6 : Li cation: G.-aph of cation mole % plus mole % acid groups vs. Tan 0 peak

temperature value
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FIGURE 6.8 : K cation: Graph of cation mole % plus mole % acid groups vs. Tan 0 peak

temperature value
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The above graphs (FIGURES 6.6 to 6.10) gives one a clearer understanding of the

morphological changes taking place. For both the Li and Na cation graphs, WAX 6 and

WAX 16 show that there is a lowering degree in crystallinity, but the formation of multiplets

counteract the lowering degree in crystallinity. For WAX 28 Li and Na cation samples, the

linear increase for the tan 8 peak temperature values indicates that multiplet or cluster

formation must be taking place. For the K graph, the trend is the same as for the Li and Na

cation graphs. But for the WAX 28 K graph, there is an increase in the Tan 8 peak

temperature values up to the ca. 50 % saponified sample, where the graph flattens out. This

may indicate that cluster formation is complete and the excess K cation added now acts as a

filler, found in the cluster surroundings 31.

The divalent cations react differently and the graphs for Ca and Ba cations show that up to

about 50 % saponification for WAX 28, only multiplet formation can be dominant. The

steep rise in the Tan 8 peak temperature values after about 50 % saponification for WAX 28

samples indicate that formation of clusters could be predominant. Again, if more data points

were shown between the ca. 50 % saponified and ca. 100 % saponified samples, the exact

point of multiplet and cluster formation may be seen.

The above analysis was not conclusive enough to state whether a sample is in multiplet or

cluster formation so I did one last analysis. I initially looked at the relative percentage

change in values tiling place in the three oxidized waxes. What is shown in Table 6.2, is

the peak temperature values of WAX 16 and deducting this value from the corresponding

sample for WAX 6. This is then expressed in percentage form. This then gives me a

relative value as to whether WAX 16 has increased or decreased in value from WAX 6 for a

specific parameter and by how much.

TABLE6.2
Percentage difference in the rheometric test results

Wax type 0/0 0/0 % % % 0/0

Difference Difference Difference Difference Difference Difference
in G' in G' in G" in G" in tan 8 in tan 8
(peak (peak (peak (peak (peak (peak
temp.) value) temp.) value) temp.) value)

WAX6 0.0 0.0 0.0 0.0 0.0 0.0
WAX16 -7.8 -35.3 -223.2 1.3 -33.4 19.0
WAX28 -ILO -38.8 -185.5 -15.0 -231.5 -10.5
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The above table shows that the most significant changes take place with the temperature

values of G" and Tan 8. This would be due to the decrease in the crystallinity and

associated increase in amorphous material. Table 6.3 below, now shows the rest of the wax

samples with the percentage change given, where each set of samples, that is for the

oxidised wax, the ca. 50 % and ca. 100 % samples, are then compared relative to one

another and the increase or decrease in values are compared relatively speaking. The above

values in Table 6.2 are also duplicated from above into Table 6.3.

TABLE 6.3

Percentage difference in results and a column with multiplet of cluster predominance
indication

Wax U/U Cation U/U U/o u/u u/u U/u % Difference Multiplet or
Type Saponified type Difference Difference Difference Difference in Difference in in Tan delta Cluster

in G' in G' in Gil Gil (Values) Tan delta (Values) formation
(Temp.) (Values) (Temp.) (Temp.) (MIC)

6 0.0 ...... ...... ....* *..* ..** *** ***
50.0 Li -10.8 -19.6 -72.4 -16.3 -45.7 -2.3 M

100.0 12.4 14.2 52.9 -0.7 20.0 -14.1 M
59.3 Na 0.7 -17.1 -28.7 -41.3 -33.4 -28.6 M
115.0 -1.1 2.6 -104.5 34.6 -21.7 14.3 M
62.3 K -18.0 -62.4 -258.8 -43.9 -96.4 3.1 M
125.0 -9.6 67.3 106.1 -13.1 1,400.0 -20.9 C
57.0 Ca -10.4 -25.1 -124.3 664.7 -55.1 -8.8 M
115.8 -12.3 4.3 140.0 -88.8 6.5 13.1 M
50.0 Ba 3.8 -13.5 -57.9 -18.4 -30.5 -12.9 M
126.0 -24.0 -13.8 -69.2 3.2 -17.7 18.7 M

16 0.0 -7.8 -35.3 -223.2 1.3 -33.4 19.0 ""*
58.7 Li -6.8 17.4 111.8 -23.1 4.3 -19.8 M
100.0 8.8 -22.1 -33.3 -24.5 -7.3 -10.7 M
59.9 Na -5.0 -86.9 73.3 -92.6 -35.9 -31.4 M
100.0 -4.5 -19.3 147.7 -47.0 6.8 -23.7 C
70.2 K 9.0 -90.7 85.5 -92.8 -23.9 -20.0 M
131.9 -27.3 49.3 489.0 -21.5 0.0 -15.5 C
58.8 Ca -13.8 25.9 5.3 -23.2 -56.5 -26.6 M
119.4 8.1 -92.7 90.3 -93.2 100.0 -2.6 C
63.3 Ba -6.8 10.5 55.3 -25.4 -20.7 -20.3 M
117.9 8.6 -24.4 244.1 -30.2 32.1 -7.0 C

28 0.0 -11.0 -38.8 -185.5 -15.0 -231.5 -10.5 ***
50.0 Li -10.7 80.6 36.4 -13.4 75.2 -24.0 C
72.5 48.4 -95.3 65.9 -92.6 120.0 -6.5 C
51.4 Na 7.6 -87.2 55.3 -94.8 69.4 -27.4 C
100.0 -12.3 1,371.8 57.7 956.6 213.5 -17.2 C
59.0 K -4.8 0.5 59.0 -35.1 94.2 -5.3 C
119.9 -8.8 -85.1 13.5 -90.7 42.9 -22.5 C
58.2 Ca -4.8 105.4 14.7 -7.9 30.6 -28.7 C
119.3 3.2 -92.6 69.2 -94.3 111.9 -5.3 C
58.8 Ba -16.9 55.9 4.6 . -24.3 16.5 -27.7 M
129.1 51.0 -41.0 86.5 -37.2 168.3 14.7 C
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Jf one looks at specifically the temperature values for G" and Tan 6, then a pattern becomes

evident. Where both the G" and Tan 6 values changes positive, it would imply that the

decrease in crystallinity has been overshadowed by the formation of initially multiplets and

if there are significant increase in relative values, by cluster formation. The above table

includes the column to show what is the most likely dominant formation, multiplet or

cluster.

6.5 Summary

The above data showed that:

I. For the monovalent cation samples, multiplet formation is predominant for WAX 6

and WAX 16 saponified samples. For WAX 28 saponified samples, cluster

formation is predominant.

2. For the divalent samples, multiplet formation is predominant for WAX 6 and WAX

16 samples. For the WAX 28 samples, multiplet is predominant around the ca. 50 %

saponified samples and cluster formation is predominant for the ca. 100 %

saponified samples.

If one had included a larger set of samples, that is for 10% saponification, 20 %

saponification, etc., then the exact point of transition for multiplet and cluster formation

would be seen.
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CHAPTER 7 : Ionomeric Fischer- Tropsch wax :Water sorption and diffusion properties

7.1 Introduction

The water absorption of F-T ionomeric waxes is investigated in this chapter. The waxes

were exposed to water vapour, to see what the influence of type of cation versus type of wax

would be on moisture absorption. The percentage moisture absorption was used versus time

and the Margolin I empirical formula used to determine the concentration percentage of the

water in the wax at time infinity.

The Margolin formula is given as:

M(t)=t/(a+bt) +c Equation 1

Where: a, band c are constants for a particular polymer and

M(,Xl) = lib Equation 2

This gives one an idea of the maximum water absorption for a particular wax at time

infinity. Next, the average diffusion coefficient was determined from the initial gradient of

the sorption curve when plotted against the square root of time 2-10. The equation is given

as:

M(t)1M(w) = 4/n ,/,(DtlI}) ,/, Equation 3

Where M(t) = mass increase at time t

M('x» = mass increase at time infinity (maximum mass increase)

D = average diffusion coefficient

L = thickness of sample.

t = time in seconds

For my thesis, I assumed that the increase in L is small and used it as a constant of 1 cm. If

the initial gradient I is observed in a sorption experiment where D is concentration

independent, then the average diffusion coefficient D is given by:
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7.2. Experimental

Disks of wax were cast with a ca. 55 mm diameter and ca. JO mm thickness. These disks

were placed in a desiccator, with a pan of water in the bottom of the desiccator so that the

samples could absorb the moisture. The mass increase of the samples was monitored versus

time, while the temperature was kept constant at 23 °C.

7.3. Sorption results and discussion

The results of the test can be seen in APPENDICES 7.1 to 7.4. The results in

APPENDICES 7.1 to 7.4 are shown graphically in APPENDICES 7.5 to 7.8.and the values

for the constants a, band Mïeo) is shown below in TABLE 7.1.
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TABLE 7.1

Sorption experimental results for the Fisher- Tropsch ionomeric waxes
Cation % Constant Constant M(oo) =
type Saponified a b lib (%)

WAX6 0.0 2000.0 19.00 0.053
Li 50.0 550.0 3.70 0.270

100.0 350.0 2.35 0.426
Na 59.3 250.0 1.45 0.690

115.0 78.0 0.32 3.175
K 62.3 150.0 0.87 1.149

125.0 29.0 0.10 10.000
Ca 57.0 455.0 6.30 0.159

115.8 190.0 4.88 0.205
Ba 50.0 330.0 8.61 0.116

126.0 125.0 9.80 0.102
WAX16 0.0 85.0 17.50 0.057

Li 58.7 125.0 2.65 0.377
100.0 85.0 1.80 0.556

Na 59.9 45.0 0.38 2.660
100.0 23.5 0.02 50.000

K 70.2 5.0 0.14 7.143
131.9 0.8 0.09 11.111

Ca 58.8 125.0 3.60 0.278
119.4 100.0 2.43 0.412

Ba 63.3 125.0 4.00 0.250
Ba 117.9 100.0 2.25 0.444

WAX28 0.0 100.0 7.00 0.143
Li 50.0 70.0 0.93 1.081

72.5 60.0 0.63 1.587
Na 51.4 4.5 0.10 10.526

100.0 1.3 0.05 20.000
K 59.0 0.8 0.09 11.111

119.9 0.5 0.01 100.000
Ca 58.2 90.0 1.70 0.588

119.3 80.0 1.40 0.714
Ba 58.8 80.0 1.75 0.571

129.1 90.0 1.69 0.592
WAXGll 0.0 2000.0 16.50 0.061

K 50.0 200.0 1.45 0.690
110.7 190.0 0.94 1.062

Ca 50.0 950.0 7.50 0.133
129.1 800.0 6.91 0.145
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The results of TABLE 7.1 are shown below in Figures 7. I to 7.5.

