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Preface

Polyesters are one of the most important classes of polymers in use today. In
their simplest form, polyesters are produced by the polycondensation reaction of
a glycol (or dialcohol) with a difunctional carboxylic acid (or diacid). Hundreds
of polyesters exist due to the myriad of combinations of dialcohols and diacids,
although only about a dozen are of commercial significance.

Mankind has been using natural polyesters since ancient times. There are
reports of the use of shellac (a natural polyester secreted by the lac insect)
by the ancient Egyptians for embalming mummies. Early last century, shellac
was still used as a moulding resin for phonographic records. True synthesis of
aliphatic polyesters began in the 1930s by Carothers at DuPont in the USA and
more significantly with the discovery of aromatic polyesters by Whinfield and
Dickson at the Calico Printers Association in the UK. The complete historical
development of polyesters is described in Chapter 1.

Polyesters are in widespread use in our modern life, ranging from bottles
for carbonated soft drinks and water, to fibres for shirts and other apparel.
Polyester also forms the base for photographic film and recording tape. House-
hold tradenames, such as Dacron, Fortrel, Terylene and Mylar, demonstrate
the ubiquitous nature of polyesters.

The workhorse polyester is poly(ethylene terephthalate) (PET) which is used
for packaging, stretch-blown bottles and for the production of fibre for tex-
tile products. The mechanism, catalysis and kinetics of PET polymerization are
described in Chapter 2. Newer polymerization techniques involving the ring-
opening of cyclic polyester oligomers is providing another route to the production
of commercial thermoplastic polyesters (see Chapter 3).

High-molecular-weight polyesters cannot be made by polymerization in the
molten state alone – instead, post-polymerization (or polycondensation) is per-
formed in the solid state as chips (usually under vacuum or inert gas) at temper-
atures somewhat less than the melting point. The solid-state polycondensation of
polyesters is covered in detail in Chapters 4 and 5.
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Polyester copolymers (or copolyesters) are those polyesters synthesized from
more than one glycol and/or more than one dibasic acid. The copolyester chain is
less regular than the homopolymer chain and therefore has a reduced tendency to
crystallize. Such copolyesters are thus predominately amorphous and have high
clarity and toughness (see Chapters 6 and 7).

Poly(butylene terephthalate) (PBT) is a semicrystalline, thermoplastic polyester
which is completely analogous to PET except that it has a longer, more flexible
butylene chain linkage which imparts a rapid crystallization rate, thus making
PBT well suited to injection moulding processes. This polyester is used widely
for electrical and electronic components due to its high temperature resistance
and good electrical properties (Chapter 8).

Poly(ethylene naphthalate) (PEN) is also completely analogous to PET except
that it incorporates a naphthalene group in its main structure as opposed to a
phenyl group. The naphthalene unit stiffens the backbone and gives PEN a higher
glass transition temperature and improved mechanical properties when compared
to PET (see Chapters 9 and 10).

The newest commercial polymer to join the polyester family is
poly(trimethylene terephthalate) (PTT) which is being targeted at fibre appli-
cations (Chapter 11). It is sold under the Corterra trademark by Shell. After
packaging, the single largest use for polyesters is for fibre applications such as
clothing, textiles and non-wovens. The technology of polyester fibre formation
is described in Chapters 12 and 13.

The slow crystallization rate of PET makes it difficult to injection mould.
However, the advances in additive chemistry described in Chapter 14 enables
low-cost recycled PET to be upgraded through formulation enhancements to
give engineering-grade resins. Glass- and mineral-filled engineering-grade PET
composites exhibit enhanced strength, stiffness and heat-resistant properties, thus
allowing them to be used in applications replacing such metals as die-cast alu-
minium or zinc in motor or pump housings and structural steel in furniture such
as office chair bases (see Chapter 15).

The recycling of PET is an important environmental topic as well as a commer-
cial opportunity due to its widespread use, abundance and availability in bottles,
packaging and fibres. While mechanical recycling of PET is now well established,
newer chemical recycling techniques rely on depolymerization routes which
cleave the polymer chains into ‘new’ monomer building blocks (see Chapter 16).

Biodegradable polymers have recently emerged as a viable solution to plastic
litter and landfilling problems. The majority of biodegradable polymers are based
on aliphatic polyesters. Chapter 17 gives an overview of controlled degradation
polyesters and introduces a modified biodegradable PET called BIOMAX. The
photodegradation of PET and related copolyesters is described in Chapter 18.

Liquid crystalline aromatic polyesters are a class of thermoplastic polymers that
exhibit a highly ordered structure in both the melt and solid states. They can be
used to replace such materials as metals, ceramics, composites and other plastics
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because of their exceptional strength at extreme temperatures and outstanding
resistance to most chemicals, weathering, radiation and burning (see Chapters 19
and 20).

Finally, glass-reinforced unsaturated polyesters are well known as building
materials for boats, yachts and cars and generally termed ‘fibre-glass resin’.
The preparation, properties and applications of these unsaturated polyesters are
summarized in Chapter 21, while the chemistry and properties of a new unsat-
urated polyester resin for fibre-reinforced composite materials are discussed in
Chapter 22.

The future direction of polyester R & D efforts is likely to involve further
progress in polyester synthesis given the wide range of potential monomer com-
binations, new blending technology and the use of advanced functional additives
such as nanoclay reinforcements, reactive impact modifiers, anti-hydrolysis agents
and chain extenders.

This book provides the reader with comprehensive information about polyester
resins with an emphasis on their structure–property relationships. The latest
advances in polyesters are described along with current and emerging appli-
cation areas.

John Scheirs
ExcelPlas Australia, Edithvale, Victoria, Australia

Timothy E. Long
Virginia Tech, Blacksburg, Virginia, USA
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1

The Historical Development
of Polyesters
J. E. McINTYRE
3 Rossett Gardens, Harrogate, HG2 9PP, UK

1 INTRODUCTION

Strictly speaking, the term polyester ought to refer to a chemical compound con-
taining many ester groups in each molecule. In practice, however, it usually refers
to polymeric materials containing ester groups as major structural components of
the main chains of the macromolecules of which the polymer is composed, and
this is the sense in which it is used here. The term is not now usually applied
to polymers that contain ester groups attached to the main chain either directly,
as in cellulose triacetate, poly(vinyl acetate) or poly(methyl acrylate), or within
short side-chains.

There has in the past been some confusion in the use of the term alkyd, which
is said to have been derived from alcohol plus acid. The definition offered by
Kienle [1], discussed later, is broad enough to include all polyesters derived
essentially from diols and dicarboxylic acids, and consequently linear polyesters
were initially included in this class of polymer. On the other hand, Bjorksten
et al. [2], in their 1956 compilation of published information about polyesters,
restrict the term polyester to the polycondensation products of dicarboxylic acids
with dihydroxy alcohols, and say that ‘this definition does not include materials
commonly known as alkyds’. At the present time, there are still problems of
nomenclature in the fibre field arising from the use of polyester as a generic
term to cover fibres containing only a very restricted range of chemical groups.

The term ester applies not only to products derived from carboxylic acids but
also to products derived from other types of organic acid such as phosphonic or

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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sulphonic acids and from inorganic acids such as phosphoric acid, and thus the
term polyester also includes polymers containing these inorganic groups. Rel-
atively little work has been carried out in this field, with the very important
exception of nucleic acids. Polynucleotides are linear polyesters of phosphoric
acid with ribose (ribonucleic acids, RNA) or with 2′-deoxyribose (deoxyribonu-
cleic acids, DNA), and are of very high molecular weight. In both cases, purine
and pyrimidine bases are attached to the pentose groups. This field is so different
from the general field of polyesters that it will not be considered further here.

2 ALKYD AND RELATED RESINS

The earliest synthetic resin to be used in commerce seems to have been a polyester
then termed ester gum, which was made by esterifying rosin (essentially an
unsaturated monocarboxylic terpenoid acid, abietic acid) with glycerol. When
cooked with tung oil (a glycerol ester of 9,11,13-octadecatrienoic acid), this
provided varnishes that dried overnight. In this case, the polymer is formed
by an addition copolymerisation process, but the product is nevertheless also
a polyester.

Alkyd resins were the first polyesters to become of major commercial impor-
tance. They were originally defined as reaction products of polyhydric alcohols
and resinifying carboxylic acids such as polybasic acids and their anhydrides.
This definition is no longer appropriate, since it can be interpreted as including,
for example, modern polyester fibres. Alkyds were first introduced into the mar-
ket by the General Electric Company in the USA, whose trade mark, ‘Glyptal’,
became an alternative name for them [3]. Earlier reports of polyester resins of
this type include those from Berzelius (1847) [4], who reported a resin from
tartaric acid and glycerol, Berthelot (1853) [5], who obtained a resin from glyc-
erol and camphoric acid (cis-1,2,2-trimethyl-1,3-cyclopentane-dicarboxylic acid),
and Van Bemmelen (1856) [6], who made glycerides of succinic acid and citric
acid. The most important product of this class, i.e. the reaction product of glyc-
erol and phthalic anhydride, was first described in 1901 by Watson Smith [7],
who obtained a solid, transparent, strongly refractive resin on heating these two
compounds together in a molar ratio of 2:3, and showed that a very similar
product was obtained if the molar ratio was varied, even with a large excess
of glycerol. He found that at temperatures above about 190 ◦C under vacuum
the reaction mass frothed with an accompanying rise in temperature, leaving a
glassy product.

According to Kienle [3], the early development work on alkyd resins was
carried out between 1910 and 1915 in the laboratories of the General Electric
Company. In particular, in a patent filed in 1912, Callahan [8] showed that the
reaction between glycerol and phthalic anhydride should be carried out in two
stages – first with the temperature being gradually raised to about 210 ◦C, and



THE HISTORICAL DEVELOPMENT OF POLYESTERS 5

then at a lower temperature of about 100 ◦C over a period of many hours, whose
duration depends upon the dimensions of the sample. The second stage, which
leads to hardening, can be carried out after coating or impregnating the material
to be treated. Continuing the first stage to higher temperatures led to formation
of a hard, brittle mass filled with cavities, presumably due to a combination of
cross-linking (i.e. reaching the gel point) with an evolution of water vapour too
rapidly for it to diffuse through the resin. Callahan believed [9] that the cavity
formation was due to evolution of glycerol, but his use of a high molar ratio, i.e.
2:1, of phthalic anhydride to glycerol and the low volatility of glycerol render this
unlikely. Callahan [9] then described conditions that allowed the second stage to
be carried out at 200–210 ◦C and showed that further hardening could be obtained
by continuing to heat at temperatures up to 250 ◦C. Other GEC patents from
that period showed that it was possible to incorporate small amounts of butyric
acid [10], or oleic acid [11], or castor oil [12], or both oleic acid and castor
oil [13]. These were the first of many developments that extended the range of
alkyd resins by giving control over the flexibility or hardness, modifying the rate
of cure, and introducing the possibility of additional olefinic curing reactions, at
that time referred to as ‘drying’.

The main ingredients for the early alkyd resins, namely phthalic anhydride and
glycerol, were already quite readily available at the time of their development.
At that time, phthalic anhydride was made by catalytic oxidation of naphthalene
with sulphuric acid. However, a considerable boost to the competitiveness of
alkyds was the development from about 1917 of a much cheaper process for
phthalic anhydride, based on catalytic vapour-phase oxidation of naphthalene.

In 1924, Kienle and Hovey began to study the kinetics of the polyesterification
reaction between glycerol and phthalic anhydride. First [3] they demonstrated,
among other aspects, that the reaction proceeded solely by esterification, that the
initial stages were very rapid and exothermic, and that gelation occurred before
esterification was complete. Further papers from Kienle and his co-workers devel-
oped a distinction between heat-non-convertible, heat-convertible, and oxygen-
convertible (later element-convertible) alkyd resins. These corresponded, respec-
tively, with the non-gelling products of a reaction between bifunctional alcohols
and acids (a 2:2 reaction, where the numbers represented the ‘reactivity’ or func-
tionality in ester formation of the compounds), the thermally gelling products
of a reaction between reactants of the 2:3 type or higher (Figure 1.1), and the
gelling products of a reaction involving unsaturated groups [1, 14]. At that time,
products in the first group were not recognised as being potentially useful.

Development of the third class, i.e. unsaturated polyester resins, remained
rather slow until the late 1930s, but after commercial production of maleic anhy-
dride by catalytic oxidation of benzene began in 1933, maleic anhydride and
fumaric acid rapidly became the most important sources of unsaturated groups
in polyesters. The mechanism of ‘drying’ of these resins on their own and with
the addition of drying oils (i.e. unsaturated compounds such as linseed oil) was
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Reactivity (2, 2) chain
formation

(a) (b)

Reactivity (2, 3) or greater
intertwining formation

Figure 1.1 Kienle’s illustration of polymer formation from (a) two bifunctional
reactants and (b) one bifunctional and one trifunctional reactant [1]

investigated and, to some extent, clarified by Bradley and co-workers [15] and
Vincent [16] during this period, and their ‘convertibility’ to insoluble, infusible
structures was identified as being due to the double bonds, whose concentration
in the precursors had to exceed a certain limit.

During World War II, polyesters containing unsaturated groups, particularly
those based on maleic and fumaric esters with various diols, grew greatly in
importance as constituents of shaped composite structures, notably in combination
with glass fibres to make glass-reinforced polyesters (GRPs). The polyester was
dissolved in an unsaturated monomer, commonly styrene, and copolymerisation
was brought about by any of the various forms of initiation appropriate to double-
bond polymerisation.

3 FIBRES FROM PARTIALLY AROMATIC POLYESTERS

3.1 EARLY WORK LEADING TO POLY(ETHYLENE TEREPHTHALATE)

In February 1928, Wallace H. Carothers (Figure 1.2), then an Instructor at Har-
vard, joined du Pont at Wilmington to set up a fundamental research group in
organic chemistry. One of the first topics he chose was the nature of polymers,
which he proposed to study by using synthetic methods. He intended to build up
some very large molecules by simple and definite reactions in such a way that
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Figure 1.2 Wallace H. Carothers (photograph circa 1930)

there could be no doubt as to their structures. If he could build up a molecule
containing 300 or 400 carbon atoms and having a definitely known structure, he
could study its properties and find out to what extent it resembled those of other
polymeric substances already investigated [17]. The reaction between aliphatic
alcohols and aliphatic carboxylic acids was one of the most fully understood
condensation reactions, with very few complications from side-reactions, and
suitable diols and dicarboxylic acids were available, so this was the reaction that
Carothers chose for his first attack on the topic. He also noted that a study of
this type of reaction should cast light on the structure of glyptals, which were
already commercially important [18].

By reacting dicarboxylic acids with 5 % excess of diols, Carothers and Arvin
obtained a range of polyesters with molecular weights up to about 4000 [19]. One
of the collaborators in this work was J. W. Hill, who constructed a molecular still
attached to a mercury diffusion pump that was capable of reducing the pressure in
the reaction vessel to 10−5 mm of mercury [20]. He made a polyester by reacting
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octadecanedioic acid with an excess of propane-1,3-diol at a temperature rising
to 180 ◦C and then, at a reduced pressure of 1 mm, to 200 ◦C. He then subjected it
to further reaction in the molecular still at 200 ◦C and a pressure below 10−5 mm,
and thus raised the molecular weight to about 12 000 [21]. On April 30, 1930, he
found that he could now pull fibres from the molten product, and that when the
cooled fibres were subjected to an extensional force, they extended irreversibly
at their necks to form oriented fibres of uniformly lower cross-sectional area.
Carothers and Hill called this behaviour ‘cold drawing’ [22].

Although the acid used in this work was the 18-carbon linear dicarboxylic
acid, the polymer is referred to in Reference [22] as the 3–16 ω-ester, based on
the number of methylene groups in the diol and dicarboxylic acid respectively.
This terminology has led to occasional confusion about the structure of these first
polyester fibres, since later usage would give this polymer a code ‘3G18’, includ-
ing the carbon atoms in the carbonyl groups. This was the first ‘superpolyester’,
or ω-ester, as Carothers named these products of high molecular weight.

Carothers and his research group synthesised many polyesters, nearly all of
them aliphatic. His basic patent was filed on July 3, 1931 [23]. This work,
together with his work on condensation polymers in general, proved influential in
convincing the scientific community that polymers were indeed macromolecules,
as maintained by Staudinger, and not assemblies of small molecules in a spe-
cial state of association. Staudinger himself was initially reluctant to accept that
the polyesters were polymers, since he had defined polymers in such a way as
to refer solely to products of addition reactions. He thus excluded products of
condensation reactions, where small molecules were eliminated as co-products
of the reaction [24].

The polyesters made by Carothers and his team proved a dead end in terms
of commercial development for the time being, since the majority of them had
melting points too low for practical utility, and there were also problems with low
hydrolytic stability. Carothers turned to other classes of polymer, including, in
1934, polyamides, which he had previously briefly explored with Hill without any
success. This work led to nylon fibres – first with Coffman, to nylon 9, then with
Peterson, to nylon 5,10, and then, early in 1935, with Berchet, to nylon 6,6 [17].

The first synthetic fibres to be commercialised, the chlorofibres Pe-Ce and
Vinyon and the polyamides nylon 6,6 and Perlon L (nylon 6), all appeared in the
mid to late 1930s. In 1940, ICI and Courtaulds formed a jointly owned company
in the UK to make and sell nylon 6,6 under licence from du Pont. This was
the situation when, in 1940, a research programme began at the laboratories of
the Calico Printers Association (CPA) in Accrington, UK, which was aimed at
making a polyester from ethylene glycol and terephthalic acid. The programme
was initiated by J. R. Whinfield, who had been greatly influenced by a period of
training nearly twenty years earlier in the laboratories of C. F. Cross, inventor
of viscose, and by reading the papers published by Carothers. Whinfield asked
J. T. Dickson (Figure 1.3), who had just joined CPA in 1940 from his Ph.D.
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Figure 1.3 J. R. Whinfield (left) and J. T. Dickson (right) re-enact the discovery
of fibre-forming poly(ethylene terephthalate) [30] (photograph circa 1942)

studies at the University of Edinburgh, to carry out the work. Success came
quickly, and the first patent application was filed on July 29, 1941 [25–27].

Early in 1942, the discovery was brought to the attention of the British Ministry
of Supply, who arranged for further experimental work to be carried out at the
government’s Chemical Research Laboratory at Teddington, near London. This
work was carried out by D. V. N. Hardy [28], who scaled up production of
polymer to a metal autoclave giving a theoretical yield of about 600 g of polymer
per batch. He also set up a simple form of continuous-filament melt spinning and
drawing, and attained very encouraging tensile properties (specific strength of
4.95 g/denier and extension at break of 11.8 %). In December 1943, ICI was told
about the discovery and the development, and was invited to negotiate with CPA
to take over further work on the topic [28–30]. At that time, ICI and du Pont had
in place an agreement to exchange research results, and accordingly ICI disclosed
this information to du Pont in July 1944. When ICI subsequently supplied samples
to du Pont in February 1945, du Pont had already made rapid progress, due
particularly to their discovery of an improved catalyst. Subsequently, in February
1947, ICI acquired the worldwide rights from CPA on a royalty basis, with the
exception of the USA, where du Pont had acquired the patent rights outright
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from CPA in August 1946. The US patent was therefore issued to du Pont, with
a number of additional examples that are not in the UK patent [31].

According to Ludewig [32], the use of terephthalic acid for the development
of polyester fibres was implemented almost at the same time by Schlack and by
Whinfield and Dickson. Schlack, who had already been responsible for the devel-
opment of nylon 6 fibres, directed his attention mainly to polyesters produced
from terephthalic acid and 1,4-butanediol. Schlack’s patent [32, 33] was not
filed until 2 July, 1942, well after that of Whinfield and Dickson. This describes
the preparation of crystalline oligomeric poly(1,4-butylene terephthalate) from
butane-1,4-diol and terephthaloyl chloride under conditions that should give a
degree of polymerisation (DP) of at most 9 (not high enough for fibre forma-
tion), and their reaction with aromatic diisocyanates to produce melt-spinnable
polyesterurethanes. These products had melting points in the range 201 to 208 ◦C,
which were due to the polyester crystallites, but the polymers were, of course,
of a different chemical class from those claimed by Whinfield and Dickson.
However, the BIOS report [34] of a British team on wartime textile research in
Germany records that Schlack carried out an ester-producing polycondensation
that gave a spinnable product which on cold-drawing gave strong fibres. Schlack
himself [35] confirmed this later.

In 1953, E. F. Izard of du Pont was awarded the Schoellkopf Medal of the
American Chemical Society. The report [36] of this award states that ‘work on
the development of a hydrolytically stable polyester was started by Dr Izard in
1944, and it led in a comparatively short time to the discovery of polyethy-
lene terephthalate’. The report recognises that ‘polyethylene terephthalate was
earlier discovered independently in England by J. R. Whinfield’. Izard himself
says [37] that the duPont research programme led immediately to the discovery
of poly(ethylene terephthalate) (PET), which suggests that detailed information
from ICI about the structure of the new fibre had not yet reached him by that time.

3.2 SPREAD OF POLYESTER FIBRE PRODUCTION

In the early days of polyester fibre development, du Pont possessed the Whin-
field and Dickson patent in the USA, and while its monopoly lasted no other
company could enter that market. ICI possessed licence rights for the rest of
the world, and took the view that it could not exploit all of these markets on
its own as effectively as if it sub-licensed to other companies in major markets
outside of the UK. The first sub-licences were granted to Algemene Kunstzi-
jde Unie (AKU) (Terlenka) in the Netherlands, Societé Rhodiaceta (Tergal ) in
France, Vereinigte Glanzstoff-Fabriken (Diolen) and Farbwerke Hoechst (Tre-
vira) in Germany, and Società Rhodiatoce (Terital ) in Italy. The first plant in
France was built at Besançon, a city closely associated with the first production
of a manufactured fibre by Chardonnet. ICI itself set up manufacturing facili-
ties in Canada, where a subsidiary, Canadian Industries Ltd (CIL), was already
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established and the UK name Terylene was adopted. Soon thereafter, licences
were granted to Teikoku Jinzo Kenshi (now Teijin) and Toyo Rayon (Toray) in
Japan, where both companies used the name Tetoron for the product [38].

This widespread sub-licensing by ICI reduced the incentive to develop a
patent-free product in most of the major industrialised countries. The US market,
however, was potentially so large that inevitably other large companies looked
for polyester fibres that fell outside the scope of the patent now owned by du
Pont. Only one such product was commercialised within the life of that patent.
This was a fibre produced from poly(cyclohexane-1,4-dimethylene terephthalate),
patented by Kodak [39]. This polymer was made from dimethyl terephthalate and
1,4-di(hydroxymethyl)cyclohexane, a diol that Kodak synthesised by a two-stage
hydrogenation of dimethyl terephthalate, with the first stage being hydrogenation
of the ring and the second hydrogenation of the ester groups to hydroxymethyl
groups. Both of these hydrogenation products consist of mixtures of two isomers,
cis and trans. The cis:trans ratio in the commercial polymer was approximately
2:1. This fibre was marketed in the USA from 1958 under the trade name Kodel,
and later in Germany by Faserwerke Hüls as Vestan. Its properties differed sig-
nificantly in many respects from those of PET fibres. For example, its melting
and glass transition temperatures were considerably higher, and its density was
about 12 % lower – a property that helped to offset the higher materials cost by
improving the covering power.

Other US companies chose to await expiration of the Whinfield and Dickson
patent before entering the market. One of the earliest to become involved was
Celanese Corporation, whose joint venture with ICI, named Fiber Industries Inc.
(FII; Fortrel ), began construction of its first PET plant in 1959. Beaunit (Vycron)
was also an early entrant, initially with a copolymer fibre that was arguably not
covered by the basic patent, using polymer from Goodyear.

Thereafter, polyester fibre manufacture spread very rapidly throughout the
world. Initially, the technology transfer was mainly from the existing producers,
but after expiry of the patents it was provided increasingly by engineering firms,
who provided not only specific sections of production plant but also ‘turnkey’
plants with start-up support, thus enabling relatively undeveloped countries to
establish fibre production.

Many other semi-aromatic polyesters were evaluated and patented in the period
immediately following the invention of PET. Some gave excellent fibres and other
shaped products, with property advantages over PET, but in general the interme-
diates were more expensive and the polymers were not commercialised at that
time. Poly(p-ethyleneoxybenzoate) (A-Tell ) production began in 1967 in Japan,
but the product struggled to compete. Poly(1,4-butylene terephthalate) (PBT) has
proved more successful as a moulding polymer than as a fibre. Recent advances in
the synthesis of naphthalene-2,6-dicarboxylic acid and of propane-1,3-diol have
encouraged re-evaluation of polyesters based upon them, as described in later
chapters in this book.
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3.3 INTERMEDIATES

When poly(ethylene terephthalate) fibres were invented, and for the first few years
thereafter, terephthalic acid and its esters were only available in small amounts
and were correspondingly expensive. Whinfield and Dickson, and also Hardy [28]
in the first stages of his scale-up work during the period 1942–1944, made the
acid by dehydrogenating dipentene (dl -�1:8-p-menthadiene) with sulphur to form
p-cymene (p-isopropyltoluene), which they oxidised in two stages, first with
dilute nitric acid, and then with alkaline permanganate. The first commercially
viable route was through oxidation of p-xylene under pressure using dilute nitric
acid. The product contained coloured and colour-forming impurities that could
not be removed, so it was necessary to esterify it with methanol to form dimethyl
terephthalate (DMT), which still required successive recrystallisation and distil-
lation to bring it to an acceptable state of purity. For the first few years of PET
production, the polymer was all made by an ester interchange route from DMT.

An alternative route to DMT was introduced in 1953. This was based on air
oxidation of p-xylene to p-toluic acid, which was esterified by methanol to form
methyl p-toluate, which was oxidised by air to monomethyl terephthalate [40],
which in turn was esterified by methanol to make DMT. The two oxidations
could be combined so that p-xylene and methyl p-toluate were oxidised in the
same vessel, and so could the two esterifications [41]. The process was due to
Katzschmann of Imhausen, a firm based at Witten and later known as Chemische
Werke Witten. This process, known variously by its inventor’s name and by
various combinations of the names of the companies involved in its development,
i.e. Hercules, Imhausen, Witten, and Dynamit Nobel, rapidly replaced the rather
unsatisfactory and sometimes hazardous nitric acid oxidation route to DMT.

Meanwhile attempts to find an air oxidation route directly from p-xylene to
terephthalic acid (TA) continued to founder on the relatively high resistance to
oxidation of the p-toluic acid which was first formed. This hurdle was overcome
by the discovery of bromide-controlled air oxidation in 1955 by the Mid-Century
Corporation [42, 43] and ICI, with the same patent application date. The Mid-
Century process was bought and developed by Standard Oil of Indiana (Amoco),
with some input from ICI. The process adopted used acetic acid as solvent, oxy-
gen as oxidant, a temperature of about 200 ◦C, and a combination of cobalt,
manganese and bromide ions as catalyst. Amoco also incorporated a purifica-
tion of the TA by recrystallisation, with simultaneous catalytic hydrogenation of
impurities, from water at about 250 ◦C [44]. This process allowed development of
a route to polyester from purified terephthalic acid (PTA) by direct esterification,
which has since become more widely used than the process using DMT.

Several other novel processes for manufacturing TA have been patented,
and some of them have been used commercially, but these two remain the
most important.
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3.4 CONTINUOUS POLYMERISATION

Du Pont were already working on a process for continuous polymerisation of PET
in 1952 and commercialised this in an early plant [45]. However, until 1963
most PET was made by a discontinuous polymerisation process. In 1962, the
engineering firm Hans J. Zimmer, as it then was, started to develop an integrated
continuous ester interchange and polycondensation process [46]. This process
was described in 1965, by which time a plant producing three tons per day
of polymer was in operation [47]. The advent of processes for pure TA led
to parallel development, started in 1966, of a continuous process in which the
first stage was direct esterification of TA, based on Mobil technology. Vickers-
Zimmer was one of the leaders in developing methods of handling the final
stages of polymerisation, where the molten polymer was highly viscous, yet it
was essential to minimise the diffusion path to the polymer surface. Their disc-
ring reactor was one of several devices designed to deal with these requirements,
and the resulting system was capable of producing polymer of intrinsic viscosity
as high as 1.0 [48].

3.5 SOLID-PHASE POLYMERISATION

Since the tensile properties obtainable from synthetic fibres are in general superior
the higher the molecular weight of the polymer, there was a considerable incen-
tive to find methods of raising the molecular weight of polyesters beyond those
readily obtainable by melt polymerisation. Some of the most valuable potential
outlets for PET lay in the field of technical textiles, where uses such as tyre cords
would benefit from the higher work to break. The limitations of melt polymeri-
sation were due to the reversibility of the polymerisation reaction, which made
the rate of glycol removal rate-determining for the later stages of the reaction,
and also to the degradation reactions that became increasingly important at the
higher reaction temperatures used to reduce the melt viscosity. Although solid-
phase polymerisation involved additional handling stages, it was a potentially
attractive means of overcoming these difficulties. It introduced difficulties of its
own, since polymerisation rates are higher the smaller the particle size, due to the
shorter diffusion path [49, 50], but conversion of molten polymer to chip is much
easier than to fine particles. In addition, it is necessary to crystallise the solidified
polymer before heating it to polymerisation temperatures in order to avoid coales-
cence of the particles, although further crystallisation during the polymerisation
process permits use of temperatures above the normal melting point of PET [51,
52]. Originally developed for the production of fibres for high-performance tech-
nical textiles, solid-phase polymerisation has become particularly useful in the
manufacture of PET bottles.
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3.6 END-USE DEVELOPMENT

The relatively high modulus of PET fibre played a large part in making it suit-
able for blending in staple-fibre form with both cotton and wool, thus producing
fabrics that in some respects were superior to those made from unblended fibres.
Pleat retention was an important property. Some dyers considered the new fibre
to be undyeable, but rapid progress was made in producing new dyestuffs and
in accelerating the rate of dyeing, first by the use of carriers in the dyebath and
then through the introduction of pressure dyeing at temperatures of the order
of 130 ◦C. Continuous filament yarns were introduced, and methods of textur-
ing them, initially adapted from those already in use for nylon, were developed.
Industrial uses, such as tyre cord, made rapid progress, although problems such
as adhesion to rubber had to be solved. Variants, such as basic dyeable, pill-
resistant, and high shrinkage products were brought onto the market. PET proved
the most versatile of all synthetic fibres, and since its materials cost basis was
more favourable than that of its competitors, other than the less versatile poly-
olefins, it rapidly became much the most important in volume terms. Its main
deficiencies are relatively poor recovery from strains greater than about 5 %, and
correspondingly poor fatigue resistance.

Marketing by brand name remained important in most sectors until about 1970.
A particularly interesting example is the trade name Crimplene, which was intro-
duced by ICI in 1959 to describe a bulked continuous-filament polyester yarn
made by a process due initially to Nava and Ruffini, who worked at the firm
of Cheslene and Crepes in Macclesfield, Cheshire, in the UK. Their patents,
filed in 1957–1958 [53, 54], describe a process that consists of false-twisting
a continuous-filament yarn, partially heat-setting the yarn without making the
crimp permanent, over-feeding the yarn onto a package to produce partial relax-
ation, and then heat setting, preferably using steam. The earlier patent is directed
particularly at nylon yarns, but the later one concentrates on polyester. In the
Crimplene process as promoted by ICI, the final setting was carried out on a
soft wind-up package using steam in an autoclave, typically at about 130 ◦C.
Initially commercial progress was slow, but a move in 1962 to fabrics having
more attractive surface appearance led to a rapid increase in sales and profits [55,
56]. ICI licensed this process to selected customers, who became known as the
‘Crimplene Club’. Crimplene was highly profitable from 1964 to 1971, but then
it suddenly became a liability. Towards the end of its profitable life, it had the
highest recognition factor of any trademark in the UK, but it had acquired a
dowdy image. In August 1971, the USA imposed a surcharge on imports of
polyester continuous-filament yarn. This immediately created overcapacity in the
rest of the world, and a collapse in prices. Moreover, the process was slow and
expensive. Rapid advances in simultaneous draw-texturing processes in the early
1970s led to a new and much cheaper type of textured yarn, and provided a final
‘nail in the coffin’.
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3.7 HIGH-SPEED SPINNING

At quite an early stage in the development of polyester and nylon fibres, it was
recognised that there might be significant benefits in raising spinning speeds
and thus obtaining higher throughput at that stage, particularly if the need for a
subsequent orientational drawing process could thus be eliminated. In 1950, du
Pont filed two patents disclosing the invention by H. H. Hebeler of high-speed
spinning processes specifically for polyester yarns [57]. One of them claimed
the use of a spinning speed, defined as the speed attained after the yarn had
solidified, in the range of from 3000 to 5200 yd/min (2743 to 4755 m/min). The
product was found to crimp spontaneously on thermal relaxation to give wool-like
resilience, but it is doubtful whether such a process could be commercialised. The
other patent claimed the use of a spinning speed of 5200 yd/min (4755 m/min)
or above. The highest speed exemplified was 6350 yd/min (5806 m/min). These
speeds were said to be obtainable by using a driven bobbin, a high-speed pirn
take-up, or an air jet, which could be used as a forwarding and tensioning device
for delivering the yarn directly to a staple cutter. This patent clearly envisaged that
the products would not require any further orientation by drawing, and illustrated
the production of yarns having tenacities in the range 3.2 to 4.6 g/denier and
shrinkages in boiling water of 2 to 4 %. The elongations to break, however, were
in the range 38 to 72 %, and so the higher-modulus fibres preferred for many
outlets were evidently not available by this route. These two patents were rather
ahead of their time. The engineering of high-speed wind-ups reliable enough to
be used in regular production did not occur until the early 1970s, when machines
operating at up to 4000 m/min became generally available through engineering
firms such as Barmag and IWK, and wind-ups for still higher speeds followed a
little later [58].

Spinning at wind-up speeds such as 3000 to 4000 m/min gave spun yarns that
possessed higher orientation and crystallinity than those previously available,
and which could also be further crystallised at temperatures lower by about
30 ◦C than the yarns of very low orientation (LOYs) and crystallinity obtained
from the established low-speed spinning processes. They were sufficiently stable
to be stored and transported without structural or dimensional changes taking
place, and were therefore suitable feedstocks for simultaneous draw-texturing and
draw-warping processes. This type of product, known as POY (Partially Oriented
Yarn or Pre-Oriented Yarn), rapidly became a major product. At the same time,
new devices for texturing POY were developed, of which the most important
were friction-twisting devices based on aggregates of intermeshing discs. These
displaced existing pin-twisting devices because they gave very much higher rates
of false-twist insertion and hence a much increased productivity.

The further step up to 6000 m/min or more led to flat yarns that were suf-
ficiently oriented and crystalline, of sufficiently low extension to break, and of
sufficiently high tenacity to be used for many purposes without further drawing.
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These FOY (Fully Oriented Yarn) products therefore eliminated the need for
separate spinning and drawing stages, although not for all uses. In particular,
the highest tenacity and modulus are best approached by a LOY plus high draw
ratio route.

3.8 ULTRA-FINE FIBRES

The introduction of ultra-fine fibres was not solely a polyester phenomenon,
although polyester was the fibre most involved. Okamoto of Toray, who was a
leader in this development, defines an ultra-fine fibre as a fibre of less than 0.7
denier [59]. The word microfibre, which covers essentially the same products, is
usually defined as a fibre of less than 1 decitex (=0.9 denier). These products
were developed in Japan from the late 1960s, primarily to improve the hand
of fabrics by reducing the bending and torsional stiffness of their constituent
fibres. The earliest products to reach the market were non-woven suede-like
fabrics such as Toray’s Ecsaine. The technology was expensive, since for most
products it involved extrusion of bicomponent fibres, either of the ‘side–side’
type, with subsequent splitting by flexing or other mechanical means, or even
more effectively the ‘islands-in-the sea’ type, where the ‘sea’ polymer could be
dissolved away leaving the ‘islands’ as extremely fine fibres. The bicomponent
fibres could be subjected to normal textile processing before generating the
microfibres. Moreover, the interest in improved hand and the recognition of its
value in the market led to renewed attention to the direct spinning of fibres of
low linear density, mostly of about 1 decitex, although products can be made in
a range down to about 0.1 decitex. These products have done much to improve
the image of polyester and synthetic fibres in general.

