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ABSTRACT
Estrogenic chemicals originating in plastics materials are known to play a causative role
in many health problems we face such as cancer, infertility, precocious puberty, and
obesity. They have been linked to diabetes, asthma, neurological misdevelopment and
increased aggression. The estrogenic components may be residual monomers, small
oligomers, plasticizers, antioxidants or other additives. Polyethylene and polypropylene,
widely used in food packaging, often contain antioxidant additives which are estrogenic.
Our goal in this project was to create high-density polyethylene and polypropylene
formulations which were non-estrogenic and also had acceptable processing stability and
thermal performance. After testing various commercial formulations using multiple
extrusions and Melt Index measurements, we tested several new non-estrogenic
formulations. One PP formulation containing 0.8% Chimassorb 2020 and 0.2% distearyl
pentaerythritol had "acceptable" melt index increases of 31% after one extrusion and
50% after two extrusions. The HDPEs we tested were very stable, with small changes or
no change in Melt Index after one extrusion. The addition of Chimassorb 2020 only
made a small difference in the processing stability of additive-free HDPE, demonstrating
that antioxidant additives may not be necessary for all HDPEs.
In the exploratory phase of this work, we searched for correlations between the
degradation caused by prolonged MFI residence time and by 1-2 extrusions. Out of nine
PPs tested, four had equivalent times of ca. 30 min for one extrusion and five had
equivalent times of 60 min for two extrusions. The equivalent times of PP were found to
vary with the amount of Chimassorb 2020, with short-term stability being impaired and
long-term stability being improved. Out of three commercial HDPEs tested, two had
equivalent times of 7 min for one extrusion. One commercial HDPE had excellent
thermal stability and did not degrade measurably at all.
We conclude that some non-estrogenic formulations of polypropylene and HDPE are
thermally stable and their use in food packaging would benefit the health of babies and
children in first-world countries. Further research and development may result in even
more stable non-estrogenic polypropylenes and HDPEs, as well as increased fundamental
knowledge of polymer stability and degradation.

ACKNOWLEDGEMENTS
First, I would like to thank CertiChem Corporation for funding this project and for
performing the necessary estrogenicity tests. These tests were critical in evaluating the
various polymer and antioxidant components used for developing safe polyethylene and
polypropylene formulations. Special thanks must be given to Drs. George Bittner and
Cathy Yang for their personal involvement and expert guidance, and to Landon Wilkes
for his experimental work.
I would also like to thank Lyondell/Equistar, now LyondellBesell Industries, for
providing additive-free HDPE and the Huntsman Corporation for providing additive-free
isotactic PP.
Special thanks to Dr. Constantine Armeniades, for his personal guidance. Without his
expertise and patience, completion of this project would have been impossible. Thanks
to Drs. Walter Chapman and Ed Billups for their time and attention. Their assistance and
input was truly valuable and appreciated.
Finally, I would like to thank my mother and father, my husband and my children for
helping me,fortheir comforting words, for their prayers and their support.

Table of Contents
Chapter 1. Genesis and Scope of the Research Project

p. 1

Chapter 2.
2.1
2.2
2.3

Estrogenic Activity in Commercial Plastics
Xenoestrogens and their Adverse Effects
Estrogenic Components in Plastics
Development of Non-estrogenic Plastics Formulations

p. 5
p. 5
p. 6
p. 13

Chapter 3.
3.1
3.2
3.3
3.4
3.5
3.6

Polymer Oxidation and its Control
General Mechanisms of Polymer Oxidation
Free Radical Nature of Thermo-oxidative Degradation
Thermo-oxidative Degradation of Polyethylene
Thermo-oxidative Degradation of Isotactic Polypropylene
Stabilization Strategies: Antioxidants
The Problem of Estrogenic Antioxidants...

p.15
p.15
p. 19
p.22
p.24
p.26
p.29

Chapter 4.
4.1
4.2
4.3

Experimental Methods
Methods for Assessing Thermal Stability
Melt Flow Index (MFI) Measurements
MFI Measurements after Repeated Extrusions

p.34
p.34
p.37
p.39

Chapter 5. Results and Discussion
5.1 Oxidative Stabilization of Polypropylene...
5.1.1 Evaluation of Commercial Formulations
5.1.2 Formulations w/ Non-estrogenic Antioxidants
5.2 Development of Melt Index Aging Tests
5.3 Accelerated MFI Aging Tests
5.3.1 Polypropylene Measurements
5.3.2 High-Density Polyethylene Measurements

p.45
p.45
p.46
p.49
p.52
p.53
p.53
p.58

Chapter 6. Conclusions

p.63

Chapter 7. References

p.65

Appendices
Appendix I.

Procedure for Measuring the Melt Flow Index (MFI) of
Polymers

p.70

Appendix II. Procedure for Operating the Haake Laboratory Extruder

p.74

Appendix III. Procedure for Multiple Extrusions

p.79

List of Tables and Figures
Table 2.1 Estrogenic Commercial Plastics

p.9

Table 2.2 Relative Binding Affinity (RBA) and Health Effects of Synthetic
Estrogens

p.ll

Table 3.1 Effects of Thermal Oxidation on Various Major Industrial
Polymers

p.17

Table 3.2 Density, Crystallinity and Physical Properties of Polyethylenes

p.23

Table 3.3 Serum Modified Access - Relative Binding Affinity (SMA-RBA)
predicted bioactivity of Bisphenol A vs. Nonyiphenol—
Table 3.4 Structural Features contributing towards Estrogenicity

p.32
p.33

Figure 4.1 Schematic Diagram of a typical Melt Flow Index apparatus and
Photograph of the Haake MeltFlow Indexer

p.38

Figure 4.2 Schematic Diagram of a typical extruder

p.40

Table 4.1 Processing Stability of Polypropylene (Homopolymer I)

p.41

Table 4.2 Processing Stability of Polypropylene (Homopolymer II)

p.43

Table 5 A. Thermo-oxidative Stability of Commercial Polypropylene
Formulations Assessed by MFI Measurements After Successive
Extrusions
Table 5B. Thermo-oxidative Stability of Polypropylene with Non-estrogenic
Antioxidants Assessed by MFI Measurements After Successive
Extrusions
Table 5C. Effect of Prolonged Thermal Aging on the MFI of Commercial
Polypropylene Samples and Correlation with Repeated
Extrusions

p.54

Table 5D. Effect of Prolonged Thermal Aging on the MFI of Polypropylene with
Non-estrogenic antioxidants and Correlation with Repeated
Extrusions

p.56

Table 5E. Thermal and Processing Stability of Commercial HDPEs Assessed by
MFI Measurements of Thermally-Aged and Extruded Samples

p.59

p.47

p.50

vi
Table 5F. Thermal and Processing Stability of Pure HDPE and a Non-estrogenic
HDPE Formulation Assessed by MFI Measurements ofThermally
Aged and Extruded Polymer Samples

p.61

Table A1. Suggested Measurement Times for PE and PP

p.73

1

CHAPTER 1
Genesis and Scope of the Research Project

The 1938 discovery of estrogenic activity in certain classes of synthetic organic
chemicals (Dodds 1938) was considered a major breakthrough which opened up a world
of possible uses. By the early 1950's however, the toxic, carcinogenic and strange
hormonal effects of estrogenic chemicals in animals had been reported by many workers
(Burlington 1950, Nichol 1951), and the therapeutic effects in humans were already being
questioned (Dieckmann 1953). Nonetheless, it was not until another two decades later in
1971 that the synthetic estrogen DES was clearly linked with the development of cancer
in humans (Herbst 1971). By the early 1990's sufficient wildlife evidence and biological
understanding had accumulated to warrant genuine scientific concern about the health
effects of exposure to estrogenic endocrine-disrupting chemicals in humans (Colborn
1992). Consequently, the need to safely detect and regulate chemicals with endocrinedisrupting effects (Colborn 1993) made the development of a number of widely-accepted,
accurate estrogenic assays a scientific priority.

From the early 1990's until now, a variety of rapid, fairly sensitive tissue-culture
bioassays have been developed to detect the presence of estrogenic activity in various
compounds (Soto 2006). Additionally, other assays are now available which identify
estrogenic activity on a cellular level, a tissue level, a trans-placental level and even a
trans-generational level.

By utilizing current advances in molecular computing and
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biotechnology, researchers are now beginning to understand some of the chemical and
structural features, which bestow 'estrogenic activity' upon a particular compound and
allow it to stimulate the estrogen receptors (Fang 2001).

In large part due to their phenol groups, most of the compounds used currently as
antioxidant additives in commercial formulations of polyethylene and isotactic
polypropylene possess varying amounts of estrogenic activity.

Polyethylene and

polypropylene are used extensively in human and animal food packaging, and their
estrogenic antioxidant additives have been shown to migrate in significant amounts into
packaged foods such as milk, orange juice, mayonnaise, corn oil, and soup mix. (Till
1982). Polycarbonate plastics are also used extensively in food packaging and have been
shown to leach an estrogenic monomer, bisphenol A, when the plastic is heated,
subjected to acids or bases or repeatedly washed (Howdeshell 2003). This creates a
health concern for the informed consumer because even low-dose exposures may be
considered a health risk (vom Saal 2005). In fact, the food industry has been so slow to
respond to these health concerns that some estrogenic antioxidants such as BHT,
butylated hydroxytoluene, and BHA, butylated hydroxyanisole, are still added directly to
packaged foods, such as commercial cereals, as antioxidants to preserve flavor. Human
exposure to estrogenic endocrine-disrupting compounds has been linked to an ever
increasing number of health consequences such as cancer (Herbst 1981, Newbold 2004),
subfertility (Carlsen 1992, Sharpe 1993), precocious puberty (Herman-Giddens 1997,
Howdeshell 1999), obesity (Heindel 2003, Mead 2004), diabetes (Alonso-Magdalena
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2006), asthma (Sunyer 2005), neuro-developmental problems (Colborn 2006), and
artificially altered patterns of sexuality and aggressive behavior (vom Saal 1995).

As our knowledge about estrogenic endocrine-disrupting chemicals increases and the
litany of harmful health effects continues to grow, and as trends such as obesity and
precocious puberty become ever more prevalent, consumer concern about their
prevention continues to increase. Organic food purveyors, such as Whole Foods, and
animal feed producers, such as Purina have expressed interest in switching to food
containers which are made from materials that are free of estrogenic activity. Their
interest has provided the impetus for the research project presented here.

The goal of this research project was to develop new commercial formulations for
polyethylene and isotactic polypropylene, which do not possess estrogenic activity, and
are comparable to the currently used commercial formulations in terms of thermooxidative stability. To this end, we carefully selected the new antioxidant additives and
polymer components and then screened them for estrogenic activity using the MCF
bioassay (vom Saal 1995) in the laboratories of CertiChem. Additionally, we performed
thermo-oxidative stability tests, based on established ASTM multiple-extrusion methods
at Rice University. These tests enabled us to evaluate the effectiveness of the new
antioxidants and to compare the stability of our new polymer formulation with that of the
currently used commercial formulations. Moreover, we have developed in the course of
this work, a novel technique for utilizing the standard Melt Flow Index apparatus to
rapidly evaluate the thermal aging of any given polymer test sample. By introducing the
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concept of oxidative equivalents, this new technique allows us to measure the melt
viscosity of a test polymer under varying loads of heat and shear stress, as well as under
standard conditions of temperature and stress, in a faster and more efficient way than
previously possible.
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CHAPTER 2
Estrogenic Activity in Commercial Plastics
2.1. Xenoestrogens and their Adverse Effects.
Xenoestrogens are exogenous chemicals, both synthetic and natural, which stimulate the
estrogen receptors in the body. Due to their specific binding behavior, these compounds
mimic the effects of 17p-estradiol, the endogenous estrogen (E2).

Some of these

compounds, when properly administered, have been successfully used to treat a variety of
medical conditions including prevention of pregnancy, sexual dysfunctions, some forms
of breast cancer, and menopause. Many safe and healthy foods that are commonly eaten
also contain natural xenoestrogens: soy products, carrots, sesame oil and pomegranates,
among others. However, the medical and pharmaceutical use of synthetic xenoestrogens
is still controversial.