_ 0.002
_0.121
_0.241
_0.361
_ 0.481
_0.601
00.721
00.841
_ 0.961
_ 1.081
_ 1.20.1
_ 1.320
_ 1.440
_ 1.560
_ 1.680
_ above

FIGURE 7.1 : Li cation: % Saponified vs. Acid value vs. Maximum water absorption (%)

_ -0.686
_ 3.027
_ 6.739
_ 10.451
_ 14.164
_ 17.876
021.589
025.301
_ 29.013
_ 32.726
_ 36.438
_ 40.150
_ 43.863
_ 47.575
_ 51.288
_ above

FIGURE 7.2: Na cation: % Saponified vs. Acid value vs. Maximum water absorption (%)
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_ 4.749
_ 11.766
_ 18.783
_ 25.799
_ 32.816

39.833
D 46.850
D 53.866

60.883
_ 67.900
_ 74.916
_ 81.933
_ 88.950
_ 95.967
_ 102.983
_ above
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FIGURE 7.3: K cation: % Saponified vs. Acid value vs. Maximum water absorption (%)

_ 0.084
_ 0.132
_ 0.180
_ 0.227
_ 0.275

0.323
D 0.371
D 0.418

0.466
0.514

_ 0.561
_ 0.609
_ 0.657
_ 0.705
_ 0.752
_ above

FIGURE 7.4: Ca cation: % Saponified vs. Acid value vs. Maximum water absorption (%)
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_ 0.042
_ 0.084
_0.126
_0.168
_ 0.209
_ 0.251
CJ 0.293
D 0.335
_ 0.377
_ 0.419
_ 0.461
_ 0.503
_ 0.545
_ 0.586
_ 0.628
_ above
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FIGURE 7.5: Ba cation: % Saponified vs. Acid value vs. Maximum water absorption (%)

Figures 7.1 to 7.5 aU show the trend that the higher the percentage saponi fied and the higher

the acid value, the greater the maximum water absorbed. An exception to the above rule is

the ca. 50 % saponified sodium cation sample where there was not enough data to give an

accurate reading. What is totaUy different for all the cations is the total percentage water

absorption. Lithium cation samples go to a maximum absorption of about 1.6 %, sodium

cation samples to a maximum of about 20 %, potassium cation samples to about 100 %,

calcium cation samples to about 0.7 % and barium cation samples to about 0.6 %. The

divalent samples thus have much lower water absorption than the monovalent cations. One

cannot deduce from the above graphs where possible multiplets and clusters start or end and

there does not seem to be a distinction between the maximum water absorption of a sample

with possible predominant multiplet formation versus a sample with possible predominant

cluster formation.

The results do not agree with the results depicted in FIGURE 2.14, CHAPTER 2. In the

case of FIGURE 2.14 (Makowski, et al. 11), barium cation shows the highest water

absorption and magnesium is of the same order as sodium. I cannot explain the difference

in my results to that of Makowski, et al. 11, but divalent cations normaUy do not absorb

water as monovalent cations do. My results agree more with those of Villeneuve, et al. 12
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and Tachino, et al. JJ as well as Bagrodia, et al. ,.., where the monovalent cation absorb more

water than the divalent cations.

With respect to the grafted waxes, in theory I would expect the grafted wax to absorb less

water than WAX 6, as WAX 6 has more or less the same saponification value as WAX GII,.
but WAX 6 has a greater number of other polar groups (alcohols, ketones, etc.) than WAX

GII. Also, WAX GIl should in theory have a higher crystallinity value than WAX 6. In

this case the theory fits the practical results. The results in Table 7.1 show that for WAX

GIl, K and Ca samples, the maximum water absorbed is less than the maximum water

absorbed for WAX 6, K and Ca samples.

7.4. Diffusion results and discussions

The diffusion results were calculated utilising formula 7.2. The diffusion data is tabulated in

Appendix 7.9 and shown graphically in Appendices 7.10. to 7.13. The average diffusion

slope results are shown in TABLE 7.2.
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TABLE 7.2
Diffusion experimental results for the F-T ionomeric waxes

Type of Cation % Slope from graJ?h, D
I (cm/seconds") (cm2lsecond)

wax type Saponified (Il O~) (/IO~
\VAX6 0.0 1.067 2.2"

Li 50.0 1.100 2.38. 100.0 1.175 2.71
Na 59.3 1.029 2.08

115.0 0.6-49 0.83
K 62.3 1.016 2.03

125.0 OA58 OAI
Ca 57.0 1.517 ".52

115.8 2.5 .... 12.71
Ba 50.0 2.092 8.59

126.0 ".239 35.28
WAX16 0.0 ...8.. 1 "6.02

Li 58.7 1.928 7.30
100.0 1.921 7.25

Na 59.9 0.870 1.-'9
100.0 0.077 0.01

K 70.2 2.278 10.19
131.9 ".555 "0.7"

Ca 58.8 2.175 9.29
119.-' 2.082 8.51

Ba 63.3 1.393 3.81
117.9 1.989 7.77

WAX28 0.0 2.9"1 16.98
Li 50.0 1.337 3.51

72.5 1.519 ".53
Na SlA 1.891 7.02

100.0 0.792 1.23
K 59.0 ".251 35.-'8

119.9 1.202 2.8"
Ca 58.2 1.8..9 6.71

119.3 1.805 6AO
Ba 58.8 2.022 8.03
Ba 129.1 1.768 6....

WAX Gil 0.0 1.160 2.6"
K 50.0 U8 .. 2.75

110.7 0.9"0 1.73
Ca 50.0 1.136 2.53

129.1 1.201 2.83
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The above data show some trends, but for a few anomalies, which lwill discuss first. The

first anomaly to be seen is that the WAX 16 average diffusion coefficient is too high. The

value should most likely be about 7 cm21second to 8 cm2/second. If one looks at all the

other wax samples, then the values for the lithium cation samples are very close to the value

of the unsaponitied starting wax. This is most likely due to inaccurate data readings or too

little data, which makes the slope determination inaccurate. Secondly, the average diffusion

value for the WAX 16, K 131.9 % saponified sample value is too high and it should be at a

lower value. The most likely reason for this anomaly is probably due to human error or
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again due to too few data points on the diffusion graph to determine the slope accurately.

The average diffusion sample value for the ca. 100 % potassium sample seems to always be

lower than the ca. 50 % samples for the monovalent cations. All the other waxes show the

same pattern, but for the above anomalies, the basic trends are shown above as:

Lithium samples have the same order of average diffusion coefficient as the original

starting wax.

Sodium and potassium samples show a decrease in average diffusion value as the

saponification value increases.

Calcium and barium samples show an increase in average diffusion value versus

percentage saponified, except for WAX 28 samples, which do not show the same trend.

I suspect however that within experimental deviations, the trend could possibly be the

same.

I hypothesize that the reason that the lithium samples stay more or less constant in average

diffusion rate is that the samples do not absorb a large amount afwater, and the path that the

water molecules must follow stays more or less constant with very little swelling of the

sample disks. In the case of the sodium and potassium samples, the samples may be

relatively saturated so that the water diffusion rate decreases with an increase in

saponification value. The calcium and barium samples increases in diffusion rates could be

due to the samples increasing in actual dimensions and thus creating a "larger" path through

which the water molecules can diffuse. Remember that the absorption values for the

divalent cations are much lower than the monovalent cations (see section 7.3). In hindsight,

it would thus be a good idea to include the increase in dimensions (L), which I assumed to

be a constant, in the calculations of the average diffusion constant.

As in the sorption results, there is no clear distinction between possible predominantly

multiplet formation samples and possible predominantly cluster samples. It is thus clear that

the diffusion of water into the samples is not reliant on the ionomeric morphology of the

waxes, but only on the type of cation used and on the original oxidised wax.

The grafted wax samples show the same trend as the oxidised wax samples with respect to

average diffusion coefficients. That is, the K samples show a decrease in diffusion rate

going from the ca. 50 % saponified sample to the ca. 100 % saponified sample, while the Ca

samples show an increase iri diffusion rate as the saponification value increases.
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There was no literature available which looked at diffusion of water in ionomeric polymers

so [ could draw no comparative conclusions.
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1. When a F-T wax is oxidised, alkanes can be formed from the original starting material or

be left unoxidised, that will have a carbon distribution ranging from C2 to the carbon

number equal to that of the original starting ma.teria!.. Ketones and aldehydes will be

formed with carbon numbers ranging up to the carbon number equal to the highest

parent hydrocarbon. Lactones ranging from C6 to two carbons less than the highest

carbon number of the starting material will be formed. Acids having carbon numbers

ranging from C2 to two carbons less than the highest carbon number from the starting

material will be formed. Long chain esters will also be formed. Alcohols will be

present. A myriad of oxidised products will thus be present, of which the acid groups,

the ester groups and lactones will be utilised for the formation of the ionomeric waxes.
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CHAPTER 8 : Conclusions and recommendations for further research

8.1 Thesis conclusions

In this thesis, the following were determined:

2. The amount of ester consumed during saponification shows no pattern for the different

acid value waxes. One can see from CHAPTER 4 results that there are samples that

showed excess salt content and others that showed no extra salt content, but that the ester

value had then dropped. There is also a correlation between the samples gelling up

(needing a higher temperature to get the sample to flow) and the lack of excess salt.

3. The penetration test results on the ionomeric waxes show that the monovalent cations

react differently from the calcium cation samples. From a morphological viewpoint, it

appears that the monovalent cations have already formed clusters or multiplets at about

50 % saponification values. This could be deduced from the fact that the wax does not

become harder and seems to flatten out in hardness. The calcium samples show a

definite decrease in penetration value from the oxidised wax to the 100 % saponified

samples. As the penetration type of test is not very sensitive to morphological changes,

it is difficult to state whether the 100 % saponified calcium samples are indeed in a

cluster or multiplet stage and whether the possible decrease in crystallinity with an

increase in saponification values are responsible for the samples becoming "softer" with

an increase in saponification value. The barium samples reacted to a large extent in the

same way as the monovalent cation reacted.

4. The impact test results generally show no significant trend.
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6. The mechanical test results were much more complex to interpret than anticipated.

Factors such as crystallinity, the acid value (and corresponding oxidised groups in the

oxidised samples), the molar % cations present (% saponified), the amount of excess

salt, sample preparation and the type of cation may all have played an important role in

the mechanical analysis results. The multiplet or cluster predominance was determined

by stepwise comparison of the individual samples relative to each other.
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5. The softening point test results show that there is no direct comparison between the

oxidised waxes tested and CHAPTER 2, TABLE 2.6 polymer results. The oxidation of

the waxes had disrupted the crystallinity to such a degree that other effects such as

multiplets and clusters become more pronounced in determining the softening point.

The saponified grafted waxes (based on WAX GII) however showed more of the same

trend as that shown by the polymers in TABLE 2.6.

7. The mechanical and physical test results as a whole correlate each other, but for the Ba

cation results where the softening point and mechanical analysis results are not in

agreement for a few samples.