4 OTHER USES FOR SEMI-AROMATIC POLYESTERS

4.1 FILMS

The companies first involved in fibre manufacture recognised the potential value
of poly(ethylene terephthalate) in films from a very early stage. Mylar (duPont),
Melinex (ICI), and Celanar (Celanese) were among the products that entered
the field first. The basic technology of film formation by melt extrusion pro-
cesses is not confined to polyester film, although there are special processing
features due mainly to the relatively high Tm and Tg values of poly(ethylene
terephthalate) [60]. Early products were mainly rigid film that took advantage
of the high modulus and high thermal deformation temperature. More recently,
cast films and thermoformed packaging have become important, and co-extrusion
lines have been introduced for the latter type of product.
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4.2 MOULDING PRODUCTS

PET was evaluated in its early days as a moulding polymer, particularly for injec-
tion moulding. It was not very successful, because of its low crystallisation rate.
Even when using a hot mould system, with mould temperatures that maximised
the rate of crystallisation, the product morphology was difficult to control and
the production rates were low. Attempts were made to increase the crystallisa-
tion rate, for example, by incorporating a crystallisation-promoting liquid such
as benzophenone together with a small amount of a finely divided nucleating
agent [61]. Early products were Arnite, from Akzo, and Rynite, from du Pont.
Poly(1,4-butylene terephthalate) was marketed as a moulding polymer in 1970 by
the Celanese Corporation (Celanex ), followed by numerous other producers [62].
Its rapid crystallisation rate made it much more suitable for moulding than PET,
and it proved very successful both unfilled and filled with glass fibre. In 1987,
the polymer already used in manufacturing Kodel fibre, together with some of
its copolymeric variants, was also introduced by Eastman Kodak under the name
Ektar, later Thermx PCT, as a moulding product with higher thermal stability
than other polyesters.

4.3 BOTTLES

In 1970, du Pont filed a patent application that proved to be the foundation
stone of a major new use for PET. Two US patents resulted in 1973, with one
covering ‘a hollow, biaxially oriented, thermoplastic article, prepared from PET’,
and the other claiming a process and apparatus for preparing such an article [63].
The process was based on moulding a hollow cylindrical-shaped preform or
parison (a term from the glass industry), which was then subjected to a stretch
blow-moulding process involving application of internal air pressure. This led to
expansion of the structure to the final dimensions, with development of biaxial
orientation. Du Pont chose not to embark on bottle production itself, but instead
to license the product to others. The rate of growth of polyester bottle production
was very high, particularly in the more industrialised countries, and bottles rapidly
became second in importance only to fibres as a market for polyester materials.

An early problem was that the blowing process as originally developed pro-
duced rounded bases, and so the bottles could not be stacked upright on shelves.
Initially, bottles were equipped with separately moulded base cups, usually made
from polyolefin and readily attached by a snap-on or glue-on process. The Con-
tinental Group then introduced in the USA a bottle with a shaped multilobal
bottom that did not require a base cup, and further designs have followed [64].

Among the controlling factors in the production of bottles from PET are the
molecular weight of the polymer and the draw ratio applied. The molecular
weight required is in general higher than that of the polymer manufactured for
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standard fibre products, and is higher the smaller the bottle size. The draw ratio
must exceed the natural draw ratio, which is lower the lower the stretching
temperature and the higher the molecular weight [65]. Particularly high draw
ratios are needed for products that can maintain their dimensional stability where
the pressure within the bottle is high.

Two processes have been developed – the single-stage process due to the Nis-
sei Corporation in Japan, where both injection moulding and bottle blowing are
conducted on the same machine, and the two-stage process, where preforms are
made on an injection moulding unit and transferred to a stretch blowing unit,
not necessarily on the same site, where they must be re-heated before stretch-
ing [66]. The need for higher molecular weights has led to increased use of
solid-phase polymerisation techniques, which have the further advantage over
melt-polymerised polymers that they give much lower acetaldehyde contents in
the product [62].

5 LIQUID-CRYSTALLINE POLYESTERS

In 1956, Flory published two papers about the theoretical criteria for formation of
a single anisotropic phase in solutions of rigid and semi-flexible polymers [67].
The theory can also be interpreted as applying to polymers where the sol-
vent concentration is zero, in which case any anisotropic phase would become
thermotropic. No thermotropic systems based on main-chain rigidity were identi-
fied until the mid-1970s, when Jackson and co-workers at Eastman Kodak [68],
Schaefgen and colleagues at duPont [69], and Roviello and Sirigu in Italy [70]
identified thermotropic liquid-crystalline polyesters of different structural types.
It then emerged that some of the polymers described earlier in patents from
the Carborundum Company (Economy and colleagues) [71] were thermotropic
liquid-crystalline polyesters, although this property was not identified at the time.
Still earlier patents from ICI (Goodman and colleagues) [72] described, among
other things, the synthesis of aromatic polyesters that were based upon asym-
metrically substituted p-phenylene groups and included compositions that gave
thermotropic anisotropic phase behaviour, but here too the nature of this phase
was not identified.

Aromatic polyesters were particularly good candidates for this new field of
thermotropic main-chain polymers, since the relatively low energy of associa-
tion of the ester groups led to low inter-chain forces. Further research led to
the discovery that incorporation of 2,6-naphthylene or of 4,4′-biphenylyl groups,
in addition to p-phenylene groups, as components of aromatic polyesters, intro-
duced a useful new degree of randomness. Particularly useful, and the basis of
the commercial products Vectra (polymer) and Vectran (fibre) from Hoechst-
Celanese and Kuraray, are the copolymers formed by polymerisation of mixtures
of p-acetoxybenzoic acid and 6-acetoxy-2-naphthoic acid. Within a range of
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molar compositions from 75/25 to 40/60 they are readily melt-processable [73].
Polyesters of the Carborundum type became the basis of the commercial product
Xydar (Dart Corporation, later Amoco).

6 POLYESTERS AS COMPONENTS OF ELASTOMERS

The use of polyesters in the development of elastomeric products began in Ger-
many with the Vulcollan series of polymers from I. G. Farben (post-war by
Farbenfabriken Bayer) [74]. The first products were typically based on hydroxyl-
ended polyesters made from adipic acid and a small excess of ethylene glycol,
which were then reacted with naphthalenic diisocyanates to lengthen the chains
and to cap them with isocyanate groups. These isocyanate-ended polymers were
chain-extended by a coupling reaction with water or other reagents, usually
difunctional, such as diamines. Cross-linking by formation of biuret groups was
then thermally induced to produce the final elastomeric polyester-urethane in the
required shape and situation. Many other polyester-diols have since been found
to be useful. Other companies that produced products of similar types included
Goodyear (Chemigum) and ICI (Vulcaprene), some of which were made from
aliphatic polyesteramides rather than from polymers based solely on ester link-
ages.

Flexible foams based on polyesterurethanes were introduced in the mid-1950s.
There are now three main types, i.e. flexible, rigid and structural. The flexible type
was based on aliphatic polyester-diols; rigidity can be increased by using aromatic
polyester-diols, by increasing the degree of branching in the polyester, and by
increasing the urethane content, and hence the degree of biuret cross-linking.

Elastomeric fibres based upon both polyester-urethane and polyether-urethane
structures followed. The early work by Bayer led to the use of highly polar
solvents such as dimethyl formamide. Formation of fibres by reactive spinning,
where the isocyanate-ended polymer is extruded into an aqueous solution of a
chain-coupling agent, was described in 1949 [75] and by dry-spinning a solution
of the chain-coupled polymer in 1951 [76]. However, Bayer did not immediately
use their technology to produce commercial fibres [77].

Following the introduction in the USA of Vyrene (US Rubber) in 1958 and of
Lycra (du Pont; Fiber K, 1959, Lycra, 1962), many producers entered the field.
In 1964, Bayer started production of Dorlastan, a dry-spun elastomeric fibre
based on a polyester soft segment and a urethane/urea hard segment produced
using diphenylmethane-4,4′-diisocyanate for chain extension and a dihydrazide as
coupling agent [78]. Among the other companies involved, two, i.e. Asahi Kasei
in Japan and Fillatice (Lynel ) in Italy, used polycaprolactone as the polyester soft
segment. Fujibo in Japan and Fillatice used wet-spinning techniques to make
their polyester-based elastomeric fibres [79]. Polyether-based fibres, however,
now dominate the market.
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The elastomeric possibilities of copolyesters based upon PET (2GT) were stud-
ied at an early stage in the development of the fibre. Random copolymers with
ester repeating units derived from aliphatic dicarboxylic acids containing a rela-
tively large number of methylene groups, notably 2G9 from azelaic (nonanedioic)
acid and 2G10 from sebacic (decanedioic) acid, were found to have values of Tg

at or below typical room temperatures when the copolymer contained 40 to 70
mol % of units derived from the aliphatic acid. These polymers could be melt-
spun and drawn to give elastic yarns, with extensions to break as high as 300 %
and recoveries from 100 % extension as high as 96 %, but with low melting tem-
peratures [80]. Melt-blending 2GT and 2G10 for a limited period of time, so
that a block copolymeric structure was produced, gave better elastic properties
and higher melting temperatures. In ICI, Coleman showed that block copolymers
could be made by replacing part of the ethylene glycol by a substantial wt %
of a polyether, polyethylene glycol (polyoxyethylene diol; PEG), with very little
depression of the melting point of the polyester, since the depression is a func-
tion of the mol % of comonomer [81, 82]. However, Coleman did not extend the
proportion of PEG beyond 30 wt %. Charch and Shivers, at du Pont, studied the
complete spectrum of compositions, and established that elastic properties were
obtained in the range 40 to 70 wt % of PEG, that the best results were obtained
using PEG of molecular weight 4000, and that these products gave higher melting
temperatures, higher elongations to break, and lower values of short-term stress
decay than any of the previous elastomeric polyesters [83].

This work did not lead immediately to commercial elastomers, but its identi-
fication of the importance of block copolymeric structures in the field of melt-
processable elastomers laid the foundation for later commercialisation of products
based largely on the polyester and polyether units containing four-carbon instead
of two-carbon sequences. These block copolymers of 4GT with polyoxytetra-
methylene diol possess superior properties in that the 4GT blocks crystallise
much more readily than the 2GT blocks, the molar depression of melting point is
lower for 4GT than for 2GT, and the dioxytetramethylene units present in both
the polyether and the polyester possess conformational energy properties more
suited than dioxyethylene units to loss-free recovery of the original dimensions
after distortion. Products based on this technology were introduced as moulding
grades from the early 1970s, and included Hytrel (du Pont), Riteflex (Celanese),
and Arnitel (Akzo).

7 SURFACE-ACTIVE AGENTS

One of the problems encountered in early polyester fibre processing was that
the sizes generally used with other classes of fibre to protect yarns, particularly
warp yarns, against damage during weaving were not sufficiently adherent to the
yarn. ICI found a surface treatment that would improve the adhesion of sizes to
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polyester fibres which involved converting a polyether (polyethylene glycol) to
its alkoxide anion and reacting this with the fibre surface. This process formed
a di-block polyester/polyether, with the polyester block lying within the fibre
and the polyether block lying on the surface, to which it provided hydrophilic
properties. The process was not commercially viable, but it was then found that
certain multi-block copolyetheresters formed dispersions in water that could be
applied to polyester yarns or fabrics by ‘pad-bake’ techniques. Provided that the
polyester blocks were long enough to crystallise, this treatment gave excellent
hydrophilic surface properties [84]. These properties were durable towards wash-
ing, particularly if the polyester blocks consisted of the same repeating units as
the fibre.

This product therefore solved more important problems than the original target,
since it improved the washability and resistance to electrostatic charge develop-
ment of polyester fabrics. It was marketed first by ICI in Europe as Permalose
and in the USA as Milease; other companies produced similar products. More-
over, aqueous dispersions of this type of surface-active agent proved useful as
rinse additives for washing hydrophobic fibres in general and became ingredients
of consumer-oriented products.

8 ABSORBABLE FIBRES

Two of the deficiencies of the aliphatic polyester fibres made by Carothers were
their poor hydrolytic stability and their low melting temperatures. One aliphatic
polyester that had already been made many years earlier [85] by polymerisation
of glycolide, the cyclic dimer of hydroxyacetic (glycolic) acid, melted at about
225 ◦C, quite high enough for commercial use, but these fibres had even lower
hydrolytic stability than the polyesters made by Carothers. In 1963, however,
American Cyanamid filed a patent application in the USA that claimed absorbable
articles, particularly medical sutures, made from polyhydroxyacetic ester (i.e.
polyglycolide) [86]. The Davis and Geck division of American Cyanamid made
a virtue of this deficiency by manufacturing polyglycolide fibres, which they
named Dexon, for use as absorbable sutures. The sutures were strong and flexible
enough to be used in place of the sutures then normally in use, most of which
remained in the body long after there was any surgical need for them, so that
often a further operation was required to remove them. Some, made from catgut
or collagen, were slowly and rather uncontrollably absorbed through attack by
cellular enzymes. These new absorbable polyester sutures, on the other hand,
hydrolysed in the body over a period of days or weeks to form harmless products.

An interesting legal case ensued in the English High Court [87], where Ethicon
(Johnson & Johnson) maintained, among other things, that the formation and
hydrolytic behaviour of polyglycolide fibres were already known and that it was
therefore obvious to use the material as an absorbable suture. The outcome was
basically favourable to American Cyanamid.
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Meanwhile Ethicon (and others) developed alternative absorbable surgical
sutures, based, for example, on copolymers of polyglycolide with poly-L-
lactide or poly(trimethylene carbonate), and on polydioxanone, and on poly(ε-
oxycaproate), and also on copolymers of these with polyglycolide or with each
other. These different structures made it possible to provide fibres with different
rates of absorption, with different degrees of stiffness or flexibility, and for use
in monofilaments, braided multifilaments, and other yarn structures, as required
for different surgical operations.

9 POLYCARBONATES

Polycarbonates form a rather specialised class of linear polyesters, since they
are formed from a diol, usually an aromatic diol, with a derivative of carbonic
acid. The commercially useful products also differ from other types of polyester
in that they are generally non-crystalline, melt-processable polymers of high Tg,
possessing very high optical clarity and toughness.

One of the earliest reports of a reaction that can now be interpreted as form-
ing a polycarbonate came from Birnbaum and Lurie in 1881 [88]. They reacted
resorcinol, phosgene and pyridine, but assigned a cyclic carbonate structure to the
product. In 1898, Einhorn [89] repeated this work and also used hydroquinone
and catechol. He assigned a polymeric structure to the products from hydro-
quinone and resorcinol, and a cyclic structure to the product from catechol.
Bischoff and van Hedenström [90] confirmed this work by using ester exchange
with diphenyl carbonate (DPC) as the synthetic method. Thus, the two main syn-
thetic methods were both used at an early stage. In 1930, Carothers published
the results of his syntheses of polycarbonates, mainly from aliphatic diols but
including p-xylylene glycol, and diethyl carbonate, both directly and through
intermediate cyclic carbonates. Most of the polymers were crystalline but of too
low a melting point to be useful in their own right, although a poly(p-xylylene
carbonate) melting at about 180 ◦C was isolated but not examined further [91].

Much the most important polycarbonate in commercial terms is made from
2,2-di(4-hydroxyphenyl)propane, commonly known as bisphenol A. This poly-
mer was discovered and developed by Farbenfabriken Bayer [92]. The synthesis
and properties of this and many other polycarbonates were described by Schnell
in 1956 [93]. The polymer became available in Germany in 1959, and was given
the trade name Makrolon by Bayer (in the USA, Merlon from Mobay). Gen-
eral Electric (GE) independently developed a melt polymerisation route based on
transesterification of a bisphenol with DPC [94]. Their product, Lexan, entered
the US market in 1960. The solution polymerisation route using phosgene has
since been displaced by an interfacial polymerisation.
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10 NATURAL POLYESTERS

10.1 OCCURRENCE

Polyesters are found in nature in a wide range of bacteria and also in higher
plants. In the case of bacteria, two types of polymer have been identified [95].
One type consists of poly(3-hydroxybutyrate) (PHB), also known as poly(β-
hydroxybutyrate), and its copolymers with related repeating units, particularly
3-hydroxyvalerate. These polymers are produced within the bacteria and stored
in an inter-cellular granular form for consumption in times of hardship. The other
type consists of poly(β-malate) (poly(L-3-carboxy-3-hydroxypropionate)), which
has the same carbon skeleton as PHB but which does not appear to be used as a
storage reserve. In the case of higher plants, again two types have been identi-
fied [96], with both having complex network structures. Cutin plays a structural
and protective role at the surfaces of plants. It is based mainly upon C16 and C18

fatty acids that have various degrees of substitution by hydroxyl groups, and in
some cases also contain 9,10-epoxy groups. Suberin occurs in outer cell walls
as a barrier against environmental stress. This material is even more complex,
since its aliphatic polyester domains are attached to aromatic domains derived
from units such as 3,4-dihydroxycinnamic acid.

Polyesters are also produced naturally in some animals. In particular, shellac
is a natural product that was for many years of major commercial importance
as a moulding resin (e.g. for phonograph records) and a varnish. It is a con-
stituent of lac, which is secreted by the lac insect of S. E. Asia and exuded by
it onto trees. Shellac, which is obtained by purification from lac, is a complex
polyester which can be hydrolysed to polyhydroxylic acids such as 9,10,16-
trihydroxyhexadecanoic acid [97].

10.2 POLY(β-HYDROXYALKANOATE)S

In 1925, Lemoigne [98] described the isolation of an aliphatic polyester, poly(β-
hydroxybutyrate) (PHB), from the cytoplasm of the bacterium Alcaligenes eutro-
phus. This polymer is synthesised by the bacterium for storage as a reserve
against times of famine, and can be consumed enzymatically with release of
energy whenever such times occur. The proportion of the mass of the bacte-
ria attributable to this polyester can be very high, well over 90 %. Numerous
bacterial species of different types, Gram-positive and Gram-negative, aerobic
and photosynthetic, have since been shown to synthesise this polymer. The feed-
stock for the synthesis is normally of carbohydrate origin, for example, glucose,
but the bacteria can be induced to transform other organic chemicals, such as
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methanol, into the polymer. Lemoigne found that chloroform was the best solvent
for extracting the polymer from the bacteria of those he tried. About 20 % (by
weight) of the dried bacteria consisted of this material, which he found melted
at 157 ◦C. He concluded that the extracted material was a product of dehydration
and polymerisation of β-oxybutyric acid, with the empirical formula (C4H6O2)n.
He referred to this as a polylactide, although by modern terminology this would
not be correct.

During the period 1960–1962, W. R. Grace and Company filed several patents
that claimed methods of extracting poly(β-hydroxybutyric acid) from bacteria and
its use for making absorbable prosthetic devices, particularly sutures [99]. The
polymer was said to be degraded by esterases in the body. This degradation was
too slow to be competitive with existing degradable sutures, so no commercial
product appeared.

In the 1970s, ICI introduced this polymer and copolymers in which it was the
major constituent as commercial products, initially under the acronym PHB, and a
little later under the trade name Biopol, which referred specifically to copolymers
containing β-oxybutyrate and up to 30 % of β-oxyvalerate repeating units. The
copolymer is more flexible and tougher than the homopolymer [100, 101].

11 CONCLUSION

The foregoing summary of the history of polyesters to date illustrates the diversity
of chemical structures available and the wide range of uses to which they have
been put, although it is far from being exhaustive. There can be no doubt that
polyesters will continue to be one of the most important classes of polymer.
Predictably, as the supply of cheap fossil-fuel-based chemical primaries declines,
biological sources can be persuaded to yield appropriate intermediates and even
polyesters themselves.
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NOTATION

a specific surface area (m2/m3)
a∗ colour, CIELAB system,

green–red
AA acetaldehyde
b∗ colour, CIELAB system,

blue–yellow
bDEG bound diethylene glycol
bEG bound ethylene glycol, diester

group
BHET bis-hydroxyethyl

terephthalate, PET
‘monomer’
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BOPET biaxial oriented PET film
bTPA bound terephthalic acid
cacid concentration of R–COOH

groups
(mol/m3)

ci concentration of component
or functional group i

(mol/m3)

Ca capillary number
CHDM cyclohexane dimethanol,

co-monomer
Co(Ac)3 cobalt acetate, colour

improvement
COOH carboxyl end groups
CSTR continuous stirred tank

reactor
d disc diameter (m)
D polydispersity index (g/mol/g/mol)
Di,PET mutual diffusion coefficient (m2/min)
D0,i constant in Di = D0,i

exp(−Ea,D/(RT ))M0.5
n /η0,5

(m2/min (mol/g)0.5 (Pa s)0,5)

DEG diethylene glycol,
co-monomer

DMT dimethyl terephthalate,
monomer

Ea activation energy (kJ/mol)
Ea,D activation energy of diffusion (kJ/mol)
EG ethylene glycol,

1,2-ethanediol, monomer
Fr Froude number
GeO2 germanium dioxide, catalyst
GPC gel permeation

chromatography
h polymer film thickness, filling

level
(mm, m)

HET hydroxyethyl terephthalate
H3PO4 phosphoric acid, stabilizer
IPA isophthalic acid, co-monomer
IV intrinsic viscosity (dL/g)
J molar flux across the

interface, film theory
(mol/(m3 s))

kc crystallization rate constant (s−1)
ki reaction rate constant (1/min; m3/mol/min; m6/mol2/min, etc.)
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ki,j mass transfer coefficient (m/min)
ki,0 coefficient of Arrhenius

equation
(1/min; m3/mol/min; m6/mol2/min, etc.)

kG,i mass transfer coefficient, gas
phase

(m/min)

kL,i mass transfer coefficient,
liquid phase

(m/min)

Ki equilibrium constant
L distance between discs (m)
L∗ colour, CIELAB system,

black–white
mi ratio of molar volumes of

polymer and species i

Mi molecular weight of the
component i

(g/mol)

Mn number-average molecular
weight

(g/mol)

Mw weight-average molecular
weight

(g/mol)

n reaction order
N number of disc rings
Nx number of moles of x-mer (mol)
N0 total number of moles of

repeat units
(mol)

NDC 2,6-naphthalene dicarboxylic
acid

p probability of reaction
P 0

i partial pressure of
component i

(torr, Pa)

Pn degree of polycondensation
P n average degree of

polycondensation
P n,0 average initial degree of

polycondensation
PBT poly(butylene terephthalate)
PEI poly(ethylene isophthalate)
PEN poly(ethylene naphthalate)
PET poly(ethylene terephthalate)
PTA purified terephthalic acid
r radial position (m)
R gas constant, 8.314 (J/mol/K)
R disc radius (m)
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Re Reynolds number
RI refractive index
Sb(Ac)3 antimony(III) acetate,

polycondensation catalyst
Sb2O3 diantimony trioxide,

polycondensation catalyst
SiO2 silicon dioxide
SSP solid-state polycondensation
STA simultaneous

thermogravimetry (TGA)
and differential thermal

analysis (DTA)
t time (s, min, h, d, a)
T temperature ( ◦C, K)
T dimensionless film thickness
TBT tetrabutoxytitanium,

polycondensation catalyst
tDEG terminal diethylene glycol
tEG terminal ethylene glycol
TEP triethyl phosphate, stabilizer
TiO2 titanium dioxide
TMP trimethyl phosphate, stabilizer
TOC total oxygen consumption
TPA terephthalic acid, monomer
tTPA terminal terephthalic acid
tV terminal vinyl group
wx weight fraction of x-mer (kg/kg)
W water
x length (m)
x number of repeat units
x∗

i mole fraction (mol/mol)
z spatial dimension
γi activity coefficient of

component i

η melt viscosity (Pa s)
θ angle with respect to

horizontal
ρ density (kg/m3)
σ surface tension (N/m)
� dimensionless radius
�i volume fraction
χ dimensionless number
χc mass fraction crystallinity (kg/kg)
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χi polymer–solvent interaction
parameter

(for EG/PET, 1.3)

χmax maximum crystallinity (mass
fraction)

(kg/kg)

ω disc rotating speed (1/s)
� velocity (rad/s)

1 INTRODUCTION

Poly(ethylene terephthalate) (PET) is a polymer formed by step-growth polycon-
densation from ethylene glycol (EG) and terephthalic acid (TPA). The synthesis
of PET requires two reaction steps. The first of these is esterification of TPA
with EG, forming a so-called prepolymer which contains the monomer bis-
hydroxyethyl terephthalate (BHET) and short-chain oligomers. The esterification
by-product, i.e. water, is removed via a column system. The second reaction
step is polycondensation, in which a transesterification reaction takes place in
the melt phase. The by-product, EG, is removed from the melt by using high
vacuum. High-viscosity PET grades for bottles or technical yarns are typically
produced by further polycondensation in an additional solid-state process (SSP)
under vacuum or in an inert gas atmosphere, respectively [1].

The formation of prepolymer can also be achieved by transesterification of
dimethyl terephthalate (DMT) with EG, releasing the by-product methanol. High-
purity DMT is easily obtained by distillation and in the early years of PET
production, all processes were based on this feedstock. During the late 1960s,
highly purified TPA was produced for the first time on an industrial scale by
re-crystallization. Since then, more and more processes have shifted to TPA as
the feedstock and today more than 70 % of global PET production is based on
TPA. The TPA-based PET production saves approximately 8 % of total capital
investment and 15 % of feedstock cost (Figure 2.1).

Two PET grades now dominate the global market, i.e. fibre-grade PET and
bottle-grade PET. These standard grades differ mainly in molecular weight
or intrinsic viscosity (IV), respectively, optical appearance and the production
recipes. The latter differ in the amount and type of co-monomers, stabilizers and
metal catalysts, as well as colorants.

Textile fibre-grade PET contains 0.03 to 0.4 wt% of titanium dioxide (TiO2) as
a delustering agent. This grade has a molecular weight (number-average molec-
ular weight, Mn) of 15 000 to 20 000 g/mol, which refers to an IV of between
0.55 and 0.67 dL/g. The standard textile fibre-grade has an IV of 0.64 dL/g.
PET fibre-grades for technical yarns such as tyre cord are high-modulus low-
shrinkage types with very high molecular weights, respectively, with an IV above
0.95 dL/g.
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Direct Esterification 

Esterification/Hydrolysis TPA + 2EG = BHET + 2H2O

Transesterification 

Transesterification/Methanolysis DMT + 2EG = BHET + 2CH3OH

Melt-Phase Polycondensation

Transesterification/Glycolysis 2BHET = PET2 + EG

Transesterification/Glycolysis n(PET)m = (PET)n ×m + n−1EG

Solid-State Polycondensation

Transesterification/Glycolysis PETn + PETm  = PETn+m + EG

Figure 2.1 Stoichiometric equations for the synthesis of PET

Bottle-grade PET appears ‘glass-clear’ in the amorphous state. Special require-
ments for bottle-grade PET are a brilliant white colour and a composition fulfilling
the regulations for food packaging. The average molecular weight ranges from
24 000 to 36 000 g/mol, which refers to an IV of between 0.75 and 1.00 dL/g.
The standard bottle grade has an IV of 0.80 dL/g.

Other PET grades are manufactured for packaging films, as well as for the
production of video and audio tapes. These PET types are often standard grades
with an IV of 0.64 dL/g. To reduce the sticking tendency of the final product, solid
additives such as SiO2 or china clay with specific particle sizes and particle-size
distributions are incorporated by master-batch processes. The final product, the
so-called BOPET, is a biaxial oriented PET film with high mechanical strength
and a thickness between 1 and 180 µm.

The total PET world production capacity amounted to 30 megatonnes per year
(Mt/y) in the year 2000. This total production includes 8.5 Mt/y of packaging
resins, comprising 93 % of bottle-grade PET and 7 % of film-grade PET. The
staple fibre and textile filament capacities have been 9.1 Mt/y and 11.1 Mt/y,
respectively, while the industrial yarn capacity has been 1.2 Mt/y. Typical plant
capacities are 240–600 t/d for bottle resin production, 100–200 t/d for staple
fibres and 100–300 t/d for filament-spinning textile grades. Batch plants for the
production of industrial yarns have typical capacities of 20–40 t/d [2].

Although PET has been manufactured for a long time and in large amounts,
knowledge about the underlying chemistry and mass transport mechanisms is still
incomplete. These aspects will be discussed in detail in the next two sections.
The sections following these will deal with the state-of-the-art of PET plants
and reactor design. The chapter will conclude with a section discussing future
developments and scientific requirements.
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2 CHEMISTRY, REACTION MECHANISMS, KINETICS
AND CATALYSIS

The monomers of PET are TPA and EG. The polymer properties may be modified
by other dicarboxylic acids and diols which may be incorporated into the polymer
as co-monomers. The most important compounds for PET synthesis are presented
in Table 2.1.

The formation of PET chains comprises two main reactions, namely (1) ester-
ification of carboxyl end groups with hydroxyl end groups, and (2) transesteri-
fication (transalcoholysis) of glycolesters with terminal hydroxyl groups, which
is termed polycondensation. The reverse reactions are hydrolysis and glycolysis,
respectively. In addition, ester interchange between two ester groups occurs, as
well as the reaction of carboxyl end groups with bound ester groups, known as
acidolysis. Depending on the concentration of the different reactive species, the
medium chain length of the polymer is either increased (synthesis) or decreased
(recycling). Additionally, temperature-dependent side reactions occur which influ-
ence the product quality significantly. The main quality problems arise from
thermal scission of the PET chains with formation of carboxyl end groups and
acetaldehyde, as well as from reactions leading to discoloration of the polymer.

Because of the high number of molecules with different chain lengths and com-
positions present in the polymer, reactions are commonly described as reactions
between functional groups. Equal reactivity is assumed for functional groups
with the same chemical vicinity, meaning that their reactivity is independent of
the chain length of the parent molecule. This concept was initially introduced
by Flory [3, 4] and applies without any serious errors if the functional groups
are separated by more than three atoms in the chain. If the functional groups
in the monomer are separated by only one or two atoms, the reactivities of the
monomer and dimer may differ greatly. The difference in reactivity will diminish
rapidly, however, as we compare dimer to trimer, trimer to tetramer, and so on.
One can assume that the decreasing mobility of the molecules with increasing
size of the molecule or with increasing viscosity of the reaction medium in the
course of polycondensation causes a decreasing reactivity. However, the reac-
tivity does not depend on the mobility of the molecules as a whole but on the
mobility of the functional groups. The number of collisions between reactive
centres will not depend largely on the molecule size, since functional groups
in large molecules can move over a considerable distance merely by rearrange-
ments of the chain configuration without dislocation of the centre of gravity of
the entire molecule. The lower mobility of functional groups in a highly vis-
cous medium is compensated by an increased number of collisions pertaining to
each encounter of reactive centres. Schulz [5] studied the relationship between
reaction rates and diffusion coefficients of the reactants. He demonstrated that
diffusion becomes rate-determining only for very reactive species with reactions
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occurring during nearly every encounter of reactive centres. Polycondensation
reactions have a moderate reaction rate and the functional groups will diffuse
over a longer range and collide with many other groups before they finally react.
In this case, the observed reaction rate is independent of the size of the molecules
and the viscosity of the medium.

Equations of an Arrhenius type are commonly used for the temperature-
dependent rate constants: ki = ki,0 exp(−Ea,i/RT ). The kinetics of all
participating reactions are still under investigation and are not unambiguously
determined [6–8]. The published data depend on the specific experimental
conditions and the resulting kinetic parameters vary considerably with the
assumed kinetic model and the applied data-fitting procedure. Fradet and
Maréchal [9] pointed out that some data in the literature are erroneous due to the
incorrect evaluation of experiments with changing volume.

All reactions involved in polymer chain growth are equilibrium reactions and
consequently, their reverse reactions lead to chain degradation. The equilibrium
constants are rather small and thus, the low-molecular-weight by-products have
to be removed efficiently to shift the reaction to the product side. In industrial
reactors, the overall esterification, as well as the polycondensation rate, is con-
trolled by mass transport. Limitations of the latter arise mainly from the low
solubility of TPA in EG, the diffusion of EG and water in the molten polymer
and the mass transfer at the phase boundary between molten polymer and the
gas phase. The importance of diffusion for the overall reaction rate has been
demonstrated in experiments with thin polymer films [10].

The reversibility of the reactions, on the other hand, allows an efficient redistri-
bution of chain lengths. Based on the principle of equal reactivity, Flory derived a
function describing the normal molecular weight distribution for linear polymers
formed by random synthesis [3] and for polymeric systems in a dynamic equi-
librium, taking into account reversible redistribution reactions [11]. Schulz [12]
derived the same relationships for the normal number and weight distributions
of polymers from reversible polycondensation in chemical equilibrium under the
assumption that the equilibrium constant Ki is independent of the sizes of the
equilibrating molecules. Flory finally generalized the normal distribution func-
tion by application of statistic-thermodynamical results from the ‘liquid lattice
theory’ of Flory and Huggins [13–17].

The normal distribution function, also referred to as the Flory–Schulz dis-
tribution, relates the fraction of an x-mer (a polymer molecule consisting of x

repeat units) in the entire assembly of molecules to its formation probability. It
can be defined either as a number distribution function or as a weight distribution
function. The number of moles of an x-mer (Nx) is given by the normal number
distribution as follows:

Nx = N0(1 − p)2px−1 (2.1)

with N0 being the total number of moles of repeat units and p being the probabil-
ity of reaction (of the formation of any ester bond). If for high average molecular
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weights the small contribution of the end groups to the molecular weight is
neglected, then the normal weight distribution can be deduced as follows:

wx = x(1 − p)2px−1 (2.2)

with wx being the weight fraction of an x-mer.
A given polymer is characterized by its number-average molecular weight

(Mn), together with its weight-average molecular weight (Mw), which can both
be obtained by analytical techniques.

Mn =
∑

NiMi∑
Ni

; Mw =
∑

NiM
2
i∑

NiMi

(2.3)

where Mn depends only on the average degree of polycondensation (P n) and is
given for pure PET chains by:

Mn = 192P n + 62 (g/mol)

while Mw depends on P n and additionally on the actual distribution of x-mers.
Therefore, the distribution of x-mers (or chain length distribution) can be charac-
terized by the so-called polydispersity index (D) defined as Mw/Mn. A polymer
consisting of only one type of x-mer will have a polydispersity index of 1 whereas
a fully equilibrated polymer showing the Flory–Schulz distribution will have a
polydispersity index of 2. Values of D > 2 will be found for polymers with
over-proportional fractions of long-chain molecules.

In industrial reactors, the full equilibration of the chain length distribution
is prevented by incomplete mixing, as well as by the residence time distribu-
tion, thus resulting in considerable deviations from the equilibrium polydispersity
index. These deviations are generally higher for continuous plants than for batch
plants and increase with increasing plant capacity as demonstrated in Figure 2.2.

The use of catalysts is essential in PET synthesis to achieve sufficiently high
reaction rates although some catalysts will also accelerate side reactions. Esterifi-
cation, as well as transesterification, are catalyzed by protons or carboxyl groups,
respectively. During esterification, the concentration of carboxyl groups is high
enough and no additional catalyst is needed. Nevertheless, in some industrial
processes, metal catalysts and stabilizers have already been added at this stage
of the reaction. During polycondensation, the concentration of carboxyl groups
is too low for effectively catalyzing the reaction and the addition of suitable
catalysts is indispensable. Antimony compounds are the most common by used
polycondensation catalysts although almost every metal in the Periodic Table has
been patented as a catalyst for these reactions. Japan is alone in requiring the
use of germanium catalysts. However, antimony is not known to be required in
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Figure 2.2 Polydispersity index for different PET processes and reactor sizes.
GPC conditions: TCM/HFIP (98:2); columns PSS SDV10 (105 Å) and SDV5 (500 Å);
detection, UV (269 nm) and RI; polystyrene calibration [94]

nutrition and can also be poisonous. Antimony catalysts may be substituted by
titanium in the near future.

In the next sections, we will discuss the chemical and kinetic details of the
main reactions and the product-quality relevant side reactions. This information
is the basis for a proper understanding of reactor and process design in PET
production. The compounds and functional groups which have to be considered
are given in Table 2.2.

2.1 ESTERIFICATION/HYDROLYSIS

Esterification is the first step in PET synthesis but also occurs during melt-phase
polycondensation, SSP, and extrusion processes due to the significant formation
of carboxyl end groups by polymer degradation. As an equilibrium reaction,
esterification is always accompanied by the reverse reaction being hydrolysis.
In industrial esterification reactors, esterification and transesterification proceed
simultaneously, and thus a complex reaction scheme with parallel and serial
equilibrium reactions has to be considered. In addition, the esterification process
involves three phases, i.e. solid TPA, a homogeneous liquid phase and the gas
phase. The respective phase equilibria will be discussed below in Section 3.1.
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Table 2.2 Compounds and functional groups involved in PET synthesis

Symbola Molecule/functional group Molecular structure

EG ethylene glycol
HO

OH

TPA terephthalic acid O

HO OH

O

 

DEG diethylene glycol

O
HO

OH

AA Acetaldehyde H3C O

W Water
H

O
H

tEG EG end group
R1

O
OH

bEG EG repeat unit R1O

OR2

tTPA TPA end group
O O

R1 OH 

bTPA TPA repeat unit
O O

R1 R2

tDEG DEG end group

OO OH
R1

bDEG DEG repeat unit

OO O
R1 R2

tV vinyl end group
OR1

a t, terminal segments; b, bound/repeat segments.
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Figure 2.3 AAC2 mechanism for esterification/hydrolysis and transesterifica-
tion/ glycolysis

Esterification, hydrolysis, transesterification and glycolysis have equilibrium
constants close to unity and proceed via an AAC2 mechanism (Figure 2.3) [9, 18].