Certain synthetic estrogens have been linked to completely

unexpected, adverse side effects. The classic example is diethylstilbestrol (DES). In
1971, a group of young women whose mothers had taken DES during the early stages of
their pregnancy, developed vaginal clear cell adenocarcinoma, a very rare cancer with
devastating, oft-fatal consequences (Herbst 1971).

In recent years, exposure to these estrogen-mimicking compounds, especially by infants,
young children and pregnant women has been linked to a large variety of medical
problems. Besides the diseases mentioned previously in chapter one: cancer, infertility,
precocious puberty, obesity, diabetes, asthma, neurological mis-development, and altered
social behaviors, the latest crop of problems include ADHD and autism (Colborn 2004),
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immunological problems (Okai 2004), malformed breast tissue (Guillette 2006), altered
epigenetic programming (Dolinoy 2007) and increased chromosomal abnormalities
(Susiarjo 2007). The root of the problem and the commonality between all of these
seemingly unrelated illnesses is the complex interplay of the xenoestrogen with all the
different types of estrogen receptors in all the systems of the body during the many
different stages of the human life span: gestation, infancy, childhood, puberty, pregnancy,
adulthood and old age (Herbst 1981). A comprehensive and complete understanding of
this interplay has yet to be established.

2.2. Estrogenic Components in Plastics

It has recently come to light that many commercial plastics contain ingredients that
possess varying degrees of estrogenic activity. The presence of estrogenic activity in
commercial plastics, like the carcinogenic nature of DES, was discovered quite by
accident. While seeking to identify signals that control cellular proliferation (signals
presumably absent in breast cancer cells), Soto and Sonnenschein stumbled upon a
mysterious estrogenic compound.

After months of tedious searching they finally

concluded that this compound was leaching from the plastic cell culture tubes they were
using (Soto 1991).

Additional research identified the estrogenic material to be

nonylphenol, an alkylphenol polymer additive meant to serve as an antioxidant. Since
then, many other plastics and organic chemical additives have been found to be
estrogenic, including polycarbonate, polystyrene, epoxy coatings, alkylparabens,
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propylene glycol, alkyl ethoxylates, alkylphenols, benzophenones, and nonchlorinated
biphenyls (Fang 2001).

Many commercial plastics contain antioxidants, which stabilize and protect the polymeric
material against oxidative degradation during processing, storage, and use. Furthermore,
almost all antioxidants have in their structure phenolic rings and/or other chemical
moieties, which would bind to estrogen receptors (Gachter and Muller 1993).
Additionally, polymers that contain phenolic rings in their own backbone, such as epoxy
resins and polycarbonate, are inherently estrogenic (Krishnan 1993, Brotons 1995). In
the past decade, concern has been mounting about the health effects of ubiquitous,
estrogenic, endocrine-disrupting chemicals.

For example, human exposure to the

estrogenic activity of bisphenol A is currently a very large regulatory and scientific
concern (vom Saal 2007). Uniquely troublesome is the nearly exclusive use of bisphenol
A polycarbonate to produce plastic baby bottles. Baby bottles are filled with warm milk
or formula, a lipid-rich emulsion that facilitates the elution of the estrogenic monomer
bisphenol A from the plastic, especially in used and damaged bottles (Raloff 1999).
Breast-fed and bottle-fed infants ingest large amounts of milk per body weight every day,
while their neural and immune systems are at a critical and highly vulnerable stage of
development. In fact, breast-fed children will receive the highest dose of estrogenic
chemicals of a lifetime during infancy along with milk intake (Patandin 1999).
Consequently, the overwhelming use of bisphenol A polycarbonate in baby bottles is of
major concern.
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Many of the major commodity plastics used today have inherently estrogenic components
in their polymer backbone. Plastics that are not inherently estrogenic are very likely to
contain estrogenic additives such as multi-phenolic antioxidant or phthalate plasticizer
additives. This makes it very possible, even probable that any given plastic material will
have some degree of estrogenicity. Table 2.1 on the next page lists the six most
commonly used commodity plastics and their sources of potential or inherent estrogenic
activity.
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TABLE 2.1: ESTROGENIC COMMERCIAL PLASTICS

Plastic (volume)

Chemical Repeat Unit

Estrogenic Component

Polyethylene

-CH2-CH2-

Additives

Isotactic polypropylene

-CH(CH3)-

Additives

Polystyrene

-CH2-CH(Ph)-

Monomers to Trimers

Polyethylene terephthalate) -OCH2-CH20-CO-Ph-CO-

Phthalate Monomers

Polycarbonate

-O-CO-O-Ph-CtCHa^-Ph-

Bisphenol A Monomers

Polyvinyl chloride

-CH(C1)-CH(C1)-

Additives

Note: Ph = phenyl group

It should be noted that the estrogenic components listed in Table 2.1 have a range of
Receptor Binding Affinities (RBA). The RBA value of a xeno-estrogen expresses how
strongly it binds to the estrogen receptor ER-a in the body relative to 17(}-estradiol, the
natural estrogen. An RBA value of 100, greater than 100 or less than 100 would mean
that the binding strength is respectively equal to, greater than or less than the binding
between 17p-estradiol and the estrogen receptors in the body.

Most xenoestrogen

compounds have very low RBAs compared to 17P~estradiol while DES has a very high
RBA value (Fang 2001). However, many low-RBA estrogens have been shown to
increase the gene expression of estrogen-related proteins, the tissue weight of estrogen-

10
responsive tissues, and the proliferation of breast-cancer cells (Soto 2006). In the body,
they are effective as exogenous estrogens. Our wealth of experience with wildlife has
shown that weakly binding synthetic estrogens do have a harmful health effect on fish,
birds, reptiles, amphibians and mammals (Colborn 1993). Additionally, our experience
with animal experiments have shown that adverse effects caused by synthetic estrogens in
animals almost always reproduce the same effect to a greater or lesser degree in humans.
Table 2.2 on the next page summarizes the receptor binding affinity to rat uterine cytosol
ER (model for hER-oc) and known health effects of some well-studied synthetic estrogens.
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TABLE 2.2. RBA AND HEALTH EFFECTS OF SYNTHETIC ESTROGENS.

Compound

RBA

Health Effects

DES

400

cancer, gross morphological changes in the
gonadal tissues of men and women

DDT/DDE

0.001/slight binding neurological misdevelopment, aggressive male
behavior, altered breast development, asthma

PCBs

0.23

lower birth weight, neurological and
psychomotordevelopmental delays, lower IQ scores

nonylphenol

0.031

generation of ROS in neutrophils, enhances growth
of mammary tumor cells

terephthalate

slight binding

subfertility, disrupted Sertoli cell development,
disrupted ovarian steroid production

bisphenol A

0.008

precocious puberty, induced insulin resistance,
metabolic syndrome, type 2 diabetes, increased risk
of breast cancers and uterine abnormalities, prostate
enlargement, ovarian disease, obesity, increased
meiotic

aneuploidy,

altered

oogenesis, multi-

generational or transgenerational effects

Note: DDT is metabolized to DDE in the body
(Howdeshell 1999, Patadin 1999, Fang 2001, Hunt 2003, Newbold 2004, Okai 2004,
Sunyer 2005, vom Saal 2005, Alonso-Magdalena 2006, Colborn 2006, Dolinoy 2007,
Murray 2007, Susiarjo 2007 ).
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What stands out in Table 2.2 is that DES is a super-binder and the only one to be firmly
established as carcinogenic.

The other synthetic estrogens are weak binders, more

classically endocrine disruptors and many of their adverse effects are overlapping:
neurological misdevelopment, altered sexual development, infertility or subfertility.
Most of the data listed in Table 2.2 pertains to effects observed in humans, although some
of the information comes from animal experiments. Some adverse effects occur at lowdosage levels (bisphenol A) and some are seen at high-dosage levels (PCBs). Some
compounds may produce different adverse effects at both low and high dosage levels. It
can no longer be claimed that the "low" levels of exposure are safe. Nor can it be
claimed that people in the United States only encounter levels of exposure which are
harmless (vom Saal 2005). In light of these data, it would be quite reasonable and
prudent to conclude that the weakly binding synthetic estrogens listed above, which
originate from everyday plastic materials (Soto 1991, Krishnan 1993, Bretons 1995,
Raloff 1999, Howdeshell 2003) constitute a real problem. Although some controversy
remains concerning the level of justifiable concern and while policy changes may occur
slowly, many scientists now believe and have come to a consensus that the estrogenic
endocrine-disrupting chemical bisphenol A is adversely affecting the health of all people
living in developed countries today (vom Saal 2007).
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2.3. Development of Non-estrogenic Plastics Formulations

The first step in our approach to non-estrogenic plastic formulations was to eliminate
polymers with inherent estrogenic activity.

While it can be argued that estrogenic

moieties that are integral parts of the macromolecular chains are most probably inert,
polymers produced by condensation reactions such as polyethylene terephthalate (used in
most plastic drink containers) and bisphenol A polycarbonate (used exclusively in plastic
baby bottles) always contain residues of unreacted monomer, dimer, and trimer
molecules which are estrogenic (Fang 2001). Polymers produced by addition reactions
(such as polystyrene), while free of potentially estrogenic residual monomer, may
generate these monomers as they weather and degrade. For this reason, we have chosen
to concentrate initially on polyethylene and isotactic polypropylene, which are not
inherently estrogenic and tackle the problem of changing the estrogenic antioxidants used
in the current commercial formulations of these polymers.

With regard to applications in which the use of non-estrogenic plastics is likely to be
most effective we have chosen two:

(1) baby bottles, in which polycarbonate will be replaced by isotactic
polypropylene utilizing non-estrogenic antioxidants and
(2) plastic food containers, in which the estrogenic antioxidants currently
used in polyethylene and polypropylene will be replaced with
non-estrogenic antioxidants of comparable effectiveness.

14
Consequently, the specific aim of this work was to develop completely safe, new
formulations of polyethylene and isotactic polypropylene, which use antioxidants that are
comparable in effectiveness to the currently used estrogenic antioxidants but lacking in
estrogenic activity.
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CHAPTER 3.
Polymer Oxidation and its Control

3.1. General Mechanisms of Polymer Oxidation
Oxidation of polymer chains occurs spontaneously in the presence of oxygen
(autoxidation). The resulting chemical reactions are accelerated by heat, mechanical
stress and the presence of ultraviolet radiation. The autoxidation of polymers occurs at
every stage of their existence: manufacture, storage, processing, and use. Consequently,
successful polymer applications require suitable methods of stabilization at every stage:
manufacture, storage, processing and use. (Gachter and Muller 1993)

The macroscopic signs of oxidation in polymers are twofold. In appearance, the polymer
manifests yellowing, cracking, chalking, and a loss of gloss and transparency.
Simultaneously, there is degradation in the mechanical properties of the polymer: impact
strength, elongation, tensile strength, etc. The overall result is a loss of usefulness.