8. The rheological test results show that for the monovalent cation samples, multiplet

formation is predominant for WAX 6 and WAX 16 saponified samples. For WAX 28

saponified samples, cluster formation is predominant. For the divalent cation samples,

multiplet formation is predominant for WAX 6 and WAX 16 samples. For the WAX 28

divalent cation samples, multiplet is predominant around the ca. 50 % saponified

samples and cluster formation is predominant for the ca. 100 % saponified samples.

9. For the water sorption and diffusion tests, lithium samples had the same order of average

diffusion coefficient as the original starting wax. Sodium and potassium samples

showed a decrease in average diffusion value as the saponification value increased.

Calcium and barium samples showed an increase in average ditfusion value versus the

percentage saponified. As in the sorption results, there was not a clear distinction

between multiplet formed samples and cluster samples. The ditfusion of water into the

samples is not reliant on the ionomeric morphology of the waxes.

10. Table 8.1 below shows the individual tests and the conclusion as to whether the

individual samples are in a state of multiplet of cluster formation. The last column

shows a summary as to what is the most likely morphological state the samples are in,
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based on the individual tests. The designations M,C, ND mean multiplet formation,

cluster formation and not determined, respectively.
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TABLE 8.1

Summary of thesis results with respect to multiplet or cluster predominance
O:ddised Cation ·1. Mole Penetration Impact Sorteni~g Tensile Rheological Thesis

wax Saponified ·1. test resulu test point test test results summary

cation results results results results

WAX6 0 0 *** *** *** *** *** ***
Li 50.0 5.2 ND ND M M M M

100.0 10.5 ND ND M M M M

Na 59.3 6.2 ND NU M M M M

115.0 12.0 ND ND M M M M

K 62.3 6.5 ND ND M M M M

125.0 13.1 ND ND M M e M/C

Ca 57.0 6.0 ND NU M M M M

115.8 12.1 NU ND M M M M

Ba 50.0 5.2 ND ND M M M M

126.0 13.2 ND ND M C M M

WAX 0 0 *** *** *** *** *** ***
16 Li 58.7 13.9 M/C ND M M M M

100.0 23.7 MlC ND M M M M

Na 59.9 ]4.2 Mie ND M M M M

100.0 23.7 M/C NU C e e e
K 70.2 16.7 MlC ND M Mie M M,

131.9 31.3 M/C ND C e e C

Ca 58.8 14.0 Mie ND M M M M

119.4 28.3 MlC ND M M C e
Ba 63.3 15.0 MlC M/C M e M M

117.9 28.0 M/C MiC M e e e
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TABLE 8.1 (continued)

Summary of thesis results with respect to multiplet or cluster predominance

Oxidised Cation u/u Mole Penetration Impact Softening Tensile Rheological Thesis

wax Saponified D/U test results test point test test results summary

cation results results results results.
WAX 0 0 *** *** *** *** *** ***
28 Li 50.0 21.2 M/C M/C M M e C

72.5 30.8 M/C M/C C Mie C C..

Na 51.4 21.8 M/C M/C M M e C

100.0 42.4 Mie ND C e e C

K 59.0 25.0 M/C Mie M M e C

119.9 50.9 ND ND C e e C

Ca 58.2 24.7 M/C Mie M M e e
119.3 50.6 M/C M/C M M e C

Ba 58.8 25.0 M/C M/C M M M M

118.8 54.8 M/C ND M/C e e C

WAX 0 0 *** *** *** *** *** ***
GII K 50.0 9.0 ND ND M M ND M

110.7 19.8 ND ND M M/C ND M/C

Ca 50.0 9.0 ND ND M M ND M

129.1 23.1 ND ND M M ND M

The above table shows that cluster formation is evident for Li cation at ca. 21 mole %, for

Na cation at 22 mole %, for K cation possibly at ca. 13 mole %, but definitely at 25 mole %,

for Ca cation at 25 mole % and Ba cation at 28 mole %. If one compares the values given in

Table 2.1, then the ionomeric waxes described in this thesis will rave onset of clustering

which could be in the region of the acrylic acid described, but with a mole % which is

greater than the rest of the ionomeric polymers described.

8.2 Future research

The subject that I chose for this thesis was much more complex than I initially thought. I

now understand why people such as A Eisenberg, M King, etc. worked on model ionomeric
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polymers rather than complex polymers. The fact that there was no previous literature on

Fisher- Tropsch ionomeric waxes to extract information from, made the analysis of the

various test results very difficult. However, when you start a thesis, you have no idea what

is in store for you. It appears, in hindsight, that if one rather focused on one oxidised wax

versus one grafted wax and saponified more samples in a set (my three samples should have

perhaps been five to seven samples in a set) the chances of seeing a multiplet or cluster

transition would be easier to see. In this thesis, some questions arose which warrant further

investigation. I would thus suggest for future research that:

162

1. The rheology of the different waxes should be investigated further to show at exactly which

oxidation concentration versus which saponification multiplet to cluster transitions occur. I

suggest that one should focus on only one oxidised wax type and compare it with a grafted

wax. More samples for a wax should be prepared than the three I used. I would also

suggest that the samples are prepared with oxidation values of about 15 mg KOHlg to 30 mg

KOHlg. From my thesis results, the samples that I had tested, were already in cluster

formation for WAX 28 samples tested (28 mg KOHlg acid value) and some of the WAX 16

samples had also already formed clusters (16 mg KOHlg acid value). These wax samples

should show the exact transition from multiplet to cluster formation. It would also be

possible to learn a lot more about ionomeric Fisher- Tropsch waxes if a frequency sweep

versus temperature change for the specific wax samples chosen was carried out. It may be

possible to fit to the WLF equation and then possibly see whether the equation also falters

when cluster formation takes place, as previous researchers have found!",

2. That relaxation at constant stress be conducted (mechanical test) on the ionomeric wax

samples. This test is even slower in test speed than the tensile tests that I had done and with

this type of test, changes in the morphological character of the samples will be exaggerated

and easier to see. This recommendation also implies that one should use the same set of

samples as are used as suggested in points 1 above.
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APPENDIX 3.1

Typical analytical results for C14-C17 paraffins
Units METHOD Typical results

Acidity mgKOH/g ASTM 0 32~2-79a <0.01

Analine point °C ASTM 06II-6~/IP 2 112

Ash content Mass% ASTM 0 482/IP ~ <0.01.
mg/kgBenzene content ASTM 0 2600-82 <1

Bromine index mgEr/loog ASTMl71 0-89/UOP30~-591D 1159-M <I

Colour Saybolt ASTM 0156 +30

Colour ASTM ASTM D 1500/ lP 196 0

Density @:15.6°C(60°F) g/cnr' ANTON'PAAR 0.775

:20 °C(68°F) g/cmJ ANTONPAAR 0.76~

:26 °C(77°F) g/cnr' ANTONPAAR 0.758

Dist. at IOU25kPa: ISP °C ASTM 0 1078/ lP 195 242

50% °C ASTM 0 1078/ TP 195 252

OBP °C ASTM 01078/ lP 195 279

Flash point (pM closed cup) °C ASTM 0 93-85/IP 3~-80 120

Kinematic viscosity (iil25°C(77°F) mnl~/s ASTMO·U5 3.2

Kinematic viscosit)' @~O°C(IO~°F) mm~/s ASTMO~~5 2.9

Kinematic viscosity mm~/s ASTMO~~5 1.8
Iii'! OO°C(212°F)

Average molecular mass g/mol HGPC 180

Pour point °C ASTM 0 97/ lP 15 6

Residue on evaporation Mass% ASTM 0 1353-86 <0.01

Total aromatic content Mass% ASTM 0 18~0-8·V UOP ~95-75 <0.1

Total naphthenic content Mass% 11.70/83 <0.1

Units METHOD Typical results

Total i-paraffin content Mass% 11.70/83 5.68

Total n-paraffin content Mass% 11.70/83 9·U2
Water content mg/kg ASTM EI06~-92 <50
n-Paraffin/(i-ParafIin) 11.20/83
C-distributjon:(C13 + lower)

(C13) Mass% O.9~/(0.00)

{Cl~) Mass% 23.22/(OAO)
(CI5) Mass% 39.74/(2.75)

(CI6) Mass% 2~.2~/(1.85)

(CI7) Mass%
,

5.69/(0.6~)

(CI8) Mass% 00461(0.05)
(CI9) Mass% 0.03/(0.00)

TNTERNAL STANDARD METHODS FOR SCHDMANN SASOL
ANTON PAAR density instrument
BROOKFIELD = BROOKFIELD digital Viscometer, Model DV-I
11.20/83 Varian Aerograph's Autoprep A-700
II. 70/83 Gas Chromatography
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APPENDIX 3.2

Analytical results of C14-C17 paraffin oxidation
Oxidation Oxidation Acid value Ester value Alcohol Carbonyl Peroxide

time temperature (mg KOHlg) (mg KOHlg) value (mg value (mg value (mg
(minutes) (0C) KOHlg) KOHlg) KOHlg)

0 140 0 0 0 0 0

30 0.8 *** *** *** 2.2

45 *** *** 5.1 *** 2.7

60 1.1 *** *** 1.2 ***
90 1.2 2.1 6.3-- 2.4 7.4

150 1.7 2.8 22.3 *** 15.6

210 2.7 10.6 23.3 6.6 26.0

270 5.1 12.8 38.6 14.2 39.0

330 9.7 13.2 *** 21.7 50.1

0 155 0 0 0 0 0

15 l.4 *** 2.7 *** 2.7

30 1.5 1.8 7.1 *** 12.9

60 3.4 3.9 14.4 *** 28.0

90 7.3 8.7 22.6 5.9 34.7

150 17.6 20.5 29.9 20.5 21.9

210 29.9 35.4 31.3 35.8 ***
270 43.9 51.0 33.2 47.5 15.4

330 58.3 69.4 34.9 58.2 11.7

0 170 0 0 0 0 0

15 1.1 3.0 *** 4.7 9.9

30 3.8 9.0 20.2 8.0 26.0

60 7.9 14.3 *** 20.0 16.2

90 12.2 24.7 39.8 28.4 14.4

150 23.3 41.4 43.3 40.4 11.4

210 36.6 57.7 35.9 55.2 8.1

270 52.9 70.9 30.6 67.6 7.1

330 68.9 87.7 30.9 *** 6.7
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APPENDIX 3.3

Anal vrical results of e80 wax oxidation
Oxidation time Oxidation Acid value (mg Ester value (mg Alcohol value Peroxide value

(minutes) temperature (0C) KOHlg) KOHlg) (mgKOHlg) (mgKOHlg)
0 1..0 0 0 0 0
..0 0.1 1.1 ••• 0.3
60 . ••• ••• 0.1 •••
80 0.2 0.9 ••• 0.6
100 ••• ••• 0.2 •••
130 0.2 1.2 ••• 2.2
160 ••• ••• 2.3 •••
190 0.6 2A ••• 5.1
220 ••• ••• 4.6 •••
250 1.1 3.2 ••• 9.3
280 ••• ••• 12.6 •••
310 1.8 5.1 ••• 13.2
360 2.8 6.0 11.9 15.8
0 155 0 0 0 0
..0 0.1 1.1 ••• 0.3
60 ••• ••• 1.2 •••
80 0.3 3.1 ••• 5.6
110 1.1 ••• 6.7 11.7