The esterification of TPA with EG is a reaction between two bifunctional
molecules which leads to a number of reactions occurring simultaneously. To
simplify the evaluation of experimental data, model compounds have been used
for kinetic and thermodynamic investigations [18–21]. Reimschuessel and co-
workers studied esterification by using EG with benzoic acid and TPA with
2-(2-methoxyethoxy) ethanol as model systems [19–21]. The data for the temper-
ature dependency of the equilibrium constants, Ki = Ki(T ), given in the original
publications are affected by printing errors. The corrected equations are summa-
rized in Table 2.3.

In Figure 2.4, data for the equilibrium constants of esterification/hydrolysis and
transesterification/glycolysis from different publications [21–24] are compared. In
addition, the equilibrium constant data for the reaction TPA + 2EG ⇀↽ BHET +
2W, as calculated by a Gibbs reactor model included in the commercial process
simulator Chemcad, are also shown. The equilibrium constants for the respective
reactions show the same tendency, although the correspondence is not as good
as required for a reliable rigorous modelling of the esterification process. The
thermodynamic data, as well as the dependency of the equilibrium constants on
temperature, indicate that the esterification reactions of the model compounds are
moderately endothermic. The transesterification process is a moderately exother-
mic reaction.

Esterification reactions are acid catalyzed [18–21], and an overall reaction
order of 3 (2 with respect to acid and 1 with respect to alcohol) is generally
accepted [9]. Thus, the acid behaves both as reactant and as catalyst. It can be
assumed that the concentration of acid groups, cacid, is the sum of the concen-
trations of carboxylic end groups (tTPA) and carboxylic groups of the free acid
(TPA).

The use of metal catalysts in esterifications and polyesterifications has been
summarized by Fradet and Maréchal [9]. Tetrabutoxytitanium is a very efficient
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Figure 2.4 Equilibrium constants of esterification and polycondensation as
a function of temperature. The data have been published by Yamada and
co-workers [23, 24], Reimschuessel [21] and Challa [22], or have been calculated
by using the commercial process simulator Chemcad (Chemstations)

catalyst, whereas zinc acetate or diantimony trioxide are not. For the esterifica-
tions of aromatic carboxylic acids with glycols it has been concluded [25] that
the formation of complexes of the metal compound with the acid or of the acid
with the metal glycolate having high ligand exchange rates is a prerequisite for
a high catalytic activity.

Kinetic measurements have been performed by different working groups for
the esterification of TPA with EG and for model systems. The results taken from
some important publications are summarized in Table 2.4.

Krumpolc and Málek [26] performed detailed kinetic experiments at 190 ◦C
on the reaction rates of esterifications involving different combinations of TPA,
EG and short chain molecules, which are all present in industrial esterification
reactors. As shown in Figure 2.5, they found significant variations in the reaction
rates for different reactant combinations and concluded that the equal-reactivity
hypothesis does not hold for the esterification stage.

Otton and Ratton performed experiments on the esterification of different car-
boxylic acids [18]. They emphasized the influence of the nature of the carboxylic
acid on the reaction rate, which supports the assumption that the equal-reactivity
hypothesis does not hold for the esterification of TPA, IPA and oligomers. The
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Table 2.4 Kinetic data obtained for esterification/hydrolysis reactions

Reactiona

Year Author(s) Reference tTPA + EG ⇀↽ tEG + W tTPA + tEG ⇀↽ bEG + W

1978 Yokoyama et al. 91 – n = 2, no H+; Sb
T = 275–285
Ea = 73.6

1979 Reimschuessel 20 n = 3; H+ yes
K = 1.262
T = 230

n = 3; H+ yes
K = 0.530
T = 230

1980 Reimschuessel 21 n = 3; H+ yes
K = K(T )
T = 202; 215; 226
k0,no cat = 2.55 × 10−5

k0,cat = 8.672 × 105

Ea,cat = 86

n = 3; H+ yes
K = K(T )
T = 202; 215; 226
k0no cat = 8.426 × 108

Ea,no cat = 124
k0,cat = 75.64
Ea,cat = 43

1988 Otton et al. 18 – n = 3; H+ yes
T = 185–275
Ea = 73.2–77.4

1989 Otton et al. 37 – H+ no for Li; Na; K; Zn;
Mn; Co, n = 2

H+ yes for Ti, n = 3
T = 200–226
Ea = 84–100

1989 Yamada 23 n = 2; no H+, Sb
T = 240–265
kester = 1.80 × 109

khydrolysis = 1.85 × 108

Ea,ester = 82.1
Ea,hydrolysis = 75.8

n = 2; no H+, Sb
T = 240–265
kester = 4.57 × 109

khydrolysis = 7.98 × 107

Ea,ester = 93.3
Ea,hydrolysis = 76.8

a Reaction order (n) is shown for H+ or various metal catalysis systems; K , equilibrium constant; T , temperature
or temperature range (◦C); k0, rate constant, with no catalysis (m3 mol−1 min−1); k0, rate constant, with catalysis
(m6 mol−2 min−1); Ea, activation energy (kJ mol−1).

reactivity of a carboxylic acid is affected by steric and electronic conditions and
by the possibility of an intramolecular assistance in the course of the reaction.
The rate constant of esterification can be correlated to the pKa of the carboxylic
acid, as demonstrated in Figure 2.6.

A survey of the literature shows that the most reliable kinetic data on esterifi-
cation and hydrolysis have been gained by experiments with model systems. For
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process modelling, kinetic parameters and equilibrium constants are often extrap-
olated beyond the range of the original experimental conditions. The published
values for the equilibrium constants and activation energies show less variation,
although the values for the corresponding pre-exponential factors differ by orders
of magnitude.

2.2 TRANSESTERIFICATION/GLYCOLYSIS

Transesterification is the main reaction of PET polycondensation in both the melt
phase and the solid state. It is the dominant reaction in the second and subsequent
stages of PET production, but also occurs to a significant extent during esterifi-
cation. As mentioned above, polycondensation is an equilibrium reaction and the
reverse reaction is glycolysis. The temperature-dependent equilibrium constant
of transesterification has already been discussed in Section 2.1. The polyconden-
sation process in the melt phase involves a gas phase and a homogeneous liquid
phase, while the SSP process involves a gas phase and two solid phases. The
respective phase equilibria, which have to be considered for process modelling,
will be discussed below in Section 3.1.

The transesterification and glycolysis reactions proceed via the AAC2 mecha-
nism described above in Section 2.1. The reactions are acid catalyzed as demon-
strated by Chegolya et al. [27], who added TPA to the polycondensation of PET
and observed a significant increase of the apparent reaction rate. The industrial
polycondensation process is accelerated by the use of metal catalysts, with these
being mainly antimony compounds.

Many working groups have published results on catalyst activities and catalysis
mechanisms [28–34]. It is generally accepted that compounds of antimony, tin
and titanium are the most active catalysts for polycondensation. Catalysts such as
manganese or zinc compounds used for transesterification in the DMT process are
less active in a PET environment. Hovenkamp [35] found that the latter catalysts
are very active in media having both high and low hydroxyl group contents, but
are easily poisoned by traces of carboxylic groups. Diantimony trioxide is insen-
sitive to the presence of acidic groups, but its activity is inversely proportional to
the hydroxyl group concentration. Otton and co-workers [18, 36–38] performed
extensive studies on the catalyzed formation of PET with model systems. They
concluded that alkali metals activate the nucleophile by forming the metal alcoho-
lates, whereas Lewis acids like zinc or manganese activate the carbonyl oxygen of
the ester group. Antimony or titanium compounds catalyze the polycondensation
by ligand-exchange reactions. A detailed investigation on the catalysis mechanism
of titanium compounds has been performed by Weingart [39], demonstrating that
the titanium atom co-ordinates to the oxygen atom of fast-exchanging alkoxy
ligands and that the polycondensation reaction is favoured by the formation of
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Figure 2.7 Mechanism for the titanium-catalyzed transesterification in PET, as
proposed by Weingart [39]

more stable complexes with chelating glycolate. The mechanism proposed by
Weingart is illustrated in Figure 2.7.

An extensive review on titanium catalysts for esterification and transesterifica-
tion has been published by Siling and Laricheva [40].

In 1959 and 1960, Challa published the first results of quantitative experiments
on the polycondensation equilibrium in PET [22, 41, 42]. He determined the
polycondensation equilibrium constant K at different temperatures and average
degrees of polycondensation and found that this parameter depends only slightly
on temperature, but increases significantly with increasing degree of polycon-
densation. The monomer BHET was found not to follow the principle of equal
reactivity.

Later, Fontana [43] performed experiments on transesterification and reinter-
preted Challa’s results. He concluded that the value of the polycondensation
equilibrium constant is close to 0.5, being independent of temperature or degree
of polycondensation and that the normal Flory–Schuz distribution does hold in
the PET system. In Figure 2.8, the polycondensation equilibrium constant K from
different sources [22, 43, 44] is shown as a function of the average degree of
polycondensation, P n.

Many publications have appeared on the kinetics of transesterification, dealing
with either PET or model compounds. A selection of these papers is summarized
in Table 2.5. The overall reaction order of polycondensation is 3, being 1 each
for ester, alcohol, and catalyst [43]. The reaction rate of polycondensation is
generally limited by the rate of removal of EG from the reaction mixture. A
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Figure 2.8 The polycondensation constant K as a function of the average
degree of polycondensation Pn, according to Challa [42], Krumpolc and Málek
[44] and Fontana [43]

comprehensive description of the polycondensation process must therefore cover
chemical kinetics together with diffusion and mass transfer. This issue will be
discussed in detail in Section 3. Hoftyzer [45] emphasized the important effect
of esterification and of side reactions, such as thermal degradation, on the overall
polycondensation rate. To determine reliable reaction rates for transesterification,
careful experimentation and data evaluation are needed.

The published values for the activation energies and pre-exponential factors
of transesterification and glycolysis vary significantly. Catalysts and stabilizers
influence the overall reaction rate markedly, and investigations using different
additives cannot be compared directly. Most investigations are affected by mass
transport and without knowledge of the respective mass transport parameters,
kinetic results cannot be transferred to other systems.

2.3 REACTIONS WITH CO-MONOMERS

The properties of PET can be modified by the incorporation of co-monomers.
Typical examples of these are isophthalic acid (IPA) (influences stress cracking
resistance and melting temperature), 2,6-naphthalene dicarboxylic acid (NDC)
(improves mechanical properties and reduces gas permeability), cyclohexane
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dimethanol (CHDM) (influences rate of crystallization and melting temperature),
diethylene glycol (DEG) (improves dyeability of fibre grades and lowers melting
temperature) and bisphenol A (improves melt stiffness).

Like the monomers, the co-monomers are diols or diacids, and according to
their functional groups, their reactions with TPA and EG follow the principal
mechanisms outlined above. Very few data have been published on reactions
with co-monomers, and it may be assumed that the same mechanisms and catal-
ysis concepts should hold. Nevertheless, it has been observed that co-monomers
influence the overall reaction rates significantly. In a typical batch process, the
polycondensation time needed to prepare a polymer with an IV of 0.64 dL/g
increases by about one third with co-monomer IPA and by about two thirds with
co-monomer CHDM, in comparison to homo-PET. This may in part be due to
the differing correlations between P n and IV, but additionally a reduced reactiv-
ity due to steric and electronic effects or the influence of co-monomers on the
mobility of functional groups seems probable.

Yoda [28] investigated the activity of 20 catalysts in the transesterification
reaction of PET and poly(ethylene isophthalate) (PEI) and found the same order
of reactivity as for the transesterification of DMT with EG. The most effective
catalysts were the acetates of Zn, Pb(II) and Hg(II), together with Co(III) acety-
lacetonate and Sb2O3. Titanium catalysts were not included in Yoda’s study, but
are known to be effective catalysts in PET blending [46].

Kinetic data have not been published for PET containing small amounts of
co-monomers. Data for PET blending with different polyesters and polycar-
bonates [46, 47] indicate activation energies for the transesterification reactions
of between 110 and 145 kJ/mol. Wang et al. [48] studied the depolymerization
of PET with bisphenol A. They considered all possible equilibrium reactions
between the ester and alcohol groups and found activation energies of between
110 and 134 kJ/mol for the reactions involving bisphenol A.

2.4 FORMATION OF SHORT CHAIN OLIGOMERS

PET contains about 2–3 % of short chain oligomers, which cause problems in
the processing of the polymer. Oligomers can occur as linear or cyclic molecules
and can be extracted by suitable solvents. Different compounds have been iden-
tified depending on the solvent and the analysis technique used [49–52]. After
their extraction from the polymer, oligomers will reform by thermal treatment
of the extracted sample [49], and a dynamic equilibrium between polymer and
oligomers has been proposed.

Among the oligomers, the cyclic trimer has been postulated to be uniquely
stable [53, 54]. This could be due to either a mechanism favouring the formation
of trimer (kinetic control) or to the trimer having a lower energy than other
oligomers (thermodynamic control), thus decreasing its rate of further reaction.
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Lower reactivity of short chain oligomers had already been found by
Challa [41], who determined that the reaction rate for the transesterification of
BHET was half that for longer molecules. Challa assumed that the reactivities
of the dimer and the trimer may also be lower but was not able to verify this
hypothesis.

In a recent study, West et al. [55] showed that neither the linear nor the cyclic
trimer have any higher formation probability during polycondensation than longer
PET molecules. However, the reactivity of the monomer HET and of the linear
dimer have been found to be significantly lower, and thus they are enriched in the
polymer, as demonstrated by careful evaluation of gel permeation chromatograms
and electrospray mass spectrometric analysis of PET spinneret sublimate. The
low reactivity of HET has been attributed to its unesterified acid group. For the
linear dimer, a folded conformation stabilized by hydrogen bonding between the
terminal hydroxyl group and the carbonyl group and π-bonding by aromatic rings
has been proposed. Molecular modelling analysis confirmed that the folded dimer
conformers have an average energy of about 9 kJ/mol lower than the full set of
conformations [55].

Peebles et al. [50] found that the formation of cyclic oligomers at 290 ◦C
increased with decreasing Mn of the polymer, and that the cyclization rate
depended linearly on the hydroxyl end group concentration. Therefore, a ‘back-
biting’ mechanism (cyclodepolymerization) has been proposed as a probable
mechanism for oligomer formation (Figure 2.9).

Ha and Choun [51] confirmed these findings from the investigation of cyclic
oligomer formation at 270 ◦C. They derived a rate equation for cyclic oligomer
formation taking thermal degradation of the polymer into account.
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Figure 2.9 ‘Back-biting’ mechanism for the formation of cyclic oligomers
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De A. Freire et al. [56] investigated the formation of oligomers in PET samples
heated to temperatures between 150 and 270 ◦C. In this temperature range, the
concentration of cyclic oligomers remained nearly constant with time, whereas the
concentration of linear oligomers increased markedly, probably due to hydrolytic
or glycolytic degradation reactions.

In a thorough study on oligomers in recycled PET, Dulio et al. [52] found
that the oligomer formation depended on the reaction temperature and the type
of thermal treatment. During vacuum treatment of solid PET at 150–220 ◦C, the
oligomer concentration decreased with increasing reaction temperature. In con-
trast, the oligomer concentration increased during melt extrusion at 270–310 ◦C
with increasing reaction temperature or residence time, respectively. In both
cases, a broadening of the molecular weight distribution was observed.

According to the experimental findings, the cyclic oligomers may be formed
primarily as degradation products during prolonged heating by a ‘back-biting’
mechanism. Linear and cyclic oligomers are subject to a dynamic equilibrium
and cyclization is only favoured in polymers containing few water molecules and
hydroxyl groups.

2.5 FORMATION OF DIETHYLENE GLYCOL AND DIOXANE

Etherification of EG to form DEG is an important side reaction in PET synthesis.
Most of the DEG is generated during the initial stages of polycondensation in
the preheating stage (up to 50 % of total DEG) and in the low-vacuum stage (up
to 90 % of total DEG). In the final high-vacuum stage, approximately 10 % of
the total DEG is formed [57, 58]. Chen and Chen [59] found that most of the
DEG is already formed during the esterification stage.

DEG, together with dioxane, can be regarded as condensation products of
EG formed according to the stoichiometric Equations: 2EG = DEG + W and
DEG = dioxane + W. Dioxane has a high vapour pressure and will be removed
from the process as the column top product. DEG is less volatile and, as a
diol, it can be incorporated into the PET chain as co-monomer. In some fibre
grades, a DEG content of up to 1.5–2.5 % is specified to improve the dyeability.
Nevertheless, DEG contents should be as low as possible in other PET grades,
because DEG decreases the melting point and the thermal stability of the polymer.

Several authors have studied DEG formation, but the formation of dioxane in
PET synthesis is rarely considered. Hovenkamp and Munting [60] investigated
DEG formation in sealed tubes at 270 ◦C and found dioxane in amounts of up to
10 % of the DEG value. They suggested an intramolecular mechanism forming
dioxane from a terminal DEG group (Figure 2.10).

No kinetic data are available for dioxane formation in a PET environment.
Nevertheless, dioxane may become an important side-product when reactions
are proceeding with long residence times of EG and DEG. Calculations of the
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Figure 2.10 Mechanism for the formation of dioxane, as proposed by Hov-
enkamp and Munting [60]

equilibrium constants for the system water, EG, DEG, and dioxane showed that
dioxane is the most stable species in this system. The equilibrium constant for
the formation of dioxane from DEG is 72 500 at 310 ◦C and 143 100 at 180 ◦C.
The reaction is slightly exothermic with a reaction enthalpy of approximately
−7.1 kJ/mol. In the above temperature range, the equilibrium constant for the
formation of DEG from EG is significantly lower, as shown in Figure 2.11.

With values between 13 and 16, the equilibrium constant is still high enough to
regard the formation of DEG from EG to be irreversible in an open industrial sys-
tem. DEG formation is not only an important side reaction during esterification,
polycondensation and glycolysis, but also during distillation of EG and water in
the process columns. In particular, the residence time in the bottom reboiler of
the last separation column is critical, where the polycondensation catalyst and
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Figure 2.11 Equilibrium constant for the formation of DEG from EG as a
function of temperature, calculated by using the Gibbs Reactor model of the
commercial process simulator Chemcad (Chemstations)
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TPA accumulate due to carry-over from the reactors. Long residence times in the
distillation unit at elevated temperatures also result in an undesired yellowing of
the recovered glycol.

Different mechanisms have been published for the formation of DEG. Hov-
enkamp and Munting [60] proposed a mechanism of ester + alcohol → ether +
acid, which is very unusual for a weak organic acid. Buxbaum [61] and Reim-
schuessel [21] discussed the formation of DEG by the reaction of different
reactive intermediates from the thermal degradation of ester groups with hydroxyl
groups, before they rearrange into acetaldehyde. More recent publications [24, 38,
57, 59], however, favour the formation of DEG by direct etherification, which is
condensation of two hydroxyl groups as 2R–OH → R–O–R + H2O. The work
of Otton and Ratton [38] and Chen and Chen [59, 62–65] demonstrated that
reactions involving different combinations of hydroxyl groups (free or terminal
EG) have differing reaction rates and that the reaction between terminal EG and
free EG is exceptionally fast. This may be due to an intramolecular assistance by
the carbonyl oxygen of the ester group, which is known to accelerate nucleophilic
substitution reactions of the SN2 type [66] (Figure 2.12).

Etherification reactions are known to be acid catalyzed. Hornof has investigated
the influence of metal catalysts (acetates of Zn, Pb and Mn) on the formation
of ether bonds [57]. He found that all metals catalyzed etherification, with the
strong Lewis acid Zn having the highest activity. Model experiments with pure
EG showed that at temperatures above approximately 250 ◦C significant amounts
of DEG are formed even without added catalyst. Yamada found a catalytic activity
of Sb2O3, potassium titanium oxyoxalate and TiO2 on the dehydration of EG [23,
24, 67]. He set up an unusual kind of rate equation with the catalyst increasing
the pre-exponential factor instead of decreasing the activation energy. Chen and
Chen [59, 62–65] verified the strong catalytic effect of TPA and demonstrated
the catalytic activity of Sb2O3 and zinc acetate on DEG formation.

Different working groups have published kinetic data for the DEG formation
and the results are summarized in Table 2.6.

The most detailed investigations have been performed by Chen and Chen [59,
62–65]. They considered catalyzed and uncatalyzed reactions between different
hydroxyl groups at esterification temperatures (180–195 ◦C) and at polyconden-
sation temperatures (270–290 ◦C). Their results are illustrated in Figure 2.13 in
the form of Arrhenius plots. The type of catalysis and the reaction equation

O
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O R2slow fast

+HOR2/−H+

+

−OH−

•
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Figure 2.12 Mechanism for the formation of DEG with intramolecular assis-
tance of the ester group
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Figure 2.13 Arrhenius plots for the DEG formation at temperatures between
175 and 290 ◦C, without [59] and with additionally added TPA [62], Sb2O3 [63],
protons [64] and zinc acetate [65] as catalysts, according to Chen and Chen

are indicated for the respective data points. Activation energies of between 38
and 181 kJ/mol have been calculated, demonstrating that DEG formation is very
sensitive to the chemical environment regarding the concentration of different
functional groups and the presence of proton and metal catalysts.

2.6 THERMAL DEGRADATION OF DIESTER GROUPS AND
FORMATION OF ACETALDEHYDE

Thermal degradation of PET is a major problem at temperatures above the melting
point and inevitably occurs in polymer melts during synthesis and processing. The
primary degradation reactions have higher activation energies than the polycon-
densation reactions, and thus become more and more important with increasing
reaction temperature. Major consequences for the PET quality are an IV drop,
the formation of carboxyl end groups and acetaldehyde, and the yellowing of
the polymer. Carboxyl end groups reduce the hydrolytic and thermal stability,
and in standard PET grades their concentration should not exceed 25 mmol/kg.
Acetaldehyde migrates into the contents of food packaging, so causing flavour
problems of the products. For bottle-grade PET, often an acetaldehyde content
below 1 ppm is specified. By-products of thermal degradation are light gases,
being mainly CO, CO2, ethene, methane, and benzene, together with TPA, HET
and short-chain oligomers.
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Figure 2.14 Mechanism for the thermal degradation of ester bonds

The first reaction step of thermal degradation is scission of an ester bond.
Esters containing at least one β-hydrogen atom decompose pyrolytically to give
olefins and acids via a cyclic transition state (Figure 2.14).

The olefinic product is either a terminal vinyl group from scission of a bound
ester group or vinyl alcohol from scission of a terminal ester group, which
rearranges instantaneously into acetaldehyde. A second route to acetaldehyde
is transesterification of terminal vinyl groups, liberating vinyl alcohol, with the
content of terminal vinyl groups in a polymer being often referred to as ‘poten-
tial acetaldehyde’. The acidic product of thermal degradation is a carboxyl end
group. If the content of hydroxyl groups in the polymer is low, carboxyl end
groups may add in significant amounts to the olefinic double bond, generating an
acylal which then decomposes to an anhydride and acetaldehyde. The anhydride
group can react with hydroxyl groups, forming one ester and one carboxyl group,
or with water, forming two carboxyl groups (Figure 2.15).

As long as significant amounts of hydroxyl groups are present in the polymer,
the carboxyl and vinyl groups will be esterified or transesterified, respectively.
Thus, the broken ester group will reform and the net effect is the decomposition
of a hydroxyl end group into a carboxyl end group and acetaldehyde. A polymer,
therefore, can be markedly affected by thermal degradation before this may be
detected as an IV change. The molecular weight will begin to fall when most of
the hydroxyl end groups have been consumed and carboxyl and vinyl end groups
have accumulated.

The thermal degradation of PET is influenced by metal catalysts. Zimmer-
mann and co-workers [29, 68–70] have investigated the influence of various
metal catalysts on thermal degradation and suggested a mechanism for the cat-
alyzed reaction. The most active catalysts were Zn, Co, Cd and Ni. Thermal
degradation was reduced by the addition of triarylphosphites or triarylphosphates
blocking the metal ions. Kao et al. [71] found that the acetates of Na and Mg
have little activity, whereas the acetates of Co, Cu and Zn accelerate the thermal
degradation, with Zn being the most active.

In the presence of oxygen, thermo-oxidative degradation takes place,
which is much faster than thermal degradation in an inert atmosphere.
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Free radical mechanisms have been proposed for this reaction [61, 72], and
4,4′-biphenyldicarboxylic acid, 2,4′,5-biphenyltricarboxylic acid, and 1,2-bis(4-
carboxyphenyl)ethane have been detected as side products [72]. The formation
of chromophores is also enhanced by the presence of oxygen, as discussed below
in Section 2.7.

Thermal ester degradation is a uni-molecular reaction following first-order
kinetics. Most investigations on kinetics have been performed under an inert gas
atmosphere when measuring the reaction rate of thermal degradation, but some
authors have regarded the thermo-oxidative degradation as well. Key publications
on the degradation of PET are summarized in Table 2.7. The reaction rates have
been determined by following the formation of acetaldehyde or the formation
of carboxyl end groups, the viscosity decrease, or the mass loss of the polymer.
Depending on the experimental method, differing results are obtained and the data
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in Table 2.7 show non-uniform values for the activation energies. Generally, the
activation energy for thermo-oxidative degradation is distinctly lower than for
thermal degradation, as expected. In our opinion, the most reliable data are the
results of the group of Zimmermann.

2.7 YELLOWING

The polymer colour is regarded as a quality parameter, and low-quality PET
grades show yellow colouring. The colour can be measured in a standardized
system, and for PET the CIELAB system is often used. The colour value is char-
acterized by a combination of the three parameters L∗, a∗ and b∗. The parameter
L∗ characterizes the brightness of the sample between black (0) and white (100),
a∗ is the colour co-ordinate for green (−100) and red (+100) and b∗ is the colour
co-ordinate for blue (−100) and yellow (+100). High-quality PET grades have
high L∗ values and low b∗ values between −1 and +1.

Yellowing of the polymer can be caused by thermal as well as by oxidative
degradation and is a severe problem in PET synthesis, especially in the production
of bottle grades. Oxidative degradation can be minimized by careful operation
under an inert gas atmosphere, but thermal degradation can only be avoided by
reducing the reaction temperature – which also reduces the polycondensation rate.

The formation mechanisms and the nature of chromophores in PET are still
a matter of discussion. Postulated chromophores are polyenaldehydes from the
aldol condensation of acetaldehyde [73] and polyenes from polyvinyl esters [69],
as well as quinones [74, 75]. Goodings [73] has proposed aldol condensation
as forming polyconjugated species by subsequent reactions of acetaldehyde
molecules (Figure 2.16).

The formation of polyenes from vinyl end groups was first postulated by
Zimmermann and Leibnitz [69] and requires two reaction steps, i.e. (1) the poly-
merization of vinyl end groups to polyvinyl esters, and (2) the elimination of
carboxylic acids to form the polyenes (Figure 2.17).

Edge et al. [74, 75] investigated PET samples degraded at melt temperatures
in nitrogen and air by fluorescence, phosphorescence and infrared spectroscopy.
They found that formation of coloured species is much faster in air than in nitro-
gen and concluded, that for short residence times, polyenes are not responsible
for yellowing. Chromophores in PET degraded in the presence of oxygen arise

H3C H

O

O

Hn + 1
− nH2O n

*

Figure 2.16 Aldol condensation of acetaldehyde



POLY(ETHYLENE TEREPHTHALATE) 63

O

O

R1

−CH − CH2 − CH − CH2 −CH− −CH2

O

O

R2

O

O

R3

OO

O

O

R1

−CH−CH2 −CH=CH− −CH=CH

R2HOOC

R3HOOC

n

+

n

Figure 2.17 Formation of polyenes from vinyl end groups, as proposed by
Zimmermann and Leibnitz [69]

from hydroxylation of the terephthalate ring and formation of unsaturated ester
and quinoid species. The reaction scheme proposed by Edge et al. is depicted in
Figure 2.18.

Early investigations by Zimmermann and co-workers [68, 69] showed the influ-
ence of different catalysts on the yellowing of PET, and the addition of stabilizers
such as triphenylphosphates or triphenylphosphites has been recommended [68].
In a later work, Zimmermann and Chu [29] demonstrated that during thermal
degradation of well-mixed polymer melts more acetaldehyde is liberated and less
yellowing is observed than in ‘stagnant’ melts. They ascribed these findings to the
enhanced transesterification of vinyl end groups and the increased mass transport
of acetaldehyde into the gas phase, both of which would reduce the formation of
polyenes.

Chung [34] concluded that the semiconducting properties of a metal species
influence discoloration. In contrast to metals belonging to the insulator group,
metals belonging to the semiconductor group promote yellowing, perhaps due to
catalysis of the polymerization of vinyl esters. The formation of chromophores is
enhanced when the metal has a variable valency with a reduction potential near
to zero.
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Weingart and co-workers [39, 76] ascribed the enhanced yellowing observed in
PET synthesis with titanium catalysts to the easy formation of titanium vinylates
from titanium glycolates. Titanium vinylates can liberate acetaldehyde or intro-
duce vinyl end groups into the PET chains. These workers found that the degree
of yellowing is proportional to the catalyst concentration but can be reduced sig-
nificantly by adding phosphorous compounds as stabilizers. No kinetic data are
available for PET yellowing.

2.8 CHEMICAL RECYCLING

Mechanical recycling, comprising washing, sorting and extrusion, is a well-
established technology and market for bottle to fibre recycling [77, 78]. Neverthe-
less, bottle to bottle recycling is preferable due to its higher added value [79, 80].

Recycled PET has to satisfy the requirements for bottle processing (glass tran-
sition and melting temperatures, melt viscosity, melt stiffness, rate of crystalliza-
tion, thermal stability, etc.) as well as approval for food contact (decontamination,
colour, haze, etc.). Due to the required high decontamination levels of recycled
PET for food-packaging applications, bottle to bottle recycling should be a chem-
ical recycling process comprising chain degradation and re-polycondensation.
Such mechanisms cause contaminants to be either degraded or evaporated, thus
ensuring reliable decontamination of the recycled PET. The chain degradation
can be performed either by hydrolysis [81], glycolysis [82], methanolysis [83]
or saponification [84], thus forming monomers and/or oligomers. By reactive
extrusion, a polymer with reduced molecular weight is generated [85].

The decontamination capability is the most important objective function in
the design of a chemical PET recycling process to recycle polymer for food-
packaging applications. The complete and reliable removal of various contami-
nants has to be proven according to the requirements of governmental regulations.
Water-soluble contaminants can be removed by a thorough high-energy wash of
the feedstock. Other contaminants can be destroyed during extrusion by thermal
decomposition and hydrolysis, respectively.

The reactions, which have to be considered in a process model of chemical
PET recycling, are the same as those for PET synthesis – saponification excepted.
The rate-determining step in chemical PET recycling is the mass transfer of
the low-molecular-weight reactant into the polymer phase. Two mass transfer
models can be distinguished, as follows. (1) For depolymerization in the solid
state, the coupling of chemical reactions and mass transfer can be described
by a fluid/solid mass-transfer model, e.g. by the shrinking core model [86, 87].
(2) During depolymerization in the melt phase, two nearly immiscible phases
have to achieve thorough contact, while the more polar low-viscous reactant has
to diffuse into the less polar high-viscous polymer melt. Fluid/fluid mass-transfer
models, such as the two-film model, can be employed. Table 2.8 summarizes
some important publications on kinetics and process models for PET recycling.
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Figure 2.19 Intrinsic viscosity of the polymer melt as a function of extruder
residence time and temperature for an initial water content of 3 ppm

Besides the main depolymerization reactions, side reactions should also be
considered in the kinetic description of a PET recycling process. This is
emphasized by the results obtained from a PET extrusion model [85] shown
in Figures 2.19–2.23. The complete set of reactions summarized below in
Table 2.10 have been used, but shear effects have not been taken into account.
Chain degradation, accompanied by a significant reduction of intrinsic viscosity,
occurs even within residence times of a few minutes. Carboxyl end groups, vinyl
end groups and acetaldehyde are formed in amounts depending on residence time,
temperature and initial moisture content of the PET flakes.

2.9 CONCLUSIONS

Many studies on the modelling of esterification, melt polycondensation, or solid-
state polycondensation refer to the reaction scheme and kinetic data published
by Ravindranath and co-workers. Therefore, we will examine the data sources
they have used over the years. The first paper concerned with reactor modelling
of PET production was published by Ravindranath et al. in 1981 [88]. The reac-
tion scheme was taken from Ank and Mellichamps [89] and from Dijkman and
Duvekot [90]. The kinetics for DEG formation are based on data published by
Hovenkamp and Munting [60], while the kinetics for esterification were deduced
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Figure 2.20 Intrinsic viscosity of the polymer melt as a function of extruder
residence time and initial water content for a temperature of 280 ◦C
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from data published by Yokoyama et al. [91]. The kinetic data for polycondensa-
tion were ‘calculated from the literature’. Data for acetaldehyde formation were
also taken from Yokoyama et al. [91].

Table 2.9 summarizes the kinetic data which were employed by Ravindranath
and co-workers in PET process models. The activation energies for the different
reactions have not been changed in a decade. In contrast, the pre-exponential
factors of the Arrhenius equations seem to have been fitted to experimental
observations according to the different modelled process conditions and reactor
designs. It is only in one paper, dealing with a process model for the contin-
uous esterification [92], that the kinetic data published by Reimschuessel and
co-workers [19–21] have been used.

The reactions, which should be considered in a rigorous modelling of PET
synthesis, PET processing, and PET recycling, are summarized in Table 2.10.
This set of reactions covers the main reactions of esterification/hydrolysis and
transesterification/glycolysis, together with the side reactions leading to chain
degradation and the formation of DEG and acetaldehyde. For the formation of
yellowing species, no kinetic data are available, and so this important side reac-
tion cannot be taken into account up until the present time. Regarding the wide
variation in published data on mechanisms, catalysis and kinetics for the different
reactions, it is obvious that additional and more reliable kinetic data have to be

Table 2.10 Reactions which should be considered in rigorous modeling of PET synthe-
sis, PET processing and PET recycling

Number Reactiona ki+ ki− Reaction typea

1 tEG + tEG ⇀↽ bEG + EG k1 k1/K1 Transesterification
2 tEG + bTPA → tTPA + AA k2 – Acetaldehyde formation
3 tEG + tEG → bDEG + W k3 – Etherification, bDEG

formation
4 tEG + EG → tDEG + W k4 – Etherification, tDEG

formation
5 EG + EG → DEG + W k5 – Etherification, free DEG

formation
6 EG + TPA ⇀↽ tEG

+ tTPA + W
k6 k6/K6 Esterification

7 EG + tTPA ⇀↽ tEG
+ bTPA + W

k7 k7/K7 Esterification

8 tEG + TPA ⇀↽ bEG
+ tTPA + W

k8 k8/K8 Esterification

9 tEG + tTPA ⇀↽ bEG
+ bTPA + W

k9 k9/K9 Esterification

10 2 bTPA + bEG → tV + tTPA k10 – Degradation of diester
groups

11 tV + tEG → bEG + AA k11 – Transesterification of
vinyl end groups

a t, terminal segments; b, bound/repeat segments.
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determined before a predictive model can be established which does not rely on
adjusted parameters.

3 PHASE EQUILIBRIA, MOLECULAR DIFFUSION AND MASS
TRANSFER

In industrial PET synthesis, two or three phases are involved in every reaction
step and mass transport within and between the phases plays a dominant role.
The solubility of TPA in the complex mixture within the esterification reactor is
critical. Esterification and melt-phase polycondensation take place in the liquid
phase and volatile by-products have to be transferred to the gas phase. The
effective removal of the volatile by-products from the reaction zone is essential
to ensure high reaction rates and low concentrations of undesirable side products.
This process includes diffusion of molecules through the bulk phase, as well
as mass transfer through the liquid/gas interface. In solid-state polycondensation
(SSP), the volatile by-products diffuse through the solid and traverse the solid/gas
interface. The situation is further complicated by the co-existence of amorphous
and crystalline phases within the solid particles.