On the molecular level, signs of polymer oxidation include the generation of various
radicals and oxidation byproducts, followed by chain scission, which decreases the
molecular weight of the chain. In some high-density polyethylenes the presence of
residual catalyst groups may induce crosslinking. In this way both the size and the
organization of the polymer chains may be changed by oxidation.
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The inherent resistance of different polymers to oxidation varies widely and depends
largely on their chemical structure. Highly unsaturated polymers are more susceptible to
oxidation whereas saturated chains are more stable. Oxidative stability is also greatly
affected by the nature and amount of impurities, such as catalyst residues left over from
the polymerization process, by the morphology of the polymer, i.e. crystallinity and
orientation of the polymer chains, and obviously by the presence of antioxidant additives.
Table 3.1 on the next page lists some of the main effects of thermal oxidation on the
major types of industrial polymers.
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TABLE 3.1. Effects of Thermal Oxidation on Various Major industrial Polymers
Polymer

Effects of Oxidation (Gachter and Muller 1993)

Polyethylene (PE)

Crosslinking reactions dominate over
long-chain branching, chain scission

Polypropylene (PP)

Very sensitive to thermal oxidation due to the many
tertiary and secondary hydrogens
Chain scission, formation of hydroperoxides

Polybutene-1

Chain scission, similar to PP, but more stable

Polystyrene copolymers

Chain scission, neighboring hydroperoxide groups
Endgroups determine degradation behavior,
Superposition of different components' oxidation

Aliphatic polyamides

Chain scission, hydrolysis, yellowing

Aromatic polyamides

Thermally more stable than aliphatic polyamides
Simultaneous thermal, thermooxidative (minor) and
hydrolytic degradation

Polyurethanes

Chain

scission,

formation

of

hydroperoxides,

autocatalytic hydrolysis (polyester urethanes)
Polycarbonate

Good thermal stability, sensitive to hydrolysis
Chain scission, discoloration
Crosslinking under oxygenated conditions

Polyacetals

Depolymerization reaction begins at endgroups
Interdependent free radical and ionic processes
Formaldehyde gas main degradation product

Polyalkylene Terephthalates

Highly interdependent thermal, thermooxidative
and hydrolytic degradation processes
Chain scission autocatalytic due to acid endgroups
Crosslinks result at high temperatures
Weight loss, yellowing, gel formation

Polyether esters

Polyether

segments

are

very

sensitive

to

thermooxidative degradation-radical chain reaction
Acidolytic degradation
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Some general trends emerge from inspection of this Table. Usually, the main result of
thermo-oxidative poisoner degradation is chain scission, resulting in decreased molecular
weight and deterioration of mechanical properties. Notably, the only polymer for which
crosslinking predominates is high-density polyethylene, although under certain
conditions crosslinking may also occur for polycarbonate and polyalkylene terephthalates.
This is significant because having the right amount of crosslinks could enhance
macroscopic properties. On the other hand, chain scission invariably causes a decrease in
the desired mechanical properties.

The end groups of the polymer chains often affect the oxidation process. In certain
polymers, such as polyacetals, the hydroxy end groups produced by the initial
polymerization reactions are extremely sensitive to hydro-oxidative conditions and must
be capped by ester or ether groups.

To a much lesser extent, vinyl end groups in

polyethylene are more sensitive to oxidative chain scission than saturated end groups.
Furthermore, whatever different types of degradation processes are present (thermal,
thermo-oxidative, hydrolytic or acidolytic, free radical or ionic), they are usually
interdependent with one another, and sometimes highly so.

This is because the

degradation product of one reaction may participate in or enhance another type of
degradation reaction. For example, formic acid produced from the thermo-oxidative
degradation of polyether esters also enhances acidolytic degradation.

Also,

hydroperoxides produced in the ionic degradation of polyacetals may act as free radical
initiators, kicking off a free radical degradation process that unzips the entire chain.
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Consequently, successful protection of the polymer against oxidation in a particular
plastic formulation requires the use of specific antioxidants, which must be especially
suited to the chemistry and reactivity of the polymer chain, as well as to its expected
processing and use conditions. This is not a trivial task.

3.2. Free Radical Nature of Thermo-oxidative Degradation

Polymer autoxidation has two distinguishing features: autocatalysis and inhibition by
additives. These two characteristics imply that mechanistically, oxidation is a radical
reaction. In the simplest models, radical reactions consist of three major steps: initiation,
propagation and termination. Initiation reactions generate free radicals. Propagation
reactions spread the free radical activity to other molecules in the system. Termination
reactions bring two radicals together, and thus eliminate free radicals from the system.

In the 1940s, Holland and Gee developed an oxidation mechanism model, specifically to
explain the thermal oxidation of olefins, which is still being used today. It is shown in
Appendix 1 of this report. According to Bolland and Gee the oxidation process starts
with initiation reactions, which generate free radicals that are involved in most of the
subsequent steps. Initiation is followed by propagation reactions, which transfer radical
activity from one species to another. Chain branching reactions increase the number of
radicals through molecular decompositions. Termination reactions deplete free radicals
by combining them with each other. These are all simultaneous and competing chemical
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reactions, their rates depending on temperature and oxygen availability. (Bolland and
Gee 1946, Bolland 1948)

In a system of polyolefins, the free radicals generated are alkyl, alkoxy, peroxy, and
hydroxy radicals. Each class of radical can be created in primary, secondary or tertiary
form, referring to the main carbon bearing the lone electron, just like primary, secondary
and tertiary hydrogen atoms. Hydroxy and alkoxy radicals are short-lived and very
reactive. Alkyl and peroxy radicals are relatively more stable.

Many aspects of this complex process are still being investigated. To begin with, how
the initiation reactions first occur is not well understood.

Currently, it is generally

believed that primary alkyl radicals form during polyolefin processing due to the
combination of heat and mechanical stress. Comparatively, the propagation reactions are
well-studied.

In the presence of sufficient oxygen, alkyl radicals are very quickly

transformed into peroxy radicals. The next step is the rate-determining step: a peroxy
radical abstracts a hydrogen to form a hydroperoxide molecule and another alkyl radical.
This is the rate-determining reaction and its speed depends on the strength of the
assaulted C-H bond, the stability of the alkyl radical product and the reaction temperature.
Since tertiary hydrogens are the easiest to abstract, this makes PP especially easy to
oxidize. However, secondary hydrogens cannot be neglected; they are also abstracted to
a significant degree, even in the presence of tertiary hydrogens (Cheng 1976). The
number of oxidative propagation cycles, "kinetic chain length", is believed to reach over
one hundred in some cases. (Gachter and Muller 1993)
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The thermal decomposition of hydroperoxide molecules formed in the propagation
reactions usually leads to chain branching. Because hydroperoxide molecules decompose
to produce chain scission and generate two new radicals, it is the presence of those
hydroperoxides that sensitizes the polymer to thermal and photo-oxidation. These chain
branching reactions only become important at elevated temperatures, i.e. over 100-120°C,
due to their high activation energies.

PE and PP melts are often processed at

temperatures around 200°C, so chain branching reactions will definitely be present. The
resulting chain scissions cause a decrease in molecular weight and a decrease in
mechanical properties.

Another factor in chain branching reactions is the presence of various transition metal
ions used as catalysts, such as Fe, Mn, Co, and Cu. In much the same way that they
catalyze desired reactions, these ions lower the high activation energy of chain branching
reactions and facilitate their occurrence at lower temperatures. This makes the polymer
more prone to degradation at lower temperatures, than if these metal ions were not
present. Furthermore, these metal ions catalyze the breakdown of hydroperoxides in a
self-cycling or self-regenerating manner, making any ongoing degradation worse.

Besides fixing oxygen and abstracting hydrogen, the alkoxy radicals formed in the
preceding steps may also undergo monomolecular decomposition reactions, resulting in
chain scission and a decrease in chain length, polymer molecular weight, and mechanical
properties. Termination reactions occur when two radicals of any type combine to form
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one or more molecules. Some termination reactions create crosslinking, and result in an
increase in polymer molecular weight and possibly gel formation.

3.3. Thermo-Oxidative Degradation of Polyethylene.

Polyethylene comes from the polyolefin family of plastics; it is a semi-crystalline
thermoplastic. The seemingly simple chemical repeat unit of polyethylene,
-(CH2-CH2)n-, can be fashioned into an endless variety of macromolecular structures.
There are many grades and varieties of polyethylene with a wide range of properties:
flexible vs. rigid, low-impact strength vs. high-impact strength, opaque vs. good clarity,
etc. Specialty polyethylenes may even have very unusual properties, such as crosslinked
polyethylene (XLPE) which is thermoset and extra high gloss HDPE, which is tough at
very low temperatures. (Rosato 1993) Additionally, there are linear polyethylenes with
weight-average M.W.'s in excess of 10 . These are referred to as ultra-high molecular
weight polyethylenes (UHMWPE's) and have extraordinary strength and toughness.

Commercial polyethylenes possess a variety of macromolecular structures, which are
determined by the catalytic conditions and processing conditions used to generate the
polymer. (Hamielee 1996) The presence of branching on the molecular chains affects
the degree of crystallinity, one of the most important features of a polymeric material.

The density of a polyethylene polymer, which is very easy to determine, is one indication
of the crystallinity.

This is why density has been used historically as a basis for

classification of polyethylenes. The various polyethylenes are shown in Table 3.2.
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TABLE 3.2. Density, Crystallinity and Physical Properties of Polvethylenes
Polyethylene
Property

LD Branched

LD Linear

HD Linear

Specific gravity (g/cm )

0.910-0.925

0.918-0.935

0.941-0.965

Crystallinity (%)

35-55

40-65

80-95

Retractive index (no25)

1.51

1.51

1.54

Tensile strength (psi)

600-2300

1900-4000

3100-5500

Elongation (%)

90-800

100-950

20-1000

Tensile modulus (105 psi)

0.14-0.38

0.38-0.75

0.6-1.8

Impact strength (ft-lb/in. of notch)

>16

1.0-9.0

0.5-2.0

Heat-deflection temperature

90-105

—

110-130

Dielectric constant (1000 cycles)

2.25-2.35

2.25-2.35

2.30-2.35

Dielectric loss (1000 cycles)

<0.0005

<0.0005

<0.0005

Water absorption
(one-eighth in. bar, 24 hr, %)

<0.015

—

<0.01

(°F, 264 psi)

Structurally, every hydrogen on a linear polyethylene chain is a secondary hydrogen,
except for the chain ends, where double bonds and allylic hydrogens or primary
hydrogens may still reside. Whenever branches occur on the chain, a tertiary hydrogen is
also present opposite the branch point. These factors make polyethylenes susceptible to

oxidative degradation to a greater or lesser extent, depending on their chain structure
(branched or linear). Commercial polymers often retain catalyst residues in their chain
ends (Armeniades 2006). The presence and chemical nature of these catalyst fragments
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determines whether oxidation reactions will cause chain scission (which would increase
the MFI) or crosslinking (which would decrease it). Crosslinking reactions predominate
in Phillips-type HDPEs, while chain scission predominates in Ziegler-type HDPEs. High
density polyethylene (HDPE) is much more variable in oxidative resistance than LDPE,
with degradation being highly influenced by the reaction catalyst, the vinylic content and
the amount of metal impurities present. (Chirinos-Padron 1987)

3.4. Thermo-Oxidative Degradation of Isotactic Polypropylene

The presence of tertiary hydrogens on every other C atom of the polypropylene chain
makes this polymer extremely susceptible to oxidative degradation, which causes
extensive chain scission.

Consequently, pure polypropylene is unstable under even

mildly oxidative conditions and cannot be processed without the addition of antioxidants.
The oxidative degradation of polypropylene produces various hydrocarbons, ethers,
alcohols, aldehydes, ketones, acids, esters and gamma-lactones. The volatiles consist
mostly of water. (Hoff and Jacobson 1984) This chemical degradation profile is very
different than that of polyethylene, implying that while structural similarities may exist
for the two polyolefins, there must be large differences in their respective thermaloxidative reaction mechanisms. For polypropylene, the physical changes that occur, such
as decreased molecular weight, (shown by increased MFI) and loss of mechanical
properties indicate that chain scission is the dominating factor.
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After initiation, it is believed that alkyl radicals react in the presence of oxygen to form
hydroperoxides. First, an alkyl radical fixes oxygen to become a peroxy radical, which
then abstracts a hydrogen to produce a hydroperoxide. It is these hydroperoxides that
decompose to cause chain scission, which decreases polymer molecular weight and
causes a loss of mechanical properties.

In the polypropylene system, hydroperoxides are formed and chain scission occurs
extremely readily for many reasons. First is the abundant supply of tertiary hydrogens,
the most easily abstracted by heat and peroxy radicals. As if that weren't enough, a very
ample supply of secondary hydrogens is also available for abstraction. Next, it is a
known, peculiar feature of polypropylene that blocks of neighboring hydroperoxide
groups will form on the main chain. (Chien 1968) These blocks of hydroperoxide
groups decompose and initiate radical formation even more readily than monomolecular
hydroperoxide, due to a lower activation energy. (Chien 1967) Thus the chain scission
and degradation of PP happens even more quickly.

Once propagation begins and hydroperoxides are produced, besides decomposing
monomolecularly, they also react with alcohols in a bimolecular decomposition reaction,
producing two more radicals in another chain-branching process. This actually produces
an increase in the rate of initiation; once degradation begins, it fuels itself even more.
Additionally, macroalkoxyl radicals also decompose monomolecularly to produce a
methyl ketone, a primary alkyl radical and further chain scission. There might also be
other scission-type mechanisms yet undiscovered. The chain-branching reactions are
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plentiful and extremely effective and this is why polymer scission occurs so readily in
polypropylene.