1..0 2.4 9.3 11.3 •••
170 ••• ••• 19.5 •••
200 8.8 u.s ••• 22.1

230 ••• ••• 29.7 •••
260 19.0 22.6 ••• 18.0
290 ••• ••• 27A I·U

320 29A 33.2 ••• 13.1
360 36.8 39.5 28.0 8.7
0 170 0 0 0 0
25 0.9 ••• 4.1 •••
45 1.8 8.0 12.2 18.2
65 3.8 ••• 20.5 •••
85 6.2 11.9 ••• 12.0
115 10.1 ••• 2".6 •••
1..5 13.8 21A ••• 8.8
175 17.9 ••• 30.2 •••
205 22.1 31A ••• 7.1
235 26.4 ••• 28.7 •••
265 30.9 ..2.4 ••• 6.1
295 35.1 ••• 28.5 •••
325 39.7 52.8 ••• ".9
360 45A 60.9 20.9 3.7
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APPENDIX 4.1

Raw analysis data for acid values for Fischer- Tropsch ionomeric waxes

WAX Cation u/u First acid value Second acid Average Standard
TYPE Saponified (mgKOHlg) value (mg values (mg . deviation (mg

KOHlg) KOHlg) KOHlg)

WAX6
0 6.61 6.45 6.53 0.08

li 50.0 3.52 3.40 3.46 0.06.
100.0 0.51 0.62 0.57 0.06

Na
59.3 3.23 3.44 3.34 0.11

115.0 0.11 0.17 0.14 0.03

K
62.3 3.33 3.54 3.44 0.11

125.0 0.10 0.09 0.10 0.01

Ca
57.0 3.23 3.31 3.27 0.04

115.8 0.18 0.25 0.22 0.04

Ba
50.0 3.65 3.59 3.62 0.03

126.0 0.66 0.75 0.71 0.05

WAX16
0 16.11 15.96 16.04 0.08

Li
58.7 7.29 7.76 7.53 0.24

100.0 1.22 1.34 1.28 0.06

Na
59.9 7.90 7.45 7.68 0.23

100.0 1.61 1.75 1.68 0.07

K
70.2 7.37 7.88 7.63 0.26

131.9 0.84 1.00 0.92 0.08

Ca
58.8 8.23 8.74 8.49 0.26

117.9 1.37 1.41 1.39 0.02

Ba
63.3 8.53 7.87 8.20 0.31

117.9 1.25 1.40 1.33 0.08

WAX28
0 28.78 29.30 29.04 0.26

Li
50 15.21 15.43 15.32 0.11

72.5 7.70 7.14 7.42 0.28

Na
51.4 14.83 15.25 15.04 0.21

100.0 2.30 2.12 2.21 0.09

K
59.9 14.64 15.37 15.01 0.37

119.9 2.32 2.70 2.51 0.19

Ca
58.2 17.50 16.30 16.90 0.60

119.3 2.46 2.70 2.58 0.12

Ba
58.8 16.13 16.81 16.47 0.34

118.8 0.46 0.50 0.48 0.02

WAX
0 l1.U 10.74 10.93 0.22

GIl K
50.0 5.03 5.17 5.10 0.07

110.7 0.7 1.103 0.87 0.16

Ca
50.0 5.50 5.06 5.28 0.22

129.1 3.19 3.03 3.11 0.08

Stellenbosch University http://scholar.sun.ac.za



168

APPENDIX 4.2

Raw analysis data for saponification values of Fischer-Tropsch ionomeric waxes

O:ddised -ju First ~cond Average Standard
Clltlun saponificatiun sapunification values (mg deviation

wal Saponified value (mg KOR/g) value(mg KOR/g) (mgKOB/g)
KOR/__gl.

0 10.01 11.61 10.81 0.8
WAX6 U 50.0 7A2 7.8" 7.63 0.2

100.0 ".73 4.5" H" 0.1

Na
59.3 7.3" 6.90 7.12 0.2
115.0 ".12 3.59 3.86 0.2

K
62.3 7.89 7.53 . 7.71 0.2
125.0 3.73 H5 3.9" 0.2

Ca
57.0 7A5 7.14 7.30 0.2.
115.8 ".31 ".0') 4.20 0.1

Ba
50.0 6.98 7.9.. 7A6 0.5
126.0 ".89 4.38 ".64 0.3

WAX16 0 30.11 31.35 30.73 0.9

U
58.7 19.50 19.68 19.59 0.1
100.0 13AO lJ.80 13.60 0.3

Na
59.9 19.71 20.69 20.20 0.7
100.0 12.15 lJ.79 12.97 1.2

K 70.2 18Al 18.91 18.66 OA
131.9 8.67 9.68 9.18 0.7

Ca
58.8 22.91 2".79 23.85 1.3
117.9 16.85 15.23 16.u.. 1.6

Ba
63.3 2UO 25.10 2H5 0.2
117.9 17.22 16.21 16.72 0.7
0 50.71 50.32 50.52 0.3

WA,.X 28
U 50 .. 1.25 39.07 "0.20 1.1

72.5 30.8" 31.88 31.36 0.7
51.4 32.78 35.22 3".00 1.7

Na 100.0 22.08 20.63 21.36 1.0
59.9 39.71 39A9 39.60 0.2

K 119.9 19.59 19.90 19.75 0.2
58.2 "0.85 "".00 ..2A3 2.2

Ca 119.3 25.81 22.90 24.36 2.1

Ba
58.8 .. 1.72 ..2 ..... "2.08 0.5
118.8 15.65 15.63 15.~ 0.0

WAX Gil
0 12.90 12.54 12.72 0.3

50.0 6.78 6A5 6.62 0.2K
110.7 2.19 2.76 lA8 0.3

Ca
50.0 6.65 7Al 7.03 OA
129.1 ".7" ".51 ".63 0.1
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Graphs for the different cations showing acid and ester values for the different waxes after
saponification

Li cation
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K cation

35

30

25

Ol 20
X
0
:II:

r 15

10

5

0
0

:: ~ - -=-- =----- ~ -- ......- - - - - - - - - - - - - - - - - - - - - - - - --- -- --~
--~.--------------------- --~.. "-'\. -.. -=-_ - -- - -... --------x-.-_._~---------------~,-------------- .- -...:..-_:_~-..:..::
- - - - - - - - - - - - - - • 1::.-

20 40 60 80 100 120 140

%Saponilled

-Wax 6 Acodvalue
-ti - WAX 6 Ester. Value
- ,,- Wax 16 Acid value
_- Wax16 Ester Value

-Wax 28Acidvalue
--WAX 28 Eslefvalue
_- WAX Gll Acid value

- 10. - WAXGll Estervalue

Ca cation

35,---------------------------------------------------------------,

JO

25

--.--------- ....
Ol 20
Zo
:II:

~ 15

10

5

o 20 40 60 80 100 120 140
%Saponllltd

-WIlX 6ACidvalue
..... - WAX 6 Ester Value

- ,,- Wax 16Acid value
_ - Wax 16 Ester Value

-Wax 28 Acid value

- - WAX 28 Ester value
_ - WAX G11 Acid value

- ~ - WAX Gl1 Ester value

Stellenbosch University http://scholar.sun.ac.za



171

Ba cation
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APPENDIX 5.1

Raw data for maximum stress results

Oxidised Cation % Saponified and Max. Tensile Standard Coefficient
WIlJl (number of strength deviation of variance

samples analysed) (MPa) (MPa) (%)

WAX6
.

Li 0(6) 3.00 OA6 15.3

50.0 (6) 2A2 0.38 15.6

100.0 (7) 2.82 0.67 23.8

Na 0(6) 3.00 OA6 15.3

59.3(11) 2.59 0.61 23.7

115.0 (9) 3.20 0.78 2·"~

K 0(6) 3.00 OA6 15.3

62.3 (6) 3.38 0.86 25.6

125.0 (6) 4..w 0.80 Is.:

Ca 0(6) 3.00 OA6 15.3

57.0 (7) lA3 OAO 28.0

115.8 (5) 2.68 0.53 19.8

Ba 0(6) 3.00 OA6 15.3

50.0 (7) 3.54 0.82 23.1

126.0 (6) 1A6 OAI 28A

WAX 16 Li 0(6) 2.63 0.66 2~.9

58.7 (6) 3.87 OA9 12.8

100 (7) 3.30 0.80 2~.1

Na 0(6) 2.63 0.66 H.9

59.9 (6) 3.53 0.51 1~.5

100 (5) 2.12 0.71 33.3

K 0(6) 2.63 0.66 2~.9

70.2 (6) 1.70 0.28 16.2
•

131.9 (7) 1.65 0.17 10.1

Ca 0(6) 2.63 0.66 2~.9

58.8 (5) LH 0.18 13.1

119.4(5) 3A2 OA8 14.1

Ba 0(6) 2.63 0.66 2~.9

63.3 (6) 1.77 0.31 17.5
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APPENDIX 5.1 {continued}

Raw data for maximum stress results

Oxidised Cation % Saponified and Max. Tensile Standard Coefficient
wax (number of strength deviation of variance
. samples analysed) (MPa) (MPa) (%)

WAX 16 Ba 117.9 (5) 1.11 0.08 7.2

WAX28 Li 0(5) 1.85 0.12 6.2

50 (6) 2.48 0.33 13.4

72.5 (7) 2.53 0.74 29.1

Na 0(5) 1.85 0.12 6.2

SlA (8) 3.40 0.G5 19.2

100 (6) 1.35 0.29 21.4

K 0(5) 1.85 0.12 G.2

59 (6) 2.28 OA9 21.4

119.9(9) 2.19 0.38 17.4

Ca 0(5) 1.85 0.12 6.2

58.2 (7) 1.15 0.30 25.6

119.3 (5) 0.56 0.08 14.8

Ba 0(5) 1.85 0.12 6.24

58.8 (5) 2.31 0.39 17.1

118.8 (7) 1.77 0.51 28.5

WAX GIl K 0(5) 2.87 0.26 9.0

50.0 (6) 4.16 0.94 22.6

110.7 (7) 3.95 0.33 8.5

Ca 0(5) 2.87 0.26 9.0

50.0 (7) 2.40 0.89 37.0

129.1 (9) 5.35 1.23 22.9
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APPENDIX 5.2

Raw data for maximum strain results

Oaidised Cation % Saponified and Max. Standard Coefficient of
wax (number of samples Elongation deviation variance (%)

analysed) (%) (%)