The phase equilibria of the most important compounds will be described in
the following section. In the sections thereafter, we will treat mass transport
in melt-phase polycondensation, as well as in solid-state polycondensation, and
discuss the diffusion and mass transfer models that have been used for process
simulation.

3.1 PHASE EQUILIBRIA

Terephthalic acid is relatively insoluble in EG or the monomer BHET. Experi-
ments on the solubility of TPA in EG or BHET are difficult to evaluate, because
at esterification temperatures the dissolution of TPA cannot be performed without
its simultaneous reaction. Kang et al. [7] found that TPA is more soluble in EG
than in BHET. This is contradicted by the data published by Baranova and Kre-
mer, indicating a higher solubility of TPA in BHET [93] which agree with the
principle ‘like dissolves like’. Data for the solubility of TPA in EG and BHET
at different temperatures are summarized in Figure 2.24.

In typical industrial operations, TPA is not dissolved in EG or BHET but in
prepolymer. The latter contains PET oligomers with one to approximately six
to eight repeat units and a significant concentration of carboxyl end groups of
between 200 and 1100 mmol/kg. It was found [94] that the solubility of TPA
in prepolymer is much higher than indicated by the values given in the litera-
ture. Nevertheless, the esterification reactor still contains a three-phase system
and only the dissolved TPA may react with EG in a homogenous liquid-phase
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Figure 2.24 Solubility of TPA in EG and BHET at different temperatures, accord-
ing to Ravindranath and Mashelkar [151], Krumpolc and Málek [26], Baranova
and Kremer [93] and Kang et al. [7]

esterification. The rate of esterification is much higher than the dissolution rate of
TPA. Therefore, the latter is the rate-determining step in the overall esterification
process. For a rigorous modelling of the esterification process, reliable data for
the solubility of TPA in prepolymer and for the dissolution rate are required.

The vapour pressures of the main volatile compounds involved in esterification
and polycondensation are summarized in Figure 2.25. Besides EG and water,
these are the etherification products DEG and dioxane, together with acetaldehyde
as the main volatile product of thermal PET degradation. Acetaldehyde, water
and dioxane all possess a high vapour pressure and diffuse rapidly, and so will
evaporate quickly under reaction conditions. EG and DEG have lower vapour
pressures but will still evaporate from the reaction mixture easily.

The vapour pressure of BHET is approximately three orders of magnitude
lower than that of EG. Nevertheless, evaporation of BHET still occurs in sig-
nificant amounts under vacuum. In Figure 2.26, the experimentally determined
vapour pressure of BHET is compared to the vapour pressure predicted by the
Unifac group contribution method [95]. The agreement between the measured
and calculated values is quite good. In the open literature, no data are available
for the vapour pressure of dimer or trimer and so a prediction by the Unifac
method is shown in Figure 2.26. The correspondence between measured and
predicted data for BHET indicates that the calculated data for dimer and trimer
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Figure 2.25 Vapour pressures of acetaldehyde, water, dioxane, ethylene glycol
and diethylene glycol, where the data have been calculated from the database
of the commercial process simulator Chemcad (Chemstations)
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Figure 2.26 Calculated vapour pressures of BHET, dimer and trimer, compared
to experimental data obtained for BHET
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may be useful. According to these data, the vapour pressure of dimer is much
lower than that of BHET and dimer evaporation should be insignificant, which
is confirmed by our own experiments [94].

Roult’s law is known to fail for vapour–liquid equilibrium calculations in poly-
meric systems. The Flory–Huggins relationship is generally used for this purpose
(for details, see ‘mass-transfer models’ in Section 3.2.1). The polymer–solvent
interaction parameter, χi , of the Flory–Huggins equation is not known accu-
rately for PET. Cheong and Choi used a value of 1.3 for the system PET/EG for
modelling a rotating-disc reactor [113]. For other polymer solvent systems, χi

was found to be in the range between 0.3 and 0.5 [96].
Solid PET feedstock for the SSP process is semicrystalline, and the crystalline

fraction increases during the course of the SSP reaction. The crystallinity of
the polymer influences the reaction rates, as well as the diffusivity of the low-
molecular-weight compounds. The crystallization rate is often described by the
Avrami equation for auto-accelerating reactions: (1 − χc) = exp(−kct

n), with χc

being the mass fraction crystallinity, kc the crystallization rate constant and n a
function of nucleation growth and type.

Crystallization of PET proceeds in two distinct steps [97], i.e. (1) a fast primary
crystallization which can be described by the Avrami equation, and (2) a slow
secondary crystallization which can be described by a rate being proportional to
the crystallizable amorphous fraction: dχc/dt = (χmax − χc)kc, with χmax being
the maximum crystallinity (mass fraction) [98]. Under SSP conditions, the pri-
mary crystallization lasts for a few minutes before it is replaced by secondary
crystallization. The residence time of the polymer in the reactor is of the order of
hours to days and therefore the second rate equation can be applied for modelling
the SSP process.

3.2 DIFFUSION AND MASS TRANSFER IN MELT-PHASE
POLYCONDENSATION

By the 1960s, it was already well known that the polycondensation rate can be
enhanced considerably if the low-molecular-weight by-products are removed at
a sufficient rate. Many patent applications for polycondensation reactors describe
inventions especially suited for the efficient removal of volatile components.
Nevertheless, a good understanding of the interaction of chemical reactions and
mass transport was still lacking at that time.

Stevenson [99] conducted the first polycondensation experiments with thin
polymer melt films of 0.07–5 mm thickness. The experiments were performed on
metal surfaces at temperatures between 265 and 285 ◦C under vacuum. He varied
the kind of metal and observed that the behaviour of the polycondensation rate
with decreasing film thickness depended on the metal being used. He concluded
that the reaction rate increased only on metals soluble in the polymerizing melts
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and ascribed this to an inactivation of the volatile compounds by a reversible
interaction with the metal, thus resulting in a shifting of the polycondensation
equilibrium.

Hoftyzer and van Krevelen [100] investigated the combination of mass transfer
together with chemical reactions in polycondensation, and deduced the rate-
determining factors from the description of gas absorption processes. They pro-
posed three possible cases for polycondensation reactions, i.e. (1) the polyconden-
sation takes place in the bulk of the polymer melt and the volatile compound pro-
duced has to be removed by a physical desorption process, (2) the polycondensa-
tion takes place exclusively in the vicinity of the interface at a rate determined by
both reaction and diffusion, and (3) the reaction zone is located close to the inter-
face and mass transport of the reactants to this zone is the rate-determining step.

Schumann [10] investigated stirred and non-stirred PET films between 0.1
and 1.5 mm thickness at temperatures between 280 and 290 ◦C. This worker
rejected Stevenson’s interpretation of the metal deactivating the volatile com-
pound (mainly due to lacking experimental thoroughness) and conducted his own
experiments. He concluded that the overall rate of polycondensation is determined
by mass transport of EG in every film with a thickness of more than 0.2 mm.

In 1973, Bonatz et al. [101] finally showed by carefully performed experiments
that the first reaction model proposed by Hoftyzer and van Krevelen [100] is
correct. Thus, the polycondensation reaction (transesterification of bEG) takes
place in the entire melt phase and the removal of EG is the rate-determining step
for the overall polycondensation process.

Currently, the accepted interpretation of experimental evidence is that the poly-
condensation of PET in industrial reactors is dominantly controlled by diffusion
of EG in the melt phase [1, 6, 8, 102–110].

In Figure 2.27, the good quality experimental data of Rafler et al. [106] for the
antimony acetate catalyzed polycondensation under vacuum are shown, demon-
strating the dependency of the overall polycondensation rate on the polymer film
thickness.

Data for the uncatalyzed polycondensation from STA (simultaneous TGA/DTA)
experiments under high-flow inert gas at atmospheric pressure [8] are shown in
Figure 2.28. These data also demonstrate the dependency of the overall polycon-
densation rate on the polymer film thickness.

We will now describe the application of the two principal methods for consid-
ering mass transport, namely mass-transfer models and diffusion models, to PET
polycondensation. Mass-transfer models group the mass-transfer resistances into
one mass-transfer coefficient ki,j , with a linear concentration term being added
to the material balance of the volatile species. Diffusion models employ Fick’s
concept for molecular diffusion, i.e. J = −Di,PET∂ci/∂x, with J being the molar
flux and Di,j being the mutual diffusion coefficient. In this case, the second
derivative of the concentration to x, Di,PET∂2ci/∂x2, is added to the material
balance of the volatile species.
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Figure 2.27 Dependency of the overall polycondensation rate on polymer film
thickness, according to Rafler et al. [106]
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3.2.1 Mass-Transfer Models

The volatilization of low-molecular-weight by-products from molten PET can
be described by using the classical two-film model or the penetration theory of
interfacial transport [95].

Rafler et al. [105] applied the two-film model to the mass transfer of different
alkane diols in poly(alkylene terephthalate) melts and demonstrated a pressure
dependency of the mass-transfer coefficient in experiments at 280 ◦C in a small
3.6 L stirred reactor. They concluded that the mass-transfer coefficient kl,j is pro-
portional to the reciprocal of the molecular weight of the evaporating molecule.

Laubriet et al. [111] modelled the final stage of polycondensation by using
the set of reactions and kinetic parameters published by Ravindranath and
Mashelkar [112]. They used a mass-transfer term in the material balances for
EG, water and DEG adapted from film theory: J = (kla)i(ci − c∗

i ), with c∗
i being

the interfacial equilibrium concentration of the volatile species i.
This equilibrium concentration c∗

i , or the corresponding mole fraction x∗
i , of

EG, water and DEG in the interface can be calculated from the vapour pressure
and the activity coefficient γi derived from the Flory–Huggins model [13–17].
Laubriet et al. [111] used the following correlations (with T in K and P in mm
Hg) for their modelling:

ln P 0
EG = 49.703 − 8576.7/T − 4.042 ln(T ) (2.4)

ln P 0
w = 18.568 − 4047.606

T − 33.3
(2.5)

ln P 0
DEG = 17.0326 − 4122.52

T − 122.5
(2.6)

x∗
i = P

γiP
0
i

(2.7)

γi = ln

[
1 −

(
1 − 1

mi

)
�2

]
+

(
1 − 1

mi

)
�2 + χi�2 (2.8)

with subscripts i representing EG, water or DEG and subscript 2 representing
the polymer, respectively; �2 is the volume fraction of polymer, χi the poly-
mer–solvent interaction parameter (χPET = 1.3 for EG), and mi the ratio of molar
volumes of polymer and species i. As the mole fraction of i is very small, �2 ≈ 1,
and Equation (2.8) is reduced to the following [113, 114]:

γi = 1

mi

exp

(
1 − 1

mi

+ χPET

)
(2.9)

Rieckmann et al. introduced a mass-transfer concept with a mass-transfer coef-
ficient depending on the average molecular weight of the polymer, the melt
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viscosity and the temperature [115]. According to the penetration theory, the
mass-transfer coefficient kL,i is proportional to the square root of the diffusion
coefficient, Di,PET. The Wilke–Chang technique (an empirical modification of the
Stokes–Einstein relationship) was used where the mutual diffusion coefficient of
a species at very low concentrations in a solvent is proportional to M

0.5
n , T and

1/η of the solvent [95]. This leads to the mass-transfer coefficient being a func-
tion of the average molecular weight, the temperature and the melt viscosity of
the polymer: kL,i = kL,i (M

0.25
n , T 0.5, 1/η0.5). Figure 2.29 shows the dependency

of kL,i on the degree of polycondensation obtained by multivariate regression
of data from polycondensation experiments with STA analysis at temperatures
of 267, 277, 287, 297 and 307 ◦C, and polymer film thicknesses of 0.2, 0.8
and 2.5 mm. For the calculation of the mass-transfer coefficient, a comprehen-
sive reaction model with kinetic parameters taken form the literature was used.
For long-chain polymers, the mass-transfer coefficient indicates an asymptotic
behaviour which becomes less dependent on the chain length, as suggested by
molecular modelling approaches.

3.2.2 Diffusion Models

The diffusion coefficient of EG in molten PET has been discussed for several
decades. Most of the data were gained for polycondensation at a temperature
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Degree of polycondensation

k L
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in
−1

)
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Figure 2.29 Mass-transfer coefficient, kL,EG, in molten PET as a function of
polycondensation and temperature for the uncatalyzed polycondensation (no
additional metal catalyst added) of esterification product (Pn,0 = 2–3) at atmo-
spheric pressure [115]
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of 270 ◦C and the published diffusion coefficients differ by approximately three
orders of magnitude. Data for the diffusion coefficient of water are sparse and
have mostly been estimated [106]. No experiments at all have been performed
on the diffusion of DEG or acetaldehyde in PET melts and the diffusion of
acetaldehyde is usually modelled as being infinitely fast.

Rafler et al. showed in an early work [102] that the diffusion coefficient of
EG varies with the overall effective polycondensation rate and they proposed
a dependency of the diffusion coefficient on the degree of polycondensation.
This dependency is obvious, because the diffusion coefficient is proportional
to the reciprocal of the viscosity which increases by four orders of magnitude
during polycondensation from approximately 0.001 Pa s (for P n = 3) to 67 Pa s
(for P n = 100) at 280 ◦C. In later work, Rafler et al. [103, 104, 106] abandoned
the varying diffusion coefficient and instead added a convective mass-transport
term to the material balance of EG and water. The additional model parameter
for convection in the polymer melt and the constant diffusion coefficient were
evaluated by data fitting.

Zimmerer also supposed in his Ph.D. thesis [110] a dependency of the diffusion
coefficient of EG on the melt viscosity. For the uncatalyzed polycondensation of
BHET, the diffusion coefficient was found to be one order of magnitude higher
than for the catalyzed polycondensation and it was deduced that this is due to the
lower melt viscosity in the uncatalyzed case (lower resulting P n). These findings
were supported by molecular modelling. The diffusion coefficient of EG in BHET
was calculated as DEG,BHET = 3.9 × 10−9 m2/s, while the diffusion coefficient of
EG in PET with P n = 40 was calculated as DEG,PET < 3 × 10−10 m2/s.

Rieckmann and Völker [8] performed polycondensation experiments with vary-
ing film thicknesses in an STA study. They investigated a mass-transport concept
with diffusion coefficients of EG and water being a function of temperature,
average molecular weight of the polymer and melt viscosity. Early experiments
showed that the diffusion coefficients do not depend only on temperature as
described in the literature and that the temperature dependency is not linear. An
application of the Wilke–Chang equation for diffusion coefficients in its origi-
nal definition was also not successful for describing the mass transport of EG
and water in molten PET. With this equation, the influence of the temperature
was underrated, while the influence of the melt viscosity was overestimated.
Instead, a distinct improvement of the Wilke–Chang model was achieved by
introducing an Arrhenius-like temperature dependency, which had also been pro-
posed by Lee et al. [109], and molecular modelling. The Wilke–Chang model
was further modified by assuming a weaker dependency on melt viscosity and
the diffusion coefficients for EG and water were calculated by the equation
Di,PET = D0,i exp(−Ea,D/RT )M

0.5
n /η0.5. The results obtained for DEG,PET are

shown in Figure 2.30. In this work, it was assumed that the ratio of the diffu-
sion coefficients of water and EG depends on the ratio of their molecular weights
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Figure 2.30 Diffusion coefficient, DEG,PET, in molten PET films as a function of
degree of polycondensation and temperature [8]

and the diffusion coefficient of water was fixed to DW,PET = 62(g/mol)/18(g/mol)
DEG,PET. The modelling indicated that the diffusion coefficient of water is not a
very sensitive parameter.

It was shown that the modified Wilke–Chang model was applicable for exper-
iments which span a range of P n between 3 and 30 and a temperature range
between 267 and 307 ◦C. An important finding was that even at P n < 30, the
mass transport of EG is the rate-determining step in PET synthesis.

Rieckmann and Völker fitted their kinetic and mass transport data with simul-
taneous evaluation of experiments under different reaction conditions accord-
ing to the multivariate regression technique [116]. The multivariate regression
enforces the identity of kinetics and diffusivities for all experiments included
in the evaluation. With this constraint, model selection is facilitated and the
evaluation results in one set of parameters which are valid for all of the con-
ditions investigated. Therefore, kinetic and mass transfer data determined by
multivariate regression should provide a more reliable data basis for design and
scale-up.

Published data for the diffusion coefficient of EG have progressively decreased
from approximate values between 10−8 and 10−10 m2/s to values between 10−9

and 10−11 m2/s at 270 ◦C. This decrease is accompanied by an increasing com-
plexity of the proposed reaction mechanisms and by increasing values for the
rate constants, which are less influenced by mass transport. The published data
for the diffusion coefficient of EG in PET are summarized in Table 2.11.
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3.2.3 Specific Surface Area

The crucial aspect of the interface mass-transfer model, as well as the diffusion
model, is the estimation of the specific surface area or the characteristic length.
For the modelling of existing equipment, these parameters can easily be fitted
by using experimental data. If modelling is performed for the development of
new reactor designs or the extensive scale-up of small reactors, then the specific
surface area or the characteristic length have to be calculated reliably beforehand,
using geometric data only.

The specific surface area of an industrial-sized continuous stirred tank reactor
(CSTR) can be calculated from the reactor dimensions. However, it is difficult to
estimate the effect of the formation of bubbles and of the stirrer-induced vortex
at low melt viscosity. The calculation of the characteristic length of diffusion in
a high-viscosity finishing reactor with devices for the generation of thin films
with respective high specific surface areas is more complex.

Laubriet et al. [111] used a correlation for the specific surface area in disc-ring
reactors as proposed by Dietze and Kuhne [117]:

a = N(1.72 − 1.87h/d)

L(0.085 + 0.955h/d)
(2.10)

with N being the number of disc rings, h the filling level, d the disc diameter
and L the distance between the discs. This type of correlation cannot be used for
scale-up or the estimation of the surface area in different reactor designs without
experimental determination of the respective correlation parameters.

More promising are correlations according to the Buckingham-PI theorem
[118], such as the correlation published by Vijayraghvan and Gupta [119]:

T = 7.99Ca2.93ϕ0.15�5.23Cas−3.08χ0.024 (2.11)

with T being the dimensionless film thickness (h(ρg/ηr�)0.5), Ca the cap-
illary number (η�r/σ), ϕ a dimensionless surface tension number depending
on fluid properties only, � a dimensionless number accounting for the depen-
dency of the film shape on the depth to which the disc is immersed in the
fluid, Cas a modified capillary number (η�R/σ), and χ a dimensionless num-
ber accounting for the variation in the radial component of the acceleration
due to gravity (�2R0/g − sin(θ)). The model compounds used for the exper-
iments were water (σ = 0.070 N/m; η = 0.000 89 Pa s; ρ = 1000 kg/m3), glyc-
erol (σ = 0.067 N/m; η = 0.0131 Pa s; ρ = 1164 kg/m3) and vacuum pump oil
(σ = 0.03 N/m; η = 0.7826 Pa s; ρ = 910 kg/m3). In Figure 2.31, the film thick-
ness is shown as a function of the melt viscosity for different radial positions on
the discs of a finishing reactor for two liquids with different surface tensions.
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Figure 2.31 Film thickness on the discs of a finishing reactor as a function of
melt viscosity for different radial positions: disc radius, 1 m; frequency, 5 min−1;
surface tension, 0.7 and 0.07 N/m. Calculated by using the correlation proposed
by Vijayraghvan and Gupta [119]

Cheong and Choi [113] and Soroka and Tallmadge [120] also estimated corre-
lations according to the Buckingham-PI theorem. Both groups used other dimen-
sionless parameter sets to those used by Vijayraghvan and Gupta and the mod-
elling results of these groups did not represent their experimental data too well.
The deviations may be due to the fact that neither the melt viscosity nor the
surface tension were included in the correlations. Such properties are non-linear
functions of the temperature as well as of the molecular weight (and respec-
tively the melt viscosity). Although the surface tension of molten PET is a key
parameter for the film thickness, reliable data are still not yet available.

3.3 DIFFUSION AND MASS TRANSFER IN SOLID-STATE
POLYCONDENSATION

Depending on the size and shape of the polymer particles, solid-state polycon-
densation (SSP) is performed at temperatures between 220 and 235 ◦C, which lie
above the glass transition temperature (≈70–85 ◦C) and below the melting point
(measured by DSC ≈245–255 ◦C) of PET. The temperature range for operation
of SSP is rather small because on the one hand, the temperature should be as
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high as possible to maximize the reaction rate, but on the other hand has to be
sufficiently below the melting point to prevent sticking of the polymer particles.

The chemistry of the solid-state polycondensation process is the same as that of
melt-phase polycondensation. Most important are the transesterification/glycolysis
and esterification/hydrolysis reactions, particularly, if the polymer has a high
water concentration. Due to the low content of hydroxyl end groups, only minor
amounts of DEG are formed and the thermal degradation of polymer chains is
insignificant at the low temperatures of the SSP process.

Care has to be taken when extrapolating kinetic parameters measured under
melt-phase conditions for describing the solid-state reaction. The available kinetic
data are not free from mass-transfer influences and the effects of proton and
metal catalysis are not thoroughly separated. Therefore, the adaptation of kinetic
parameters is often carried out by fixing the activation energies and adjusting the
pre-exponential factors to the experimental data.

Two approaches are common in modelling the SSP process. For the first
approach, an overall reaction rate is used which describes the polycondensa-
tion rate in terms of the increase of intrinsic viscosity with time. Depending on
the size and shape of the granules, the reaction temperature, the pressure, and the
amount and type of co-monomers, the overall polycondensation rate lies between
0.01 and 0.03 dL/g/h. The reaction rate has to be determined experimentally and
can be used for reactor scale-up, but cannot be extrapolated to differing particle
geometry and reaction conditions.

The second approach employs a detailed reaction model as well as the diffusion
of EG in solid PET [98, 121–123]. Commonly, a Fick diffusion concept is used,
equivalent to the description of diffusion in the melt-phase polycondensation.
Constant diffusion coefficients lying in the order of DEG, PET(220 ◦C) = 2–4 ×
10−10 m2/s are used, as well as temperature-dependent diffusion coefficients, with
an activation energy for the diffusion of approximately 124 kJ/mol.

In SSP, the boundaries for the mass balances are defined by the particle instead
of the reactor or the reactor compartment dimensions and the process conditions
are accounted for by a boundary condition. The mass transfer at the particle/gas
interface is mostly described according to the film theory by using a mass-transfer
coefficient.

The papers of Mallon and Ray [98, 123] can be regarded as the state of the art
in understanding and modelling solid-state polycondensation. They assumed that
chain ends, catalysts and by-products exist solely in the amorphous phase of the
polymer. Because of the very low mobility of functional groups in the crystalline
phase, the chemical reactions are modelled as occurring only in the amorphous
phase. Additionally, the diffusion of by-products is hindered by the presence of
crystallites. The diffusivity of small molecules was assumed to be proportional
to the amorphous fraction. Figure 2.32 shows the diffusion coefficients for the
diffusion of EG and water in solid PET.
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Figure 2.32 Diffusion coefficients for EG and water in solid PET at different
temperatures, according to Mallon and Ray [98], Kang [122], Gao et al. [155]
and Ravindranath and Mashelkar [121]

3.4 CONCLUSIONS

Both the mass-transfer approach as well as the diffusion approach are required to
describe the influence of mass transport on the overall polycondensation rate in
industrial reactors. For the modelling of continuous stirred tank reactors, the mass-
transfer concept can be applied successfully. For the modelling of finishers used
for polycondensation at medium to high melt viscosities, the diffusion approach
is necessary to describe the mass transport of EG and water in the polymer film
on the surface area of the stirrer. Those tube-type reactors, which operate close
to plug-flow conditions, allow the mass-transfer model to be applied successfully
to describe the mass transport of volatile compounds from the polymer bulk at
the bottom of the reactor to the high-vacuum gas phase.

Every process step of PET synthesis, from direct esterification, and respec-
tively transesterification, of DMT, through melt-phase polycondensation to SSP
and recycling, has been modelled by different working groups. Some interesting
publications are summarized in Table 2.12. The reactions which are necessary to
describe the evolution of the degree of polycondensation and the formation of
by-products are agreed upon by many working groups although reaction models
with reduced complexity are sometimes used. In contrast, the model parameters
that are used differ considerably. Published diffusion coefficients vary by orders
of magnitude and mass-transfer coefficients are always given in the form of kL,ia
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and kG,ia due to the difficulty of calculating true surface areas. Published acti-
vation energies are more or less consistent but pre-exponential factors are often
fitted to experimental or plant data and vary also by many orders of magnitude.
Different catalysts are used and their influence on the individual reactions is still
not fully quantified. Data for the kinetics of yellowing or for the reactions of
co-monomers such as IPA or CHDM are not yet available.

In conclusion, the goal of predictive process modelling has not yet been
achieved due to the interference of chemical reactions with mass transport. All
polycondensation models and process simulators available in the public domain,
such as Polymer Plus from AspenTech or Predici from CIT, as well as ‘in-house’
polycondensation models from engineering companies and producers, cannot be
used for design or scale-up successfully without the use of fitting parameters.

4 POLYCONDENSATION PROCESSES AND
POLYCONDENSATION PLANTS

PET is produced continuously on a large scale as well as in small-sized batch
plants. Currently, batch plants are mainly used for specialities and niche products.
Batch plant capacities span the range from 20 to 60 t/d. Depending on process
conditions, process technology and the desired PET grade, six to ten batches per
day are commonly manufactured, each with a capacity of between 1.5 and 9.0 t.
Batch plants are often designed as multi-purpose plants in which also PBT, PEN
and different co-polyesters are produced.

The increasing demand for PET gave rise to the development of continuously
operated large-scale plants. As shown in Figure 2.33, the capacity of continuous
PET plants has grown since the late 1960s from 20 t/d to presently 600 t/d in a
single line, with the tendency to still higher capacities.

Direct spinning plants for filaments and fibres that are fed by large-scale con-
tinuously operated melt polycondensation plants have become the state of the
art in downstream fibre processing, although the direct-feed preforming process
for bottle production is still under development. The main reasons for this are
an increased acetaldehyde content and an undesired colouring of the polymer,
with increasing residence time in the melt. For tyre-cord PET grades with very
high molecular weights of 40 000 to 50 000 g/mol (IV > 1.00 dL/g), colour and
acetaldehyde content are not thus important and these fibres can be produced by
using special high-melt-viscosity reactors and direct spinning.

To increase the PET molecular weight beyond 20 000 g/mol (IV = 0.64 dL/g)
for bottle applications, with minimum generation of acetaldehyde and yellow-
ing, a further polycondensation is performed in the solid state at low reaction
temperatures of between 220 and 235 ◦C. The chemistry of the solid-state poly-
condensation (SSP) process is the same as that for melt-phase polycondensation.
Mass-transport limitation and a very low transesterification rate cause the nec-
essary residence time to increase from 60–180 minutes in the melt phase to
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1970
0

200

400

600

800

1000

1200

1975 1980 1985

Year

S
in

gl
e 

lin
e 

ca
pa

ci
ty

 (
t/d

) Single line,
two finishers

Single line,
one finishers

Discontinuous
batch

1990 1995 2000 2005

Figure 2.33 Capacity development of continuous and discontinuous PET
plants [2]. From manufacturer’s literature published by Zimmer AG and
reproduced with permission

8–24 hours in the solid state. As the activation energies for the polyconden-
sation and esterification reactions are lower than for the undesired degradation
reactions, polycondensation in the solid state is not significantly affected by side
reactions. The technology of the SSP process is described in detail in a separate
chapter of this present book.

4.1 BATCH PROCESSES

4.1.1 Esterification

Due to different residence times needed for the esterification and the polycon-
densation steps, the industrial-batch polycondensation process is designed with
two main reactors, i.e. one esterification reactor and one or two parallel polycon-
densation reactors (Figure 2.34).

The monomers TPA and EG are mixed upstream to the esterification reactor
in a jacketed slurry preparation unit equipped with a stirrer for highly viscous
fluids (e.g. ‘Intermig’). The typical molar ratio of EG to TPA lies between 1.1
and 1.3. The esterification temperature and the molar ratio of monomers are
the main controlling factors for the average degree of polycondensation of the
esterification product (prepolymer), as well as for its content of carboxyl end
groups and DEG. The latter mainly occurs as randomly distributed units of the
polymer molecules.
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The esterification reactor is usually not emptied completely after a batch is
finished and a small amount of prepolymer is retained in the reactor. The rea-
son for this is the solubility of TPA in EG and BHET, as discussed earlier in
Section 3.1. During operation, the batch-wise prepared slurry is fed continuously
into the esterification reactor while the esterification is already proceeding. For
a significant part of the process time, the batch esterification reactor is operating
semi-continuously.

The esterification by-product, water, is removed via a process column in a
continuous steady-state mode of operation. The bottom product of the column,
being mainly EG, flows back into the esterification reactor. The condensed top
product consists mainly of water with small traces of EG. In cases where a
reverse-osmosis unit is connected to the distillate flow line, the residual EG
can be separated very efficiently from the water [124]. The combination of a
process column with reverse osmosis saves energy cost and capital investment.
The total organic carbon (TOC) value of the permeate is sufficiently low to allow
its discharge into a river or the sea without any environmental impact.

The esterification of TPA is catalyzed by protons and in standard industrial
operations neither an additional esterification catalyst nor a polycondensation
catalyst is added to the esterification reactor. Some new ‘antimony-free’ polycon-
densation catalysts [125–128] also affect the speed of esterification significantly
and it could be advantageous to add them directly into the slurry preparation
vessel. Co-monomers, which should be randomly incorporated into the polymer
chains, are usually fed into the slurry preparation vessel. How and when additives,
catalysts, colorants and co-monomers are added influences the overall reaction
rate and therefore affects the product quality.

The esterification temperature ranges between 235 and 265 ◦C, while the
absolute pressure is controlled between ambient pressure and a slight overpressure
(0.1–0.4 MPa). Accurate pressure control can be achieved by controlling a
small additional nitrogen flow. This serves also as an inert-gas blanket to
prevent oxygen from diffusing into the reacting melt which would cause polymer
degradation. At the end of the esterification, the temperature is raised to values
between 260 and 285 ◦C and the pressure is often reduced to a moderate vacuum,
thus increasing the evaporation of excess EG. The final prepolymer is transported
by pumps or nitrogen through a filter unit with 10 to 60 µm mesh size into the
pre-heated polycondensation reactor.

The standard esterification reactor is a stirred tank reactor. Due to the required
latent heat for the evaporation of EG and water, heating coils are installed in
addition to the heating jacket. In some cases, an external heat exchanger, together
with a recirculation pump, is necessary to ensure sufficient heat transfer. During
esterification, the melt viscosity is low to moderate (ca. 20 to 800 mPa s) and no
special stirrer design is required.
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4.1.2 Polycondensation

In the polycondensation reactor, the prepolymer reacts, forming longer polymer
chains and EG is liberated. To shift the chemical equilibrium to the product side,
the by-product EG is removed via vacuum (ca. 1 mbar (100 Pa)). EG vapour
jet pumps or mechanical rotary piston pumps are used for vacuum generation.
In the first quarter of the polycondensation process, the reaction temperature is
increased to values between 270 and 295 ◦C and the pressure is slowly reduced
with time to avoid high carry-over of prepolymer into the vacuum system. The
final degree of polycondensation is controlled by either setting the reaction time to
a fixed value for operation under standard conditions or by stopping the reaction
at a certain melt viscosity which can be correlated to the torque of the stirrer.
The melt viscosity at 280 ◦C increases from approximately 0.8 to 400 Pa s during
polycondensation.

Band or anchor stirrers are commonly used to renew the surface of the melt
and to provide heat which is transferred into the melt by dissipation of the
stirrer energy. The stirrer speed is reduced by a time programme to avoid over-
heating and reduce power consumption. Recently, a special disc-ring reactor
was adapted from the continuous PET process for batch processes with high
capacities. This reactor provides a high specific surface area and short diffusion
lengths, thus maintaining high polycondensation rates at reduced temperatures
(Figure 2.35).

After the polycondensation is finished, the vacuum valve to the polyconden-
sation reactor is closed and the vessel is emptied by nitrogen pressure or gear
pumps. When the latter are used for this purpose, the reactor can be discharged
under vacuum which avoids glycolytic degradation of the polymer by maintain-
ing a low EG partial pressure. The PET strands are cooled by water or by air and
water. After solidification, the strands are cut into small granules. The granule
size and shape controls the overall polycondensation rate in the SSP process as
well as the time for re-melting in processing extruders.

Figure 2.36 presents some typical process data and the evolution of polymer
properties during the synthesis of PET from TPA and EG in a batch plant.

4.2 CONTINUOUS PROCESSES

The continuous polycondensation process consists of four main process units,
i.e. (1) slurry preparation vessel, (2) reaction unit, (3) vacuum system, and
(4) distillation unit. The molar EG/TPA ratio is adjusted to an appropriate
value between 1.05 and 1.15 in the slurry preparation vessel. In most industrial
processes, the melt-phase reaction is performed in three up to six (or sometimes
even more) continuous reactors in series. Commonly, one or two esterification
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(a)

(b)

Figure 2.35 Discontinuous polycondensation reactors: (a) conventional design
for capacities up to 35 t/d; (b) novel discontinuous disc-ring reactor for capacities
up to 100 t/d [2]. From manufacturer’s literature published by Zimmer AG and
reproduced with permission



POLY(ETHYLENE TEREPHTHALATE) 95

Time (min)

24
0

36
0 0

12
0

24
0

36
0 0

12
0

24
0

36
0 0

12
0

24
0

36
0

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

100

1000

10 000

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

IV
 (

dl
 g

−1
)

[C
O

O
H

] (
m

m
ol

 k
g−1

)

[D
E

G
] (

w
t%

)

b*
 (

ye
llo

w
)

Figure 2.36 Typical process data and polymer properties for a polycondens-
ation batch plant: temperature, 285 ◦C (maximum); pressure, 1 mm Hg; catalyst,
200 ppm Sb2O3 (based on PET) [129]

reactors, one or two prepolycondensation reactors, and one or two high-viscosity
reactors, so called ‘finishers’, are used (Figures 2.37 and 2.38).

Typical process conditions and a typical evolution of product properties are
summarized in Tables 2.13 and 2.14, respectively.

Stabilizers, additives and colorants are mostly added into the esterification reac-
tor or before the prepolycondensation reactor. The product of the esterification
reactor is fed by gravity into the prepolycondensation reactor. From the prepoly-
condensation stage, the product is pumped by gear pumps through a filter into
the finisher. The final polymer is discharged from the finisher by pumping, then
cooled and granulated. If required, additives such as TiO2 for fibre applications
or SiO2 for film-grade PET, are added by using static mixers located between
the finisher discharge pump and the granulator.

Most of the generated vapour is condensed in spray condensers which are
equipped with circulation pumps and an EG cooler. The vapour that is still
uncondensed is withdrawn from the gas phase with the help of a vapour jet which
is located down-stream behind the spray condenser and generates the necessary
vacuum in the reaction zone. The most critical part of the spray condenser system
is the end of the pipe leading the vapour from the prepolycondensation reactors
and the finishers into the spray condenser. The transition from a hot to a cold
environment causes deposition of solid material onto the cold walls which has
to be removed manually or by means of a mechanical scraper.
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Table 2.13 Typical process conditions for a continuous PET process; final IV, 0.64 dL/g

Condition (unit) Esterification Prepolycondensation Finisher

Product temperature( ◦C) 250–265 265–275 275–295
Reactor pressure (Pa) (1.2–1.8) × 105 2500–3000 50–150
Residence time (min) 180–360 50–70 90–150
Degree of polycondensation 4–6 15–20 100

Table 2.14 Typical evolution of PET properties during polycondensation, according to
Tremblay [131]

Reactora

Property (unit) EI EII PI PII F

Temperature( ◦C) 260 260 275 280 286
Pressure(Pa) 245 000 102 000 6660 267 133
[COOH end

groups](mmol kg−1)
1057 231 53.8 22.2 23.0

[OH end
groups](mmol kg−1)

1620 1730 574 165 80.2

[Vinyl end
groups](mmol kg−1)

0.00 0.02 0.22 0.92 2.2

IV(dL g−1) 0.049 0.057 0.14 0.38 0.61
DEG content(wt%) 0.349 0.452 0.500 0.515 0.522
Pn 4.8 5.8 17 56 99
Mn(g mol−1) 920 1110 3266 10 721 19 026

a EI, esterification I; EII, esterification II; PI, prepolymer I; PII, prepolymer II; F, finisher.

Process vapours from the esterification reactors and EG from the EG-vapour
jet, as well as from the vacuum stages of the spray condensers, are purified in the
distillation unit. The distillation unit commonly consists of two or three columns
and is designed for continuous operation. The purified EG is condensed at the top
of the third vacuum rectification column and returned to the process via a buffer
tank. Gaseous acetaldehyde and other non-condensables are vented or burned and
high-boiling residues from the bottom of the third column are discharged or also
burned.