Termination of these free radicals necessitates at least one primary or secondary peroxy
radical.

Two tertiary peroxy radicals won't terminate each other.

This makes

termination more difficult, or stated differently, more unlikely. Also, oxygen and peroxy
radicals are known to diffuse into the crystalline phase of PP, which then begins to
oxidize. The significance of this result is that it means stretching or orientation of the
polymer to induce crystallinity is not a useful method for oxidative stabilization of PP.
The highly crystalline structure of this polymer does not afford protection against
oxidative degradation. (Gachter and Muller 1993)

In summary, due to its chemical structure and the efficacy of its own particular
propagation and chain-branching free radical reactions, polypropylene can be expected to
degrade quite easily in the presence of high temperatures and/or sufficient oxygen. It is
readily apparent that the oxidative stabilization of polypropylene is no easy task, and may
require a carefully selected combination of strategies.

3.5. Stabilization Strategies: Antioxidants

There are many ways to prevent or retard thermo-oxidative degradation. These include
adding structural modifications to the polymer chain, capping the chain ends with stable
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moities, physically orienting the polymer by stretching, and mixing the polymer with
additives, called antioxidants.

The most common method of stabilizing polymers is to add antioxidants.

These

chemicals retard oxidation of the polymer by being preferentially oxidized in place of the
polymer chains. The main criterion for antioxidant choice is for its reaction rate constant
with oxidizing agents (under the expected conditions) to be sufficiently higher than that
of the polymer, so that it will react with these agents to form inert products before the
oxidizing agents can attack the polymer chains.

Thus, suppose that the reaction rate of the antioxidant with the oxidizing agent is 10
faster than the rate-controlling reaction of the polymer, and suppose that we add 0.1
weight % (10"3) antioxidant to the polymer. Then the oxidizing agent in contact with the
system is 1000 (10 ) times more likely to react with an antioxidant molecule than to
attack the polymer. This is determined by the ratio (rl/r2) of the two competing reactions
with oxygen. While the above illustration is a simplified version of the very complex set
of reactions that are actually taking place, it does show how the polymer can be wellprotected with only a small amount of antioxidant. In this role the antioxidants act as
sacrificial agents, becoming gradually depleted as the polymer is subjected repeatedly (or
for long time periods) to highly oxidizing conditions, such as repeated processing. It
should be noted that the better antioxidants are capable of scavenging multiple oxygen
molecules.

The Arrhenius-type temperature-dependent

rate constants for the
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antioxidants' depletion as well as for the autoxidation reactions of polyethylene and
polypropylene can be measured experimentally (Chien 1967).

Incidentally, PP and PE account for 30% and 28% respectively, of all antioxidant
consumption for thermoplastic usage. Together they account for more than half of all
thermoplastic antioxidant usage.

Without effective antioxidants, the use of modern

industrial plastics and especially polypropylene would be severely limited.

A comprehensive list of antioxidants used in polymers can be found in Gachter and
Muller (Gachter and Muller 1993). Their main chemical families are alkylphenols,
hydroxyphenylpropionates, hydroxybenzyl compounds, alkylidene bisphenols, secondary
aromatic amines, thiobisphenols, aminophenols, thioethers, phosphites/phosphonites, and
sterically hindered amines. These families include a sufficient variety of chemical groups
to allow a choice of antioxidants specifically suited to particular polymer applications and
use conditions. Which additives are best for a particular situation will depend on the
temperature, the polymer, the specific degradation or free radical reactions, the end-use
environment, and the temperature-dependent rate constant.

Antioxidants may be classified as primary or secondary in their protective mechanism.
Primary or chain-breaking antioxidants interfere with the chain propagation step in the
breakdown of polymer materials. They work by reacting with the alkyl and peroxy
radicals which carry on propagation. Secondary or preventative antioxidants destroy
hydroperoxide groups before they can cause chain-initiation and chain-branching. They
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typically function by reducing hydroperoxides to the more stable corresponding alcohols.
Using a mixture of primary and secondary antioxidants will often achieve a synergistic
effect; the combination performs better than the sum of both components.

3.6. T h e Problem of Estrogenic Antioxidants

Currently, a number of different research methods, both in vivo and in vitro, are used in
assessing estrogenic activity. (Soto 2006) Historically, estrogenic compounds have been
defined as those compounds which cause cellular proliferation in the tissues of the female
genital tract. Consequently, early rodent bioassays measured either vaginal cornification
or an increase in uterine wet weight (not a specific estrogen response). However, these
animal tests were slow, expensive and difficult to perform. Thus, researchers started
working on finding a simpler and more specific cell culture bioassay. Fortunately, the
mitotic increase in human MCF-7 cells under estrogenic influences was shown to be
sensitive, reliable (not having false positives, although false negatives are possible) and
experimentally equivalent to the mitotic increase in rodent uterine endometrium under
estrogenic influences. (Soto 1991) Subsequent work validated that by using the line of
human breast cancer cells called MCF-7 cells, mitotic activity under diverse estrogenic
influences could be quantitatively addressed in a fast, efficient, reliable manner dubbed
the E-SCREEN assay. (Soto 1995) The cells are exposed to the chemical in question,
and if the chemical has estrogenic activity the cells proliferate quickly; the cell count is a
simple, reliable and consistent endpoint. Additionally, the results may be considered to
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be more applicable to human medical situations because the cell line used is of human
origin, instead of rodent origin.

Subsequently, a more physiologically relevant and well-accepted variation of the ESCREEN assay was developed by Welshons' research group; it is called the Relative
Binding Affinity-Serum Modified Access (RBA-SMA) assay. First described by vom
Saal et al, this assay was an improvement because it mimicked the conditions in the body
significantly better than the E-SCREEN assay. The RBA-SMA assay compares the
relative binding affinity (RBA) of a chemical in pure MEM, zero-percent human serum
with the RBA in 100% human serum. This is significant because human blood (and
human serum) contains sex steroid binding proteins which may or may not bind to any
particular xenoestrogen as well as endogenous hormones like estrogen which may be
over 99% bound to serum binding proteins as well as many other proteins which may
bind to receptors non-specifically. Only an assay which approximates this very complex
situation can predict the biological effects an endocrine-disrupting chemical may have on
the human body, (vom Saal 1995)

Using the RBA-SMA assay, vom Saal and Welshons correlated the dosage of prenatal
xenoestrogen exposure with resulting animal behavior in a specific, predictable, receptorconsistent manner.

In a manner similar to DES, both o,p-DDT and methoxychlor

increased the urine marking behavior of rats in a roughly inverted-U-shaped, logarithmic
fashion across five orders of magnitude. This is important not only because it validates
the assay, but also because it raises the possibility that for unknown chemicals the correct

31
dosages required to produce (or avoid) harmful effects in adult male (rat) behavior could
be calculated from the RBA-SMA values. Additionally, this modified assay predicted
fairly accurately the relative bioactivity of the bisphenol A and octylphenol with regards
to increased adult prostate weight in mice. (Nagel 1997)

Although the handful of

estrogenic endocrine-disrupting chemicals tested in this manner thus far (DES, o,p-DDT,
methoxychlor, bisphenol A) are well-studied, in principle this same technique may be
applied to unknown chemicals. However, inverted-U shaped correlations resulting from
this assay have not been reported for any other xenoestrogens at this point, as many
researchers have turned towards more sensitive microbiological methods in recent years.

Although the upregulation of progesterone receptor (PgR or PR) and other genes under
estrogenic control may be a more sensitive endpoint than cellular proliferation (Krishnan
1993), using the SMA-RBA assay from Welshons' group in this study has two
advantages: 1) relative ease of performance and 2) closer approximation to the human in
vivo situation. The RBA-SMA assay was used in mis project to test for estrogenicity in
the antioxidants that were evaluated, as well as in the plastic formulations they were
added to. Table 3.3 below gives the SMA-RBA values of bisphenol A compared to DES,
estradiol and other xenoestrogens (vom Saal 1995, Nagel 1997). This chart illustrates
that although the conventional RBA value of bisphenol A is low, the serum modified
access assay predicts that the biological in vivo activity may be fairly high, and initial
experiments have supported this prediction (Nagel 1997). Currently there is much
scientific concern about the health effects of bisphenol A (vom Saal 2007).

32
TABLE 3.3. SMA-RBA predicted bioactivitv of BisphenolA vs. Nonylphenol
Xenoestrogen

0% Serum

100% Serum

SMA

Est. Fetal Mouse SMA

Estradiol

100

100

1.0

1.0

DES

21

70

3.3

47 (calculated)

o,p-DDT

0.013

0.040

3.1

43 (calculated)

Bisphenol-A

0.0060

0.0100

1.7

15

Nonylphenol

0.026

0.0039

0.20

0.01

It is, of course, highly desirable to establish a screening process that would allow for
recognition of estrogenic activity of molecules based solely on their molecular features.
Quantitative structure-activity relationship (QSAR) methods have been developed for the
purpose of priority-setting with some success in this area. (Tong 1997, Shi 2001)
However, research on estrogenic structure-activity relationships that combines
experimental RBA data with well-known computational values has probably yielded the
best understanding thus far of the chemical criteria for estrogenicity as summarized on
the next page in Table3.4:
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TABLE 3.4. Structural Features contributing towards Estrogenicitv (Fang 2001)
1. Phenolic Ring mimicking the 3-OH hydrogen donor of 17b-estradiol
2. Hydrogen bond donor mimicking the 17b-OH
3. Distance of 9.7-12.3 angstroms between the oxygens of the 3-OH and
17b-OH groups
4. Hydrophobic groups sterically mimicking the 7a and lib substituents of
17b-estradiol
5. Hydrophobicity of the entire molecule
6. An aromatic ring structure that is preferably more rigid
7. A molecular weight usually in the range of 200-300 daltons

The above criteria, as well as a growing number of tests, have led to the conclusion that
most commercial antioxidants contain estrogenic chemical moieties.
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CHAPTER 4.
Experimental Methods

4.1. Methods for Assessing Thermal Stability
Thermo-oxidative degradation occurs to some extent throughout a polymer's life cycle.
Therefore, antioxidants must work to protect the polymer under many different
conditions. In order to assess an antioxidant's performance, we simulate these conditions
with various standardized laboratory tests.

Laboratory tests may be performed on the actual polymer in its pure or commercial form,
on model compounds or on model systems. Model compounds have been used quite
widely. Generally, the model compound is a lower molecular weight analog of the
polymer. For example, the model compound used for polyolefln testing is a branched,
low molecular weight hydrocarbon compound. When these substances are tested, the
oxidation kinetics may be followed with and without the presence of antioxidants.
However, model compounds and model systems often differ greatly from the actual
polymer in terms of viscosity and diffusion characteristics, and this makes it difficult to
accurately assess antioxidant performance. Alternatively, the antioxidants may be tested
by reacting them with well-known hydroperoxides or peroxy radicals, such as cumene
hydroperoxide or by measuring the rate of oxygen uptake of the reaction. In this work
we tested the actual compounds, a high molecular weight polyethylene and
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polypropylene, because this is the most accurate method.

We did not add any

hydroperoxides or peroxy radicals.
The thermo-oxidative stability of polymer chains can be assayed by many different
methods. Oven aging, spectroscopy, colorimetry, mechanical testing, extrusion, film
blowing, injection molding, and changes in melt flow index can all be used alone or in
various combinations to assess polymer stability and antioxidant performance. The
various test methods can be used to simulate all of the different conditions encountered
by the polymer during its lifetime. Thermo-analytical techniques such as differential
thermal analysis (DTA), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and thermal mechanical analysis (TMA) may yield data more quickly but
do not simulate actual service conditions very well.
Polymer storage and usage generally extend over a period of months or years. Due to the
experimental difficulties of simulating such long time periods, accelerated testing
methods are used.