WAX6 'Li 0(6)
8.58 1.19 13.9

50.0 (G)
7.58 0.77 10.2

100.0 (7) 7.42 0.97 13.1

Na 0(6) 8.58 1.19 13.9

59.3 (11) 8.01 1.89 23.6

115.0 (9) 8.58 1.72 20.0

K 0(6) 8.58 1.19 13.9

62.3 (G) 9.22 1.6-' 17.8

125.0 (6) 10.99 2.72 H.7

Ca 0(6) 8.58 1.19 13.9

57.0 (7) 8A2 1.15 13.7

115.8 (5) 8.56 1.93 22.5

Ba 0(6) 8.58 1.19 13.9

50.0 (7) 8.72 1.49 17.1

126.0 (6) 5.73 I.G3 28.5

WAX 16 Li 0(6) 10.2G IA8 14.5

58.7 (G) 9.09 1.29 14.2

100 (7) 9.61 1.07 ILl

Na 0(6) 10.26 lA8 14.5

59.9 (G) 9.05 0.72 8.0

100 (5) 7.16 1.10 15.3

K o (G) 10.26 lA8 14.5

70.2 (G) 7.53 1.14 . 15.2

131.9 (7) 6.10 0.75 12.3

Ca o (G) 10.26 IA8 I·H5

58.8 (5) 4.98 1.36 27.3

119A (5) 9AI 1.52 16.1

Ba o (G) 1O.2G lAS 14.5

63.3 (6) 6.99 0.53 7.6
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APPENDIX 5.2 {continued}

Raw data for maximum strain results

Oxidised Cation % Saponified and Max. Standard Coefficient of
wax (number of samples Elongation deviation variance (%). analysed) (%) (%)

WAX lG Ba 117.9(5) 5.31 1.11 20.9

WAX28 Li 0(5) 11.98 1.38 11.5

50 (G) 7.41: 1.02 13.8

72.5 (7) 8.54 1.87 21.9

Na 0(5) 11.98 1.38 1l.5

51.4 (8) 9.77 0.96 9.9

100 (G) 4.50 0.88 19.4

K 0(5) 1l.98 1.38 1l.5

59 (G) 8.49 1.47 17.3

119.9(9) G.35 0.5G 8.9

Ca 0(5) 11.98 1.38 11.5

58.2 (7) 5.92 2.13 35.9

119.3 (5) 6.47 0.72 11.1

Ba 0(5) 11.98 1.38 11.5

58.8 (5) 8.58 0.65 7.6

118.8 (7) 5.47 0.78 14.3

WAX GIl K 0(5) 7.88 1.51 19.2

50.0 (G) 10.59 1.66 15.7

110.7 (7) 10.75 1.23 11.4

Ca 0(5) 7.88 1.51 19.2

50.0 (7) 5.96 1.58 26.6

129.1 (9) 9.53 1.37 14.4
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APPENDIX 5.3

Raw data for modulus results

Oxidised Cation % Saponified and Modulus Standard Coefficient of
walt . (number of samples (MPa) deviation variance (°10)

analysed) (MPa)

WAX6 Li 0(6)
35.8 5 13.9

50.0 (6)
32.0 4.7 14.8

100.0 (7) 32.8 6.5 19.8.
Na 0(6) 35.8 5 13.9

59.3 (11) 33.4 6.3 18.8

115.0 (9) 37.5 6A 16.9

K 0(6) 35.8 5 13.9

62.3 (6) 37A 8.2 21.9

125.0 (6) 46.1 4.6 10.0

Ca 0(6) 35.8 5 13.9

57.0 (7) 17.4 6.3 36.3

115.8 (5) 31.8 ·U 13.7

Ba 0(6) 35.8 5 13.9

50.0 (7) 40.9 5.8 14.2

126.0 (6) 25.8 2.8 31.4

WAX 16 Li 0(6) 25.7 3.2 12.5

58.7(6) 42.9 3.1 7.3

100 (7) 34.9 9.5 27.2

Na 0(6) 25.7 3.2 12.5

59.9 (6) 39.3 6.1 15.6

100 (5) 29.5 7.6 26.0
,

K 0(6) 25.7 3.2 12.5

70.2 (6) 22.9 3.0 13.0

131.9 (7) 27.3 3.2 11.7

Ca 0(6) 25.7 3.2 12.5

58.8 (5) 27.8 4.8 17.1

119.4 (5) 36.5 1.8 4.8
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APPENDIX 5.3 {continued}

Raw data for modulus results

Oxidised . Cation % Saponified and Modulus Standard Coefficient of
wax (number of samples (MPa) deviation variance (%)

analysed) (MPa)

WAX lG Ba o (G) 25.7 3.2 12.5

63.3 (G) 25.7
,.

5.9 23.0

, 117.9 (5) 2l.G 4.1 19.1

WAX28 Li 0(5) 15.8 l.4 8.7

50 (G) 33.7 3.G 10.8

72.5 (7) 30.1 8,0 2G.5

Na 0(5) 15.8 l.4 8.7

5l.4 (8) 34.8 5.3 15.1

100 (G) 30.3 4.G 15.1

K 0(5) 15.8 l.4 8.7

59 (G) 27.3 4.8 17.7

119.9 (9) 34.7 4.5 13.0

Ca 0(5) 15.8 l.4 8.7

58.2 (7) 2l.5 8.2 38.3

119.3 (5) 9.1 0.3 3.2

Ba 0(5) 15.8 l.4 8.7

58.8 (5) 2G.8 3.2 12.0

118.8 (7) 32.0 4.9 15.3

WAXGll K 0(5) 37.3 4.7 12.5

50.0 (G) 40.0 9.2 23.0

110.7 (7) 37.1 4.G j 12.4

Ca 0(5) 37.3 4.7 12.5

50.0 (7) 40.3 7.2 17.9

129.1 (9) 5G.2 8.2 14.G
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APPENDIX 5.4

Raw data fOI" toughness results

Oxidised Cation % Saponified and Toughness Standard Coefficient of
wax (number of samples (kPa) deviation variance (%)

analysed) (kPa). 0(6)WAX6 Li 161 55 3~
50.0 (6)

134 22 16

100.0 (7) 126 34 27

Na 0(6) 161 55 3~

59.3 (11) 137 53 39,

115.0 (9) 167 66 40

K 0(6) 161 55 3~

62.3 (6) 211 52 25

125.0 (6) 277 70 25

Ca 0(6) 161 55 34

57.0 (7) 95 17 18

115.8 (5) 1~4 55 38

Ba 0(6) 1Gl 55 34

50.0 (7) 184 71 38

126.0 (G) 58 .n 72

WAX lG Li o (G) 1G5 G~ 39

58.7 (6) 195 45 23

100 (7) 202 27 13

Na 0(6) 165 6~ 39

59.9 (6) 190 29 15

100 (5) 119 36 31

K 0(6) 165 G~ 39

70.2 (6) 101 32 32

131.9 (7) 71 26 37

Ca 0(6) 165 64 39

58.8 (5) 49 30 61

119.4 (5) 190 47' 25

Ba 0(6) 165 M 39

63.3 (6) 97 20 21

117.9(5) 59 15 26

WAX28 Li 0(5) 134 32 24

50 (6) 108 31 29

72.5 (7) 165 70 42
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APPENDIX 5.4 (continued}

Raw data for toughness results

Oxidised Cation % Saponified and Toughness Standard Coefficient of
wax (number of samples (kPa) deviation variance (%)

analysed) (kPa).
WAX28 Na 0(5) 134 32 24

51.4 (8) 195 42 21
100 (6) 37 14 64

K 0(5) 134 .- 32 24
59 (6) 125 56 45

119.9 (9) 86 18 21
Ca 0(5) 134 32 24

58.2 (7) 60 U 23
119.3 (5) 32 19 58

Ba 0(5) 134 32 24
58.8 (5) 115 19 17
118.8(7) 62 22 36

WAXGll K 0(5) 165 61 37
50.0 (6) 266 72 27
110.7 (7) 283 56 20

Ca 0(5) 165 61 37
50.0 (7) 102 67 65
129.1 (9) 300 89 30
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APPENDIX 6.1
Rheometric experimental results
G' G"

Transition G' Transition G" Tan s
% Cation temperature Transition temperature Transition Temperature Tan 1)

Wax Type Saponified type (0C) value (Pa) (OC) value (Pa) (OC) value
6 0.0 43.4 5.61E+09 6.2 8.33E+08 13.8 0.088

50.0 Li 38.7 4.51E+09 1.7 6.97E+08 7.5 0.086
100.0 43.5 5.15E+09 2.6 6.92E+08 9.0 0.074
59.3 Na 43.7 4.65E+09 4.4 4.89E+08 9.2 0.063
115.0 43.2 4.77E+09 -0.2 6.58E+08 7.2 0.072
62.3 K 35.6 2.11E+09 -9.8 4.67E+08 0.5 0.091
125.0 32.2 3.53E+09 0.6 4.06E+08 7.5 0.072
57.0 Ca 38.9 4.20E+09 -1.5 6.37E+09 6.2 0.080
115.8 34.1 4.38E+09 0.6 7.16E+08 6.6 0.091
50.0 Ba 45.1 4.85E+09 2.6 6.80E+08 9.6 0.077
126.0 34.2 4.18E+09 0.8 7.02E+08 7.9 0.091

16 0.0 40.0 3.63E+09 -7.6 8.44E+08 9.2 0.105
58.7 Li 37.3 4.26E+09 0.9 6.49E+08 9.6 0.084
100.0 40.6 3.32E+09 0.6 4.90E+08 8.9 0.075
59.9 Na 38.0 4.77E+08 -2.0 6.24E+07 5.9 0.072
100.0 36.3 3.85E+08 1.0 3.31E+07 6.3 0.055
70.2 K 43.6 3.37E+08 -1.1 6.09E+07 7.0 0.084
131.9 31.7 5.03E+08 4.3 4.78E"'07 7.0 0.071
58.8 Ca 34.5 4.57E"'09 -7.2 6.48E"'08 4.0 0.077
119.4 37.3 3.33E"'08 -0.7 4.42E"'07 8.0 0.075
63.3 Ba 37.3 4.01E+09 -3.4 6.30E"'08 7.3 0.084
117.9 40.5 3.03E+09 4.9 4.40E+08 9.6 0.078

28 0.0 35.6 2.22E"'09 -21.7 7.17E+08 -12.1 0.094
50.0 Li 31.8 4.01E"'09 -13.8 6.21E"'08 -3.0 0.071
72.5 47.2 1.89E+08 -4.7 4.61E+07 0.6 0.067
51.4 Na 38.3 2.84E"'08 -9.7 3.71E+07 -3.7 0.068
100.0 33.6 4.18E+09 -4.1 3.92E"'08 4.2 0.057
59.0 K 33.9 2.23E+09 -8.9 4.65E+08 -0.7 0.089
119.9 30.9 3.33E+08 -7.7 4.32E+07 -0.4 0.069
58.2 Ca 33.9 4.56E+09 -18.5 6.60E+08 -8.4 0.067
119.3 35.0 3.36E+08 -5.7 3.73E+07 1.0 0.063
58.8 Ba 29.6 3.46E+09 -20.7 5.43E+08 -10.1 0.068
129.1 44.7 2.04E"'09 -2.8 3.41E+08 6.9 0.078
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APPENDIX 7.1