5 REACTOR DESIGN FOR CONTINUOUS MELT-PHASE
POLYCONDENSATION

The special requirements for esterification and polycondensation reactor design
result from the understanding of kinetics and mass transport as discussed above
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in Sections 2 and 3. In the esterification step, the main task is to provide suffi-
cient heat for the evaporation of water and EG. In the polycondensation step, a
large specific surface area has to be generated to increase the overall rate of the
equilibrium polycondensation reaction which is diffusion-controlled.

5.1 ESTERIFICATION REACTORS

The design of esterification reactors is often a standard stirred-tank reactor type.
With two esterification reactors in series, more heat has to be transferred to the
first esterification reactor and therefore additional heating coils providing a larger
heat-transfer area are installed. Both esterification reactors have heating jackets.
In large reactors, the stirrer is fixed at the bottom of the reactor by means of an
internal bearing housing. The diameter of the reactors often increases in the upper
part. This design decreases the gas velocity and lowers carry-over of liquids by
the vapour stream.

5.2 POLYCONDENSATION REACTORS FOR LOW MELT
VISCOSITY

The design of prepolycondensation reactors meets three special requirements, i.e.
(1) a large surface area for mass transfer and respectively short diffusion lengths
for the low-molecular-weight by-product, (2) a sufficient heat transfer area, and
(3) a design assuring low gas velocities. In stirred-tank reactors, heating coils at
the reactor bottom are used for heat transfer and the reactor’s jacket is heated
as well. Analogous to the esterification reactors, the diameter of the prepolycon-
densation reactors often increases in the upper part. The ratio between diameter
and height of the prepolycondensation reactor is sometimes unusually large, thus
providing a large gas–liquid interface and so decreasing the gas velocity of the
evaporating EG.

The design of the prepolycondensation reactors depends on the plant capacity.
For higher plant capacities, a stirred-tank reactor is connected in series with a hor-
izontal reactor. In Figure 2.39, a horizontal prepolycondensation reactor is shown,
operating with rotating perforated discs to increase the specific surface area.

Kinetic experiments and rigorous modelling of the mass-transfer controlled
polycondensation reaction have shown that even at low melt viscosities the dif-
fusion of EG in the polymer melt and the mass transfer of EG into the gas phase
are the rate-determining steps. Therefore, the generation of a large surface area
is essential even in the prepolycondensation step.
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Figure 2.39 Horizontal perforated disc-ring prepolycondensation reactor [2].
From manufacturer’s literature published by Zimmer AG and reproduced with
permission

5.3 POLYCONDENSATION REACTORS FOR HIGH MELT VISCOSITY

In these special reactors, the product is agitated by means of a horizontal stirrer
in order to generate a large polymer surface area. For a high performance at this
step, disc- or cage-type reactors are common. The optimum stirrer design provides
a plug flow characteristic with little back mixing. In this case, the residence time
distribution is narrow and the average rate of polycondensation is high. The
desired degree of polycondensation, and respectively the final melt viscosity, is
set by adjusting the vacuum, the reaction temperature and the average residence
time by level control. A viscometer at the outlet of the polymer discharge pump
measures the actual viscosity and adjusts the process parameters. Most of the
finishers are self-cleaning units and very few maintenance stops are necessary.

The cage-type finisher (Figure 2.40) is heated by means of a heat-transfer
medium flowing through a jacket. This results in a higher temperature of the
reactor wall than the temperature of the polymer melt. To prevent polymer from
sticking to the reactor wall, a scraper is attached to the horizontal stirrer, thus
reducing the gap between the stirrer and the wall. The cage-type reactor does
not have a stirrer shaft, which is claimed to improve product quality due to
the avoidance of polymer sticking to a shaft and thus staying in the reactor for
elongated times. Very long residence times lead to thermal degradation of the
sticking polymer which could cause black spots in the transparent final products.

The disc-type finisher (Figure 2.41) is heated solely by stirring through shear-
ing of the high-viscosity melt. The temperature of the reactor walls is therefore
lower than the temperature of the polymer melt, which is claimed to improve the
product quality by avoiding an overheating of the polymer of the reactor wall. In
Figure 2.42, a so-called double-drive disc-type finisher is shown which permits
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Figure 2.41 Medium-viscosity disc-type finisher [2]. From manufacturer’s liter-
ature published by Zimmer AG and reproduced with permission

Figure 2.42 High-viscosity double-drive disc-type finisher with two different
stirrer frequencies [2]. From manufacturer’s literature published by Zimmer AG
and reproduced with permission

the simultaneous operation at two different stirrer speeds. A higher stirrer speed
is used for the first reactor part with lower melt viscosity, while a lower stirrer
speed is used for the second reactor part with higher melt viscosity. This reac-
tor type can thus be used for the production of high-viscosity PET in only one
polycondensation stage.
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6 FUTURE DEVELOPMENTS AND SCIENTIFIC REQUIREMENTS

The production of PET is a well-known industrial process. Early patents on PET
synthesis refer to the 1940s. Esterification and transesterification reactions have
been investigated since the end of the 19th century. PET production plants have
been optimized over the last few decades based on well-established production
‘know-how’. PET is now a commodity product with unusually rapid growth and
further nearly unlimited future growth perspectives.

However, in contrast to the production ‘know-how’, the scientific knowledge
on the details of phase equilibria, kinetics, mechanisms, catalysis and mass-
transport phenomena involved in polycondensation is rather unsatisfactory. Thus,
engineering calculations are based on limited scientific fundamentals. Only a few
high-quality papers on the details of esterification and transesterification in PET
synthesis have been published in the last 45 years. The kinetic data available in
the public domain are scattered over a wide range, and for some aspects the
publications even offer contradicting data.

In particular, proven reaction mechanisms are required for the catalyzed and
uncatalyzed reactions concerning esterification, transesterification and etherifica-
tion, together with thermal and thermo-oxidative degradation. The kinetic data
for esterification/hydrolysis and transesterification/glycolysis need to be deter-
mined and the significant influences of mass transport excluded. The impact of
co-monomers on reaction rates has not yet been described quantitatively. Further
more, the reaction mechanisms responsible for yellowing are not understood and
the colouring substances have not been unambiguously identified. The consecu-
tive reaction mechanisms for the thermal and thermo-oxidative degradation are
not well known, and the evolution of secondary degradation products has not
been investigated under polycondensation conditions.

For the solubility of TPA in prepolymer, no data are available and the poly-
mer–solvent interaction parameter χi of the Flory–Huggins relationship is not
accurately known. No experimental data are available for the vapour pressures
of dimer or trimer. The published values for the diffusion coefficient of EG in
solid and molten PET vary by orders of magnitude. For the diffusion of water,
acetaldehyde and DEG in polymer, no reliable data are available. It is not even
agreed upon if the mutual diffusion coefficients depend on the polymer molecular
weight or on the melt viscosity, and if they are linear or exponential functions of
temperature. Molecular modelling, accompanied by the rapid growth of computer
performance, will hopefully help to solve this problem in the near future. The
mass-transfer mechanisms for by-products in solid PET are not established, and
the dependency of the solid-state polycondensation rate on crystallinity is still a
matter of assumptions.

The efforts undertaken to describe the influence of mass transport on the over-
all polycondensation rate should focus on the development of a polycondensation
model based on model parameters being independent of the method of parameter
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estimation. The common goal of future work on the details of PET synthesis
should be to separate pure reaction kinetics from mass transport and mass trans-
fer. Care has to be taken that the rate constants are valid under the operation
conditions of the different reactors. With this goal achieved, it may become pos-
sible to design new reactors and to scale-up reactors while leaving undesired small
scaling steps behind. Process conditions and product quality may be optimized
beyond known parameter sets without parameter-fitting procedures.

Furthermore, the environmental impact of PET production should be reduced
by substituting the commonly used antimony-based catalyst for an antimony-free
catalyst leg, for a titanium-based catalyst. The pollution by liquid effluents could
be reduced by installing a reverse-osmosis unit on top of the glycol distillation
unit for the purification of water from the esterification process.

To finally conclude, it can be stated that the PET market will grow rapidly
in the next few years, even without the detailed knowledge we would prefer to
have for modelling purposes. However, neither an optimum plant performance
nor an optimum economy will be achieved without reliable and predictive process
models.
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Synthesis and Polymerization
of Cyclic Polyester Oligomers
D. J. BRUNELLE
GE Global Research Center, Schenectady, NY, USA

1 INTRODUCTION

Ring-opening polymerization (ROP) of cyclic oligomers of engineering thermo-
plastics such as poly(ethylene terephthalate) (PET) or poly(butylene terephtha-
late) (PBT) could be an extremely valuable technique for preparation of these
materials. Typical polycondensation reactions (for example, from 1,4-butanediol
and dimethyl terephthalate) require removal of reaction by-products (methanol
and excess butanediol) in order to build molecular weight. As the molecular
weight and melt viscosity of the polymer increases, this by-product removal can
actually become a mass-transfer limitation on the rate of reaction. Polymerization
of cyclic oligomers, on the other hand, does not require any by-product removal,
since the cyclic oligomer has perfect stoichiometry (i.e. diol and diester compo-
nents are equal). Only an entropically driven rearrangement of bonds is necessary
for polymerization. For this reason, preparation of very high-molecular-weight
polyesters can be achieved in a matter of minutes, thereby allowing novel pro-
cessing techniques not normally associated with condensation polymers, such as
casting, resin transfer molding, pultrusion, etc.

Cyclic oligomers of condensation polymers such as polycarbonates and poly-
esters have been known for quite some time. Early work by Carothers in the
1930s showed that preparation of aliphatic cyclic oligomers was possible via
distillative depolymerization [1, 2]. However, little interest in the ‘all-aliphatics’
was generated, due to the low glass transition temperatures of these materials.
Other small-ring, all-aliphatic cyclic ester systems, such as caprolactone, lactide
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and pivalolactone have been extensively studied [3]. Hodge and co-workers have
published a series of papers on a novel means for forming macrocyclic lactones,
involving polymer-bound reagents [4]. This present review, however, concen-
trates on the cyclic oligomers of engineering thermoplastics such as PET or PBT
typically formed from aromatic esters or acids. Cyclic oligomers are found in
commercial grades of PBT and PET at levels of 0.5–3.0 %, being formed in
their equilibrium concentration during melt polymerization reactions. The cyclic
oligomers have been separated from the polymers and characterized by several
groups [5–11] and synthesis of many discrete cyclics has also been reported
using classical high-dilution techniques [12, 13]. Because of the limitations of
extractive or high-dilution techniques, until recently, only small amounts of cyclic
oligomers had been accessible.

Chemistry has been developed over the past 10 years for the facile prepa-
ration of large quantities of mixtures of cyclic oligomeric polyesters (dimer,
trimer, tetramer, etc.). Through use of specific pseudo-high-dilution techniques
in kinetically controlled reactions, cyclic oligomer mixtures have been prepared in
yields as high as 90 %, and with excellent selectivity over the formation of linear
oligomers [14]. These reactions were designed specifically for high-productivity
synthesis, and have been scaled to hundreds of kilograms per batch. Additionally,
development of depolymerization technology has demonstrated that large-scale
conversion of commercial polyesters or linear polyester precursors into cyclic
esters via ring–chain equilibration can be achieved. With the advent of these
cyclic oligomer synthesis technologies, use of ring-opening polymerization of
the cyclic oligomers for preparation of high-molecular-weight polyesters became
a commercial possibility (Scheme 3.1).
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O O OO

O O O

(CH2)n
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OO

O (CH2)nO
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CH2Cl2
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Scheme 3.1 Preparation of cyclic terephthalate esters via acid chlorides or
depolymerization, and polymerization to high-molecular-weight polymer
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During ring-opening preparation of polyesters from cyclic oligomers, low-
molecular-weight precursors (Mw ∼ 1000) lead to very high-molecular-weight
polymers (Mw > 100 000) in very fast reactions (minutes) without formation of
any by-products. Thus, no diffusion-limiting removal of by-products or polymer
purification were necessary. Because the molecular weight of the product polymer
in an ROP reaction of a pure cyclic was controlled only by the amount of
initiator, extremely high molecular weights could be attained. Additionally, the
demonstration that polymerization could be achieved at temperatures well below
the melting point of the final polymer meant that no thermal cycling of the
molding apparatus was necessary. These attributes made use of cyclic oligomers
for the preparation of composites very attractive.

2 HISTORY

Alkylene phthalate polyesters such as PET and PBT are commercial materials
with a wide number of applications ranging from engineering thermoplastics to
fibers. Both PET and PBT are semi-crystalline polymers with low glass transi-
tion temperatures, but with Tms of about 265 and 225 ◦C, respectively. The cyclic
esters based on iso- or terephthalic acid and aliphatic diols have been known for
some time. The cyclic oligomers are present in commercial polymers, and have
been isolated by a variety of extraction techniques, typically anti-solvent precip-
itation or Soxhlet extraction, followed by chromatography and recrystallization.
The cyclic (3 + 3) trimer of poly(ethylene terephthalate) was first isolated in
1954 [6], and the dimer in 1969 [7]. An extensive study reporting the incidence
of cyclic polyesters in 13 types of alkylene iso- and terephthalates was detailed
by Wick and Zeitler in 1983 [9]. Various other authors have also studied cyclic
oligomers obtained by extraction methods or melt equilibration methods [10, 11].

Macrocyclic alkylene phthalates have been prepared by various low-productivity,
classical high-dilution techniques, involving multi-step reactions. Zahn and co-
workers, for example, prepared macrocyclic oligomers via the reaction of oligo-
meric diols with oligomeric diacid chlorides, according to Scheme 3.2 [12, 13].
Very high dilution was typically necessary (<0.003 M), with an increase in concen-
tration to 0.01 M reducing isolated yields of cyclic to only 1.5–7.9 %. The crystal
structures of the macrocyclic (2 + 2) dimers of butylene terephthalate and ethylene
terephthalate have been published [15, 16]. The cyclic esters of o-phthalates are
somewhat easier to prepare, as one might expect, with the more favorable confor-
mation for cyclization. Although numerous papers on oligomeric cyclic alkylene
terephthalates have been published, no reports of direct formation of cyclics via
reaction of monomeric terephthalate derivatives with monomeric diols could be
found until the recent report of Brunelle et al. [14].
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Scheme 3.2 Preparation of cyclic PBT oligomers via high-dilution condensation
of oligomers [13]

3 PREPARATION OF POLYESTER CYCLIC OLIGOMERS
FROM ACID CHLORIDES

It seems reasonable that polyester cyclics could be prepared by an extension of
the pseudo-high-dilution [17] chemistry used for the preparation of cyclic car-
bonate oligomers [18, 19]; however, such proved not to be the case. Brunelle
et al. showed that the reaction of terephthaloyl chloride (TPC) with diols such as
1,4-butanediol did not occur quickly enough to prevent concentration of acid
chlorides from building up during condensation [14]. Even slow addition of
equimolar amounts of TPC and butanediol to an amine base (triethylamine, pyri-
dine or dimethylaminopyridine) under anhydrous conditions did not form cyclic
oligomers. (The products were identified by comparison to authentic materials
isolated from commercial PBT by the method of Wick and Zeitler [9].)

Further investigation of model reactions revealed that the reaction of aromatic
acid chlorides with diols such as butanediol or ethylene glycol was too slow
to be useful for kinetically controlled pseudo-high-dilution reactions carried out
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at low temperatures (0–40 ◦C). For example, reaction of butanediol with ben-
zoyl chloride using stoichiometric pyridine or triethylamine as base provided
only 5 or 11 % butylene dibenzoate, respectively, after one hour at ambient
temperature [14]. However, additional experiments showed that less hindered
amines gave significantly higher yields. In fact, very unhindered amines such
as diazabicyclo[2.2.2]octane (DABCO) or quinuclidine have very fast reaction
rates, forming quantitative yields of dibenzoate within 15 min at ambient tem-
perature.

Cyclization reactions using these unhindered amines were carried out by con-
current addition of equimolar amounts of isophthaloyl chloride or TPC in CH2Cl2
and butanediol in dry THF to a slight stoichiometric excess of DABCO or quin-
uclidine in CH2Cl2 over one hour, with a final product concentration of 0.2 M
(Equation (3.1)) [14]. HPLC analysis of the THF-soluble portion of the product
indicated cyclic oligomers as the major products, with small amounts of lin-
ear oligomers (<2 %) also present. Isophthalate cyclics were isolated in 45 %
yield, and PBT cyclics in 30 % yield, after filtration to remove insoluble poly-
mer and flash chromatography to remove linear oligomers. This was the first
example of the direct formation of alkylene terephthalate cyclics from reaction
of monomeric diols and diacid chlorides. The major cyclic formed in both cases
was the 2 + 2 dimer, which accounted for 40–65 % of the total cyclic yield,
with diminishing amounts of higher cyclics. The highest oligomer observed by
HPLC had a degree of polymerization (DP) of 7. Linear oligomers were present
in amounts of 0.1–2 %. Cyclic dimer, trimer and tetramer were separated by col-
umn chromatography and were shown to be identical to authentic cyclics which
had been isolated from commercial PBT by using literature techniques [9]. Lin-
ear oligomers were compared to oligomers prepared by reaction of dimethyl
terephthalate with excess butanediol.

+

PBT cyclics: 40% with DABCO; 85% with Et3N/DABCO
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(3.1)

Additional work was carried out by the GE group on optimization of the
reaction yield and to eliminate unwanted linear oligomers [14]. Three side reac-
tions which interfere with synthesis of cyclics were identified: reaction of the
amine with acid chloride to form an acyl ammonium salt, followed by decom-
position to an amide (Equation (3.2)); reaction with CH2Cl2 to form a salt
(Equation (3.3)); hydrolysis of the acid chloride, forming carboxylate via catalysis
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with the amine via the acyl ammonium salt (Equation (3.4)). The first two
reactions could be avoided by minimizing contact time between the reagents,
and the third by carefully drying all reagents. When hydrolysis of acid chlo-
ride occurred, either anhydride or carboxylic-acid-containing polymers would
be formed, products which would interfere with polymerization. Furthermore,
hydrolysis would remove acid chloride from the reaction, thus damaging control
of balanced stoichiometry.
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Ultimately, only catalytic amounts (2.5–10 %) of unhindered amine were used,

with Et3N making up the remainder of the organic base, hence minimizing
unwanted reactions of the very reactive unhindered amines. In addition, a means
for delivering neat butanediol was devised, avoiding the need to use THF, which
was also a potential source of water. Incorporating these changes into the pro-
cess allowed the formation of PBT cyclics in 0.25 M reactions carried out in
1 h, with yields as high as 85 % and linear oligomer levels under 1.0 % (see
Equation (3.1)). The remainder of material was higher-molecular-weight poly-
mer, which was insoluble in the reaction medium, and could be removed directly
by filtration.

Removal of the traces of linear oligomer proved to be important, since the pres-
ence of only 1 % linear oligomer limited the molecular weight achievable upon
ROP. An in situ clean-up procedure was developed in which a slight excess of
diacid chloride was added at the end of the reaction, converting any hydroxybutyl-
terminated linear oligomers to acid-chloride-terminated oligomer. Upon quench-
ing with water, hydrolysis to the carboxylic acid occurred, making the linears
insoluble in CH2Cl2, and easily removed by the same filtration used to remove
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Figure 3.1 HPLC traces of (a) cyclic PBT oligomers from the reaction of butane
diol with terephthaloyl chloride (cyclic dimer at 3.6 min), and (b) linear oligomers
from butane diol and dimethyl terephthalate

polymer (Equation (3.5)). Traces of cyclic oligomeric anhydrides which had been
formed by incidental hydrolysis of acid chlorides were removed by treatment of
the crude product solution with NH4OH, which converted them into amide-acid
oligomers, which also were removed in the filtration step (Equation (3.6)). A
typical HPLC trace for PBT cyclic oligomers formed by this technique is shown
in Figure 3.1, along with the corresponding trace of linear oligomers made by
transesterification of dimethyl terephthalate with 1,4-butanediol. The level of lin-
ear oligomer was less than 0.1 %. Once optimized, the reaction of terephthaloyl
chloride with butanediol was easily scaled to several liters, and then to a 100-gal
reactor, which was capable of producing 10 kg of cyclic PBT oligomers per batch
in a 45 min reaction at 0.25 M. Neither long reactions times nor extremely dilute
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reactions were necessary for cyclic formation.
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Using similar procedures, a variety of alkylene phthalate cyclics were prepared
in high yields via direct reaction of diols with diacid chlorides [14]; other than
100 % PBT and 5 % PET/PBT (molar) co-cyclic oligomers, these reactions were
not optimized. The yields of cyclic oligomers from terephthaloyl chloride were
somewhat lower than those from isophthaloyl chloride using either ethylene gly-
col or neopentylene glycol. In the former case, only a trace of cyclic (2 + 2)
dimer was present, due to ring strain, and cyclic (3 + 3) trimer was the predom-
inant species; a correspondingly higher amount of polymer was formed. It is
not surprising that the isophthalates, which have a conformation more amenable
toward cyclization, were formed more readily than the terephthalates.

4 POLYESTER CYCLIC OLIGOMERS VIA RING–CHAIN
EQUILIBRATION (DEPOLYMERIZATION)

Formation of cyclic esters via ring–chain equilibration of polymers in dilute solu-
tion (depolymerization) has been known since the pioneering work of Carothers
and co-workers in the 1930s [1, 2]. This procedure is particularly effective for the
preparation of volatile small-ring esters such as caprolactone, which are easily dis-
tillable, thereby driving the equilibrium forward. The theory of ring–chain equili-
bration in polymers was first formulated in the Jacobsen–Stockmayer theory [20]
and has been studied more recently [21]. According to the Jacobsen–Stockmayer
theory, ring–chain equilibration of a polymer will lead to a mixture of cyclic
oligomers and polymer in which a critical monomer concentration (CMC) can
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be defined for each monomer structure. At concentrations below the CMC, only
cyclics will be present, while above that concentration, mixtures of cyclics and
polymer will be present. Kricheldorf et al. have recently pointed out a fact which
should be obvious, namely that for condensation polymers which have perfect
stoichiometry, and which are completely reacted, only cyclics can be formed,
since the alternative is an infinite Mw polymer [22]. Of course, such conditions
rarely exist outside very carefully controlled laboratory experiments. Further-
more, both PET and PBT are known to undergo β-scission reactions, forming
olefin and carboxylic acid end groups. Such reactions become significant at tem-
peratures above ∼250 ◦C. Additionally, alcohol end groups on both polymers
also react to form side products, back-biting to form THF and acid with PBT,
and formation of ethers and diethers with PET.

With the non-volatile macrocycles required as precursors to engineering thermo-
plastics such as PBT (cyclic dimers are sublimable, but not higher oligomers), two
limitations for commercial exploitation of depolymerization reactions have been
the long reaction times necessary to reach equilibrium, and the low CMC, thus
requiring large amounts of solvent. An early report of depolymerization of PET
by Cooper and Semlyen suggested reaction for 96 h [23]. Similarly, a Japanese
patent [24] reports the depolymerization of PET to cyclic PET oligomers, requir-
ing reaction at 240–280 ◦C in α-methylnaphthalene, using 1.0 wt% of PET for
24 h, with an unspecified amount of catalyst. Attempts to depolymerize PBT poly-
mers under such conditions afforded poor results, with mixtures of cyclics, linear
oligomers and polymer being formed. It seems likely that β-scission reactions may
have interfered with the chemistry at such high temperatures.

The depolymerization of polyesters has very recently been studied by several
groups. An efficient preparation of alkylene phthalate cyclic oligomers via ring–
chain equilibration using tin catalysts first appeared in the patent literature in
1995 (Equation (3.7)) [25]. Efficient use of titanate catalysts for the preparation
of PBT cyclics via depolymerization in a continuous reactor was patented in 1997
by Brunelle et al. [26]. At about the same time, Bryant, Semlyen and co-workers
published a series of papers on preparation of cyclics via ring–chain equilibra-
tion [27–29]. Brunelle concentrated on efficient throughput reactions to form
mixtures of cyclics with careful attention paid to avoid linear oligomers, in order
to utilize the cyclics for ROP reactions. Bryant and Semlyen concentrated on
isolation and characterization of the oligomers by fast-atom bombardment mass
spectrometry, tandem HPLC–MS and X-ray crystallography. Bryant, Semlyen
and co-workers also published papers on a variety of other cyclic ester and ether
ester oligomers using the same technology, including tetraethyleneglycol iso-
and orthophthalates, decamethylene phthalates and poly(ethylene terephthalate)s.
Hodge and co-workers have also published several papers on the depolymer-
ization/polymerization techniques, including all-aliphatic systems [30], olefin-
containing polyesters (using olefin metathesis) [31] and naphthalene dicarboxylate
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systems [32]. Hodge and co-workers have also published reviews on depolymer-
ization/polymerization technology [33, 34]. Recently, Burch et al. have reported
novel depolymerization methods for the preparation of PET cyclic oligomers,
and their polymerization to high molecular weight [35].
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Laboratory studies by the GE team [25, 26] were carried out in glassware in
o-dichlorobenzene, since PBT is quite soluble at its reflux temperature, and reac-
tion rates were also reasonable at that temperature. Surprisingly, extremely dilute
solutions were not necessary to form reasonable yields of cyclic oligomers. Using
Valox 315 (which has a weight-average molecular weight (Mw) of about 100 000
relative to polystyrene standards) as the starting material, about 50 % cyclics
were detected by GPC in reactions carried out at 0.10 M (1.68 wt%) in o-DCB.
Decreasing the concentration to 0.050 M gave an increase to about 90 %, and
increasing the concentration to 0.15 M gave a decrease to 33 % yield of cyclics
(see Table 3.1). Larger-scale work was carried out in either 1-L or 8-L stain-
less steel autoclaves, using o-xylene as the solvent, since use of non-chlorinated
solvents was preferred. Most of the early work was carried out by using tin

Table 3.1 Effect of depolymerization concentration on cyclics and polymer

Concentration
(M) Cyclics (%)a Linears (%)b Polymer Mw Polymer Mn

0.20 26 – 14 700 10 200
0.10 50 1.3 10 500 7 000
0.75 65 1.4 6 100 2 600
0.05 89 1.1 3 800 2 040

a Using GPC.
b Using HPLC.
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catalysts of various types. Early results indicated that tin catalysts were far more
effective than titanates for the ring–chain equilibration reaction. Cyclic stan-
noxanes 1 or 2, prepared from Bu2SnO and ethylene glycol or 2,2-dimethyl-1,3-
propanediol were used in most of the early reactions, while scoping the conditions
necessary for depolymerization. Equilibration in refluxing o-dichlorobenzene took
about 30 min to 2 h, depending on reactant and catalyst concentrations.
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Figure 3.2 compares the level of cyclics on a molar, wt%, or yield basis as a
function of reaction concentration. Note that as the reaction concentration dropped,
the yield increased to near 100 %, as predicted from theory. However, the amount
of cyclic PBT on a molar or wt% in solution basis remained constant at the critical
monomer concentration, which is about 0.050 M, regardless of the concentration
of polymer in solution. In fact, if one calculates the amount of cyclic present in
an equilibrated melt (1–2 %), it is also about 0.05 M cyclic. The same amount of
cyclic was generated via the ring–chain equilibration process, regardless of the
reaction concentration; only the amount of polymer which remains as a by-product
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Figure 3.2 Amount of cyclics formed as a function of reaction concentration
during the depolymerization of Valox 315
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differed, and hence the overall yield (i.e. cyclics divided by (cyclics + polymer)).
Unfortunately, the theory breaks down at extremely low reaction concentrations,
since some ‘polymer’ must always be formed, because the starting material has
end groups (i.e. Kricheldorf’s ‘perfect stoichiometry’ conditions [22] cannot be
met); thus a 100 % yield of cyclic can never be achieved.

Figure 3.3 shows the progress of reactions carried out at various concentra-
tions at reflux in o-DCB using 2 mol% of cyclic stannoxane 1 as catalyst. Most
reactions, except the most dilute, reached equilibrium surprisingly quickly, in
about 1 h at that temperature. Although previous reports suggested that much
longer reaction times and higher temperatures were necessary, the effect may
have been due to inefficient catalysis in the earlier work [23, 24]. The stan-
noxanes are particularly effective catalysts, since they are completely soluble in
the reaction solvent. The fact that equilibrium is achieved in 30 min–1 h regard-
less of concentration suggests that the depolymerization reaction is first-order,
as one would expect for back-biting. If so, then the reaction of catalyst with
the polymer must occur faster than the rate of depolymerization. The reaction
temperature seemed to have only a slight effect on the equilibrium position, with
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Figure 3.3 Progress of reactions carried out at various concentrations during
the depolymerization of Valox 315
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similar yields being obtained from reaction in dichlorotoluene at 180 or 200 ◦C,
or in trichlorobenzene at 214 ◦C; the equilibrium was achieved more rapidly at
the higher temperatures, as expected. Solubility of the starting polymer in the
chosen solvent was very important. Reaction rates were depressed whenever the
polymer was not completely dissolved at the reaction temperature (see work by
Burch et al. [35] described below, which also gave lower yields).

The tin catalysts are robust and relatively insensitive to water; reaction with
water to form dibutyltin oxide is reversible. However, removal of traces of tin
catalyst before isolation of the cyclic was necessary, in order to prevent prema-
ture polymerization, and so the easily quenchable titanates became the catalysts
of choice. In the case of such catalysts, the use of absolutely dry solvents was
necessary to prevent their hydrolysis [26]. Brunelle et al. have also reported the
preparation and use of specific chelated titanates (made by reaction of diethylene
glycol with tetraisopropyl titanate), which are more resistant to hydrolysis [36].
The GE group also reported that hydroxybutyl-terminated oligomers could be
eliminated from the reaction products by carrying out the depolymerization reac-
tion at elevated temperatures [26]. Elimination of tetrahydrofuran from hydroxy-
butyl end groups on PBT is known to occur during condensation polymerization.
Use of higher temperatures encourages such reactions, forming carboxylic-acid-
terminated oligomers, which were easily removed from the product solution by
filtration (Equation (3.8)). Using these techniques, complete depolymerization
of PBT was carried out in o-xylene in less than 30 min, followed by quench-
ing with water, and isolation of the cyclic material. The PBT cyclic oligomers
obtained via depolymerization had a different distribution of oligomers than
those prepared via acid chlorides. Whereas the kinetically controlled cycliza-
tion (via acid chloride) produces mainly cyclic dimer (50 %), the distribution
from depolymerization is broader, with the following approximate proportions:
dimer – 32 %, trimer – 34 %, tetramer – 17 %, pentamer – 11 %, hexamer – 2 %,
and heptamer – 4 % (Figure 3.4).
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Figure 3.4 HPLC trace showing the formation of 5 % PET/PBT cyclic oligomers
from the depolymerization of 5 % PET/PBT. Cyclic dimers are indicated at 3.0
and 4.0 min, with trimers appearing at 5.0 and 6.0 min, etc.; the small peaks
represent mixed co-cyclics

Reports of depolymerization studies carried out by Semlyen and co-workers at
the University of York, UK, typically used much longer reaction times (24–72 h)
for the depolymerization of PET [27]. This group also reported that the titanates
were ineffective catalysts for depolymerization, but it is not known whether
measures to prevent titanate hydrolysis were taken. The York group also reported
that the relative proportions of cyclic oligomers (trimer, tetramer, etc.) altered as
the dilution ratio was changed. Similar results were seen with PBT. They have
also reported fast-atom bombardment mass spectrometry (FAB-MS), LC–MS,
GPC and X-ray crystallography data. The most recent work reports characteriza-
tion of the cyclic oligomers from six ester and ether ester systems [29].

Burch et al. have recently published work on the depolymerization of PET
to cyclic oligomers using either suspension or solution reactions [35]. Solution
polymerizations were carried out in 1-methylnaphthalene or diphenyl ether using
either high-molecular-weight PET or bis-(2-hydroxyethyl)terephthalate (BHET)
(in the latter case, ethylene glycol was removed during the reaction). The distri-
bution and yield of cyclic oligomers was essentially the same with both starting
materials, since equilibrium was achieved; reaction times varied from 1 to 4 h.
Reporting of yields was somewhat puzzling: the body of the paper reported 90 %
yield at 2 % solids and 65 % yield at 5 % solids. However, the experimental
section reported 92 % yield at 0.6 % solids, 74 % at 1.7 % solids (both from
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BHET), and only 11 % at 2.7 % solids from PET for reactions run in diphenyl
ether, and 29 % yield for a reaction at 2.4 % solids in 1-methylnaphthalene. Oth-
erwise, the reactions appear similar to those reported by Brunelle and co-workers
[25, 26], except with longer reaction times and higher temperatures.

The suspension depolymerizations reported by Burch et al. are quite interest-
ing [35]. They report that ‘clean’ cyclic oligomers can be obtained by carrying out
depolymerization in solvents such as hexadecane, in which PET or its oligomers
are not soluble. Thus, refluxing PET for 240 min or BHET for 20–240 min in
hexadecane at 287 ◦C, followed by filtration to remove the polymer, provided
cyclics with no detectable linear material. However, the yields were significantly
lower than when using the solution technique, for example, 4 g of PET provided
0.82 g of cyclic oligomer (21 % yield) after 4 h reflux at 1.0 % solids. The yield
from BHET was even lower, affording 0.80 g of cyclics from 40 g of BHET
(2.6 % yield) after reflux for 20 min at 9 % solids.

Analyses for cyclics can also be carried out by using a standard size exclusion
chromatography (SEC) column (e.g. Varian TSK), integrating the high vs. low
Mw sections. However, clean separation of polymer from cyclics was not possi-
ble, and this method does not distinguish between oligomeric linear and cyclic
materials. An HPLC method has been developed, using internal standards, which
gives good quantitation of cyclics [25]. This technique also allowed quantifica-
tion of the level of linear oligomers formed in the process, but required separation
of the by-product polymer before analysis. A faster method utilized SEC analy-
sis, using a special low-molecular-weight column (Polymer Laboratories Mixed
E) which afforded near baseline separation of cyclics from polymer. Crude sam-
ples could simply be dissolved in HFIP/CHCl3 and injected directly. Semlyen
and co-workers have used the same SEC columns, but in a bank of three, to
obtain clean separation of dimer through octamer oligomers [27, 28]. Resolution
of linear oligomers is much ‘cleaner’ when using HPLC rather than SEC, but
it was found not to be necessary in the GE work, since production of linears
was essentially eliminated at high temperatures. As the concentration of polymer
in the depolymerization reaction was increased, the yield of product decreased,
as mentioned above. The nature of the remaining polymer also changed, with
higher-molecular-weight polymer being recovered at higher concentrations. The
amount of linear oligomer did not seem to vary in reactions carried out in o-DCB
(see Table 3.1).

5 MECHANISM FOR FORMATION OF CYCLICS
VIA DEPOLYMERIZATION

The mechanism for cyclic formation via depolymerization is the same type of
transesterification which occurs on polymerization, as outlined in Scheme 3.3.
Metal alkoxides such as tetraalkyl titanates or dibutyl tin alkoxides have proven
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Scheme 3.3 Mechanism for the metal alkoxide catalyzed formation of cyclics
via depolymerization

to be the most efficient catalysts for such reactions. The metal alkoxides function
by activating a carbonyl via complexation, and then transferring an alkoxide
ligand. Thus, a linear polymer will interact with a metal alkoxide catalyst to
transfer an alkoxide onto the polymer chain, forming a species such as I, and
releasing a linear alkoxide which is terminated with the transferred ligand (II).
The original polymer chain length (n) will be decreased by m units in such a
reaction. The metal terminated polymer I can then react either by chain-transfer
(polymerization reaction), or by a back-biting reaction to form cyclics. The degree
of cyclization vs. polymerization is controlled by the concentration of species I
in solution. Dilute solutions favor intra- rather than intermolecular reactions.
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Cyclization to oligomers with a degree of polymerization p + 1 releases another
linear polymer chain terminated with a metal (Ia), which is shorter in length
by p + 1 units, and which can continue to react to form cyclics. Eventually,
equilibrium is reached, and the linear chains (I, Ia, and II) react degenerately at
the same rate as they form cyclics. The active intermediate I could also be formed
by direct reaction of an alcohol-terminated polymer with the metal alkoxide, with
loss of free alcohol, but this event is far less likely than reaction at the interior
of a chain, because the number of end groups is small by comparison. In this
regard, metal alkoxides have the advantage over Brønsted acids, which can only
catalyze reactions of chain ends (i.e. attack of RCH2OH at a chain end on an
ester via back-biting, using acid catalysis).