These methods aim to simulate long-term storage and usage

conditions by reproducing a similar oxidative or thermal load in a shorter time period.
They typically utilize increased testing temperatures, reduced sample thickness, a pure
oxygen environment at atmospheric pressure, or a pure oxygen environment at higher
pressures.
For evaluating antioxidant performance under storage or usage conditions, the

accelerated oven aging test (DIN 53383 part 1, ISO 4577-1983) is the best and most
widely used method because it reproduces most closely the oxidative load encountered by
the polymer in usage or storage. Although mechanical stresses associated with usage are
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absent, oven aging exposes the polymer material to heat and oxygen in a well-controlled,
easily tunable fashion. Typically, temperatures are relatively high, but below the polymer
melting point. Air is usually circulated, although pure oxygen may also be used. The
accelerated aging session is typically followed by tests such as IR spectroscopy,
colorimetry, impact strength, elongation and tensile strength.

Sometimes solution

viscosity and weight loss are determined. The choice of test criteria to be used depends
on the polymer. For polyolefins, embrittlement is the main criterion, but tensile strength,
yield strength, impact strength, and flexural strength are also tested.

Under processing conditions, a polymer melt is typically subjected to heat and
mechanical stresses in an enclosed, low oxygen environment, resulting in chain breakage
and various oxidative reactions. Accordingly, polymer processing can be simulated with
single or multiple pass extrusion tests, film blowing, injection molding or milling tests,
depending on the type of process to be simulated. Extrusion is the simplest process that
subjects a polymer to controlled amounts of heat and stress in an enclosed environment.
Consequently, multiple extrusion tests are extensively used to evaluate the effectiveness
of antioxidants.

After extrusion, physical changes in the plastic such as discoloration, embrittlement,
bubbling or foaming, may serve to indicate the extent of oxidative degradation of the
polymer. However, changes in the melt flow index of the polymer is the test method of
choice because it gives quantitative, relatively quick, technically simple, and inexpensive
measurements.
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4.2. Melt Flow Index (MFI) Measurements
The melt flow index apparatus, shown in Fig. 1 is a relatively simple instrument costing
around $15,000 - 40,000. Its main components are a hollow cylinder 0.95 mm in inside
diameter and 12 cm in length (the barrel), which receives the polymer in pellet or powder
form and a piston, which serves to extrude the polymer after it is melted inside the barrel.
Both barrel and piston are made from hardened steel. Heating elements around the barrel
serve to melt the polymer, which is extruded through a die, 8.00 mm in length and 2.095
mm in diameter.

The melt is extruded at a standardized temperature, and under a

standardized load, a dead weight attached to the top of the piston. The mass of polymer
collected in 10 minutes is recorded, giving the Melt Flow Index (MFI) of the test polymer.
The MFI of a polymer is inversely related to its melt viscosity at the temperature and
shear rate of the MFI test.

High viscosity melts give low MFI values and vice versa.

From a simple MFI reading and a reference plot, the melt viscosity and many other
processing parameters can be estimated fairly accurately in a range of temperatures.
(Shenoy and Saini 1996)
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Figure 4.1. Schematic Diagram of a typical Melt Flow Index apparatus and Photograph
of the Haake MeltFlow Indexer.

Under processing conditions, the polymer melt is subjected to high shear stresses, which
cause the polymer chains to degrade both physically and chemically. This affects the
average molecular weight as well as the molecular weight distribution (MWD) of the
polymer, thus causing changes in the viscosity of the polymer melt, which correlates with
its MFI. (Shenoy and Saini 1996). These structural molecular changes due to processing
usually affect the mechanical properties and suitability of the final product in its intended
applications. For this reason, MFI measurements of a given polymer before, during and
after processing provide valuable data.
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Depending upon which polymer is being tested, the melt temperature and piston load may
be specified by several different standards: ASTM, BS, DIN, ISO, or JIS. For this work
we have followed the ASTM D123 8 or ISO R1133 Standards, which are normally used
for polyolefins. They specify a melt temperature of 230°C for polypropylene and 190°C
for polyethylene under a load of 2.16 kg. Detailed descriptions of the protocols used in
this work are given in the appendices.

4.3. MFI measurements after Repeated Extrusions

The effectiveness of a particular antioxidant in suppressing the thermo-oxidative
degradation of a given polymer is commonly measured by subjecting the polymer to
repeated extrusions and measuring its MFI after each extrusion (Gachter and Muller,
1993). Usually, the MFI of a polymer sample is taken after 1, 3, and 5 extrusions. The
change in MFI after each extrusion is used as a single-parameter measure of the effect of
process conditions on the polymer chains. A schematic diagram of a typical extruder set
up is shown below.
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Figure 4.2. Schematic diagram of a typical extruder.

Typically, the processing stabilities of formulations of a specific polymer with different
antioxidants are assessed by comparing MFI measurements of each formulation after one,
three and five extrusions.

The following Tables show extrusion data of isotactic

polypropylene, formulated with different, commercial antioxidants (Gachter and Muller,
1993). Table 4.1 is shown on the next page.
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TABLE 4.1. Processing Stability of Polypropylene (Homopolymer-1)
with 0.1 % Ca stearate lubricant.

Additives

Melt Flow Index (MFI 230/2.16) after:
First
Third
Fifth
extrusion
extrusion
extrusion
g/lOmin
g/lOmin
g/lOmin

Without AOs

10.7

22.5

40.0(1100%)

0.05% AO-1
0.10% AO-1

6.2
4.2

8.4
5.1

10.3 (212%)
6.0 (82%)

0.05% AO-4
0.10% AO-4

7.1
6.0

10.5
8.4

14.7 (345%)
11.0(233%)

0.05% AO-4 + 0.05% AO-1
0.05% AO-4 + 0.10% AO-1

5.8
3.8

7.0
5.0

8.5 (158%)
6.4 (94%)

0.05% AO-4 + 0.05% P-l
0.05% AO-4 + 0.10% P-l

4.1
3.5

5.3
4.3

6.7 (103%)
4.9 (48%)

0.10% AO-4+ 0.10% P-l
0.10% AO-4 + 0.20% P-l

3.4
3.3 (0%)

4.3
3.7 (12%)

4.9 (48%)
4.1 (24%)

Note: Extrusions performed at a melt temperature of 260°C and a screw speed of
100 min"1.
AO-1 is BHT [butylated hydroxytoluene].
AO-4 is pentaerythrityltetrakis-3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate.
P-l is tris(2 / 4-di-tert.-butylphenyl) phosphite. Relative increase in melt index is
given in parentheses.
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Several features of this table should be noted. First, the tremendous susceptibility of
polypropylene to oxidative degradation is demonstrated by the 1100% increase in the
MFI of the polymer without any antioxidants after five extrusions. It is also apparent that
the choice and amount of antioxidants can make a big difference in the processing
stability of the polymer. With the right additive package in the right amounts,
polypropylene can be kept fairly stable, even in highly oxidizing conditions. Addition of
0.10% AO-4 and 0.20% P-l limited the MFI increases after five extrusions to only 24%,
a very impressive result. Generally, MFI increases of below 50% after five extrusions
constitute "acceptable" processing stability for polypropylene formulations. The synergy
between antioxidants observed in Table 4.1 is unique to the high molecular weight
phenolic AO-4 and phosphite P-l combination. Notably, the stabilizing effect of AO-1
and AO-4 combined was fairly similar to either one used alone. After five extrusions the
MFI increased approximately 200-350% with either AO-1 or AO-4 used alone, and
increased approximately 200-250% with AO-1 and AO-4 used together. In contrast, the
stabilizing effect of AO-4 and P-l used together was markedly better, with MFI increases
of 24-48% when the concentration of each was sufficiently high. In practice, phenolic
antioxidants are often combined synergistically with phosphites/phosphonites for the melt
stabilization of polyolefins. However, the specific choice of phosphite/phosphonite is
very important.

Making the right combination of stabilizers can greatly impact the

desired synergistic effect, as shown below in Table 4.2, which examines four different
phenolic and phosphite/phosphonite combinations, AO-4 with P-l, P-2, P-3 and P-4.
(Gachter and Muller 1993) Table 4.2 is shown on the next page.
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TABLE 4.2. Processing Stability of Polypropylene (Homopolymer-II)
with 0.1% Ca stearate lubricant
Additives

Melt Flow Index MFI (23072.16) after:
First
Third
Fifth
extrusion
extrusion
extrusion
g/lOmin
g/lOmin
g/lOmin

Without

12.6

33.4

56.5 (17x)

0.05% AO-4

7.3

11.7

16.6 (503%)

0.05% AO-4 + 0.05% AO-1
0.05% AO-4 + 0.10% AO-1

4.8
4.2

6.2
5.1

8.0 (242%)
6.0(182%)

0.05% AO-4 + 0.05% P-l
0.05% AO-4 + 0.10% P-l

3.8
3.3

4.8 (45%)
3.7 (12%)

5.8 (76%)
4.5 (36%)

0.05% AO-4 + 0.05% P-2
0.05% AO-4 + 0.10% P-2

3.5
3.3

4.3 (30%)
3.4 (3%)

4.8 (45%)
3.7 (12%)

0.05% AO-4 + 0.05% P-3
0.05% AO-4 + 0.10% P-3

5.4
5.6

7.8
8.3

10.3(312%)
10.9 (330%)

0.05% AO-4 + 0.05% P-4
0.05% AO-4 + 0.10% P-4

6.6
6.4

10.2
9.0

13.6 (412%)
12.0 (364%)

Note: Extrusions at melt temperature of 260°C and screw speed of 100 min" .
AO-1 is BHT or butylated hydroxytoluene. AO-4 is pentaerythrityl tetrakis-3-(3,5-ditert.-butyl-4-hydroxyphenyl)propionate. P-l is tris(2,4-di-tert.-butylphenyl) phosphite.
P-2 is tetrakis-(2,4-di-tert.-butylphenyl)-4,4'-diphenylenebisphosphonite.
tris(nonylphenyl) phosphate. P-4 is distearyl pentaerythritol diphosphite.

P-3 is
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These data show that only the combinations of AO-4 with P-2 and higher concentrations
of P-l are synergistic, effective stabilizers of polypropylene, allowing MFI increases of
less than 50% after five extrusions. The combination of AO-4 with lower concentrations
of P-l is only effective under moderate processing conditions, simulated by three
extrusions. The combinations of AO-4 with P-3 and P-4 are actually anti-synergistic,
with results that are worse than having two phenolic compounds such as AO-1 and AO-4.
This data highlights the importance of selecting the right combinations of antioxidants
and using them in concentrations appropriate to the processing conditions.
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CHAPTER 5.
Results and Discussion

5.1: Oxidative Stabilization of Polypropylene
In this work we have used a Haake laboratory extruder to subject various formulations of
high-density polyethylene and isotactic polypropylene (with and without antioxidants) to
multiple extrusions. After each extrusion we measured the MFI of the processed polymer.
We evaluated the effectiveness of proposed nonestrogenic antioxidants by comparing our
data with literature data for corresponding commercial antioxidants. In the course of this
work, we have also developed an alternative method for assessing the thermal stability of
polymer formulations using only the MFI instrument, thus eliminating the need for
multiple extrusions.

To assess the effectiveness of non-estrogenic antioxidants in enhancing the thermooxidative stability of isotactic polypropylene we incorporated into nascent, commercial
isotactic polypropylene a number of antioxidants that tested negative for estrogenicity.
We then subjected these formulations to multiple extrusions and measured the MFI of the
processed polymer after each extrusion. We also performed the exact same process
(multiple extrusions, followed by MFI measurements) on a number of commercial
polypropylene formulations with estrogenic antioxidants. These measurements are
presented first, since they provide positive control data.
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5.1.1: Evaluation of Commercial Formulations

Table 5 A shows the results of our evaluation of several commercial polypropylenes with
estrogenic antioxidants. Polypropylene No.l contained Irganox 1010, a widely-used
phenolic antioxidant from Ciba-Geigy. The rest of the polypropylenes tested, (No.s 2
through 5) contained unknown, proprietary antioxidants.