Original mass % increase results for WAX 6

TIME. % SAPONIFIED AND CATION TYPE (RESUL TS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS)

0% Li, Li, Na, Na, K, K,
50.0% 100.0 % 59.3% 100.0 % 62.3 % 125.0 %

7 0.0076 0.0277 0.0534 0.0732 . 0.1854 0.1466 0.4021
14 0.0101 0.0485 0.0757 0.1086 0.2879 0.1990 0.6245
22 0.0082 0.0510 0.0853 0.1275 0.3600 0.2262 0.8161
38 0.0158 0.0680 0.1139 0.1622 0.5049 0.2880 1.2062
53 0.0120 0.0787 0.1355 0.1913 0.6200 0.3272 1.5654
73 0.0171 0.0932 0.1527 0.2247 0.7523 0.3759 1.9851
95 0.0253 0.1070 0.1775 0.2557 0.8902 0.4151 2.4206
140 *** 0.1291 0.2023 0.3081 1.1458 0.5098 ***
193 *** 0.1549 0.2341 0.3579 1.3672 0.5831 ***
246 *** 0.1668 0.2647 0.4047 1.5614 0.6627 ***
310 *** 0.1822 0.2876 0.4431 1.7645 0.7366 ***

APPENDIX 7.1 (continued)

Original mass % increase results for WAX 6

TIME % SAPONIFIED AND CATION TYPE (RESULTS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS)

Ca, Ca, Ba, Ba,
57.0 % 115.8 % 50.0 % 126.0 %

7 0.0226 0.0515 0.2530 0.0444
14 0.0327 0.0711 *** 0.0578
22 0.0402 0.0820 0.0411 0.0647
38 0.0571 0.1064 0.0549 0.0800
53 0.0653 0.1186 0.0619 0.0755 I

73 0.0753 0.1294 0.0726 0.0800
95 0.0873 0.1409 0.0789 0.0876
140 0.1030 0.1599 0.0935 0.0908
193 0.1080 0.1714 0.0966 0.0971
246 0.1212 0.1782 0.1042 0.0984
310 0.1300 0.1823 0.1035 0.0983
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APPENDIX 7.2

Original mass % increase results for WAX 16

TIME % SAPONIFIED AND CATION TYPE (RESULTS BELOW ARE %

(DAYS) INCREASE FROM ORIGINAL MASS).
0% Li, 58.7 % Li, Na,59.9 % Na, K, 70.2 % K, 131.9 %

100.0 % 100.0 %

1 *** *** *** *** 0.0880 *** ***
2 *** *** *** 0.1200 *** *** ***
3 *** *** *** *** 0.1650 0.9528 ***
4 0.0205 0.0516 0.0700 *** *** *** 3.6"17

7 0.0285 0.0702 0.1000 0.2200 *** 1.7571 5.06"5

9 *** *** *** *** 0..... 60 *** ***
10 *** *** *** 0.2600 *** *** ***
11 *** *** *** *** 0...820 *** ***
12 0.0"17 0.1006 0.1400 *** *** *** 6.375"

15 *** *** *** 0.3400 *** *** ***
J6 *** *** *** *** 0.5920 *** ***
17 *** *** *** *** *** 2.2531 ***
18 *** O.JUS 0.1700 *** 0.7300 *** **.
21 *** *** *** *** 0.89"0 *** ***
22 ••• ••• ••• ••• 0.9270 .*. •••
28 *** *** *** *** 1.2000 2.9867 ***
29 0.0"97 0.14"3 0.2lO0 0.5200 *** *** ***
30 *** *** *** *** 1.1820 *** ***
31 *** *** *** *** *** 3.1575 ***
32 0.0"8" 0.1502 0.2200 *** *** *** ***
35 *** *** *** 0.5800 l.3510 3...28.. ***
36 0.0"97 0.1575 0.2"00 *** *** *** ***
38 *** *** *** *** 1...85 *** ***
39 *** *** *** 0.6300 *** *** ***
42 *** *** *** *** *** 3.9127 ***
43 0.0523 0.17"3 0.2700 *** 1.7160 *** ***

I

52 *** *** *** *** *** ..... 886 ***
53 0.0517 0.19"6 0.2879 *** *** *** ***
56 *** *** *** 0.837" *** *** ***
60 *** *** *** *** *** ".835" ***
61 0.0523 0.2072 0.3017 *** *** *** ***
63 *** *** *** *** 2.518" *** ***
64 *** *** *** 0.9231 *** *** ***
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APPENDIX 7.2 (continued)

Original mass % increase results for WAX 16

% SAPONIFIED AND CATION TYPE (RESULTS BELOW ARE %
TIME INCREASE FROM ORIGINAL MASS)
(DAYS)

.
67 :1:** *** **:1: *** 2.6500 *** :1:**

73 :1::1:* *** *** *** *:1::1: 4.9859 **:1:

74 0.0636 0.2323 0.3339 *** -2.9157 *:1:* **:1:

77 :1:*:1: *** **:1: 1.0·H7 **:1: :1::1:* :1:*:1:

80 *** *** *** *:1:* *** 5.0317 :1:**

81 0.0643 0.2409 0.3523 *** *:1:* *** ***

84 *** *** *** 1.0963 3.4785 **:1: ***

87 *** *** :1::1:* *** :1:** 5.1626 :1:**

88 0.0616 0.2495 0.3642 :1:** *** *** ***

92 :1:** *** *** 1.1133 3.8000 *** ***

95 *** *** *:1:* *:1:* *:1:* 5.0971 ***

96 0.0570 0.2502 0.3694 *:1:* *:1::1: *** :1:**

99 *** *** *** 1.1754 *** ***

105 *** *** *** *** 4.2853 *** ***

109 *** 0.2528 0.3826 :!::!::!: *:!::!: :!::!:* ***

112 *** *** *** 1.2974 4.4358 *** :1:**

117 *** 0.2621 0.3885 *** *:1:* :1:** :1:**

119 *** *** **:1: *** 4.5547 *** ***

120 *** *** *** 1.3421 *** *** ***

123 *** 0.2687 0.3931 *** *** *** :!:*:!:

126 *** *** *** 1.3761 *** *** ***

127 *** *** *** *** 4.7790 *** ***

132 *** 0.2747 0.4056 *** :1:** *** ***

135 *** *** *** 1.4199 *** *** ***

145 *** 0.2839 0.4207 *** *** *** ***

148 *** *** *** 1.4657 *** *** ***
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APPENDIX 7.2 (continued}
Original mass % increase results for WAX 16

TIME % SAPONIFIED AND CATION TYPE (RESUL TS BELOW
(DAYS) ARE % INCREASE FROM ORIGINAL MASS)

Ca,57.0% Ca, 115.8 % Ba,50.0 % Ba, 126.0 %

2- 0.0486 0.0653 *** 0.0610

3 *** *** 0.0415 ***
6 *** *** 0.0599 ***
7 0.0617 0.0930 ••• 0.1092

10 0.0755 0.1095 **. ***
11 ••* *** 0.08·U *.*
IS 0.0971 0.1326 **. 0.1320

17 *** *** 0.0876 ***
28 *** *** 0.1165 ***
29 0.1260 0.1795 *** 0.1842

31 **. **. 0.1185 **.
35 0.1365 0.1907 0.1257 0.1942

39 0.1404 0.1960 .** 0.2036

42 *** *•• 0.1323 *.*
46 0.1503 0.2138 *** 0.223

52 **. *** 0.1501 ••*
56 0.16"1 0.2323 *** 0.2420

60 *.* *** 0.1573 *••
64 0.1719 0.2481 *** 0.2550

73 *** *** 0.1758 .*.
77 0.1936 0.2719 *** 0.2850

80 *** *** 0.1797 ***
84 0.2008 0.2818 .** 0.297"

87 *** *** 0.1870 *.*
91 0.2041 0.2950 *** 0.3041

95 *** *** 0.1863 ***
99 0.2041 0.2923 *** 0.3054

Jl2 *** 0.2904 *** 0.3061

115 *** *** 0.1935 *.*
120 0.2107 0.3022 *** 0.3195

122 *** *** 0.1962 ***
126 0.2146 0.3088 *** 0.3262

131 ••• ••• 0.200S •••
IJS 0.2205 0.3148 *** 0.3322

145 ••• ••• 0.2087 •••

184
Stellenbosch University http://scholar.sun.ac.za



185
APPENDIX 7.3

Original mass % increase results for WAX 28

TIME % SAPONIFIED AND CATION TYPE (RESULTS BELOW ARE
(DAYS)" % INCREASE FROM ORIGINAL MASS)

0% U,50.0 U, 72.5 % Na, 51.4 Na, K, K,
% % 100.0 % 59.0% 119.9 %

2 "''''''' "''''''' "''''''' 0.6950 1.6470 2.2 ..UO 5.1055
--

3 "''''''' 0.0938 "''''''' "''''''' "''''''' "''''''' "'''''''
4 0.0369 "''''''' O.12.U "''''''' "''''''' "''''''' "'''''''
5 "''''''' "''''''' "''''''' 1..2790 "''''''' 3..6690 "''''*
6 *** 0.1380 *** 1.4430 "'*'" 4..1000 ***
7 0.0519 "'** 0.1772 **'" 4.1490 "'** 12.2900

10 *** "'** *** *** 5.4550 *** *"''''
11 "''''''' 0.1915 "''''''' *"'''' "''''''' "''''''' "'**
12 0.0674 "'*'" 0..2454 2.2030 "'*'" 6.3400 ***
14 "'** *"'* *** 2.2790 "'** *"'''' **'"
15 "''''''' "'** "''''''' *** "''''''' 7.4290 ***
17 *** 0.2325 *** "'*'" **'" *"'* ***
18 "'** "''''* 0.2968 "''''''' **'" "'** *"'*
19 *** *"'''' *** 2.7290 **'" "'** ***
22 *** "''''* *** 3.0260 *** "'** ***
27 *** *** **'" 3.6300 *** **'" ***
28 *** 0.3137 "'** *** *"'* *** ***
29 0.0817 "''''''' 0.3834 "'** *** *"'* ***
31 *"'* 0.3210 "''''* *"'''' "''''''' "''''''' ***
32 0..0914 *** 0.4070 *** *** "'** ***
35 *"'''' 0.3443 *"'''' "''''''' *** "'** *"'*
36 0.0959 *** 0.4361 *** *"'''' **'" ***
41 *** *** *** 5.5250 *** *** ***
42 *** 0.3824 *** *** *"'''' *"'''' *"''''
43 0.1043 *** 0.4787 *** **'" **'" ***

J

52 **'" 0.4379 *** "'*'" "''''''' *"'* ***
53 0.1082 "''''''' 0.5551 *** *** *** ***
58 "'*'" *** *** 5.8580 "''''''' "''''''' ***
60 *"'* 0.4795 "'** "'** *"'''' "''''* "''''*
61 0.1102 *"'''' 0.5970 *"'* "'*'" *** *"'*
68 *"'* *"'''' "''''* 6.2120 "'** "'** *"'*
73 *** 0.5323 *** *** *** "'*'" ***
74 0.1290 **'" 0.6789 **'" *"'''' "''''''' ***
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APPENDIX 7.3 {continued}

Original mass % increase results for \VAX 28

TIME % SAPONIFIED AND CA nON TYPE (RESUL TS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS)

7S . --- ..- --- 6.4500 ._- ._- -_.
80 --- 0.5594 --- --- --- _ .. -_.
81 0.1270 --- 0.7133 .-- --- -_. •••
87 ••• 0.5713 ._. --- _.- _ .. _.-..
88 0.1290

_ ..
0.7316 _.- _.- _ .. _ ..