Figure 3.5 shows the distribution of cyclics formed typically as a function of
time in a PBT depolymerization reaction. It can be seen that initially the levels
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Figure 3.5 Distribution of cyclics formed as a function of time in a typical PBT
depolymerization reaction



134 D. J. BRUNELLE

of longer chains are higher than at the end of the reaction. At this early stage,
many long polymer chains are present in solution from which cyclics can form.
As the reaction proceeds, not only are the linear chains reduced in size, but also
the cyclics themselves can be attacked by the metal alkoxide. Such an attack
forms a short polymer chain such as I or Ia, which can then react to produce a
smaller cyclic. Entropy favors the formation of the smallest cyclics, as long as
ring-strain is not involved. An attempt at correlation of the experimental results
with theory has been presented by Hubbard et al. [21].

6 POLYMERIZATION OF OLIGOMERIC ESTER CYCLICS

With a supply of oligomeric cyclic phthalates readily available from two routes,
the study of bulk ring-opening polymerization became feasible. Because reactive
processing applications were most appealing, and because PBT or PET cyclics led
to crystalline, insoluble polymers, melt polymerizations have been the methods
of choice by most investigators. Additionally, the extremely low melt viscosity
of PBT cyclics (about 30 cP at 190 ◦C) [37] made melt processing extremely
attractive. Visually, the mixture of PBT cyclic oligomers began to melt at about
140 ◦C, and was completely molten at 160–190 ◦C. DSC showed a broad melting
range (100–175 ◦C), with peaks at 130 and 160 ◦C; the total melting endotherm
was 68 J/g [14]. It appears that the nature and amount of crystallinity in the
cyclics can be a function of the isolation technique (melt vs. anti-solvent). The
Burch group has carried out very careful work on the types of crystallization
which occur in PET cyclics of various compositions, finding that the m.pt. of
the cyclic mixture can vary from ∼290 to 320 ◦C. Several different crystal forms
were identified by scanning electron microscopy (SEM) [35].

The ROP mechanism involves initiation to form an active chain end, followed
by propagation reactions continuing until all of the cyclic oligomers are depleted
and the ring–chain equilibration becomes degenerate (Scheme 3.4). In this case,
the initiator becomes built into the polymer, and it is not terminated unless
quenched. Due to their size and flexibility, the cyclic oligomers (other than the
PET dimer) are nearly strain-free, and the polymerization is almost thermoneutral,
leading to complete equilibration of ester groups (i.e. initiation, propagation and
chain transfer have nearly the same rates). Polydispersivities therefore approach
2.0, and were typically in the range of 2.0–3.0, as in conventional polyconden-
sation of polyesters (commercial Valox 315 has Mw/Mn ∼ 2.3). GPC traces
are typically monomodal, with a small amount (1–3 %) of cyclics remaining,
presumably the equilibrium amount.

Many reports on the polymerization of PET cyclic oligomers, with various
results, have appeared. Polymerization in the melt at 275–310 ◦C has been
reported by Goodman and Nesbitt [8]. The latter claimed that a linear polyester
was formed when the macrocycles are heated with a catalyst, neat, or in 2-
methylnaphthalene at 240 ◦C. They also stated that scrupulously dried material
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Scheme 3.4 Ring-opening polymerization of oligomeric PBT cyclics

does not polymerize in the presence of antimony oxide under dry nitrogen,
suggesting that a second initiating substance (presumably water) was neces-
sary. Polymerization was also reported with tetramethyl titanate, lead oxide or
calcium oxide, but not with p-toluene sulfonic acid. Burch et al. report that
low-molecular-weight linear species affect the polymerization rates [35]. Poly-
merization in the presence of linear oligomers occurred in two separate kinetic
regimes, with one being the fast ring-opening, and the second, the slower trans-
esterification of the linear materials. On the other hand, Burch et al. report that
polymerization of rigorously purified cyclic trimer is extremely slow at 300 ◦C in
the absence of linear oligomers. However, they also point out that the cyclic trimer
melts only at 321 ◦C. Polymerization at slightly lower temperatures (280 ◦C) was
achievable if the cyclic was heated with an equal weight of PET linear polymer
(Mw = 32 000) within times of 1 to 30 min. In all cases reported by these workers,
only low-Mw material was obtained (Mw = 24 000–39 000). These low molec-
ular weights may reflect the presence of low-molecular-weight linear materials,
which upon equilibration into the polymer, will limit the final Mw.

MacKnight and co-workers reported the preparation and polymerization of PET
cyclics at about the same time [38, 39]. Polymerization to high Mw (Mn = 20 000–
27 000) was achieved within 10–25 min at temperatures of 270–293 ◦C, using
antimony oxide as the catalyst at 0.3–1.0 %. Other catalysts were also investigated,
including the cyclic stannoxanes reported earlier by Brunelle et al. [14]. However,
at the high temperatures required for PET polymerization, the tin catalysts proved
to be unstable.

Finally, Nagahata et al. have reported polymerization of PET cyclic dimer [16].
The latter is a minor component in PET cyclics, normally present at less than
10 % of the total cyclics made either from acid chlorides or via depolymerization.
Nagahata et al. report melt polymerization at 250–325 ◦C, leading to an Mw ∼
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25 000 in ∼300 min, with optimum results obtained at 275 ◦C. Use of catalysis
was subsequently reported, with a chlorostannoxane catalyst (3) giving the best
results (conventional catalysts like Bu2SnO or titanates were not investigated).
The authors also suggest that solid-state polymerization may have occurred [40],
although in cases where the polymerization was carried out below the melting
point of the dimer (225 ◦C), such a high level of catalyst was used (4 %) that
dissolution in the catalyst might be a possibility. In any event, again, only low-
molecular-weight polymers (Mw < 36 000) were obtained.
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Polymerization of oligomeric PBT cyclics is much more readily achieved,
due to the low melting point of the oligomeric mixture. The polymerization
is also novel for polyesters, in that melt polymerization can be achieved well
below the melting point of the final polymer. Thus, although high-Mw PBT has
a melting point of about 220–225 ◦C, melt polymerization can be carried out at
180–190 ◦C. Although many types of compounds can initiate polymerization of
oligomeric cyclic esters, certain tin and titanium initiators have proven most effec-
tive (Table 3.2). Both commercially available titanates (tetrakis-(2-ethylhexyl)-
titanate (TOT) or Ti(Oi-Pr)4) and cyclic stannoxanes such as 1 were effective
initiators for polymerization at levels of 0.05–1.0 mol% based on monomer
units [14]. These initiators operate via the same Lewis acid activation–insertion
mechanism described above for depolymerization (Section 5). Furthermore, poly-
merizations reported by the GE group result in extremely high molecular weights
(Mw > 100 000), attesting to the ‘clean’ nature of their cyclic oligomers.

DSC analysis of a mixture of PBT cyclic oligomers containing the stannox-
ane 3 showed only the melting endotherm (�H = 68 J/g), with no exotherm
evident. Apparently, polymerization starts as the cyclics melt. Cooling showed
the crystallization of the polymer, while the second heating stage displayed only
the melting point of the PBT polymer at 213 ◦C (�H = 54 J/g); the polymer had
an Mw of 117 000, and was 97 % polymerized (from GPC analysis).

Data for examples of polymerization of PBT cyclic oligomers are shown in
Table 3.2 [14]. Polymerization under mild conditions (0.2–0.3 mol% titanate ini-
tiator at 190 ◦C) for 6 min led to Mws of 95 000–115 000 (entries 2, 4 and 5).
These results indicate that either the PBT cyclic polymerization is far more
facile than observed for PET cyclics, or that the cyclics had higher purity, since
the rates were faster and the final molecular weights significantly higher. As
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Table 3.2 Polymerization of PET/PBT (5 % molar ratio) co-cyclic oligomersa

-

Entry
Initiator
(mol%)b T ( ◦C) t (min)

Polymerization
(%) Mw

c Mn
c Mw/Mn

1 Bu2Sn–O (0.5) 275 10 97 58.9 – –
2 Ti(Oi-Pr)4 (0.2) 190 6 98 115 55 2.1
3 TOT (0.1) 190 20 99 352 167 2.1
4 TOT (0.2) 190 20 98 117.1 52 2.25
5 TOT (0.3) 190 6 95 95 39.7 2.4
6 TOT (0.3) + 0.5 % lineard 190 6 96 75.6 26.7 2.8
7 TOT (0.3) + 1.0 % lineard 190 6 95 61.2 22.1 2.8
8 TOT (0.3) + 2.0 % lineard 190 10 98 25.4 11.4 2.2
9 TOT (0.4) 190 20 97 62.1 19.6 3.2

10 TOT (0.5) 190 6 99 53.2 22.7 2.3
11 Stannoxane 1 (0.05) 190 20 91 401 303 1.3
12 Stannoxane 1 (0.1) 190 20 95 344 177 1.9
13 Stannoxane 1 (0.2) 190 20 95 445 286 1.55
14 Stannoxane 1 (0.4) 190 20 98 330 171 1.9
15 Stannoxane 1 (0.2) *de 10 97 117 51.9 2.25
16 NaOEt (1.0) 225 10 41 5.3 – –
17 Sn(OMe)2 (1.0) 250 10 54 36 – –
18 Commercial (Valox 315) NAf NAf – 111 48.7 2.3

a Polymerizations were carried out neat by adding catalyst in a minimum amount of solvent to molten
cyclic oligomers at the temperatures shown.
b Relative to monomer units.
c ×10−3, relative to polystyrene standards.
d bis-(4-hydroxybutyl)terephthalate added at level shown.
e Polymerization carried out in DSC pan with temperature programming from 50 to 250 ◦C at a rate
of 20 ◦C/min.
f NA, not applicable; no catalyst level for commercial Valox 315.

in living ring-opening polymerizations, the molecular weight of the polymer
was controlled by the molar ratio of cyclic esters to linear functionalities. Low-
molecular-weight linear oligomers, such as 1,4-bis-(4-hydroxybutyl) terephthalate
or its oligomers, limited the ultimate molecular weight achieved (entries 6, 7 and
8), and hence the precautions taken for their removal during synthesis. Fur-
thermore, some initiators (such as TOT) introduced monomers (2-ethylhexanol)
which also limited the molecular weight. Thus, as the level of titanate initiator
(which contains four alcohol groups) was decreased, higher molecular weights
were observed (entries 3, 4, 5, 9 and 10). Unlike the titanates, when the cyclic
stannoxane 3 was used as the initiator, no decrease in molecular weight was
observed with increasing catalyst level, because no end groups were introduced;
the tin should be built into a macrocyclic polymer which is more stable to GPC
conditions than the titanate esters (entries 11–14). The GPC characteristics of
the stannoxane-initiated polymerizations were quite different from those of the
titanate-initiated systems (much higher Mws and lower apparent dispersivities).
Basic catalysis proved ineffective (entry 16).
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The polymerization reaction was typically carried out at 180–200 ◦C, well
below the PBT melting point of ∼225 ◦C. Regardless, complete polymerization
with only 1–3 % cyclics remaining (by GPC) could be achieved. Three factors
controlled the completeness of polymerizations, i.e. (1) purity of the monomers,
(2) complete mixing of initiator before the polymerization process caused the
viscosity to increase to the point where mixing stopped (the initiator needs to be
intimately mixed with the molten cyclic), and (3) polymerization at a high enough
rate that it was essentially complete before crystallization occurred. For most fast
initiators, polymerization at 190 ◦C by using mechanical stirring at 300–500 rpm
was ideal for effecting complete conversion to polymer. In some cases, premature
crystallization (at temperatures below 185 ◦C) or inefficient mixing of the initiator
led to incomplete polymerization and recovery of cyclics along with polymer.
Although the molten PBT cyclics are easily stirred in the absence of initiator,
when using titanate initiators for polymerization at 190 ◦C, solidification of the
polymer occurs within seconds.

Work on the kinetics of the ring-opening polymerization of PBT cyclic oligomers
has also been reported [41]. By using sublimed and recrystallized PBT cyclic dimer
and carrying out solution polymerizations, Brunelle and Serth-Guzzo have shown
that rapid polymerization occurs at temperatures as low as 150 ◦C, in the absence
of linear oligomers, when using titanate catalysis. In fact, the rate of ROP is sig-
nificantly faster than the condensation rates normally reported for PBT synthesis
reactions. Further work has shown that the presence of chelating groups (such as
butanediol or ethylene glycol) will slow the reaction, that linear oligomers have no
effect on the rate of reaction, but that aromatic carboxylic acids completely inhibit
titanate-catalyzed ring-opening at 180 ◦C. These facts may explain the differences
noted by other authors, whose polymerizations may have been contaminated by
acidic impurities (Burch mentions the presence of acidic end groups [35]).

Polymers prepared from cyclic oligomers showed higher levels of crystallinity
than conventionally prepared polyester (60–80 J/g vs. 35–50 J/g for commercial
materials of similar molecular weights [14]). The cause of such excess crys-
tallinity is still under investigation [42]. One possibility is that more order exists
in the polymer since polymerization only requires breaking and making ester
bonds, rather than removal of condensation by-products such as methanol or
butanediol and the vigorous mixing which this process requires. The crystallinity
of the polymer could be controlled by incorporation of low levels of another
monomer (such as ethylene glycol) into the cyclics [43]. A co-cyclic prepared
by mixing reactants melted at a significantly lower temperature than a physical
mixture of PET and PBT cyclics which had been prepared separately. Much of
the polymerization [14] and depolymerization [25, 26] work carried out at GE
used a 5 % (molar) PET/PBT co-cyclic composition.

Conversion of cyclic oligomers to composite structures via Resin Transfer
Molding (RTM) and Reaction Injection Molding (RIM) techniques has been
demonstrated, and will be the subject of subsequent publications. Glass loadings
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as high as 70 % and composite tensile moduli of 3 × 106 psi are routinely
achieved [44].

7 CONCLUSIONS

Recent chemistry has been developed for the efficient preparation of oligomeric
cyclic terephthalate esters. The current techniques have made it possible to pre-
pare hundreds of kilograms of the cyclic oligomers per batch, and have made
these materials readily available for study. Two different methods for synthe-
sis were developed, i.e. kinetically controlled condensation from acid chlorides,
and depolymerization of linear polymers or oligomers. Both methods of syn-
thesis have been studied mechanistically. Purification to polymerization quality
has been simply achieved in both cases, with successful development of selec-
tive reactions for removal of linear oligomers. The cyclic oligomers of PBT
melt at 130–180 ◦C, and those from PET at 280–320 ◦C, and have melt vis-
cosities about four orders of magnitude lower than the parent high-molecular-
weight polymers. Polymerization of the cyclic oligomers has been achieved
with a variety of initiators, and by using various techniques. Polymerization
can be complete within minutes, and can lead to very high-molecular-weight
polyesters without formation of by-products, and with essentially no exotherms.
The ring-opening chemistry facilitates a variety of new copolymer reactions, and
has made possible the fabrication of composite structures with very high fiber
loadings.
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Continuous Solid-State
Polycondensation of Polyesters
B. CULBERT AND A. CHRISTEL
Bühler AG, Uzwil, Switzerland

1 INTRODUCTION

After polymerization in the melt phase the molecular weight of a polyester can
be further increased in the solid-state. This process is known as solid-state poly-
condensation (SSP). The processing chain for poly(ethylene terephthalate) (PET),
the most commercially significant polyester, is shown in Figure 4.1. In the melt
phase, a molecular weight (number average) of typically between 16 000 and
19 000 (intrinsic viscosity (IV), 0.58–0.68) is reached before the melt is cooled
and granulated into amorphous pellets. After first undergoing crystallization, the
molecular weight of these pellets is then increased in the solid state. Values of
up to 27 000 (IV, 0.90) for bottle grade (BG), and as high as 38 000 (IV, 1.20)
for technical fibre applications such as tyre cord, seat belts and air bags are
attained [1]. Other polyesters that undergo a molecular weight increase in the
solid state include poly(butylene terephthalate) (PBT) and poly(ethylene naph-
thalate) (PEN).

The SSP process enables higher molecular weights to be reached which are
either technically or commercially not feasible in the melt phase. The main advan-
tages of further increasing the molecular weight in the solid state compared to
the melt phase are as follows:

• Problems associated with the stirring of the viscous melt are eliminated in
the solid state. These problems become increasingly troublesome in the melt
phase as the capacity increases and as the molecular weight increases above
ca. 19 000.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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• The lower investment and running costs of the continuous SSP process, which
does not require the high temperatures and vacuums associated with the melt
phase. The cost splits for a 600 t/d continuous PET bottle grade plant are
shown in Figures 4.2 and 4.3. The investment costs are some five times
lower and the process costs approximately half for the SSP process when
compared to the melt phase.

• Degradation and side reactions are limited in the solid state due to the lower
processing temperatures used. PET, for use in bottle applications, is a notable
example. Small concentrations of acetaldehyde (AA), a by-product of degra-
dation and side reactions in PET, can affect the taste of carbonated soft
drinks and mineral water. The SSP process is the best means of achieving
PET bottles with acceptable levels of AA.

Indeed, the increasing industrial significance of the SSP process can be directly
related to the success of the PET bottle. PET was introduced for use in drink-
ing bottle applications in the mid 1970s and the SSP process was required to
reduce the AA level below that achievable in the melt phase while increasing
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the molecular weight. Initially, SSP process development was concerned with
the changeover from batch to continuous processing and the problems associated
with pellets sintering or sticking in the process equipment [3–8]. In light of the
double digit growth rate in the use of PET bottles since the late 1980s, reflected
in Figure 4.4, the main role of SSP technology has been to keep pace with the
constant demand for higher production capacities. The latter have increased some
tenfold over the last 15 years in step with melt-phase capacities. Whereas back
in 1985 the typical capacity was 30–60 t/d in one line, today the most typical
single-line capacity is 300 t/d with the first 450 t/d plant coming into operation
in 2000. In the future, the capacity is expected to increase up to 600 t/d, and
possibly even higher [9].

Today, the SSP process has not only established itself as a key segment in the
PET bottle manufacturing chain, but is becoming increasingly important for the
attainment of high molecular weights in other PET applications such as technical
fibres, strapping and upgrading in the area of recycling [10]. This also applies to
PBT for high-molecular-weight applications involving engineering plastics.

The aim of this chapter is to give the reader a general overview of the ther-
mal processing of polyesters in the solid state and in particular the SSP of PET
for bottle applications. First the solid-state reactions of PET, involving molec-
ular weight build-up, degradation and AA formation, are summarized and the
mechanisms and the factors affecting SSP are discussed. In the second section,
the crystallization of PET, including nucleation, crystal growth and annealing, is
reviewed as it inevitably occurs during the SSP process. In the third section, the
practical aspects of continuous SSP processing of PET for bottles are addressed,
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and the processing requirements for fibre-grade materials are compared to bottle-
grade materials, as are the processing requirements of PBT and PEN. Finally,
recycling will be considered by looking at a process for the closed-loop recycling
of PET bottles involving SSP.

2 THE CHEMICAL REACTIONS OF PET IN THE SOLID STATE

The polycondensation of PET in the solid state is complex and still not fully
understood. The reason for this is the influence of the physical processes of dif-
fusion and crystallization on the reaction kinetics. Not only do the end groups of
the polymer chains need to diffuse toward one another before they can react, but
also the reaction by-products, water and ethylene glycol (EG) must be removed
from the solid in order to drive the reaction forward. The reaction rate is there-
fore affected by the mobility of the end groups, the diffusion of the by-products
through the semi-crystalline solid phase, and the removal of the by-products from
the solid surface to the gas phase. Furthermore, this is occurring in a solid poly-
mer matrix that is undergoing transformation through crystallization processes,
thereby further restricting end group and by-product mobilities.

2.1 BASIC CHEMISTRY

It is generally accepted that the reaction chemistry is the same as in the melt and
that the chemical reactions take place in the amorphous phase. This, by definition,
implies that the polymer end groups, monomers, catalyst and by-products are
present only in the amorphous phase [11]. The most important reactions occurring
in the melt have been identified as follows [12]:

Reaction 1: Transesterification

2

+

EGZ

EOH

k1

HOC2H4OH

K1
k1

COOC2H4OOC

COOC2H4OH

Reaction 2: Acetaldehyde Formation

+COOH CH3CHO

AA

COOC2H4OH
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Reactions 3 and 4: Diethyleneglycol (DEG) Formation

+

DEG

HOC2H4OH HOC2H4OC2H4OHCOOHCOOC2H4OH +

COOC2H4OC2H4OH+2 COOC2H4OH COOH

Reactions 5 and 6: Esterification (Water Formation)

+

Z

EOH

+

ECOOH

H2O

W

k5

K5
k5

COOH HOC2H4OOC

COOC2H4OOC

+ +HOC2H4OH H2OCOOC2H4OHCOOH

Reaction 7: Polycondensation of Vinyl End Groups

+

+

CH3CHO

AA

COOCH CH2 HOC2H4OOC

COOC2H4OOC

Reactions (1), (5) and (7) result in the increase in molecular weight. How-
ever, only transesterification (1) and esterification (5) are considered to contribute
significantly to the molecular weight build-up. The contribution of the polycon-
densation of vinyl end groups (7) is considered to be insignificant because of
the low formation of vinyl ester groups by the degradation of the diester linkage
(reaction 8 shown below) at SSP temperatures [11, 13].
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Reaction (7), although not important for the molecular weight increase, does
lead to the removal of the vinyl ester groups, which along with AA is undesirable
in applications for carbonated soft drink (CSD) and mineral water bottles. Vinyl
groups, among other things, lead to the generation of AA during melt processing
and increase the AA content of bottle preforms above that of the original material
(residual AA) before melt processing [14]. Although both reactions (2) and (7)
result in the formation of additional AA, the SSP treatment of material before
melt processing reduces both the residual AA and the AA generation rate; both
are generally reduced as the processing time and temperature in the solid state
are increased [15].

The other reactions do not change the molecular weight but are important for
other reasons. Reactions (2), (3) and (5) cause a change in the OH/COOH end
group balance, while reactions (3) and (4) lead to DEG formation although their
significance at SSP conditions is questioned [16].

The degradation reactions of PET are complex and it is beyond the scope of this
chapter to cover them fully. Therefore, the reader is referred to other literature
sources for a more detailed description of the mechanisms involved [17–19].
However, the main reactions can be briefly summarized as follows:

Reaction 8: Thermal Degradation

+

COOC2H4OOC COOH
∆H

H2C CHOOC

Vinyl

Reaction 9: Thermal Oxidative Degradation – Hydroperoxide Formation [105]

O2

C O

O

CH2CH2 O C

O

RH

C O

O

CHCH2 O C

OOOH

(RH = Poly(ethylene terephthalate))
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Thermal Oxidative Degradation – Degradation products from Hydro-
peroxide [19]

RH

C O

O

CHCH2 O C

OOOH

COOH

COOCH

COO

CH2

CH2 CH2OH

Reaction 10: Hydrolytic Degradation (Reverse of Reaction 5)

+

+

H2OCOOC2H4OOC

COOHHOC2H4OOC

In general, the degradation of PET is characterized by a loss in molecular
weight, a loss in weight in the case of thermal and thermal oxidative degradation,
and an increase in the carboxyl end groups. This is usually accompanied by the
material first turning yellow, then brown and finally black [17].

Thermal degradation is degradation induced by elevated temperatures in the
absence of oxygen. The initial step of thermal degradation (8) is a random scission
of the chain at an ester linkage to form vinyl ester and carboxyl end groups. This
is accelerated to various extents by different catalyst systems [18]. It occurs
principally at the higher temperatures in the melt phase, while in the solid state
it is less significant. Even at the extreme SSP conditions of 10 h at 230 ◦C it is
estimated to contribute only about 1 % of the end groups [11].
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The thermal oxidative degradation of PET (9) involves the reaction of oxygen
at elevated temperatures. This starts with the formation of a hydroperoxide at
the methylene group in the diester linkage of the PET chain [17–19, 105]. The
degradation mechanism is not completely understood but is believed to follow
a free radical mechanism leading to chain cleavage and the formation of carbon
and oxygen radicals, carboxyl, hydroxyl and vinyl ester end groups. Secondary
reactions of the radicals can also lead to the formation of branched chains [19].
The presence of DEG in the link further decreases the thermal oxidative sta-
bility of PET [18]. In industrial applications, PET is generally treated in air at
temperatures up to about 180 ◦C. Tests involving the treatment of PET with var-
ious catalyst and stabilizer types, at 130 ◦C for 200 h in air did not lead to any
evidence of thermal oxidation, while a carboxyl end group increase was seen
after 30 h at 180 ◦C and 5 h at 200 ◦C [13]. However, even if no evidence in the
form of carboxyl group increase is seen during thermal treatment, the formation
of hydroperoxides in air at temperatures below 200 ◦C is to be expected and
can lead to higher AA generation rates and chain cleavage during melt process-
ing [19]. Even so, the hydroperoxides formed during processing in air can be
destroyed by further processing in nitrogen at temperatures as low as 60 ◦C [20].
Therefore, the crystallizing of PET in air is not expected to lead to higher AA
generation rates if it afterwards undergoes processing under nitrogen during SSP.
On the other hand, the drying of PET in air can be expected to lead to higher
AA generation rates during processing in the melt.

The hydrolytic degradation of PET (10) is an autocatalytic reaction, being
catalysed by the resulting carboxyl end groups. It is also accompanied by an
increase in hydroxyl end groups and there is no discoloration of the product or
evolution of volatile products [19]. This process is known to begin at tempera-
tures of around 100 ◦C [18]. The relative rate of hydrolysis is some 10 000 times
faster than that of thermal degradation in the temperature range 100–120 ◦C [17].
In the solid state, it is prevalent during the heating–up and crystallizing of the
amorphous precursor, due to moisture being absorbed during pelletizing and stor-
age. It can also occur at the higher SSP processing temperatures if the moisture
content of the process gas is too high.

2.2 MECHANISM AND KINETICS

As mentioned above, esterification and transesterification are the two main reac-
tions responsible for the molecular weight increase in PET. Both reactions are
considered to be second-order and their rates are given as follows [12]:

Transesterification: Rate1 = ∂[z]

∂t
= k1

(
[EOH]2 − 4[z][EG]

K1

)
;

K1 = 4[z][EG]

[EOH][EOH]
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Esterification: Rate5 = ∂[z]

∂t
= k5

(
[ECOOH][EOH] − 2[z][w]

K5

)
;

K5 = 2[z][w]

[ECOOH][EOH]

where k1 and k5 and K1 and K5 are second-order rate constants and equilibrium
constants, respectively; [EOH], and [ECOOH] are respectively the concentrations of
hydroxyl and carboxyl end groups, and [z], [EG] and [w] are the concentrations
of diester linkages (COOC2H4OOC), ethylene glycol and water, respectively.
Note that a constant k1 implies a constant catalyst concentration [1].

At equilibrium, the rates of the forward and the reverse reactions are equal.
Therefore, to drive the reaction rate forward in the direction of the ester linkages,
represented by z, then reaction by-products, EG and water must be removed.

Both reactions are affected by one or more of the following:

• the rate of the reversible chemical reaction;
• the rate of diffusion of the reaction by-products, water and EG, through the

polymer matrix to the pellet surface;
• the rate of diffusion of the reaction by-products from the pellet surface to

the gas.

These rate-controlling mechanisms are characterized as follows:

Chemical Reaction Rate Controlled Process: If the diffusion is very rapid com-
pared to the rate of chemical reaction, then the concentration of water and EG can
be considered to be nearly zero throughout the pellet and the rate of the reverse
reaction can be neglected [21]. This represents the maximum possible reaction
rate. It is characterized by a linear molecular weight increase with respect to
time and is also dependent on the starting molecular weight and the reaction rate
constants k1 and k2.

Diffusion Rate Controlled Process: If the rate of chemical reaction is much faster
than the diffusion of water and EG through the solid amorphous phase, then the
reaction can be considered to be at equilibrium throughout the pellet [21]. The
reaction rate is dependent upon the pellet size, the diffusivity of both water and
EG, the starting molecular weight, and the equilibrium constants K1 and K5.
In addition, the pellet can be expected to have a radial viscosity profile due to
a by-product concentration profile through the pellet with the molecular weight
increasing as the by-product concentrations decreases in the direction of the pellet
surface [22–24].

Surface Diffusion Rate Controlled: At high gas velocities, the pellet surface by-
product concentration is maintained at an equilibrium value determined by the
by-product concentration in the gas. In this condition, the mass transfer from the
surface is balanced by the diffusion within the pellet to the surface. However
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if the gas velocity is reduced the gas-side mass-transfer coefficient will also
decrease [25] until eventually the mass transfer from the surface is less than
the diffusion to the surface. At this point, the surface by-product concentration
increases and the overall diffusion rate of the by-products is reduced. This leads to
a decrease in the rate of reaction and the reaction rate becomes surface diffusion
rate controlled.

The reduction in reaction rate due to surface diffusion has been shown to occur
at gas velocities below 1.5 m/min [26]. However, most production plants operate
at higher gas velocities and diffusion from the surface does not normally limit
the reaction rate.

Many studies investigating one or more of these potential rate-determining
steps have been carried out over the years. These studies have shown that the
rate of reaction depends upon many factors such as temperature [15, 27–29],
pellet size [27–29], crystallinity [28], additive types and concentrations [30],
process gas type and quantity [31, 32], molecular weight [22, 31] and end group
concentrations [16, 33] – all of which will be addressed individually later in
this section. Various models have also been proposed involving kinetics [33]
and/or by-product diffusion [11, 16, 21, 27–29, 34, 35] through to empirical
Equations [15]. The variety of models used and the wide range of kinetic and
physical data published demonstrate the complexity of the mechanisms involved.

Most recently, kinetic data from the melt have been applied to the amorphous
solid phase. This is based on the well-accepted assumptions that the chemistry in
the melt is the same as in the latter phase and that all of the end group reactions
take place in the latter phase [11, 21, 35]. The activation energy �E, and the
frequency factor A, defined in the following equation:

Rate constant (k) = A exp(−�E/RT )

are given as 18.5 kcal/mol and 1.36 × 106 l/(mol min) for transesterification, and
17.6 kcal/mol and 2.08 × 106 l/(mol min) for esterification, respectively [12]. The
equilibrium constants are given as 0.5 and 1.25, respectively.

The molecular weight is normally measured, for convenience sake, by solution
viscosity and is often given as the intrinsic viscosity. There is a wide range of
solutions used, with the average molecular weight related to the intrinsic viscosity
by the Mark-Houwink equation:

[η] = KM
a

where K and a are empirical constants specific to the polymer–solvent system
and are based on known standards.

Many number- and weight-average molecular weight correlations are avail-
able in the literature [106]; however, the K-values are greatly influenced by the
molecular weight distribution (MWD) of the sample and therefore caution should
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be taken when using these relationships. A correct interpretation of the molec-
ular weight based on intrinsic viscosity can only be made if the polydispersity
(Mw/Mn) of the sample is known.

The polydispersity of melt-phase samples is generally lower than that of
solid-state samples. Gel permeation chromatography (GPC) analysis of samples
prepared from the solid-state showed polydispersity values in the range of 2.57
to 2.84 compared to 2.27 to 2.49 for melt samples [107]. The higher polydisper-
sity of solid-state samples can largely be explained by the non-uniformity in the
average molecular weight across the pellet radius caused by a SSP reaction rate
that is diffusion controlled [11].

2.3 PARAMETERS AFFECTING SSP

In general, no two PET materials have exactly the same SSP behaviour despite
the similarities in bottle grade recipes and standard pellet sizes. The reasons for
this are the numerous factors that influence the SSP reaction rate, many of which
are still not fully understood. The main factors and their qualitative influence are
discussed briefly below:

2.3.1 Temperature

In principle, the reaction can take place at temperatures between the glass tran-
sition and the melting temperature of the polymer. However, sufficient mobility
of the end groups is required to ensure reaction. It has been shown that the reac-
tion doesn’t begin until temperatures of 150 ◦C [36] although it doesn’t become
industrially significant until temperatures above about 200 ◦C. As a rule of thumb,
the reaction rate doubles every 12–13 ◦C. This is based on the data shown in
Figures 4.5 and 4.6 and has been confirmed by others [37].

2.3.2 Time

When chemical reaction is the rate controlling mechanism, then the increase in
molecular weight is linear with time. This was shown to be the case at 160 ◦C with
a pellet size <2.1 mm [29]. However, under normal industrial SSP conditions,
where the standard pellet diameter is between 2 and 3 mm and temperatures are
>200 ◦C, the reaction rate decays over time. Typically, the molecular weight
increase is proportional to the square root of time, as shown in Figure 4.6. This
has been confirmed in other studies [15, 36–38]. Such behaviour is said to be
typical for a reaction involving both chemical reaction and diffusion within the
material [29].
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2.3.3 Particle Size

The influence of pellet size has been generally used to identify the rate controlling
mechanism of the overall reaction rate. If the rate controlling mechanism is
chemical-reaction limited then the pellet size will have no effect on the reaction
rate. If the diffusion of by-products to the pellet surface is the rate controlling
mechanism, then the reaction rate will decrease as the pellet size increases, due
to the increase in the length of the diffusion path.

At 250 ◦C, the reaction rate was shown to be affected by pellet sizes as small as
0.2 mm [31]. At 210 ◦C, the reaction rate was found to be by-product diffusion
limited at a particle size >16–18 mesh (ca. 1.3 mm) [27], while at 160 ◦C no
effect of pellet size was seen for particle sizes <2.1 mm [29]. Therefore, it can
be seen that the influence of the pellet size on reaction rate becomes more pro-
nounced as the temperature increases. Under normal industrial SSP conditions,
where the pellet size is between 2 and 3 mm and temperatures are >200 ◦C,
decreasing the pellet size will lead to an increasing of the reaction rate.

2.3.4 End Group Concentration

The reaction rate is very sensitive to the ratio of hydroxyl to carboxyl end groups,
as shown by Figures 4.7 and 4.8. At low carboxyl concentrations, the transes-
terification reaction will be favoured, while at high carboxyl concentrations the
esterification route will be favoured. If the transesterification and esterifications
were equal, which they are generally not, then the consumption ratio of end
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Figure 4.7 Static-bed solid polymerization rates of 0.45 dl/g IV PET prepoly-
mers [39]. From Duh, B., US Patent, 4 238 593 (1980)
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groups would be three hydroxyl for every carboxyl end group. In Figure 4.8, the
optimum molar ratio is about 2.7, although this will depend upon not only the
starting and the final IV, as evident in Figure 4.7, but also other factors such
as temperature, catalyst type, catalyst quantity and pellet size. In another study,
the optimum molar ratio was found to be around 2 [33]. However, often a max-
imum carboxyl group concentration in the final product should not be exceeded
for product quality purposes, and in particular, hydrolytic stability. This can be
more important in determining the starting end group concentration rather than
maximizing the reaction rate.

2.3.5 Crystallinity

Crystallization plays an important role in SSP plants for two reasons. First, the
tendency of PET to sinter during crystallization requires special product handling
to prevent pellet agglomeration before SSP can be carried out and it also lim-
its the maximum SSP operating temperature. Both of these subjects are covered
in more detail in the following sections on crystallization and continuous SSP.
Secondly, crystallization reduces the SSP reaction rate by reducing chain mobil-
ity and by increasing the diffusion path length of the by-products. This has been
demonstrated in various ways, i.e. the rate of molecular weight increase is shown
to decrease with increasing polymer starting crystallinity at 230 ◦C [28], the reac-
tion rate of material having undergone SSP treatment was shown to increase after
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remelting [16, 40], and diffusivity was shown to be linearly proportional to the
mass fraction of the amorphous phase [28].

2.3.6 Gas Type

Recently, the gas types nitrogen, carbon dioxide and helium were shown to have
no influence on the reaction rate at 226 ◦C over 6 h [32]. Similarly, no difference
between nitrogen and carbon dioxide at 210 ◦C over 24 h was observed [41]. An
early study [31] did show that the gas type influenced the reaction rate, but it has
since been suggested that the different heat capacities and thermal conductivities
of the gases affected the experimental temperatures [32].

2.3.7 Gas Purity

The driving force for mass transfer from the pellet surface is reduced as the EG
and water concentrations in the gas are increased. Therefore, gas having practi-
cally no EG and moisture is used for SSP in order to maximize the reaction rate.

2.3.8 Catalyst

It is known that transesterification does not proceed without the presence of a cata-
lyst [42]. Kokkolas et al. [30] showed that in the solid state the transesterification
rate constant increases linearly with antimony trioxide (Sb2O3) concentration up
to levels of 1000 ppm. In the same study, they also showed that the esterification
proceeds independently of Sb2O3 concentration.

2.3.9 Molecular Weight

It has been shown that higher starting molecular weights enable higher final
molecular weights to be achieved [16, 43]. This is attributed to the tendency for
lower starting molecular weights to lead to higher crystallinity build-up during
SSP as well as the other reasons already mentioned in the corresponding section
on crystallinity.