All of these commercial

polypropylene formulations showed positive, when tested for estrogenicity. As expected,
these commercial formulations showed various levels of thermo-oxidative and processing
stability. Table 5A is displayed on the next page.
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TABLE 5A. Thermo-oxidative Stability of Commercial PP Formulations
Assessed by MFI Measurements After Successive Extrusions

MFI Value Following Extrusion and (%Cbange from Base Value)
No. 1

No. 2

No. 3

No. 4

No. 5

As received

11.7 [base]

2.0 [base]

3.1 [base]

33 [base]

2.2 [base]

Extruded lx

19.2(64)

2.6(30)

3.4(10)

38(15)

3.1(41)

Extruded 2x

22.3(91)

2.9(45)

3.8(23)

39(18)

3.2(45)

Extruded 3x

22.5(92)

3.0(50)

3.9(26)

Notes:
PP No.l is Sigrna-Aldrich #427888 PP w/0.1% Irganox 1010. Specified MFI: 12
PP No.2 is Total #6289MZ w/proprietary antioxidant. Specified MFI: 1.5
PP No.3 is Total #3282MZ w/proprietary antioxidant. Specified MFI: 2.3
PP No.4 is Total #6823MZ w/proprietary antioxidant. Specified MFI: 33
PP No.5 is Total #7231MZ w/proprietary antioxidant. Specified MFI: 1.5
Each reported MFI value is the mean of 4-6 measurements in our laboratories of the
weight of polymer emerging from the MFI machine in 10 minutes at 230° F and 2.16 kg
load.
Percent change above the as-received MFI of each polypropylene (used as the base value)
is given in parentheses.
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Each type of commercial polypropylene came labeled with an MFI value which was
specified by the manufacturer.

However, for purposes of verification we also

independently measured their "as-received" MFI values in our laboratory. Our MFI
values for polypropylenes No.l and No.4 were very close to the manufacturers' specified
values. However, for No.s 2, 3, and 5, the specified values were about 30% lower than
our measured values, indicating that the higher molecular weight polymers (those with
lower MFIs) may be more susceptible to oxidation during post-reactor processing by the
manufacturer (i.e. exposure to heat in the melt index machine).

Notably, the results of our extrusion tests reported in Table 5 A comprise a wide range of
thermo-oxidative

stabilities

among

commercial

polypropylene

formulations.

Reassuringly, the range of stabilities is comparable to that found in the literature (Gachter
and Muller, 1993) and reported in Tables 4.1 and 4.2. Our processing techniques are
thereby assumed to be acceptable, because our positive control results are reasonable.

For our purposes, polypropylenes No. 3 and No. 4 may be considered "well stabilized",
since after five extrusions their increases in MFI are significantly lower than 50%. Our
new, non-estrogenic polypropylene formulations would have to perform on a comparable
level in terms of thermo-oxidative and processing stability in order to be acceptable. Our
stability goals are modest: the nonestrogenie formulations only need to approach (not
necessarily exceed) the stability of commercial formulations.
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5.1.2: Formulations with Non-estrogenic Antioxidants
In conducting these tests we used a 5 kg sample of nascent, additive-free commercial
polypropylene donated by the Huntsman Corporation. This polymer was obtained in
powder form directly from the reactor, before any post-reactor processing. To this pure
isotactic polypropylene powder we added varying amounts of commercial antioxidant
that had tested negative for estrogenicity in RBA tests performed by CertiChem (such as
Chimassorb 2020).

Chimassorb 2020 is an oligomeric hindered-amine light stabilizer (HALS) with a narrow
molecular weight distribution, and a number-average molecular weight of about 2900 Da.
Although marketed by Ciba Specialty Chemicals primarily as a stabilizer against uv
radiation, it has both light and heat stabilizing properties. The antioxidant was added
stepwise to increasing amounts of the powdered polymer and thoroughly mixed in
tumblers until the desired dilution for a particular formulation was obtained.

These formulations, which tested negative for estrogenicity, were subjected to the same
sequence of repeated extrusions and MFI measurements that we used to assess the
thermo-oxidative stability of commercial formulations. The results are given in Table 5B
(next page).
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TABLE 5B. Thermo-oxidative Stability of Polypropylene with Non-estrogenic
Antioxidants, Assessed by MFI Measurements After Successive Extrusions

As received

Nascent
Polymer

Formulation Formulation Formulation Formulation
#4
#3
#1
#2

23.9 (91%)

17.5 (40%)

16.4(31%)

14.9 (19%)

14.2 (14%)

Extruded lx

--

25.4 (103%)

21.6(73%)

17.3 (38%)

16.4(31%)

Extruded 2x

—

—

27.1(116%) 24.5 (96%)

18.8 (50%)

Notes:
Each reported MFI value is the mean of 4-6 measurements in our laboratories of the
weight of polymer, emerging from the MFI machine in 10 minutes at 230° F and 2.16 kg
load.
Percent change above the base MFI value of 12.5 (reported by the manufacturer) is given
in parentheses.
"Nascent Polymer" is the Huntsman PP powder, which is additive-free.
Formulation #1 is Nascent Polymer with 0.3% Chimassorb 2020
Formulation #2 is Nascent Polymer with 0.8% Chimassorb 2020
Formulation #3 is Nascent Polymer with 1.0% Chimassorb 2020
Formulation #4 is Nascent Polymer with 0.8% Chimassorb 2020 and 0.2%
distearyl pentaerythritol diphosphate (a commercial phosphite).
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The nascent polymer served as a sort of negative control. The 91% increase in the
measured MFI of the nascent polymer (23.9) from the manufacturer's reported value of
12.5 is due to the large amount of thermal degradation of the polymer which occurs
during the short time it takes to melt and be extruded in the MFI machine. As expected,
with increasing amounts of antioxidants in Formulations 1 through 4, this MFI-induced
thermal degradation is reduced to 14%. The post-extrusion increases in MFI in the
various stabilized formulations reflect the degradation, caused by the combined action of
heat and mechanical stress.

As expected, with the addition of increasing amounts of Chimassorb 2020 (up to 1%) in
formulations 1, 2, and 3, the melt stability improved with each increase. Finally, when
we combined Chimassorb 2020 (a FLALS) with distearyl pentaerythritol diphosphite (a
phosphite) the thermal stability improved significantly and the processing stability
improved drastically, due to synergism between the antioxidants. This synergism can be
seen in the reduction of the "as-received" MFI readings from 31% to 14%, and especially
in the reduction of the "extruded 2x" MFI readings from 116% to 50%. Of the five
polypropylenes tested, formulation #4 is the only one which might approach "acceptable"
stability under moderate processing conditions. However, in order to more strongly
confirm this result, it would be necessary to perform up to three additional extrusions of
this formulation, followed by MFI testing.

Unfortunately, severe time constraints

prevented us from performing this additional work.
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5.2. Development of Melt Index Aging Tests
The established method for evaluating antioxidant performance consists of successive
extrusions of the polymer/antioxidant formulation followed by MFI measurements. This
is definitely the most realistic way of testing the processing stability of a polymer melt.
Multiple extrusions subject the polymer melt simultaneously to high temperatures and
high shear forces in a low-oxygen environment, which simulates polymer processing
conditions very well.

However, this method has a number of disadvantages.

The

extrusion operations utilize (a) an extruder, which melts the polymer under heat and
mechanical stress, and discharges the melt in the form of a continuous strand; (b) a cooler
and take-up station that solidifies the strand and collects it, usually around a reel; and (c)
a chopper (pelletizer), which cuts the continuous polymer strand into pellets suitable for
subsequent MFI measurements and extrusions. These items of equipment require a total
capital investment in the order of $100-150,000. The multiple extrusion method also
requires substantial amounts of polymer materials, labor and time. It is necessary to
prepare a minimum of 1,000 g of each specific formulation in order to complete five
extrusions.

Each extrusion takes at least 3 hours to complete, including the time

necessary to bring the extruder up to the desired temperature, purge the previous
formulation from the barrel, and cool down the machine. The entire process is very
costly in terms of time, labor, equipment and materials.
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5.3. Accelerated MFI Aging Tests

In the course of taking our MFI measurements for this project, we observed that the
thermal degradation of the polymer material inside the MFI machine occurred very
quickly with prolonged time inside the barrel, and produced significant MFI changes.
Some of these changes were comparable to the MFI changes caused by the combination
of mechanical and thermal stresses in the extruder.

Consequently, we set out to

investigate whether or not it may be possible to obtain reliable measurements of thermooxidative stability (or degradation) by prolonged thermal aging of the polymer in the MFI
machine alone, without repeated extrusions. Success of this method would drastically
shorten and simplify the testing of new antioxidants, as well as making it possible to
perform these tests in laboratories without access to extrusion equipment.

5.3.1. Polypropylene Measurements

Is it possible to consistently, controllably age polymer materials in the heated barrel of
the MFI machine? Would the thermo-oxidative degradation produced be similar to or
different from that produced in the extruder? Our exploratory experiments sought to
investigate the length of time necessary to thermally age typical polypropylene polymer
formulations on the MFI machine in order to produce MFI changes equivalent to the
changes produced by one or more extrusions. The results are displayed in Table 5C (next
page).
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TABLE 5C. Effect of Prolonged Thermal Aging on the MFI of Commercial
Polypropylene Samples and Correlation w/ Repeated Extrusions
MFI Value Following Thermal Aging and (%Change from Base Value)
No. 1

No. 2

No. 3

No. 4

No. 5

OOmin

11.7 [base]

2.0 [base]

3.1 [base]

33 [base]

2.2 [base]

05 min

14.4 (24)

2.2 (10)

3.2 (3.2)

34 (3.0)

2.3 (4.5)

lOmin

17.3 (48)

2.3 (15)

3.4 (10)

34 (3.0)

2.4 (9.0)

15 min

17.4 (50)

~

~

—

~

20 min

17.9 (54)

2.5 (25)

3.9 (26)

37 (12)

2.6(18)

25 min

17.8 (53)

—

—

—

~

30 min

18.5 (59)

~

—

—

~

40 min

19.6 (68)

2.7 (35)

4.0 (29)

39(18)

2.9 (32)

60 min

21.8(86)

2.8 (40)

4.0 (29)

40 (21)

3.2 (45)

19.2 (64)

2.6 (30)

3.4 (10)

38 (15)

3.1 (41)

35 min

30 min

10 min

30 min

50 min

22.3 (91)

2.9 (45)

3.8 (23)

39(18)

3.2 (45)

60 min

60 min

15 min

40 min

60 min

Aging Time

Extrusion Equivalent
lx

2x

Notes:
PP No.l is Aldrich #427888 PP w/0.1% Irganox 1010. Specified MFI: 12
PP No.2 is Total #6289MZ w/proprietary antioxidant. Specified MFI: 1.5
PP No.3 is Total #3282MZ w/proprietary antioxidant. Specified MFI: 2.3
PP No.4 is Total #6823MZ w/proprietary antioxidant. Specified MFI: 33
PP No.5 is Total #7231MZ w/proprietary antioxidant. Specified MFI: 1.5
Each reported MFI value is the mean of 4-6 measurements of the weight of polymer,
emerging from the MFI machine in 10 minutes at 230° F and 2.16 kg load. Percent
change above the MFI of each as-received polymer (used as the base value) is given in
parentheses.
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The top portion of Table 5C shows the changes in MFI caused by increasing times of
holding the polymer at 230° F inside the MFI machine under a small load, sufficient to
compact the polymer but not sufficient to expel it. The bottom portion gives the thermal
aging time that produces the same changes in MFI as those caused by 1 and 2 extrusions.
For one extrusion, the correlated times varied from 10 minutes to 50 minutes, with three
out of five formulations around 30 minutes.

For two extrusions, three out of five

formulations had a correlated residence time of 60 minutes, one formulation had a lower
value of 40 minutes, and the last formulation had a much lower value of 15 min.

Because the proprietary antioxidants or antioxidant packages used in polypropylenes Nos.
2 to 5 were not identified, it is difficult to speculate on the chemical or structural reasons
for the difference in equivalent times. However, it is reassuring that polypropylene No.l,
containing 0.1% Irganox 1010 (known to be phenolic), had extrusion equivalent times of
35 minutes and 60 minutes for one and two extrusions, respectively.