9S
_ ...

0.5937 .... .... ..... ...... .....
96 0.1303 ••• 0.7728 ••• ••• ••• •••
108

_ ..
0.6380 ••• ••• ••• ••• •••

109 0.1186 ••• 0.8371 ••• ••• ••• •••
116 ••• 0.6426 ••• ••• ••• _ .. •••
117 0.1212 ••• 0.8628 ••• ••• ••• •••
122

_ ..
0.6624 ••• _ .. _ .. ••• •••

123 ••• ••• 0.8878 ••• ••• ••• •••
131 ••• 0.6862 ••• ••• ••• ••• •••
132 ••• ••• 0.9141 ••• ••• ••• •••
144 ••• 0.7119 ••• ••• ••• ••• •••
14S 0.1082 ••• 0.9540 ••• ._. ••• •••
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APPENDIX 7.3 (continued)

Original mass % increase results for WAX 28

TIME % SAPONIFIED AND CATION TYPE (RESUL TS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS)

Ca,58.2 Ca,119.3 Ba, 58.8 Ba,119.1
% % % %

2 -_. ••• ••• 0.0521

3 0.0812 ••• 0.0780 _.-
6 0.1102 ••• 0.1107 •••
7

_ ..
0.1359 ••• ••• .

10 ••• 0.1609 ••• 0.1143

lJ 0.1498 ••• 0.1528 •••
14 ••• 0.1906 ••• •••
15 ••• ••• ••• 0.1"'57

17 0.1736 ••• 0.1808 •••
28 0.2185 ••• 0.2308 •••
29 ••• 0.2658 ••• 0.2166

31 0.2291 --.. 0.2382 •••

Stellenbosch University http://scholar.sun.ac.za



187
APPENDIX 7.3 (continued)

Original mass % increase results for WAX 28

TIME % SAPONIFIED AND CATION TYPE (RESULTS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS). Ca,58.2 Ca,119.3 Ba, 58.8 Ba, 119.1

0/0 %) 0/0 0/0

2 *** *** *** 0.0521

3 0.0812 *** 0.0780 ***
6 0.1102 *** 0.1107 *** _.

7 *** 0.1359 *** ***
10 *** 0.1609 *** 0.1143

11 0.1498 *** 0.1528 ***
14 *** 0.1906 *** ***
15 *** *** *** 0.1457

17 0.1736 *** 0.1808 ***
28 0.2185 *** 0.2308 ***
29 *** 0.2658 *** 0.2166

35 0.2370 0.28"9 0.2535 0.2226

39 *** 0.2922 *** 0.2359

42 0.2608 *** 0.2735 ***
46 *** 0.3166 *** 0.2627

52 0.2883 *** 0.3075 ***
56 *** 0.3570 *** 0.2948

60 0.3056 *"" 0.3235 *""
64 *** 0.3720 *** 0.3075

73 0.3360 *** 0.3536 ***
77 *** 0-"116 *"* 0.3"22

80 0.3"79 *** *** ***
81 *** *** 0.3789 ***
84 *** 0....3..7 *** 0.3576

87 0.3651 *** *** ***
88 *** *** 0.3796 ***
91 *** 0.4436 *** 0.3730 /

95 0.3670 *** *** ***
96 *** *** 0.3849 ***
99 *** 0.4 ..92 *** 0.3803

108 0.3779 *** *** ***
109 *** *** 0.3949 ***
112 *** 0.4617 *** 0.3937

116 0.39-H *** *** ***
117 *** *** 0.4069 ***
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APPENDIX 7.3 (continued)

Original mass % increase results for WAX 28

TIME % SAPONIFIED AND CATION TYPE (RESUL TS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS). Ca,58.2 Ca,119.3 Ba, 58.8 Ba, 119.1

% 010 010 010

2 *** *** *** 0.0521

3 0.0812 *** 0.0780 ***
6 0.1102 *** 0.1107 ***
7 *** 0.1359 *** ***
10 *** 0.1609 *** 0.1143

11 0.1498 *** 0.1528 ***
14 *** 0.1906 *** ***
IS *** *** *** 0.1457

17 0.1736 *** 0.1808 ***
28 0.2185 *** 0.2308 ***
29 *** 0.2658 *** 0.2166

120 *** 0.4808 *** 0.4077

122 0--'047 *** *** ***
123 *** *** 0.4163 ***
126 *** 0.4901 *** 00414'"'

131 004132 *** *** ***
132 *** *** 004243 ***
136 *** 0.5026 *** 004264

144 004278 *** *** ***
14S *** *** 0.43-'3 ***
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APPENDIX 7.4

Original mass % increase results for WAX GII

.
TIME % SAPONIFIED AND CATION TYPE (RESULTS BELOW ARE
(DAYS) % INCREASE FROM ORIGINAL MASS)

0% K,50.0 K, Ca, Ca,
% 110.7 % 50.0 % 129.1 %

8 0.0026 0.0804 -0.0894 0.0079 0.0111
24 0.0150 0.1503 0.1736 0.0236 0.0281
39 0.0131 0.1889 0.2231 0.0308 0.0366
59 0.0170 0.2321 0.2766 0.0426 0.0497
81 0.0235 0.2674 0.3269 0.0517 0.0595
126 0.0281 0.3281 0.4143 0.0662 0.0733
179 0.0366 0.3844 0.4926 0.0766 0.0857
232 0.0431 0.4308 0.5650 0.0865 0.0981
296 0.0425 0.4759 0.6316 0.0930 0.1040
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APPENDIX 7.5

WAX 6 and the different cation sorption graphs
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APPENDIX 7.5 (CONTINUED)

WAX 6 and the different cation sorption graphs
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APPENDIX 7.6

WAX 16 and the different cation sorption graphs
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APPENDIX 7.6 (continued)

WAX 16,and the different cation sorption graphs
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APPENDIX 7.7

WAX 28 and the different cation sorption graphs
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APPENDIX 7.7 (continued)

WAX 2S and the different cation sorption graphs
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APPENDIX 7.8

WAX GIl and the different cation sorption graphs
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APPENDIX 7.9

DIFFUSION TEST RESULTS
SQRT VL
(sec.'1Jcm) WAX6 Li, 60.0 % U,1oo.0 % Na, 59.3 'Y. Na,IIS.D '" K,62.3% K, 125.0 % Ca,57.0 % ca. lIS.S'" Ba, SO.O% Ba,I26.0 '"

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
972 0.1444 0.1025 0.1255 0.1061 0,0584 0.1275 0.0402 0.1424 0.2513 0.2178 0.4351

1 375 0.1919 0.1795 0.1779 0.1575 0.0907 0.1731 0.0625 0.2060 0.3470 0.0000 0.5664
1 723 0.1558 0.1887 0.2005 0.1849 0.1134 0.1968 0.0816 0.2533 0.4002 0.3539 0.6341
2,265 0.3002 0.2516 0.2677 0.2352 0.1590 0.2506 0.1206 0.3597 0.5192 0.4727 0.7840
2 675 0.2280 0.2912 0.3184 0.2774 0.1953 0.2847 0.1565 0.4114 0.5788 0.5330 0.7399
3139 0.3249 0.3448 0.3588 0.3258 0.2370 0.3270 0.1985 0.4744 0.6315 0.6251 0.7840
3,581 0.4807 0.3959 0.4171 0.3708 0.2804 0.3611 0.2421 0.5500 0.6876 0.6793 0.8585
4 347 .~ 0.4777 0.4754 0.4467 0.3609 0.4435 0.0000 0.6489 0.7803 0.8050 0.8898
5104 ... 0.5731 0.5S01 0.5190 0.4307 0.S073 0.0000 0.6804 0.8364 0.8317 0.9516
5,763 ... 0.6172 0.6220 0.5868 0.4918 0.5765 0.0000 0.7636 0.8696 0.8972 0.9643
6.469 ... 0.6741 0.6759 0.6425 0.5558 0.6408 0.0000 . 0.8190 0.8896 0.8911 0.9633

SQRT VL
(sec.'1Jcm) WAX16 Li, 58.7 % U,1OO.0% Na, 59.9 % Na,I00.D'" K, 70.2 'Y. K, 131.9 "I.Ca,58.8% Ca,119.4'" Ba, 63.3 % Ba,I17.9'"

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
520 ... ... ... 0.0455 ... ... ... 0.1750 0.1587 ... ...

, 636 ... ... ... ... 0.0033 0.1334 ... ... ... 0.1008 ...
735 0.3588 0.1367 0.1301 ... ... ... 0.3278 ... ... .... ...
900 .~ .~ ... ... ... ... ... ... ... 0.1456 ...
972 0.4988 0.1860 0.1834 0.0811 ... 0.2460 0.4558 0.2221 0.2260 ... 0.2457

1 162 ... ... ... 0.0988 ... ... ... 0.2718 0.2661 ... ...
1219 ... ... ... u• 0.0096 ... ... ... ... 0.2048 ...
1,273 0.7298 0.2666 0.2603 u. ... ... 0.5738 ... ... ... ...
1423 ... ... ... 0.1278 ... ... ... 0.3496 0.3222 ... 0.2970
1515 ... ... ... ... ... 0.3154 ... ... ... 0.2129 ...
1,559 ... 0.3034 0.2993 ... 0.Q146 ... ... ... ... ...
1944 ... ... ... ... 0.0240 0.4181 ... ... ... 0.2831 ...
1979 0.8698 0.3824 0.3785 0.1949 ... ... ... 0.4536 0.4362 ... 0.4145
2,046 ... ... ... ... ... 0.4421 ... ... ... 0.2880 ...
2078 0.8470 0.3980 0.4000 ... ... - ... ... ... ... ...
2174 ... ... ... 0.2192 0.0270 0.4800 ... 0.4914 0.4634 0.3055 0.4370
2,205 0.8698 0.4174 0.4271 ... ... ... .u ... ... ... ...
2295 ... ... ... 0.2370 ... •u ... 0.5054 0.4763 ... 0.4581
2381 ... •u ... 'H ... 0.5478 ... ... ... 0.3215 ...
2.409 0.9153 0.4619 0.4792 u. 0.0343 ... ....• ... ... ... u.