It should also be mentioned that as the starting molecular weight increases so
too does the corresponding molecular weight increase for a given reaction rate.

3 CRYSTALLIZATION OF PET

Crystallization is an integral part of the SSP process. It begins as soon as amor-
phous pellets are heated above their glass transition temperature of ca. 75 ◦C,
and continues throughout the heating up to SSP temperatures and during SSP
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processing. If crystallization is not carried out correctly then the pellets tend to
agglomerate, which can seriously compromise the operability of an SSP plant.
Furthermore, the build-up of crystallinity can adversely affect the SSP reaction
rate, as mentioned in the previous section.

PET crystallizes in a triclinic crystal structure with unit cell dimensions as
follows [44]:

a = 4.56 nm, b = 5.94 nm and c = 10.75 nm

α = 98.5◦
, β = 118◦ and γ = 112◦

This gives a crystalline density of 1.455 g/cm3, while the amorphous density is
1.335 g/cm3. However, the crystalline density value may be too low. Other values
for the crystalline density in the literature range from 1.472 up to 1.58 g/cm3 [45].
The dependence of the unit cell dimensions on the thermomechanical history may
explain the higher values and the large range [46]. Indeed, the crystalline density
of PET increases continuously with annealing temperature up to 240 ◦C. The heat
of fusion values reported for crystalline PET are generally in the range 22.6 to
27.8 kJ/mol [45].

Whether cooling from the melt or heating of amorphous material from the
glassy state, the crystallization of PET, and polymers in general, first involves
the formation of nuclei and then their subsequent growth. The latter is in the
form of lamellae radiating outward from the nucleus by chain folding normal to
the direction of growth, as shown in Figure 4.9. These structures, or spherulites,

Figure 4.9 Illustration of a spherulite growing into a melt
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spread at the expense of amorphous material until surface impingement with
other spherulites occurs, thereby limiting further growth. This first stage of crys-
tallization, often referred to as primary crystallization, is then followed by a
much slower secondary crystallization process involving both the improvement
and growth of existing crystals and the growth of new crystals in the amorphous
regions between the lamellae.

The crystallization kinetics of PET have been studied both from the melt and
from the glassy state by using various methods, including techniques such as
density measurements [47, 48] differential scanning calorimetry (DSC) [49–56],
small- and wide-angle X-ray scattering [57–60] and infrared spectroscopy
[60–62]. In Figure 4.10, the crystallization behaviour, characterized by density,
is shown as a function of temperature and annealing time for a PET film. The
main features evident in these plots are as follows:

• The induction times to the beginning of crystallization at lower temperatures
of 90 – 120 ◦C.

• The very fast initial density increase due to nucleation and rapid spherulite
growth as shown by the dotted lines, referred to as primary crystallization.
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Figure 4.10 Dependence of the density of PET films on annealing time and tem-
perature: film thickness, 0.25 mm; Mv, 24 600 g/mol; initial density, 1.34 g/ml [47].
From Lin, S. and Koenig, J., J. Polym. Sci., Polym. Symp. Ed., 71, 121–135 (1984),
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• The much slower linear increase in density with the log of time after the
primary crystallization, referred to as secondary crystallization.

• The trend to higher densities or crystallinities at higher temperatures and longer
residence times. During SSP processing densities rarely exceed 1.42 g/cm3,
equivalent to a crystallinity of 70 vol% (according to the crystalline and amor-
phous densities given above).

3.1 NUCLEATION AND SPHERULITE GROWTH

Primary nucleation of a polymer material undergoing supercooling from the melt
can be divided into three general types, namely heterogeneous, homogeneous and
self nucleation [63]. Heterogeneous nucleation occurs on foreign surfaces, such
as catalyst particles, which reduce the nucleus size required for crystal growth.
It can be either instantaneous (athermal) where all the crystals start growing at
the same time or sporadic (thermal) where new crystals grow throughout the
crystallization process. Homogeneous nucleation occurs if no preformed nuclei
or foreign particles are present and the nucleation mode is sporadic. A special
type of nucleation, called self-nucleation, occurs when tiny regions of high degree
of order persist in the melt for a long time and act later as predetermined nuclei
for recrystallization.

The growth of the nuclei then occurs in one, two or three dimensions creating
rods (fibrils), discs or spheres (spherulites). The development of crystallinity
(Vc) under isothermal conditions with time (t) is generally analysed according to
Avrami’s method:

Vc = 1 − exp(−Ktn)

where K and n are constants (K contains both nucleation and growth parame-
ters). The value of n, the Avrami exponent, is generally an integer between 1
and 4 and depends on the mechanism of nucleation and on the form of crystal
growth (Table 4.1). Variations of this equation have been derived to take into
account such aspects as non-isothermal crystallization [64], secondary crystal-
lization and induction period [65]. Non-integer behaviour is attributed to either

Table 4.1 Standard interpretation of Avrami coefficients [66]

Avrami coefficient, n Nucleation mode Growth dimensionality

4 Sporadic 3
3 Sporadic 2
3 Instantaneous 3
2 Sporadic 1
2 Instantaneous 2
1 Instantaneous 1
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the diffusion of non-crystallizable molecules away from the growth surface [66]
or the simplified assumptions made in the Avrami model [67].

For PET, Avrami exponents over the whole range of 1 to 4 have been measured.
A value of 3 [49, 54, 55, 57, 70] has been measured over a wide temperature
range, from 110 to 225 ◦C, and is the most commonly reported value. It is gener-
ally interpreted, according to Table 4.1, to indicate heterogeneous nucleation and
three-dimensional crystal growth. A value of 4 [68, 69] is typically seen close
to the melting point, with values of 2 [54, 56, 68] closer to the glass transition
temperature.

To explain Avrami exponents of 2 and even 1 [55], even though the final crys-
tal structure is known to be spherulitic, it has been proposed that PET spherulites
growing at low temperatures are skeletal and composed of independently prop-
agating fibrils that gradually fill in the spherulite [66]. Such behaviour at low
temperature has been observed in a time-resolved light scattering study [70]. It
was reported that at the early stage of crystallization, highly disordered crystalline
domains with low crystallinity appear and, by increasing in size, they develop to
yield a spherulite.

The overall rate of crystallization is determined by both the rate of nuclei
formation and by the crystal growth rate. The maximum crystal growth rate
lies at temperatures of between 170 and 190 ◦C [71, 72], as does the overall
crystallization rate [51, 61, 75]. The former is measured using hot stage optical
microscopy while the latter is quantified by the ‘half-time’ of crystallization.
Both are influenced by the rate of nucleation on the crystal surface and the rate
of diffusion of polymer chains to this surface. It has been shown that the spherulite
growth rate decreases with increasing molecular weight due to the decrease in
the rate of diffusion of molecules to this surface [46, 50, 55, 71, 74].

Comonomers, such as isophthalic acid (IPA), cyclohexanedimethanol (CHDM)
and diethylene glycol, (DEG) also affect the crystallization behaviour of PET,
as shown in Figure 4.11. These comonomers are introduced into PET in quanti-
ties up to 5 mol %, in order to suppress crystallization behaviour during preform
injection moulding and stretch blow moulding, resulting in clear brighter bottles.
Note that DEG occurs inherently in small quantities in PET due to reaction (4)
shown in Section 2.1. IPA- and CHDM-modified PET show slower crystalliza-
tion rates when crystallized from the glassy state [51]. This is attributed to the
irregularity introduced into the polymer chains. On the other hand, DEG resulted
in an actual increased crystallization rate relative to a homopolyester [51]. This
is ascribed to the effect of a lowering of the glass transition temperature (not seen
with IPA and CHDM) and results in a shifting of the U-shaped crystallization
half-time curve towards lower temperatures. When crystallizing from the melt
phase, all three comonomers resulted in slower crystallization rates. This is a
result of the reduction in the melting point and the reduced driving force for
crystallization.
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The nucleation rate has been shown to be increased by (a) the presence of
transesterification catalysts such as Sb, Ti, Mn and Ca [54, 57, 74, 75] although
the effect depends on the catalyst type [54, 74], (b) additives such as thermosta-
bilizers [74] and nucleating agents [76], and (c) by moisture content [56, 77].
The latter is particularly important when crystallizing from the glassy state as the
moisture content will vary depending on how long and at what conditions the
material has been stored. Very little moisture is required to enhance nucleation.
Increasing the storage humidity from 0 to 7 % relative humidity was sufficient
to reduce the crystallization half-time by a factor of 5 [77]. Moreover, moisture
content does not affect the crystal growth rate [56].

Both the rate of nuclei formation and the crystal growth rate can also be
expected to influence the spherulite size. It has been reported that, in the tem-
perature range 130–180 ◦C, the spherulite size increases with increasing tem-
perature [74]. This trend can be expected to extend to higher temperatures as
the nucleation rate decreases. On the other hand, the presence of nucleating
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agents, such as catalysts and other additives, will obviously lead to a reduction
in spherulite size.

3.2 CRYSTAL ANNEALING

The transition from primary to secondary crystallization is generally marked by
the point at which a significant deviation in the Avrami kinetics occurs. The
secondary crystallization is accompanied by a further densification and a shifting
of the melting point of the crystals already formed to a higher temperature. It
is therefore often referred to as an annealing of the crystals. During secondary
crystallization, new single crystals are formed from amorphous material, the reor-
ganization of existing crystals to eject imperfections occurs, and thickening of
the lamellae takes place. Annealing is not as well understood as the primary crys-
tallization process because molecular (re)alignment is driven by many different
physical and chemical processes occurring simultaneously.

The influence of both time and temperature on the crystal melting are shown in
Figures 4.12 and 4.13, respectively. First however, the origins of the two melting
peaks seen in the diagrams must be mentioned. Their presence was long debated
in the literature [78, 79]. It is now recognized that the first melting peak – the
low melting peak (LMP) – is the result of melting of the crystals formed during
crystallization and subsequent annealing. The high melting peak (HMP) is a result
of crystals formed by simultaneous melting and recrystallization during the DSC
measurement [37]. The DSC curves show that the crystal melting point increases
with both annealing time and temperature. The effect of temperature on the LMP
is much more pronounced than that of time. The LMP is shifted practically in
tandem with the material temperature, whereby many hours residence time are
required to cause a shift in the LMP to higher temperatures.

Furthermore, in the same study [47] it was shown that the maximum rate
of increase in the LMP occurs between 180 and 200 ◦C and that the percent-
age of the macromolecule trans-conformations increased in proportion to the
heat of fusion or annealing. The trans-conformation has a torsion angle equal
to 160◦ around the O–CH2 –CH2 –O link compared to 60◦ for the gauche-
conformation [80].

Fontaine et al. [81] concluded that the increase in crystallinity by further
heating material, crystallized at 200 ◦C, to 215 ◦C involves a crystal (lamellae)
thickening process which is probably due to crystal perfection at the boundary
layers. Further annealing of this material at temperatures above 215 ◦C led to a
melting temperature increase that was attributed to crystal perfection alone and
not to crystal thickening.
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the indicated times [47]. From Lin, S. and Koenig, J., J. Polym. Sci., Polym.
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It has also been reasoned that smoothing the crystal surface and improving
the chain conformations at the surface could reduce the macroscopic surface free
energy and increase the melting temperature without substantially changing the
crystalline perfection [82].

Elenga et al. [78] observed a drastic loss of drawability, together with a sig-
nificant increase in strength at yield, for PET annealed for long periods of time.
They attributed this to ester interchange reactions, which turn chain folds into
intercrystalline tie molecules between neighbouring lamellae.

Finally, annealing studies have shown that chemical reaction at the crystal sur-
face is possible, changing both the crystal surface and the molecular chain [82].
In addition, PET samples have been shown to undergo ester-interchange reactions
at temperatures above 200 ◦C, with the rate of reaction becoming relatively high
only at temperatures above 225 ◦C [83].
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4 CONTINUOUS SOLID-STATE POLYCONDENSATION
PROCESSING

4.1 PET-SSP FOR BOTTLE GRADE

Continuous SSP plants are characterized by longer residence times and larger
product hold-ups compared to the melt phase. This is due to the lower processing
temperatures and the lower bulk density of the pellets compared to the melt. At
today’s standard bottle grade capacities of ca. 300 t/d, the typical plant hold-up
is approximately 250 t, which equates to around 300 m3 of product volume at a
bulk density of 800 kg/m3. Because the plants make use of gravity flow through
the equipment they tend to be very tall – up to 50 m at 300 t/d.

At such high throughputs and large product hold-ups, these plants are required
to be very robust [2]. More than one year of continuous production without
maintenance is expected. In addition, the process needs to be able to be restarted
after power outages of some hours without the loss of further production and
with minimal ‘off-spec’ material.

The main functions of a PET-SSP plant for bottle-grade applications are as
follows:
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• To increase the molecular weight, measured by intrinsic viscosity (IV = 2.1 ×
10−4M0.82

n using 50:50 phenol and 1,2-dichlorobenzene as solvents), of an
amorphous precursor material from 0.58–0.68 dl/g up to 0.78–0.90 dl/g (Mn,
16 000–19 000 up to 22 500–27 000).

• To reduce the residual AA content from 30–150 ppm down to <1 ppm.
• To minimize the thermo-oxidative degradation of the pellets, characterized

by colour or “yellowness”.
• To cool the pellets down to less than 60 ◦C after SSP.

The typical precursor material specification for bottle grade is as follows:

• Copolyester containing up to ca. 5 mol % of IPA, DEG or CHDM; market
share: IPA > DEG 70 %; DEG > IPA 10 %; CHDM (<2.5 wt %) 10 %; DEG
(>1.5 wt %) 10 % [84]

• Melting point, 248–255 ◦C (10 ◦C/min DSC rate)
• ≤220 ppm of antimony as transesterification catalyst [84]
• 10–50 ppm cobalt as colour additive [84]
• 10–60 ppm phosphorous as stabilizer [84]
• 30–150 ppm acetaldehyde content
• 10–40 mol/t carboxyl end group concentration

A standard pellet size and shape has established itself within the industry
over recent years. The pellets tend to be cylindrical with a diameter between
2.0–3.0 mm and a length of 2–3.5 mm.

Given the SSP kinetics outlined in the previous section, it would be logical to
assume that the most efficient SSP plant design would involve heating the pellets
as quickly as possible to just below their melting point in order to maximize
the SSP reaction rate and minimize product hold-up. However, due to PET’s
semi-crystalline behaviour, special equipment and product handling is required
to prevent pellets from sticking or sintering together and forming agglomerates.
Therefore, crystallization and annealing equipment is required to ‘prepare’ the
pellets before they enter the SSP reactor column in order to prevent sintering and
blockage of the pellet flow. Despite this “preparation”, the SSP temperature of
continuous SSP plants is still typically limited to 200–220 ◦C, depending upon
the plant size and the material characteristics.

4.2 BUHLER PET-SSP BOTTLE-GRADE PROCESS

A process flow diagram of a standard SSP plant design is show in Figure 4.14.
Leading PET resin producers including DuPont, Eastman, Kohap, Nan Ya,
Shinkong and Wellman use this process. Some 70 plants have been installed
world-wide over the last 15 years and they are responsible for approximately
4 500 000 t of bottle-grade PET. The four typical process stages are highlighted:
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crystallization, annealing, SSP reaction and cooling. The accompanying DSC
diagrams characterize the thermal history of the pellets through the plant.

4.2.1 Crystallization (Primary)

The amorphous feed material is crystallized in a two-stage process. In the first
stage, a spouting bed, with high gas velocities, is used to achieve a vigorous
pellet motion and thereby prevent agglomeration as the pellets quickly heat up
and crystallize. In the second stage, a pulsed fluid bed, with lower gas veloc-
ities, is used to achieve quieter bed motion and guarantee a minimum pellet
residence time. This prevents the carryover of amorphous pellets, which can be
as high as 5 % after the spouting bed, and ensures an even crystallinity distribu-
tion after both crystallization stages. The crystallinity of the material is generally
at least 35 vol% (determined by density measurements), depending upon the
crystallization characteristic of the material.

Air is typically used as the heating medium in both beds, whereby the gas tem-
perature generally does not exceed 185 ◦C. Higher temperatures can be employed,
but nitrogen rather than air is used to prevent oxidation and the yellowing
of pellets.

The spouting bed temperature is generally in the range of 150–170 ◦C, which
is close to the maximum spherulite growth rate, and therefore ensures quick
completion of the primary crystallization. The material temperature at the outlet
of the pulsed fluid bed is usually <180 ◦C.

Looking at the corresponding DSC diagram of the material after crystallization
in Figure 4.14, it can be seen that the exothermic peak of the raw material, due to
primary crystallization, is gone. In its place is an endothermic low-melting peak
due to crystals formed in the crystallization section. The beginning of melting of
this low-melting peak generally corresponds to the temperature that the material
has experienced in the crystallization section.

During crystallization, the bulk of the moisture and AA are removed from the
pellets. In the case of moisture, this is critical before the pellets are heated to SSP
temperatures above 180 ◦C. Moisture present at higher temperatures can lead to
hydrolysis and a drop in IV, which leads to a reduction in the SSP reaction rate
later in the process, as shown in Figure 4.15. The IV drop has been shown to
increase significantly at temperatures over 200 ◦C [15]. Even at crystallization
temperatures below 180 ◦C, a small IV drop of <0.01, depending on the initial
moisture content, can be expected [86].

4.2.2 Annealing (Secondary Crystallization)

Before the crystallized material can be processed at higher SSP temperatures,
the melting point of the crystals formed in the crystallization stage needs to
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Figure 4.15 Influence of initial moisture content on PET reaction rate [85]. From
Duh, B., Eur. Patent, EP 0 085 643 (1983)

be increased to above the intended SSP temperature. This shifting of the low-
melting-point peak, known as annealing, significantly reduces the risk of sintering
later on in the SSP column. A more detailed description of annealing is given in
the previous section.

Because the pellets are susceptible to sintering during heat-up, the annealing
takes place in a special piece of equipment known as a “roof-type” preheater,
shown in Figure 4.16. In the preheater, the pellets flow by gravity between the
angular roofs. This promotes relative movement between the pellets and also
reduces the overall product bulk pressure in the vessel, thereby suppressing the
tendency of the pellets to sinter.

The heating medium is nitrogen in order to prevent thermo-oxidative degrada-
tion of the pellets. The nitrogen flows in a cross-flow manner, entering from one
side through the roofs, and then flowing through the pellets before being collected
in an adjacent set of roofs and leaving the vessel on the other side. The pellets
are heated in a series of two to six such preheater sections to a temperature of
210 to 220 ◦C.

The corresponding DSC diagram in Figure 4.14 shows that the lower-melting
peak, formed after the crystallization section, has increased in size and been
moved to a higher temperature, giving rise to a double melting peak. As in
the crystallization section, the beginning of melting of this low-melting peak
generally corresponds to the temperature that the material has experienced during
annealing. The latter process takes places over residence times of up to 4 h, during
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Figure 4.16 Roof-type preheater for annealing of PET pellets

which the molecular weight or IV begins to increase, the AA is significantly
reduced to less than 5 ppm, and the crystallinity increases to ca. 50 vol%.

Having shifted the beginning of the low-melting-point peak above the SSP
reaction temperature, the pellets are now ready for processing in the SSP column.
The material can be pneumatically conveyed from the preheater to the reactor
under nitrogen, thus allowing considerable capital cost saving by reducing the
plant building height.

4.2.3 SSP Reaction

The reactor column is designed to provide the necessary residence time to achieve
the material final IV specification. The residence times of materials vary sig-
nificantly despite the apparent similarity of bottle-grade resins, and therefore
laboratory testing is a very important part of sizing the reactor. Typical residence
times in the range of 10–20 h at temperatures of 210 ◦C are required to reach the
desired IV. This equates to a material hold-up of between 125 and 200 t at plant
throughputs of 300 t/d. The reactor column has a diameter between 2 and 4 m
and a height of up to 30 m. The current highest operating throughput is 450 t/d
with product hold-ups of 300 t.

Nitrogen enters at the bottom of the reactor and flows countercurrently up
through the pellets in order to remove the reaction by-products, ethylene glycol
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and water. The gas-to-solid mass ratio is typically kept below 1.0. The nitro-
gen flow rate is generally not low enough to influence the mass transfer of
the by-products from the pellet to the gas. However, the by-product concentra-
tion increases as the gas moves through the product and needs to be taken into
consideration when designing the reactor residence time.

The final material viscosity is controlled by either the residence time or the
reaction temperature. By adjusting the weight of material in the reactor, which
is mounted on load cells, the residence time can be changed. Such a change
is suitable for fine IV corrections but not for large step changes as the move-
ment of large quantities of material can require many hours so as not to upset
the whole process. The adjustment of the temperature is easily carried out at
the outlet of the annealing vessel by adjusting either the gas flow rate or the
gas inlet temperature. Such a change results in a sharp temperature front that
follows the material down through the reactor with little or no ‘off-spec’ mate-
rial resulting.

The temperature in the reactor is limited by the tendency of the pellets to sinter.
This is a function of the material characteristics, the pre-treatment in the annealing
section, the column dimensions and design, the pellet shape and the pellet sink
velocity through the column. In general, the sticking tendency tends to increase
with increasing temperature, increasing column diameter, and decreasing pellet
velocity. This sticking tendency is measured by using empirical laboratory tech-
niques, although experience is required in sizing the reactor column. Typically,
the reactor design temperature is between 205 and 215 ◦C.

The sintering in the reactor is attributed to the chemical healing process that is
known to occur in semi-crystalline polycondensates [87]. A combination of ester
interchange or transreactions (TR), solid-state polymerization or additional con-
densation (AC), and mutual diffusion (D), as shown in Figure 4.17, is responsible
for the joining or healing at the pellet interface which leads to the formation of
agglomerates and the blocking of reactor outlets.

During the SSP processing in the reactor, the pellets continue annealing. The
DSC diagram in Figure 4.14 shows a single melting peak although a double peak
can also be visible depending on the SSP processing conditions. The crystallinity
increases a further 2–3 % to 55 vol%, and the AA constant is less than 1 ppm, The
carboxyl end group concentration decreases by approximately 6 mol/t. Theoreti-
cally, this equates to one third of the IV increase occurring through esterification
and two thirds through transesterification if side reactions are neglected.

4.2.4 Cooling

Cooling of the pellets begins at the outlet of the reactor. Nitrogen enters the
reactor cold and the pellets are cooled in the reactor discharge section to ca.
180 ◦C. The pellets then pass into a fluid bed cooler, where they are cooled
within 5 min to typically less than 60 ◦C by fresh air.
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Figure 4.17 Schematic view of the chemical healing process in semi-crystalline
linear polycondensates: TR, transreactions; AC, additional (post)condensation;
D, diffusion [87]. From Fakirov, S., J. Polym. Sci., Polym. Phys. Ed., 22, 2095–2104
(1984), Copyright  John Wiley & Sons, Inc., 1984. Reprinted by permission of
John Wiley & Sons, Inc

4.2.5 Nitrogen Cleaning Loop

The nitrogen cleaning loop consists of a filter to remove any dust, a platinum
catalyst bed to remove ethylene glycol, acetaldehyde and oligomers by combus-
tion at quasi-stoichiometric oxygen ratios, and a gas dryer for the removal of
moisture down to dew points below −40 ◦C. The oxygen content of the nitrogen
is typically <10 ppm.

4.3 PROCESS COMPARISON

A simplified schematic of various available SSP systems is shown in Figure 4.18.
The four main process stages of crystallization, annealing, reaction and cooling
are present in all of the plant types. The processes differ from one another by the
way in which the pellets are agitated in order to prevent agglomeration during
heat-up.

Of the SSP processes available today only System 1, the process described
above, does not use mechanical agitation to prevent the agglomeration of pel-
lets. All other processes use some form of mechanical agitation during either
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primary or secondary crystallization to keep the pellets from agglomerating. This
mechanical agitation is particularly prevalent in the annealing section, where the
temperatures are highest. Mechanical agitation is also used in some cases to break
up agglomerates at the reactor outlet in order to maintain material flow from the
reactor. Dust can be generated through mechanical agitation.

The fluid bed has generally established itself as the preferred equipment for
the crystallization and for the cooling section of the SSP plant. High heat-transfer
coefficients enable the pellets to be heated and cooled very quickly, pellet agita-
tion can be achieved without dust generation, and the direct contact between gas
and solid enables a ‘de-dusting’ effect.

In the gas-cleaning loop, a catalyst bed system for the removal of hydrocarbons
and a molecular sieve dryer for removing moisture is generally preferred to an
ethylene glycol scrubber.

4.4 PET-SSP FOR TYRE CORD

The processing requirements for a PET-SSP plant for tyre cord are very dif-
ferent to those for a bottle-grade plant: First, the raw material is typically a
homopolyester with a melting point of 260 ◦C or higher, secondly the final vis-
cosity of 1.0 to 1.2 is much higher, and thirdly the plant throughputs, typically
between 30 and 90 t/d, are much smaller. These three differences result in a rather
simplified process, as shown in Figure 4.19.

Homopolyesters are less sticky and easier to handle during crystallization
because they crystallize faster than copolyesters, as shown above in Figure 4.11
[51]. Therefore, single-stage crystallization, using the pulsed fluid bed with gas
velocities between 1–2 m/s, is sufficient to crystallize a homopolyester without
agglomeration. The gas and material temperatures are the same as for bottle-grade
material; however, the crystallinity of the pellets after crystallization is higher,
generally at least 40 vol%.

The very high final viscosity requirement demands either a significantly longer
residence time or higher temperatures when compared to bottle grade. By apply-
ing the following rules of thumb (provided in Section 2 above) to an intrinsic vis-
cosity change from 0.6–0.8 dl/g (�Mn = 6887) to 0.6–1.0 dl/g (�Mn = 14 200)
whereby:

• the molecular weight increase is proportional to the square root of residence
time – then the residence time needs to be increased by a factor of 4 at
constant temperature;

• the reaction rate doubles every 13 ◦C – then the reaction temperature needs
to be increased by 14 ◦C at constant residence time;

In the process shown in Figure 4.19, residence times of less than 20 h are achieved
by increasing the processing temperature to upwards of 230 ◦C. However, in order
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Figure 4.19 Schematic of the Buhler PET-SSP process for technical fibres:
H�, heater

to produce material without sticking and agglomeration of the pellets, the pellet
heat-up and SSP processing is carried out in the roof-type preheater. The roofs
reduce the risk of sintering by relieving the product bulk pressure which is present
in a column reactor and by encouraging relative movement between the pellets.

Generally, two to three preheater sections are used for the product heat-up by
using nitrogen, and two to three sections are required to reach the final viscosity.
Cooling is carried out either in an additional compartment or with a fluid bed.
Typically, for a viscosity increase from 0.60 up to 1.0, the crystallinity increases
to ca. 62 vol%, and the carboxyl end group concentration decreases by approx-
imately 10–15 mol/t. This equates to both esterification and transesterification
contributing half of the IV increase if side reactions are neglected.

4.5 OTHER POLYESTERS

4.5.1 SSP of Poly(Butylene Terephthalate)

Poly(butylene terephthalate) (PBT) closely resembles PET, the difference being
that 1,4 butandiol (BD) is used instead of ethylene glycol in its manufacture. PBT
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is produced both from dimethyl terephthalate (DMT) and terephthalic acid (PTA).
The DMT process produces approximately 6 mol % of the by-product tetrahydro-
furan, a ring molecule formed by the irreversible acid-catalyzed dehydration of
BD, compared to 13 mol % for the PTA process [42]. However, the PTA process
has lower raw material, energy and investment costs [42].

Molecular weights (number average) in the range of 20 000 to 35 000 [88] are
achieved in the melt phase and are used for fibre and engineering plastics applica-
tions. For some injection moulding and extrusion applications, molecular weights
above 40 000 [88] are required. Such high valves are best achieved by SSP.

PBT has a glass transition temperature of 28 ◦C, extending to 49 ◦C [89]. The
SSP processing requirements for PBT are different to that needed for PET.
The PBT precursor resin is opaque and already crystalline due to the higher
crystallization rates of PBT, and therefore the primary crystallization step in
a fluid bed is not required. However, PBT does display a low melting point
(LMP) [90]. This needs to be shifted above the reaction temperature in an anneal-
ing stage in order to reduce the risk of sintering before SSP treatment in a reactor
is performed.

PBT has two crystal modifications [91]. The α-form is stable, while the β-
form is reversibly formed by stretching [92]. The amorphous density is given
as 1.26 g/cm3 [88] and that of 100 % crystalline in the range from 1.394 to
1.406 g/cm3 [93]. The melting point is 225 ◦C [43] and the heat of fusion values
for crystalline PBT reported are generally in the range of 31 to 32 kJ/mol [93].

Due to the lower melting point, the SSP processing temperature is correspond-
ingly lower – typically 180 to 200 ◦C. Although PBT is less oxidation-sensitive
than PET [43], processing still takes place under nitrogen. The reaction rate of
PBT is faster than that of PET and is attributed to a difference in the reactivity
of the glycols and in the morphology [43]. Typically, the intrinsic viscosity can
be increased from a value of 0.8 dl/g up to 1.2 in less than 12 h [94].

The reaction mechanisms of PBT are similar to that of PET. Both transes-
terification and esterification reactions are involved in the viscosity increase,
although BD is the reaction by-product of transesterification rather than EG. The
OH/COOH end group ratio [43, 95, 96], pellet size [43, 96, 97] and tempera-
ture all influence the reaction rate. The side reaction involving the formation
of tetrahydrofuran is important in that it changes the hydroxyl into carboxyl end
groups, although it does not affect the molecular weight. The concentration of the
slower reacting methyl ester end groups in the SSP precursor material produced
from DMT should be kept to a minimum [42].

4.5.2 SSP of Poly(Ethylene Naphthalate)

The manufacture of poly(ethylene naphthalate) (PEN) is carried out using di-
methyl 2,6-naphthalene dicarboxylate (NDC) and EG and is similar to the manu-
facture of PET from DMT. The IV after the melt is typically in the range of 0.5
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to 0.55 dl/g [98]. To achieve higher molecular weights, PEN can be solid-state
polymerized.

PEN has two crystal modifications [99]. Both forms have a triclinic structure
and can be obtained under crystallization conditions. Their densities are 1.407
and 1.439 g/cm3, compared to 1.326 g/cm3 for amorphous material.

The SSP processing requirements for PEN are very similar to PET. Crystal-
lization and annealing stages are required before processing in an SSP column.
However, the crystallization is more complicated than for PET. PEN has a glass
transition temperature of 121 ◦C [99], and begins to stick at a temperature of ca.
140 ◦C, while the crystallization rate of PEN does not become significant until
temperatures above 180 ◦C with the maximum crystallization rate being at ca.
200 ◦C [100, 101]. However, at crystallization temperatures of above ca. 195 to
200 ◦C PEN has a tendency to stick very strongly and in the presence of high
moisture contents to expand and burst – known as “popcorning” [102]. There-
fore, there is only a small crystallization window in which to crystallize PEN.

The melting point of PEN is 267 ◦C [103]. To achieve significant SSP reac-
tion rates, temperatures above 220 ◦C and preferably 230–240 ◦C are required.
Approximately 22 h are required to increase the intrinsic viscosity from 0.55 up to
0.75 at a temperature of 235 ◦C [104]. The annealing stage is required before SSP
to shift the beginning of melting and to reduce the risk of sintering. The reaction
kinetics of PEN are similar to that of PET. Both transesterification and esterifi-
cation reactions are involved in the viscosity increase. As with PET, parameters
such as OH/COOH end group ratio and pellet size influence the reaction rate.

5 PET RECYCLING

5.1 PET RECYCLING MARKET

PET is an ideal material for recycling. It can be reprocessed multiple times and the
source material is available in large quantities, mostly as a ‘mono-material’. The
main focus today is on PET bottles which are collected in dedicated collection
systems [108] or separated from other waste streams. Around the world, countries
are planning to or have already adopted legislation to reduce packaging waste by
the following approaches:

• Banning the disposal of packaging waste
• Mandating collection rates
• Introducing reuse or reprocessing quotas [109, 110]

Accordingly, PET bottle recycling is increasing steadily, an effect which is com-
pounded by an overall increase in consumption amounts and collection rates in
some markets. On a world-wide basis, doubling of the PET bottle collection
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Figure 4.20 World-wide consumption and collection of PET food bottles,
excluding Africa and the Middle East (source – PCI; Packaging, Resin and
Recycling Ltd, 30 March 2001)

amount is expected within five to six years. At the same time, values for Europe
and the Asia-Pacific rim are expected to triple (Figure 4.20).

5.2 MATERIAL FLOW

After polymerization, PET is processed to final products, distributed to con-
sumers and eventually ends up in a waste treatment system. Manual sorting or
various automated methods can be applied to separate the PET fraction from a
waste stream [111].

Collected post-consumer PET bottles first undergo a reclaiming process. There,
they are sorted from non-PET bottles, if necessary also by colour, ground to
an average flake size typically between 6 mm and 14 mm, and washed. Labels,
label adhesives, lids, base cups, some foreign plastic layers and coatings, as well
as dirt and residual content, are then removed from the bottle material [112].
The washed PET flakes are recycled either through direct reprocessing (mechan-
ical bottle recycling) or through depolymerization into monomers, which are
used as an alternative source in PET manufacturing (chemical bottle recycling)
(Figure 4.21).

The majority of the early mechanical recycling solutions for PET bottles were
based on open-loop systems for use in applications such as fibre, fibre fill, strap-
ping or sheet. More recently, solutions were developed which create closed-loop
bottle-to-bottle recycling [113, 114, 115].

5.3 SOLID-STATE POLYCONDENSATION IN PET RECYCLING

Similar to virgin PET, solid-state polycondensation (SSP) is the method of choice
to increase the molecular weight in mechanical recycling processes.
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Figure 4.21 Typical scheme for PET material flow

For many recycling applications, the molecular weight or IV of the reclaimed
PET needs to be increased above the level of the initial product. Even for closed-
loop recycling, an increase in the molecular weight is necessary. This is required
to make up for the loss in molecular weight during melt processing of PET caused
by hydrolysis, thermal and thermal-oxidative degradation [19].

While an IV increase of 0.06 dl/g may be sufficient for most bottle-to-bottle
applications, an IV increase of up to 0.4 dl/g might be necessary for techni-
cal yarns or foam applications. This increase can be achieved through reactive
extrusion [116], by melt-phase polymerization or by solid-state polycondensa-
tion. While any process in the melt phase adds to the generation of degradation
products, solid-state polycondensation not only increases the molecular weight
of the PET but it also promotes the re-polymerization of degradation products
from previous heat histories. For the production of PET bottle-grade qualities, the
reduction of acetaldehyde during the solid-state process is of major importance.

SSP of recycled PET (RPET) can be performed as either a continuous or a
batch process. A continuous SSP offers a constant and overall higher productivity,
as well as a more consistent product treatment, lower operating costs [117] and
better process integration with a downstream manufacturing process. A batch
SSP offers a larger degree of flexibility for small-scale operations with a large
variation of raw material and final product specifications.

Reclaimed PET material is either directly upgraded by solid-state polyconden-
sation [118] or repelletized before SSP [119]. In either case, the energy consump-
tion can be reduced by eliminating an additional drying step if the downstream
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manufacturing process is continuously in line with the SSP. Some process energy
from the repelletizing step before SSP can be saved if pellets are only partially
cooled and then directly introduced into the SSP system [120]. The best way of
processing has to be selected according to the requirements of the final product.

5.3.1 PET Bottle Recycling: Flake SSP

The advantage of direct solid-state treatment of PET bottle flakes is the faster
IV increase rate when compared to pellets. This is due to the lower average
thickness and therefore shorter diffusion distance (see parameters affecting SSP
in Section 2.3 above). However, several aspects have to be considered, as follows:

• PET bottle flakes are not uniform in thickness. Flakes from the neck and
bottom of the bottle are thicker and have a much lower IV increase rate than
flakes from the bottle wall. The solid-state treatment of such a mixed product
yields a final product with a wide IV spectrum [121] (Figure 4.22).

• The bulk density of the flakes is typically between 250 and 450 kg/m3. Com-
pared to pellets, with a typical bulk density of between 750 and 850 kg/m3,
this has a negative effect on equipment sizing and product handling. Further
comminuting the PET flakes increases the bulk density and improves product
uniformity, but also creates additional product loss to dust.
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Figure 4.22 Reaction rates of various PET flakes versus that of pellets
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• PET flakes have different crystallinities. The wall particles are oriented and
crystallized, while the flakes from the neck and bottom of non-heat-set bottles
are amorphous and require crystallization to prevent sintering before they can
be subjected to SSP. Separating the thick amorphous PET flakes before SSP
to circumvent the sticking risk and to improve the uniformity of the product
has also been suggested [122]. However, this may only be commercially
acceptable if the separated flakes can be used in a final application.