After determining the extrusion equivalent times using the commercial polypropylenes,
we also tried to determine the extrusion equivalent times for our own non-estrogenic
polypropylene formulations. The results are shown in Table 5D (next page).
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TABLE 5D. Effect of Prolonged Thermal Aging on the MFI of Polypropylene w/
Non-estrogenic Antioxidants and Correlation w/ Repeated Extrusions
Formulation
#4

Nascent
Polymer

Formulation

#1

Formulation
#2

Formulation
#3

23.9 (91)

17.5 (40)

16.4(31)

14.9 (19)

14.2 (14)

lOmin

—

22.3 (78)

16.8 (34)

16.1 (28)

15.5 (24)

20 min

—

21.6 (73)

21.5(72)

18.6 (49)

16.4(31)

30 min

--

27.8 (122)

23.3 (86)

20.1 (61)

16.9 (35)

40 min

—

—

25.6 (104)

21.2(70)

18.0(44)

60 min

—

~

—

22.7 (82)

19.1 (53)

—

25.4 (103)

21.6(73)

17.3 (38)

16.4(31)

—

35 min

20 min

15 min

20 min

—

—

27.1(116)

24.5 (96)

18.8(50)

—

~

~60min

-75 min

~60min

Aging Time
00 min

Extrusion Equivalent
lx

2x

Notes:
PP No.l is Aldrich #427888 PP w/0.1% Irganox 1010. Specified MFI: 12
PP No.2 is Total #6289MZ w/proprietary antioxidant. Specified MFI: 1.5
PP No.3 is Total #3282MZ w/proprietary antioxidant. Specified MFI: 2.3
PP No.4 is Total #6823MZ w/proprietary antioxidant. Specified MFI: 33
PP No.5 is Total #7231MZ w/proprietary antioxidant. Specified MFI: 1.5.
Each reported MFI value is the mean of 4-6 measurements of the weight of
polymer, emerging from the MFI machine in 10 minutes at 230° F , 2.16 kg load.
"Nascent Polymer" is the Huntsman PP powder, which is additive-free.
Formulation #1 is Nascent Polymer with 0.3% Chimassorb 2020
Formulation #2 is Nascent Polymer with 0.8% Chimassorb 2020
Formulation #3 is Nascent Polymer with 1.0% Chimassorb 2020
Formulation #4 is Nascent Polymer with 0.8% Chimassorb 2020 and 0.2%
distearyl pentaerythritol diphosphate (a commercial phosphite).
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The top portion of Table 5D shows the changes in MFI caused by increasing times of
holding the polymer at 230° F inside the MFI machine under a load, sufficient to compact
the polymer but not sufficient to expel it. The bottom portion gives the correlated
residence time for one and two extrusions.

For one extrusion, the correlated times varied between 15 and 35 minutes, and seemed to
reflect the amount of Chimassorb 2020 in the polypropylene. Polypropylene No. 3
contained 1.0% Chimassorb 2020 and had an extrusion equivalent time of 15 minutes for
one extrusion. Polypropylenes Nos. 2 and 4 both contained 0.8% Chimassorb 2020 and
had extrusion equivalent times of 20 minutes. Polypropylene No. 1 contained only 0.3%
of Chimassorb 2020 and had the longest extrusion equivalent time of 35 minutes. This
result seems counterintuitive, but it might be that the Chimassorb 2020 is in the process
of being utilized: breaking down, reacting with oxygen (and polymer), and reacting in its
many protective mechanisms, which causes a slight increase in the immediate short-term
degradation of the polymer.

For two extrusions, the opposite trend emerges. For polypropylenes no.2 and no.4 with
0.8% Chimassorb 2020, the equivalent time is around 60 minutes.

However,

polypropylene no.3 which contained 1.0% Chimassorb 2020 appears to have a longer
equivalent time of around 75 to 80 minutes. We hypothesize that Chimassorb 2020
improves the long-term melt stability of polypropylene, although perhaps at some
sacrifice of the short-term melt stability. Whatever the mechanisms involved, our data
suggest that for many polypropylene formulations, 60 minutes of prolonged residence
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time at 230°C is roughly equivalent to two extrusions. There does not seem to be a
consistent extrusion equivalent time for polypropylenes undergoing one extrusion.

5.3.2. High-Density Polyethylene Measurements

High-density polyethylene (HDPE) is inherently much less prone to thermo-oxidative
degradation than polypropylene because it does not possess in-chain tertiary hydrogens.
For this reason, oxidative stabilization of HDPE is not critical to its usage and several of
the commercial formulations are even offered without antioxidants.

In the next phase of our research, we subjected three commercial high-density
polyethylenes to thermal aging in the MFI apparatus, in order to track the changes in MFI,
viscosity and molecular weight which take place as thermal aging occurs. We also
extruded the polymers one time to check for correlating time periods. We did not extrude
the high-density polyethylenes twice because we ran out of time.

We did test the

commercial HDPEs for estrogenicity and the result was that these polymers were nonestrogenic. The results of our commercial polyethylene thermal aging tests are given in
Table 5E (next page).

59

TABLE 5E. Thermal and Processing Stability of Commercial HDPEs
Assessed by MFI Measurements of Thermally-Aged and Extruded Samples
Total #BM359SG

Total #BM961

Total #BM947

Lot #S 501 AO7103

Lot #D 601 20220

Lot #D 511 22291

w/ proprietary AO

w/ proprietary AO

w/ proprietary AO

As received

MFI (% change)
1.08 [base]

MFI (% change)
1.14 [base]

MFI (% change)
0.28 [base]

Aged 05 min

1.23(+14)

1.15(0)

0.30 (0)

Aged 10 min

1.07 (-01)

0.95 (-17)

0.29 (0)

Aged 20 min

0.78 (-28)

~

—

Aged 40 min

0.69 (-36)

0.48 (-58)

—

Aged 60 min

0.31 (-71)

0.36 (-68)

0.28 (0)

Extruded lx

1.15 (+07)

1.07 (-07)

0.28 (0)

Equivalent time

7 min

7 min

did not degrade

Note:
Each reported MFI value is the mean of 4-6 MFI measurements.
The thermal aging process consists of maintaining the polymer inside the barrel of the
MFI machine at 190°C for the specified time.
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Since HDPE possesses high thermo-oxidative stability, the changes in MFI caused by
either thermal aging or a single extension are not extensive. There is also the possibility
that the differences are within the experimental error of the small number of
measurements. The Total #BM359SG sample showed some initial degradation followed
by crosslinking, which decreases the MFI. A single extrusion produced a small amount
of degradation, equivalent to perhaps seven minutes in the MFI apparatus. The Total
#BM961 sample oxidized by crosslinking, as indicated by the decrease in its MFI values.
The MFI of Total #BM947 remained unchanged after one extrusion as well as after 60
minutes of thermal aging in the MFI apparatus indicating that this formulation possesses
excellent thermo-oxidative stability.

We do not know what antioxidants these

formulations contained, if any.

It should be noted that all three of these HDPE samples (whose formulation was not
known) tested non-estrogenic with the RBA method used by Certichem. Given the
inherent thermo-oxidative stability of HDPE and the estrogenicity of most currently-used
commercial antioxidants, there is a high probability that these commercial HDPE
formulations contain no antioxidants. To test this hypothesis and to investigate the action
of our non-estrogenic antioxidant on HDPE we prepared a non-estrogenic HDPE
formulation by combining additive-free, commercial HDPE (collected directly from the
reactor at Equistar Chemicals) with 0.4% Chimassorb 2020. We tested both the pure
polyethylene and the stabilized formulation by using our MFI aging method and by
extruding the polymer samples one time. The results are shown in Table 5F (next page).
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TABLE 5F. Thermal and Processing Stability of Pure HDPE
and of a Non-estrogenic HDPE Formulation, Assessed by MFI
Measurements of Thermally Aged and Extruded Polymer Samples

No Additives

w/0.4%
Chimassorb 2020

MFI (% change)

MFI (% change)

As received

6.92 [base]

7.15 (base)

Aged 20 mini

5.71 (-17)

5.94 (-14)

Aged 60 min

5.45 (-21)

5.34 (-23)

Extruded lx

6.01(-13)

—

Equivalent time

unknown

—

Note: Each reported MFI value is the mean of 4-6 MFI measurements.
The thermal aging process consists of maintaining the polymer inside the barrel of the
MFI machine at 190°C for the specified time.

Both the pure polyethylene and the non-estrogenic formulation performed similarly,
showing little thermo-oxidative degradation. In fact, the presence of Chimassorb 2020
seemed to make little difference in thermal stability.

The equivalent time for one

extrusion of pure HDPE is unknown. Upon close inspection we must deem it unknown,
as the dynamic changes in MFI which occurred between 0 and 20 minutes were not
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recorded. In Table 5E by comparison, MFI values were recorded at 0, 5 and 10 minutes,
allowing us to see the increase and decrease in MFI which occurs as the HDPE degrades
slightly and subsequently crosslinks. Assuming that both degradation and crosslinking
occurred in a single-pass extrusion, these early time-points allowed us to extrapolate the
equivalent times as being about 7 minutes in Table 5E. In Table 5F we did not take the
early time-points which would have allowed us to see the increase and decrease, making
it difficult to name the equivalent time.

We did not perform two extrusions because we ran out of time, but it would have been
interesting to see if there was a consistent equivalent time for two extrusions with the
various polyethylenes that we tested. It would have been interesting to investigate the
long-term stability of the HDPEs, both with and without antioxidants (especially
#BM947).

The data shown in Table 5F indicate that HDPE may be processed under moderate
conditions with no antioxidants if a small amount of crosslinking is acceptable or desired.
The data in both Tables 5E and 5F taken together also imply that some of the current,
commercial HDPE formulations may contain little or no antioxidants.
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C H A P T E R 6.
Conclusions

1. Isotactic polypropylene, which is inherently non-estrogenic, is very sensitive to
thermo-oxidative degradation, to the extent that it cannot be processed without
antioxidant protection. Current, commercial polypropylene formulations contain
estrogenic antioxidants that make these formulations test positive for
estrogenicity.

2. Our efforts to-date to produce stable non-estrogenic polypropylene formulations
by the use of non-estrogenic antioxidants have yielded a formulation, expected to
limit its MFI increase to ca. 30% after one extrusion and ca. 50% after two
extrusions at 260°F.

3. High-density polyethylene (which is also inherently non-estrogenic) possesses
sufficient thermo-oxidative stability to withstand one extrusion at 260°F with
minimal change in MFI without antioxidant protection.

4. The standard procedure for assessing the thermo-oxidative stability of polymers
consists of successive extrusions, followed by MFI measurements. This
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procedure requires considerable investment in equipment (ca. $150,000), time (ca.
3 hours per extrusion) and material (ca. 1 kg). A small number of experiments
with an alternative procedure that measures the MFI of the test polymer after
increasing periods of thermal aging in the MFI machine gave encouraging
preliminary results.
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Procedure for Measuring the Melt Flow Index (MFI) of Polymers
1. Make sure the MFI machine is level by placing on its top surface the bubble
leveler. If not, turn the screws at the base until the bubble is centered.
2. Measure out about 5g of polymer (enough to fill the barrel), as follows:
a. Tare the scale with the aluminum weighing cup on it;
b. With the small metal scoop, add about 2 rounded scoops of polymer into
the cup;
c. Record the polymer weight in lab notebook for future reference.
2. Load the polymer into the barrel using the metal funnel. Put a paper cup under
the die to collect trash extrudate. Set up close at hand: scissors or spatula for
extradate cutting, 5 aluminum weighing cups for collecting measured extrudates,
and stopwatch. Make yourself comfortable in the chair.
3. Turn on the machine and set both heater temperatures to the values specified for
MFI measurements of the kind of polymer you are testing. For example: for PE
the specified MFI temp is 190°C; for PP it is 230°C. Insert the piston into the
barrel and press down to pack the polymer pellets. When the temperature on both
heaters has stabilized at the set point, add the weight on top of the piston for a
total load of 2.16 kg, in accordance with ASTM D1238.
4. As the piston sinks into the barrel and polymer melt starts to extrude through the
die, practice cutting the extrudate a few times before the lower line on the piston
reaches the chamber top. Try to get clean, round extrusions and avoid smearing
the melt.
5. When the piston presses on the melting polymer, it also helps to expel trapped air,
which would introduce error to the MFI measurements. By the time the piston
reaches the lower line, the melt is compressed into a homogeneous mass. MFI
measurements are taken while the piston travels the distance (3 cm) between
lower and upper lines.
6. It is desirable to obtain at least 4 MFI measurements: each measurement
consisting of one discrete extrudate and the corresponding extrusion time. The
accuracy of these MFI values depends significantly on precise time measurement
at each extrudate cut. One way to optimize accuracy is to calculate an optimal
time per measurement, then cut and collect 4-5 extrudates at multiples of this
time. Obviously, the optimal time per measurement depends on the MFI value of
the polymer being tested. For example, for HDPE (density ~ 0.95) with MFI ~ 12
(12g/10min) the optimal measurement time is 30 sec. (See Note/Table Al). If
the MFI of your polymer sample is unknown, run a preliminary test by cutting
and weighing the extrudate, produced between the two lines of the piston or
within 10 minutes, whichever comes first. For a polymer sample of known MFI
range, choose the optimal time from the Table and proceed as follows.
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7. When the piston lower line reaches (or approaches) the chamber top, cut the
extrudate and simultaneously start the stopwatch. Cut separate extrudate samples
at the pre-determined optimal times, until the upper line reaches the chamber top.
8. As you work, set the samples you cut in a row and keep them in the order they
were obtained. When you are done, set the paper trash cup under the die to catch
the remaining extrudate, as the piston completes its travel.
9. Weigh the extrudates and record their weights in the order they were obtained.
a. Tare the scale with an empty aluminum cup on it, then remove the cup;
b. Weigh each extrudate in its aluminum cup and record the weight.
10. Keep the measured extrudates for future reference. Nestle the extrudatecontaining aluminum cups between two paper cups and stick on the top cup a
label, stating the polymer type, mean MI value, your name, and test date. Set the
samples aside in a safe container.
11. At the end of the day, clean any polymer sticking to the surface of the machine.
Remove the piston, and clean it off by rubbing it lightly with an abrasive-coated
plastic pad under water. Slide the conical ring to the top of the piston and set it
down on a clean surface. If the next tests involve a polymer with a lower melting
temperature, clean out the barrel with the brass brush and discard the first charge
of the new polymer.