2492 ... .•. ... 0.2662 ... ... ... 0.5411 0.5195 ... 0.S018
26SO .~ ... ... ... ... 0.6284 ... .~ ... 0.3647 ...
2,675 0.9048 0.5157 0.5182 ... ... ... ... ... ... ... ...
27SO ... ... ... 0.3149 ... ... ... 0.5908 0.5645 ... 0.5445
2846 ... ... ... ... ... 0.6770 ... ... ... 0.3822 ...
2,870 0.9153 0.5491 0.5431 ... ... ... ... ... ... ... ...
2939 ... ... ... 0.3471 ... ... ... 0.6188 0.6029 ... 0.5738
3139 ... ... ... ... ... 0.6980 ... ... ... 0.4272 ...
3161 1.1130 0.6156 0.6010 u. 0.0583 ... ... ... ... ... ...
3224 ... •• 't ... 0.3921 ... ... ... 0.6970 0.6607 ... 0.6413
3,286 ... ... ... ... ... 0.7044 ... ... ... 0.4367 ...
3307 1.1253 0.6384 0.6341 ... ... ...• ... ... ... ... ...
3367 ... ... ... 0.4122 0.0696 ... ... 0.7229 0.6848 ... 0.6692
3,427 ... ... .'iI"'. '"11" .-.. 0.7228 ... ... ... 0.4544 ...
3,447 1.0780 0.6612 0.6556 ... ... ... ... ... ... ... ...
3,505 ... ... ... ... ... ... ... 0.7348 0.7169 ... 0.6842
3,581 ... ... ... ... ... 0.7136 ... ... ... 0.4527 ...
3600 0.9975 0.6630 0.6649 ... ... ... ... ... ... ... ...
3656 ... ... ... 0.4420 ... ... ... 0.7348 0.7103 ... 0.6872
3,836 ... 0.6699 0.6887 ... ... ... ... ... ... ... ...
3888 ... ... ... 0.4878 0.0887 ... ... ... 0.7057 ... 0.6887
3957 ... ... ... ... ... ... ... ...... ... 0.4702 ...
3,974 0.8698 0.6946 0.6993 ... ... ... ... ... ... ... ...
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APP~NDlX 7.9 (CONTINUED)
DIFFUSION TEST RESULTS

SQRT IlL
(sec.YJcm) WAX28 U,50.0% U.noS % N.,S1.A % .... 100.0'110 K.5e.O% K,11U% eli. '''2 'Ilo c.,11U'IIo Sa. 58.1'110 a.. 129.1 '.4

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
520 ... ... .-,. 0.0660 0.0213 0.2019 0.0511 ... •u ... 0.0880
636 ... 0.0868 u. ... .., ... ... 0.1380 ... 0.1365 ...
735 0.2583 ... 0.07804 ... ... ... ... ... ... ... ...
822 ... ... ... 0.1215 ... 0.3302 ... ... ... ... ...
900 ... 0.1277 ... 0.1371 ... 0.3690 ... 0.1873 ... 0.1937 ...
972 0.3633 .... 0.1116 ... 0.0678 u • 0.1229 ... 0.1903 ... 0.1570

1182 ... ... ... ... 0.0917 ... ... .-.-, 0.2253 ... 0.1932
1219 ... 0.1771 ... ... ... ... ..-, 0.2547 ...• 0.267 • ...
1,273 0 .• 718 ,-,. 0.1s..; 02093 ... 0.5106 ... ... ... ... '-f'
1375 ... ... ,-,. 0.2165 ... ... ... ... 0.2668 ... ...
,.23 ... ... ... ... 0.1266 ... .,-, ... .u ... 0.2462
1515 ... 0.2151 ... ... ... ... ... 0.2951 ... 0.31604 ...
1559 ... ... 0.1870 ... ... ... ... ... .- .- ...
1602 ... ... ... 0.2593 ... ... .,-, ... .,-. ... ...
1723 ... ... ... 0.2875 ... ... ... ... .,-, ... ...
1909 ... ... ... 0.34.9 ... ... ... ... .,-, ... ...
1944 ... 0.2902 ... ... ... ... ... 0.3715 ... 0.4039 ...
1979 0.5719 ... 0.2415 ... ... ... ... ... 0.3721 ... 0.3661
2046 "-f 0.2969 ... ... ... ... ... 0.3895 'I-e 0.4169 ...
2078 0.8398 ... 0.2564 1-" ... ... ... ... ... ... ...
217. ... 0.3185 ... ... ... ... .... 0.4029 0.3989 0.«36 0.3762
2.205 0.6713 ... 0.2747 f-" ... ... ... ... ... ... ...
2295 ... ... ... ... ... ... ... ... 0.4091 ... 0.3987
2353 ... ... ... 0.5249 ... ... ... ... ... ... ...
2.381 ... 0.3537 ... ... ... ... ... 0.4434 ... 0.4786 ...
2409 0.7301 ... 0.3016 ... ... ... ... ... ... ... ...
2492 ... ... ... ... ... ... ... ... 0.4432 ... 0.4440
2.650 ... 0.4051 ... ... ... ... ... 0.4901 ... 0.5381 ...
2675 0.7574 ... 0.3497 ... ... ... ... ... •u ... ...
2750 ... ... ... ... ... ... ... ... 0.4998 ... 0.4982
2.798 ... ... ... 0.5565 ... ... •u ... .... ... ...
2.846 ... 0.4435 ... ... ... ... ... 0.5195 ... 0.5661 ...
2870 0.7714 ... 0.376t ... ... "-1 ... ... ... ... .'..
2939 ... ... ... ... ... ... ... ... 0.5208 ... 0.5197
3030 ... ... ... 0.5901 ... ... ,-.. ,-, . ... ... ...
3139 ,-e.. 0.4924 ... ... ... ... .,-, 0.5712 ... 0.6188 ...
3.16t 0.9030 ... 0 ..4277 ... ... ... ... ... ... ... ...
3.203 ... ... ... 0.6128 ... ... ... ... ... ... ...
3224 ... ... ... ... ... ... ... ... 0.5762 ... 0.5783
3286 ... 0.5174 ... ... ... ... ... 0.5914 ... ... ...
3307 0.8890 ... 0.4494 ... ... ... ... ... ... 0.6631 ...
3,367 ... ... ... .., ... ... ... ... 0.6086 ... 0.6043
3427 ... 0.5285 ... ... ... ... ... 0.6207 ... ... ...
3447 0.9030 ... 0.4609 ... ... ... ... ... ... 0.6643 ...
3505 ... ro. ... ... ... ... ... I-I' 0.6210 ... 0.6304
3581 ... 0.5492 ... ... ... ... ... 0.6239 ... ... ...
3600 0.9121 ... 0.4869 ... ... ... ... ... ... 0.6736 ...
3656 ... ... ... ... ... ... ... 'u 0.6289 ... 0.60427
3818 ... 0.5902 ... ... ... ... ... 0.60424 ..-, ... ...
3836 0.8302 ... 0.5274 ... ... ... ... ... ... 0.69tl ...
3888 ... ... ... ... ... ... ... ... 0.60464 ... 0.6654
3957 •u 0.5944 ... ... ... ... ... 0.6700 ... ... ...
3974 0.8484 ... 0.5436 ... ... ... ... ... ..-, 0.7121 ...
4025 ... ... ... ... ... ... ... ... 0.6731 ... 0.6890
4058 ... 0.6127 ... ... ... ... ... 0.6880 ... ... ,-,.
4075 ... ... 0.5593 ... ... ... ... ... .,-, 0.7285 ...
4.124 ... ... ... ... ... ... ... ... O.686t ... 0.7003
• 205 ... 0.6347 ... ... ... ... ... 0.7024 ... ... ...
422t ... ... 0.5159 ... ... .,-, ... ... '-I' 0.7.25 ...
4269 ... H' ... .... ... ... ... ... 0.7036 ... 0.7206
4409 ... 0.6585 ... ... ... ... ... 0.7273 ... ... ...
4.424 ... ... 0.6010 ... ... ... ... ... ... 0.7600 ...

SQRT IlL
(aec.'lJcm) WAXGl1 K. 50.0·.4 1(.110.7'110 Ca,50.0 % c., ID.I 'Ilo

0 0.0000 0.0000 0.0000 0.0000 0.0000
t 039 0.0429 0.1166 0.0842 0.0593 0.0767
1800 0.2475 0.2179 0.1635 0.1770 0.1944
2295 0.2162 0.2739 0.2102 0.2310 0.2529
2822 0.2805 0.3365 0.2606 0.3195 0.3434
3307 0.3878 0.3877 0.3079 0.3878 0.4111
4124 0.4637 0.4757 0.3903 0.4965 0.5065
4916 0.6037 0.5574 0.4640 0.5745 0.5922
5596 0.7112 0.62.7 0.5322 0.6488 0.6779
6321 0.7013 0.6901 0.5950 0.6975 0.7186
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APPENDIX 7.10

WAX 6 graphs to determine the average diffusion slope
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APPENDIX 7.10(continued)

WAX 6 graphs to determine the average diffusion slope
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APPENDIX 7.10 (continued)

WAX 6 graphs to determine the average diffusion slope
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APPENDIX 7.10 (continued)

WAX 6 graphs to determine the average diffusion slope
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APPENDIX 7.10 (continued)

\VAX 6 graphs to determine the average diffusion slope
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APPENDIX 7.10 (continued)

. WAX 6 graphs to determine the average diffusion slope
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APPENDIX 7.11

WAX 16 graphs to determine the average diffusion slope
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APPENDIX 7.11 (continued)

WAX 16 graphs to determine the average diffusion slope
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APPENDIX 7.11 (continued)

\VAX 16 graphs to determine the average diffusion slope
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APPENDIX 7.11 (continued)

WAX 16 graphs to determine the average diffusion slope
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APPENDIX 7.11 (continued)

WAX 16 graphs to determine the average diffusion slope
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APPENDIX 7.11 (continued)

WAX 16 graphs to determine the average diffusion slope
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APPENDIX 7.12

,WAX 28 graphs to determine the average diffusion slope
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APPENDIX 7.12 (continued)

WAX 28 graphs to determine the average diffusion slope
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APPENDIX 7.12 (continued)

WAX 28 graphs to determine the average diffusion slope
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APPENDIX 7.12 (continued)

\VAX 28 graphs to determine the average diffusion slope
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APPENDIX 7.12 (continued)

WAX 28 graphs to determine the average diffusion slope
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APPENDIX 7.12 (continued)

WAX 28 graphs to determine the average diffusion slope
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APPENDIX 7.13

WAX Gll graphs to determine the .average diffusion slope
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APPENDIX 7.13 (continue)

WAX GII graphs to determine the average diffusion slope
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APPENDIX 7.13 (continue)

WAX Gil graphs to determine the average diffusion slope
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