NOTE: Optimal measurement time is calculated as follows:
Volume of polymer extruded during piston travel between lower and upper lines:
Cylinder diameter: 0.9474cm; distance between lines: 3 cm.
V = pi*r2*l = 2.115cm3
For HDPE with density = 0.95 the corresponding weight is 2.0 lg.
For PP with density = 0.91 the corresponding weight is 1.92g.
If measurements start 5 mm before the lower line sinks into the barrel, these
weights increase to 2.34g for HDPE and 2.1 lg for PP.
Example: HDPE with MFI = 12 (12g/10min)

For 2.01g to give 4 measurements, weight/measurement is 2.01/4 = 0.503g
For 2.0lg to give 5 measurements, weight/measurement is 2.01/5 = 0.402g
Optimal measurement time is 30 sec.
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Table Al. Suggested Measurement Times for PE and PP
(4-5 Measurements per charge)
Expected MFI
<0.5
0.5-1
1.1-2
2.1-4
4.1-8
8.1-12
12.1-15
15-30

Measurement Time
8 min
4 min
2 min
1 min
45 sec
30 sec
20 sec
10 sec
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Procedure: Operation of the Haake Laboratory Extruder
1. Turn on the equipment. First, turn on the hood (push the button on the wall), then
the drive (turn the red bar to a vertical position; the drive should be set on Stop,
and Program and the knob should be turned to zero), then the computer and the
monitor. Measure out the correct amount of polymer you wish to extrude and set
it aside. (Weigh the polymer in the paper cup, then subtract 25g for the cup to get
the polymer weight.) To extrude 5 times you may want to begin with a good
amount, say 300-400g.
2. Click on the Polylab monitor icon to open up the software. The password is 1234.
Go to File, then New. Click on No CAP measurement. This will bring up the
Document box.
3. Inside the Document box, you will need to set your parameters. Click on Meas.
Sensor, then click on Extruder and choose Rheomex 252p. Click on Ext. Devices
and choose none. Click on Die and choose Rod Capillary Die. You can leave
Diameter at 1mm with L/D at 10 or if you wish input Diameter ~3mm (1/8") and
L/D -30. Leave the Die ring heater box unchecked. Click on Screw Selection
and choose (or leave it on) the first choice. Under Melt Pump do not check either
of melt pump or ring heater. When you are done, click Okay.
4. Go to View, then Worksheet. Double-click on the " 1 " in the pop-up box. In the
Workmap box you can specify more parameters. For time, input a large number
such as 240 min, to give yourself ample time to work. The rotational speed in
rpm will be controlled manually, so you don't need to type in anything. For TS
values input the temperatures at which you wish to heat, melt and extrude the
polymer. (E = extruder and D = die) You will see TS-E1 to TS-E3, and TS-D1.
There should be a check in the cool boxes next to the extruder values. Don't ever
change the alarm values (maxp = 10,150 psi and maxT = 480°C). When you are
satisfied, click OK and then double-click End. In the next box, you can doublecheck the values one more time and change them if you wish before proceeding.
5. Click on the Smiley Face icon box to open up the graph. Click on the Red
Curve/T icon box to transfer your parameters to the drive. Now the extruder
should begin heating up. For the time being, ignore the thermocouple errors. (Just
click Okay.) Heating up takes about 15 minutes. During this time, you can set up
the spooling apparatus.
6. Set up the spooling machine directly under the die with the spool running in the

same horizontal direction as the extruder. Plug it in and fill the pan with cold
water. Set the control box to On, 70 and Brake. Plug in the yellow connector.
Go ahead and set the ice water pan under the spool to start cooling the aluminum
spool. Have an extra cup of ice standing by, in case you need it. Ice is available
from the freezer in room 242.

76
7. Go to View, then Change and Deviation. This will allow you to watch the
extruder heat up because it reports to you the set temperature and the actual
temperature. When the actual temperature is within one degree of the set
temperature, click on the Spider Web icon box to calibrate the machine. Be sure
to calibrate the machine.
8. After the machine is calibrated, click on the Lightning Bolt icon to start taking
measurements. On the drive control pad select Start, Manual and very slowly turn
the knob clockwise to start and increase the rotation of the motor to about 20 rpm.
As the machine extrudes the polymer, the computer program will record torque,
temperature and pressure. Now after the drive is rotating, load the polymer
material into the chute. This is important, especially for powdered material. The
polymer will slowly melt and be extruded through the die. When the polymer
begins to extrude, you may need to cut off quite a bit of the polymer extrudate,
which is contaminated with the residue of the last run, before it extrudes the new
sample consistently. Be sure to reject the first polymer material to pass through
the extruder.
9. When the new polymer sample is extruding consistently, you need to collect it by
winding on the spooler. Adjust the position of the spooling machine if necessary.
It should sit directly under the die, so that the ropes will just fall on the spool. It
works best when the ropes fall on the spool, adhere to the spool and continue to be
spooled very easily. After the extrudate falls on the spool, flip the switch on the
spooling control box from Off to On, and turn the bottom left dial from brake to
forward. Since the speed is already set to 70, it should start spooling at that speed.
Increase the drive rpm slowly, first to 40, then to 60 rpm.
10. If the above method doesn't work for you, you may want to try it this way. As the
polymer exits the die in a molten rope, use some tweezers to guide the polymer to
the spool and try to catch the end in one of the grooves on the spool if you can.
11. When the polymer is spooling nicely, make sure the drive is running at 60 rpm
(there is a piece of tape marking the spot) and the spooling speed is about 70 on
the dial. You can watch the actual value of the drive changing on the computer
screen in the Change and Deviation box. Continue until all of the polymer is
wound on the spool.
12. At the end, when the polymer starts thinning out, decrease the control box speed
to about 45, and turn the knob on the drive control pad to zero. Continue until the
polymer is all extruded. When the polymer is finished extruding, push the Stop
button on the drive, and flip the control box to Brake and Off. One extruder pass
should take about 30 to 45 minutes, depending on how much polymer you have.
Note: To extrude only one time go to step 17. To extrude multiple times, continue
below with steps 13-17.
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13. Now set the system on hold while you chop the extrudate. In the Change and
Deviation box, click on the temperature setting and change all the barrel
temperatures to 80°C and the die temperature to 150°C. You should immediately
hear the cooling air mechanism kick in. This will minimize decomposition of any
polymer residue while you chop the extrudate. Dump out the used water in the
sink and rinse out the water pan.
14. Remove the spool with polymer extrudate from the spooling motor. There is a set
of yellow-handled hex tools in the Tools drawer. Use the 1/8" hex screwdriver to
loosen the bolt, then slide the spooling wheel off the axel. Take the spooling
wheel over to Abercrombie B114. Dr. Armeniades will use the mechanized saw
to cut through the ropes at the grooves. (He is the only one authorized to use the
saw.) The polymer should come off the spool in a curved bundle.
15. When handling the polymer strands, please wear gloves to avoid contaminating
the strands with the salts and oils on your hands. Break apart the bundle into
groups of about 3-4 ropes and feed into the chopper. To operate the chopper, set
the feedroll speed to 170 and the cutter speed to 700, then push the green start
button. This speed combination will produce small-sized pellets. Before
pelletizing your sample, clean out the machine first by feeding some of the new
polymer in, and discarding the pellets. Now set a clean paper bucket under the
exit to catch the pellets and feed/push in the ropes. Be very careful not to catch
your fingers in the chopper.
16. Now sieve the pellets through a coarse sieve to remove the larger particles. Mix
the pellets by shaking them thoroughly in the paper bucket. Use the scale to
measure out 20g and set aside for melt index measurements. Be sure to label both
samples with polymer name, AO additive, original melt index, date, and number
of extrusions. Take the rest of the pellets back to MEB 217 to extrude again.
17. Extrude these pellets as before. Weigh the pellets and record the weight. Set the
temperatures back to your extrusion temperatures, and get some fresh cold water
and a bucket of ice while you are waiting. Make sure the water is very cold.
When the actual temperatures are within one degree of the set temperatures, turn
on the drive. On the drive control pad, push Start, Manual and slowly increase the
rotational speed to the desired value (20 rpm). After the drive begins turning,
load the material as before. Check the actual speed on the monitor.
18. Again, make sure you reject the first polymer material that comes through,
because it is likely contaminated with degraded material from the last batch.
When you are extruding consistently clean polymer rope, let the rope fall on the
spool, adhere to it, and then turn on the spooler as before, at the correct speed
(70). Just flip the control box to Forward and On. Spool all the extrudated
polymer as before. (Drive at 60, spooler at 70.)
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Note: To extrude multiple times, repeat steps 13-18 as needed. To complete the
process, and shut down completely go to step 19 below.

19. When you are done, turn the knob on the drive control pad to zero and push the
Stop button. Shut down the spooler by switching to Brake and Off. Click on the
stop sign icon to stop taking measurements. Unplug the spooler, and remove the
spool as before. Dump out the cold water, and rinse the water pan.
20. Now you need to cool down the machine. On the Set Value column, input 25°C
for all the temperatures, to cool the machine down to room temperature. You will
hear the pressurized air cooling mechanism working. It takes about 1-2 hours to
cool down.
21. Save the document, if you wish, with your filename. This is a measurement file
(.mom), so be sure to save as the correct filetype. The date will be in the
filename. Close the program. You can leave the computer on if you'll need it
later.
22. Turn off the drive by switching the red bar from vertical to horizontal. Turn off
the lamp on the extruder if you were using it. Put all the tools back where you
found them.
23. Leave the hood on if the furnace in that room is going. If you are completely
shutting everything down, you can turn both, the computer and the fume hood off.
Take the spooled polymer to Abercrombie Bl 14 to pelletize and measure the melt
index.
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Appendix III

Procedure for Multiple Extrusions
1. Measure MFI of the initial polymer sample (may be additive-free, or in case of
commercial polymers usually contains antioxidants).
2. Perform first extrusion. Cool and collect extrudate.
3. Chop extrudate into pellets (pelletize).
4. Remove moisture (oven bake at 110°C overnight).
5. Measure MFI (2x).
6. Perform second extrusion.
7. Chop extrudate.
8. Remove moisture.
9. Measure MFI (2x).
10. Repeat process of chopping, drying and taking MFI measurements after each
extrusion.