• Special attention needs to be put on the possibility of contamination with
PVC. The latter decomposes under SSP conditions and produces hydrochloric
acid, which has to be eliminated from the process gas stream to protect the
processing equipment [123]. The PVC residues will manifest themselves as
black non-melting particles in the downstream process. There is an option
to eliminate the decomposed PVC residue by colour sorting after the SSP
process.

The use of a flake SSP is especially advantageous if a high final IV has to be
reached and if the downstream manufacturing process is set up to directly accept
PET flakes.

If flakes are not acceptable, an intermediate repelletizing step will be necessary.
There are several issues which have to be considered in this case, as follows:

• The IV loss in extrusion has to be anticipated in the target for the SSP.
• The starting IV for repelletizing after SSP is higher than before SSP and

accordingly results in a higher IV loss during extrusion.
• The repelletizing step adds a heat history after the SSP. In particular when

food applications are being considered, this adds an undesirable amount of
acetaldehyde.

• An additional crystallization step becomes necessary after repelletizing to
allow drying before melt processing.

• A melt filter should be introduced in the downstream process to eliminate
solid contaminants such as residual glass, metal, sand, paper or wood, as
well as decomposed or cross-linked polymers.

5.3.2 PET Bottle Recycling: SSP after Repelletizing

Repelletizing the PET flakes before solid-state polycondensation is a common
way of processing in a recycling system. This mirrors the path of virgin PET
manufacturing by applying the melt-phase process before the solid-phase process.
With a correctly designed recycling loop, the final RPET quality is comparable
to that of virgin PET.

During repelletizing, the PET is melted, homogenized and solidified in a uni-
form shape. Repelletizing is carried out after a pre-drying step or directly with
undried flakes, depending on the ability to remove moisture inside the extruder
and the intended final IV. Although IV retention is usually a major concern,
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there are patented processes where it is desirable to reduce the IV of a recy-
cled product to match the IV of virgin PET product resulting from melt-phase
polymerization [124]. The consistency of the pellet dimensions is important for
an even treatment in the SSP process. One or multiple degassing sections can
be added to remove moisture and other volatile contaminants. Melt filtration
should be included in the repelletizing step. Contaminants, residual adhesives
and washing detergents and foreign polymers, in particular PVC, have a negative
influence on the crystallization behaviour, the molecular weight and the colour
of the repelletized PET [125].

The SSP plant for repelletized PET is similar to a virgin SSP plant. It is
usually smaller, because of smaller feed stock availability, and should provide
the flexibility to adapt to changing product requirements. Another difference
results from the IV increase rate of recycled PET, which tends to be lower.
This is attributed to a lower activity of the transesterification catalyst in recy-
cled PET.

5.3.3 Closed-Loop Bottle-to-Bottle Recycling

Closed-loop bottle-to-bottle recycling is an ideal way of utilizing the material
value of a used PET bottle and at the same time deal with the increasing volume
of collected PET bottles on a regional scale. The energy consumption values for
mechanically reprocessed bottle-grade PET, including transportation, is signifi-
cantly lower than that for virgin PET, i.e. about 9.7 MJ/kg [126] compared to
about 77.5 MJ/kg [127].

For a comprehensive bottle-to-bottle recycling process, several stringent
requirements have to be fulfilled [128], including the following:

1. The cost for recycled PET has to be lower than virgin PET bottle material,
even at low virgin prices.

2. Undesirable solid particles and organic components such as soft-drink aromas
or migrated chemicals, which may result from misuse of PET bottles, must
be removed.

3. The process has to limit degradation during reprocessing and reverse degra-
dation effects from previous processing heat histories.

4. The IV increase capabilities have to be in accord with changing requirements
for input and final product viscosities. Manufacturing, consumption and col-
lection patterns are constantly changing. A recycler has to be able to adapt to
these changes.

5. Uniform product quality must be achieved to ensure trouble-free bottle man-
ufacturing

6. The upgraded product has to be compatible for use on existing injection
moulding and auxiliary equipment.

7. The acetaldehyde content must be reduced to the requirements for food bottles.
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Table 4.2 Processing options and their influence on PET recycling requirements: c,
critical aspect, where requirement is not or only partially fulfilled

Requirement

Process 1 2 3 4 5 6 7

A Solid treatment before melt treatment – – c – – – c
B Solid treatment only – – – – c c –
C Melt treatment only – c c c – – c
D Melt treatment before solid treatment – – – – – – –

Several bottle-to-bottle recycling technologies have been developed to convert
washed PET flakes to food-grade PET pellets [129, 130]. They can be categorized
by four different ways of processing. The succession of process steps has an
influence on the final result. To see the implications, each process option has to
be evaluated with respect to the requirements discussed before. Some of these
critical aspects are indicated in Table 4.2.

5.3.4 Buhler Bottle-to-Bottle Process

As an example for process succession D, the Buhler bottle-to-bottle process fulfils
all of the requirements listed above. Acetaldehyde levels are even below those
of virgin PET (Figure 4.23).
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post-consumer PET
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Melt decontamination

Melt filtration

Ring extruder

Ring extruder
front view:
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Bottle-grade
PET pellets

Cooling

Melt pump

Figure 4.23 Schematic of the Buhler PET bottle-to-bottle recycling process
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In this process, a vacuum extrusion step (melt treatment) is followed by a
continuous SSP (solid treatment). The process starts with PET flakes which are
introduced without pre-drying into a ring extruder. The flakes are dried, melted
and degassed inside the extruder. A gear pump builds the necessary pressure for
melt filtration, where solid particles are removed. After granulation the pellets
are fed to a continuous three-step SSP unit [10].

The advantages of the ring extruder when compared to other extrusion tech-
nologies are a much higher surface-to-volume ratio and a higher surface building
rate (which is equal to the regeneration rate of the devolatized surface [131]).
Both are reasons for a higher degassing efficiency which allows the running of
higher throughputs and therefore yield a shorter residence time. The result is a
more cost-efficient process and better product quality.

In the continuous SSP process, the product is preheated and homogeneously
crystallized in a spouting bed crystallizer. This allows materials with high sinter-
ing potential to be processed without agglomeration. Inside the solid-state reactor
the product reaches its final temperature and is upgraded to the desired IV. A
homogeneous product quality is guaranteed through an even heat-up and a narrow
residence time distribution. Maximum IV flexibility is obtained by the reactor
design which allows a wide range of process temperatures. For quick cool-down,
a fluid bed cooler is used. Crystallization and cooling are performed under air,
while polycondensation is carried out under nitrogen.

The nitrogen is constantly cleaned in a gas purification loop. All reaction
products and contaminants are burnt in a catalytic combustion system.

Some typical specifications for a product originating from a curb-side collection
are shown in Table 4.3.

Table 4.3 Typical specifications for reclaimed flakes, recycled PET pellets and virgin
PET pellets

Specification Washed Flake Upgraded pellets Virgin (typical)

IV (dl/g) [Buhler method
22320]a

0.80 0.86 0.86

Colour bb [Buhler method
22701]c

1.6 1.4 <2

Acetaldehyde (ppm) [Buhler
method 30810]

13 0.7 <1

Crystallinity (%) [Buhler
method 22111]

– 49 54d

a Based on DIN 53728 with 50:50 phenol/1,2-dichlorobenzene.
b Colour b∗ values are influenced by sample crystallinity and are not directly comparable between
flakes and pellets.
c Based on DIN 5033 and DIN 6174.
d Approximate value.
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5.3.5 Food Safety Aspects

Individual national regulations for recycled PET in direct food contact have to be
followed, where these regulations have already been established. On the Euro-
pean level, the International Life Science Institute (ILSI) [132] has proposed
specific guidelines. In the US, the Food and Drug Administration (FDA) [133]
has published guidelines which require a challenge test to determine the cleaning
efficiency of the recycling process [134]. A list of submissions to the FDA with
favourable opinion has been published by the FDA [135].

The dual treatment in the Buhler bottle-to-bottle process is an important aspect
in food safety considerations. The bulk of the contaminants are removed in the
extruder. However, the SSP process provides a back-up to remove any residual
contaminants, which are now homogeneously distributed in the PET pellets. The
cleaning becomes a well-defined and predictable diffusion controlled process,
which is defined by pellet diameter, treatment temperature and time. The same
parameters also regulate the SSP process. For products with similar reactivity,
a known increase in molecular weight during the solid-state process will also
provide a known cleaning efficiency.

The extractable contamination concentration from 100 % recycled PET bot-
tles into all kinds of foodstuffs (aqueous, alcoholic and fatty) was shown to be
several orders of magnitude below the FDA threshold of regulation, even if the
initial contaminant concentration was significantly above the values found in the
waste stream [136].
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Solid-State Polycondensation of
Polyester Resins: Fundamentals
and Industrial Production
W. GÖLTNER
Mönchesweg 18, Bad Hersfeld, Germany

1 INTRODUCTION

Since Flory’s discovery of polyamide synthesis in the solid state to obtain high
molecular weights [1], the use of this technology in the manufacture of polyesters
has become very popular. Most attention has been given to this class of polymers
due to commercial reasons. Based on early experiences with chemical reactions
in the solid state and later on with polyamides, the solid-state polycondensation
(SSP) of polyesters became the method of choice to produce high-molecular-
weight polymers, as required for bottles, sheets, engineering plastics or the
manufacturing of industrial yarns.

Mechanical properties such as tenacity or fatigue behavior are mainly influ-
enced by the molecular weight of the polymer. The production of conventional
fibers for textile applications and films requires polymers with a degree of poly-
merization (DP) of ∼100. Polymers for these application have number-average
molecular weights (Mns) in the region of 15 kg/mol. Commonly, in the case of
polyesters the intrinsic viscosity (IV) is a measure of the chain length of the
polymer. Poly(ethylene terephthalate) (PET) with a DP of 100 (corresponding to
an IV of ∼0.64 dl/g) is used for conventional textile or film applications. PET for
more engineered products such as bottles and engineering plastics usually has an
IV of 0.80 dl/g and higher. The production of industrial yarns requires material
with an IV in the range of 0.85–1.0 dl/g.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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Polycondensation of highly viscous polyesters in the melt phase is limited. The
removal of the volatile by-products becomes more difficult due to diffusion inhib-
ited by the increased viscosity of higher-IV polyesters. In addition, undesirable
side reactions due to thermal degradation impede the growth of the molecular
chains. As a consequence, the reaction rate decreases and decomposition reac-
tions dominate, thus resulting in a decrease in the melt viscosity [2]. As it is
able to address these limitations, SSP has become the method of choice and is
therefore so popular.

This development was driven additionally by the growing market for PET bot-
tles and the demand for co-polyesters which cannot be produced in the desired IV
range by melt polycondensation. In addition, certain co-monomers require more
gentle reaction conditions, which are fulfilled in SSP. Therefore, this technology
is the preferred route for producing high-quality polyesters of high molecu-
lar weight.

SSP can be carried out batchwise or continuously, either in vacuo or supported
by an inert gas flow. Another variation of SSP is the so-called suspension process
in the swollen state, which allows for the production of extremely high-molecular-
weight polyesters [3]. This technology is more of academic interest than for
commercial application since it requires complete removal of the high-boiling
suspending oils.

The continuous process is appropriate for the large-scale production of poly-
esters used in bottle manufacture. Currently, reactors with capacities of more
than 600 t/d have been employed. The discontinuous technology based on tumble
dryers allows for the successful production of specialities on a smaller scale,
particularly for engineering plastics and with respect to the fiber industry. This
route is preferred due to its flexibility, simple process control and the excellent
quality of the final product. It is, however, restricted by the volume of the reactors,
which is generally limited to 44 m3.

The SSP process allows polycondensation under gentle conditions to obtain
the desired high molecular weights and excellent polymer quality for various
applications. It can be successfully introduced for the production of sensitive
co-polyesters as well as for the recovery of polyester waste.

This present chapter will review the industrial relevance of the SSP process. In
general, the representative production of PET is discussed, although the process
can be used as a general example. Wherever particular differences are required
for the production of other co-polyesters, these will be indicated.

2 PRINCIPLES

The method of increasing the molecular weights of polyesters via SSP was first
developed in the 1950s. Numerous studies have been devoted to this process
in order to provide deeper insight into its mechanism [4–8]. Many publications
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deal with the effect of a simplified reaction mechanism on the influence of very
specific parameters in the reaction but at present no completely satisfactory model
has yet been developed for SSP and melt-phase polycondensation (MPPC). Only
in a few cases are the reports based on considerations regarding a model of
the reaction. Some of these models or assumptions cannot conclusively explain
certain effects, for instance, the different disappearance rates of the carboxylic
end groups (CEGs) and the hydroxyl (OH) groups, or the drop in molecular
weight at long reaction times. A satisfactory explanation for the fact that MPPC
and SSP show comparable reaction rates has not yet been found [4]. Two factors
make the kinetics of polycondensation more complicated for PET, namely:

• the number of side reactions resulting in degradation
• the role of the ethylene glycol (EG) by-product

It is therefore the aim of this chapter not to dwell on theoretical considerations
in any great detail. For those interested in such aspects, further details can be
found in the text by Pilati [9].

2.1 ASPECTS OF MOLTEN-STATE POLYCONDENSATION

The understanding of the SSP process is based on the mechanism of polyester
synthesis. Polycondensation in the molten (melt) state (MPPC) is a chemical equi-
librium reaction governed by classical kinetic and thermodynamic parameters.
Rapid removal of volatile side products as well as the influence of temperature,
time and catalysts are of essential importance. In the later stages of polycon-
densation, the increase in the degree of polymerization (DP) is restricted by the
diffusion of volatile reaction products. Additionally, competing reactions such as
inter- and intramolecular esterification and transesterification put a limit to the
DP (Figure 5.1).

Other possible side reactions, e.g. acidolysis, glycolysis or esterolysis, cause
chain scission, and these can also lead to a lower DP. Only a few of these reac-
tions, namely polyesterification and polytransesterification (I and II in Figure 5.1),
accompanied by the liberation of water and EG, respectively, contribute to the
growth of the chain [5]. Transesterification (III) causes no net effect on the
molecular weight distribution. The importance of the redistribution steps is well
known, although less attention has been paid to the second stage of MPPC where
cyclization reactions affect the polydispersity and the quantity of cyclic com-
pounds produced [10]. As a consequence of the high reaction temperature and
the reversibility of the reactions, thermal degradation is often observed in the
melt (Figure 5.2). Degradation is an irreversible reaction, accompanied by the
generation of side products such as acetaldehyde (AA), CO2, 2-methyloxolane,
ethylene glycol and water, along with an increase of carboxylic end groups and
vinyl ester groups (IV and V in Figure 5.1). Therefore, in order to minimize the
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Figure 5.2 Effect of temperature on the molten (melt)-state polycondensation
process for PET [15(b)]. Reprinted from Polymer, 14, Tomita, K., Polymer 14, 50
(1973), (see references) Copyright (1973), with permission from Elsevier Science

amount of degraded polymer, melt polycondensation should be completed before
the onset of these phenomena.

Up until now, most efforts to attain high-molecular-weight and high-quality
polyesters via melt-phase polycondensation have failed. Efficient agitation of the
viscous melt, using the principles of thin film evaporation or highly sophisticated
reactors, have not overcome the problems of thermal degradation with its negative
consequences on quality. In addition, it should be noted that adhering of the
viscous melt to the heated walls of the reactors diminishes the filterability of the
polymer, with correspondingly severe consequences on subsequent processing.

2.2 ASPECTS OF SOLID-STATE POLYCONDENSATION

According to the principles of polycondensation, all of the above reactions will
also take place during SSP. The conditions for the latter, however, are different
as this process is carried out at lower temperatures in a non-homogeneous envi-
ronment. In order to examine the kinetics of SSP, some assumptions have to be
made to simplify the analysis. These are based on the idea that the reactive end
groups and the catalyst are located in the amorphous regions. Polycondensations
in the solid state are equilibrium reactions but are complicated by the two-phase
character of the semicrystalline polymer.
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To obtain high molecular weights, as expressed by the IV, the removal of
the volatile, low-molecular-weight by-products is necessary to shift the equilib-
rium towards the formation of polymer. The rate of the polycondensation can be
determined by measuring the level of end groups or by the amount of evapo-
rated ethylene glycol (EG). Assuming a second-order reaction, the reaction rate
is given by the following:

dE

dt
= k(E0 − E)2 = kE2

where E0 is the concentration of initial end groups, E is the concentration of
final end groups, and k is the rate constant for polycondensation (equal to the
slope of a plot of E against t, which should be linear).

During the studies carried out on this process some unusual behavior has been
observed. Such results have led some authors to the conclusion that SSP is a
diffusion-controlled reaction. Despite this fact, the kinetics of SSP also depend
on catalyst, temperature and time. In the later stages of polymerization, and par-
ticularly in the case of large particle sizes, diffusion becomes dominant, with the
result that the removal of reaction products such as EG, water and acetaldehyde
is controlled by the physics of mass transport in the solid state. This transport
process is itself dependent on particle size, density, crystal structure, surface
conditions and desorption of the reaction products.

According to various experimental studies on the solid-state reaction of PET
it has been reported that at particle sizes of 80–100 mesh and SSP temperatures
between 170 and 200 ◦C, end group diffusion is limited, whereas at 14–16 mesh
particle size and 210–240 ◦C the ester-interchanging process is EG-diffusion con-
trolled. The esterification depends predominantly on end group diffusion due to
the increased diffusion rate of water [11]. The existing knowledge of the reac-
tion kinetics allows an explanation of some of the factors affecting the course of
the reaction, as well as a number of predictions and calculations for engineering
purposes. A model has been developed based on theoretical considerations [12],
and the test results for this correlate well with the rules of kinetics and thermo-
dynamics. Based on these findings, theoretical understanding of the process can
be achieved to a certain extent.

2.3 PHYSICAL ASPECTS

2.3.1 The Removal of Side Products

The removal of side products such as EG, AA, CO2, water and oligomers is
controlled by the physics of mass transport in the solid state. This mechanism
correlates with particle size, density, crystallinity, crystal structure and perfection,
and surface conditions, as well as the desorption of the reaction products from
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the particle surfaces. Therefore, one has to distinguish between diffusion through
the solid particles and evaporation assisted by vacuum or gas flow. In the case
of large particles, a different reaction behavior can be observed owing to the
decreased rate of diffusion. The fast removal of the volatile reaction products
plays the most important role in shifting the equilibrium towards the formation
of polymer. SSP can be carried out either in vacuo or assisted by the flow
of inert gases, preferably nitrogen. The fast removal of the reaction products
therefore depends on the applied pressure or the flow rate of the employed inert
gas. According to Figure 5.3 [13], which shows the dependence of the number-
average molecular weight (and respectively the IV) on the gas flow rate, the
effect of increasing the latter is greatest at lower rates of flow. However, after
a flow rate of 500 ml/min is reached, no further change is seen. No significant
difference between the vacuum and gas flow methods could be observed.

However, when different gases are employed, differences in activities can then
be seen [14]:

He > CO2 > N2

It can be assumed that this is caused by a kind of ‘plasticizing’ of the polymer
by dissolved or finely dispersed gas or by the increased solubility of the reaction
products in the gases.

Figure 5.3 Effect of nitrogen gas flow rate on the solid-state polycondensation
process for PET: reaction conditions, 259 ◦C for 7 h: initial Mn, 16 500, with a
particle size of 0.18–0.25 mm; data obtained by gas chromatographic analysis,
employing a column of dimensions 8 ft × 0.7.5 in o.d. [5]. Reproduced from
Hsu, L.-C., J. Macromol. Sci., Phys., B1, 801 (1967), with permission from
Marcel Dekker

Publisher's Note:
Permission to reproduce this image
online was not granted by the
copyright holder. Readers are kindly
requested to refer to the printed v ersion
of this chapter.
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2.3.2 Temperature

Besides the pressure (vacuum) and the flow rate of the gas, temperature is the
major experimental variable in SSP and is of the highest importance for the
economy of the process. Temperature dependence data for the solid-state poly-
condensation process are shown in Figures 5.4–5.7. According to the results
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Figure 5.4 Effect of gas flow rate on (a) the SSP reaction rate of PET at temper-
atures of 190 and 220 ◦C, and (b) the rate of increase of the intrinsic viscosity of
PET at various temperatures [13]. Reprinted from Polymer, 39, Huang, B. and
Walsh, J. J., Solid-phase polymerization mechanism of poly(ethylene tereph-
thalate) affected by gas flow velocity and particle size, 6991–6999, Copyright
(1998), with permission from Elsevier Science
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Figure 5.5 Effect of temperature on the SSP reaction rate for (a) small, and
(b) large chips of PET [13]. Reprinted from Polymer, 39, Huang, B. and Walsh,
J. J., Solid-phase polymerization mechanism of poly(ethylene terephthalate)
affected by gas flow velocity and particle size, 6991–6999, Copyright (1998),
with permission from Elsevier Science
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obtained under reaction conditions when the temperature is raised from 200 to
240 ◦C, the degree of polymerization (DP) increases by 64 %, while the residence
time decreases by about 40 %. The increased reactivity is due to the reaction
kinetics and the increased diffusivity caused by the elevated temperature. Little
effect is seen from thermal degradation under these reaction conditions.

For those readers requiring further information on the factors effecting the
kinetic versus diffusion control of the SSP process, this has been reported by
several authors (for example, kinetic aspects [4, 8, 20] and diffusion-influenced
aspects [5–7, 9, 11–13, 15]).

A model for the SSP of PET under typical industrial processing conditions
has been developed by Ravindrath and Mashelkar [15]. Their calculations are
also based on experimental data reported in the literature. The results allow
the ‘rough’ conclusion that the reaction rate decreases by a factor of 6 for the
temperature range between 285 and 220 ◦C, accompanied by a decrease of the
thermal degradation by a factor of 40. The fact that suitable SSP conditions can be
found to warrant a fast reaction rate and minimal degradation makes this process
industrially important. These same authors also state that at an early stage of the
reaction the kinetics have a predominant influence, whereas diffusivity plays a
major part at a later stage of the reaction.

It has been reported that the molecular weight correlates with the square root
of the reaction time for both the catalyzed (Figure 5.8 [8] and uncatalyzed SSP
process [8, 16], in accordance with the theory of Flory [2a].

2.3.3 Reactivity

The use of catalysts is essential for SSP, and in particular catalysts are necessary
in the SSP process for obtaining high-molecular-weight polyesters [17]. Any
type of catalyst commonly used in MPPC also show reactivity in SSP as long
as the reaction temperature allows chain growth. The reactivity depends on the
catalyst employed for the production of the prepolymer. In addition, the catalysts
influence the reaction rates more than the crystallinity. The content of carboxylic
groups apparently has an accelerating effect on the SSP process, which may
correlate with the presence of such groups in the diffusion-dependent later stages
of the process [18].

The influence of the ratio of hydroxylic/carboxylic end groups has been studied
by several research groups. In the case of PET, this varies, based on the assumed
mechanism over the range of 1.5–4.5:1. For poly(butylene terephthalate) (PBT)
and poly(ethylene naphthalate) (PEN), the optimum is indicated at 2.0:1 [19, 20].
Any deviation from this ratio affects the reaction rate.

2.3.4 Diffusivity

Many papers deal with the diffusivity of side products, as well as the contribution
to the course of SSP. Polycondensation as the primary reaction obeys kinetic rules
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solid-state temperatures (under a nitrogen purge at a rate of 1 l/min) [8]. From
Jabarin, S. A. and Lofgren, E. A., J. Appl. Polym. Sci., 28, 5315 (1983), Copyright
 John Wiley & Sons, Inc., 1983. Reprinted by permission of John Wiley &
Sons, Inc.

and depends on catalysts, temperature, etc. Removal of the reaction products such
as EG, acetaldehyde (AA), water and oligomers is controlled by mass transport
in the solid state and is affected by diffusion. This corresponds with particle size,
density, crystal structure and perfection, surface conditions, and the desorption
of the reaction products. In particular for the case of large particles, a different
reaction behavior can be observed owing to the effects of diffusion. The particle
size, in combination with the crystallinity, is the main factor in these observations.
Obviously, crystallinity and density lower the diffusion rate and correlate with
the mobility of the reactive end groups which are concentrated in the amorphous
regions. It should be pointed out that the crystal size and the surface structure may
influence the desorption of the side products. Figure 5.9 illustrates the influence
of crystallization temperature on density and molecular weight during SSP. These
results have been confirmed by the work of Chang et al. [7].

2.3.5 Particle Size

This phenomenon can be easily investigated by ‘peeling’ the polyester chips or by
casting films of specific thickness and subsequent determination of the intrinsic
viscosity in such layers [9].
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superficial velocity of nitrogen, 43 cm/s [6]. From Chang, T. M., Polym. Eng.
Sci., 10, 364 (1970), and reproduced with permission of the Society of Plas-
tics Engineers

Figure 5.10 shows the distribution of IV across the diameter of PBT chips
after peeling off consecutive layers.

In addition to these results, Hagen calculated the IV distribution across the
thickness of a cylindrical particle of PET (Figure 5.11) based on the above-
mentioned model [12]. The reaction takes place in the outer (10–15 %) regions
of the pellet film diameter where the shortest diffusion pathways occur. The core
area, in contrast, exhibits only a slightly increased and evenly distributed IV
during the first 6 of SSP. This figure shows the gradient of the IV across the
diameter of the chips. The results are in good agreement with the experimental
data obtained for PBT and show the importance of diffusion on the progress
of SSP in polyesters. This accordance also allows certain speculations regarding
the polydispersity of the polymer, which can be roughly calculated based on
these results.

Furthermore, the dependence of IV on the particle size confirms the (industrial)
tendency to reduce the size of the chips in order to improve the manufacturing
economics. This approach shortens the reaction time, and improves the quality
and the cost of the process.

Huang has reported the effect of diffusion on the SSP rate as a function of
particle size and reaction conditions [13]. One has to distinguish between the
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4.00

3.00IV
 (

dl
 g

−1
)

2.00
1.5 1.0 0.5 0 0.5 1.0 1.5

Diameter (mm)

Figure 5.10 Intrinsic viscosity gradient within one PBT particle [30a]. From
Buxbaum, L. H., J. Appl. Polym. Sci., Appl. Polym. Symp., 35, 59 (1979), Copyright
 John Wiley & Sons, Inc., 1979. Reprinted by permission of John Wiley &
Sons, Inc.

0.5

Diameter (mm)

0.4

0 h

6 h4 h2.5 h

0.30.20.10
0

50

100

150

200

250

300

350

400

0.6 0.7 0.8 0.9 1

D
eg

re
e 

of
 p

ol
yc

on
de

ns
at

io
n

12.5 h

22.5 h

Figure 5.11 Calculated degree of polycondensation related to the axis of PET
chips, shown as axial profiles for a cylindrical particle: T, 220 ◦C; hydraulic
diameter (dh), 2.9 mm [12b]. From Weger, F., Solid-state postcondensation
of polyesters and polyamides, presentation given at the Frankl and Thomas
Polymer Seminar, 16 June, 1994, Greenville, SC, USA, and reproduced with
permission of EMS Inventa-Fischer, GmbH & Co. KG



SOLID-STATE POLYCONDENSATION OF POLYESTER RESINS 209

internal diffusion of the volatile side products to the surfaces of the chips and
the diffusion of the volatiles, and their removal, from the surface, either under
gas flow or in vacuo conditions.

Therefore, SSP is governed by several mechanisms, including the following:

• the chemical reaction
• diffusion within the chip
• diffusion at the surface of the chip

Each step is influenced by the reaction conditions. According to the results,
SSP is principally influenced by the chemical reaction; however, the size of
the chips, the gas flow rate and the temperature also have strong effects on the
intrinsic viscosity. In the case of temperatures <200 ◦C, SSP is controlled by the
chemical reaction. At 190 ◦C and with sufficiently high gas flow rates, surface
diffusion can be neglected. The diffusivity increases with elevated temperature.
Consequently, an increased side-product concentration, associated with enhanced
surface diffusion, can be observed, particularly at low gas flow rates. Therefore,
the internal diffusion of the volatiles to the surface becomes more important.
Additionally, a smaller particle size tends to lead to increased SSP rates at higher
temperatures. The required increased gas flow rate results in an increased gas-
side mass-transfer coefficient as an indication of the desorption mechanism. It
can be concluded that SSP of small particles at low temperatures is kinetically
controlled, while at higher temperatures and low gas flow rates the reaction
is diffusion controlled. This changes again in the case of a high concentration
of side products at the particle surfaces. Figures 5.4 and 5.5, along with the
data presented in Table 5.1, show the independence of side-product diffusion at
lowered temperatures and gas flow rates with respect to the reaction rate. The
latter is mostly dependent on the particle size. Increased reaction temperatures
result in a raised concentration of by-products on the particle surfaces. This
leads, in conjunction with a smaller particle size at a given gas flow rate, to an
increased gas-side resistance. A enhanced flow rate is necessary to increase the

Table 5.1 Characterization of samples (cf. Figures 5.4 and 5.5) [13]. Reprinted from
Polymer, 39, Huang, B. and Walsh, J. J., Solid-phase polymerization mechanism of poly
(ethylene terephthalate) affected by gas flow velocity and particle size, 6991–6999, Copy-
right (1998), with permission from Elsevier Science
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concentration of the by-products in the gas phase, which thus results in a higher
gas-side mass-transfer coefficient [13, 15]. The SSP of large particles is therefore
internal-diffusion controlled and becomes surface-diffusion controlled at reduced
gas flow rates [13]. Gas-side resistance will reduce the reaction rate of the SSP
in the case of smaller chip sizes due to the increased concentration of sorbed
reaction products at the surfaces.

2.3.6 Polydispersity

Controversial results are reported in the literature regarding the polydispersity of
polyesters produced by SSP, associated with the side reactions in the later stages
of the reaction. These are not only dependent on the concentrations of the reactive
groups but also on their intramolecular distances [11]. Additionally, it has been
found that cyclization leads to a different polydispersity. According to theoretical
considerations, the polydispersity index of an SSP polymer is generally higher
than that of prepolymer produced in the melt phase, which should, in an ideal
case have a value of 2 [21–24, 59].

Considerations about SSP and its complex mechanism suggest an increased
polydispersity index, as discussed by Pilati [9]. These expectations have been
confirmed by this present author’s unpublished results concerning SSP in the
suspended (swollen) state to attain high-molecular-weight PET. According to
these results, the polydispersity increases with the reaction time and the degree of
swelling, where the latter depends on the properties of the fluid being employed.

2.3.7 Crystallinity

Much work has been devoted to the crystallization phenomena due to its great
influence on the mass-transport mechanism. Due to such studies, an improved
understanding of the effects related to any kind of crystallization has resulted:
however, many questions regarding the influence of the surface structure on the
desorption behavior of the low-molecular-weight volatile side products remain
still unanswered. Crystallinity and density affect the diffusion rate and therefore
the mobility of the end groups. According to recent suggestions, the reactive
(mobile) chain ends are concentrated in the amorphous regions. It should be
pointed out that the crystal size and the surface structure may also influence the
desorption of the side products [15]. Therefore, for their removal an extremely
reduced pressure or a high flow rate of nitrogen is necessary. The removal of
the side products via gas flow also depends on gas-side resistance or desorption
phenomena which have not yet been fully investigated. The gas-side mass-transfer
coefficient increases with the flow rate but this does not explain the increased
reaction rate in the case of CO2 or helium [14].

Crystallization is a time-dependent phenomenon [25, 26]. Therefore, the
increase of crystallinity during SSP reduces the reaction rate due to the hindered
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mobility and diffusion of the end groups (see Figure 5.9). The increase of
crystallinity, expressed by the density, as a function of time and temperature
is shown in Figure 5.12. As can be seen from this figure, the curves become
nearly flat after steep increases at the beginning.

The rate of crystallization, expressed by the inverse half-time of crystalliza-
tion, depends on several different factors, including the temperature, the degree
of modification by a co-monomer, the IV and the content of nucleants in the
polymer. Any type of solid heterogeneity content functions as a nucleating agent
[25, 26]. These particles can be catalyst residues or other additives, or in partic-
ular solids generated by undesirable reaction conditions during the prepolymer
process, such as gels, degraded insoluble polymer from ‘dead spaces’ or adhered
particles from the walls of the reactors or pipes. Table 5.2 shows the influence of
co-monomer content, e.g. diethylene glycol (DEG), on the crystallization rate and
induction time, which decrease with increased content in the polyester. In prin-
ciple, these results are confirmed by the hot crystallization behavior of this kind
of co-polymer (Figure 5.13). The decreased crystallization rate of co-polyesters
with DEG as the modifying component can be explained by the increased content
of irregularities in the structure of PET [27–29].

The crystallization is reduced by an increasing molecular weight of the intrinsic
viscosity due to the decreased mobility of the polymer chains. Shorter chains
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Figure 5.12 Density as a function of temperature and time during SSP [26].
From Wick, G., Characterization of PET polymer for bottle manufacturing, pre-
sentation given at the Society of Plastics Engineers Benelux Seminar, 20–21
May, 1980, Amsterdam, and reproduced with permission of KoSa GmbH &
Co. KG
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Table 5.2 Half-times and induction times (in min) for different PET samples when
crystallized isothermally from the melt [26]. From Wick, G., Characterization of PET
polymer for bottle manufacturing, presentation given at the Society of Plastics Engineers
Benelux Seminar, 20–21 May, 1980, Amsterdam, and reproduced with permission of
KoSa GmbH & Co. KG
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◦C) tind t0.5 tind t0.5 tind t0.5
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217.5 1.5 6.3 2.0 8.9 3.2 14.5
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Figure 5.13 Hot crystallization rate as a function of temperature during SSP:
(1) polymer with 1.28 % DEG; (2) polymer with 3.90 % DEG [26]. From Wick,
G., Characterization of PET polymer for bottle manufacturing, presentation
given at the Society of Plastics Engineers Benelux Seminar, 20–21 May, 1980,
Amsterdam, and reproduced with permission of KoSa GmbH & Co. KG

result in an increased mobility and therefore in increased crystallization rates.
Figure 5.14 displays the relationship between the IV and the half-time of hot
crystallization.

It should be pointed out that the crystal size and the surface structure may
also affect the desorption of side products. The development of crystallinity
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Figure 5.14 Hot crystallization rate as a function of intrinsic viscosity during
SSP: T, 220 ◦C [26]. From Wick, G., Characterization of PET polymer for bottle
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Seminar, 20–21 May, 1980, Amsterdam, and reproduced with permission of
KoSa GmbH & Co. KG

during SSP affects the reaction rate, which is related to a reduced diffusivity, as
can be seen in Figure 5.9. Higher crystallization temperatures lead to increased
crystallinity and therefore a reduced SSP rate. Lower crystallization temperatures
(<195 ◦C) are therefore preferred.

2.4 OTHER POLYESTERS

The above-mentioned results of the SSP of PET can be generally applied to other
semicrystalline polyesters, such as poly(butylene terephthalate) (PBT), poly(tri-
methylene terephthalate) PTT), poly(ethylene naphthalate) (PEN) or any other
kind of semicrystalline co-polyester, as a result of their similar reaction behaviors.
Most of the studies have been focused on PET and PBT due to their industrial
importance. Meanwhile, the popularity of PEN is growing on account of the
outstanding properties of this particular polymer.

The SSP process is obviously limited by the melting point of the prepoly-
mer and the equilibrium temperature of the polymer process. The SSP reaction
becomes too slow at temperatures below 190 ◦C in commercial processing. Tem-
peratures below this level are only of scientific interest or applicable in the case of
thermally sensitive polyesters. The increase in IV for the most common polyesters
decreases in relation to the glycolic component, as shown in Figure 5.15; how-
ever, this figure does not show the behavior of cyclohexane dimethanol (CHDM)
and PEN [30].
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Figure 5.15 Solid-state polycondensation of various polyesters at 215 ◦C and
0.1 mbar: x, poly(butylene terephthalate) (PBT); �, poly(propylene terephthalate)
(PPT); o, poly(ethylene terephthalate) (PET) [30a]. From Buxbaum, L. H., J. Appl.
Polym. Sci., Appl. Polym. Symp., 35, 59 (1979), Copyright  John Wiley & Sons,
Inc., 1979. Reprinted by permission of John Wiley & Sons, Inc.

If PEN is included in the above, the trend would be as follows:

PBT > PTT > PET > PEN

According to reports Po′ et al. [31] and Amoco [32], the reaction rate of PEN is
lower than other polyesters. Considerations about this fact lead to the assump-
tion that the structure-dependent reactivities of the acid and glycol components
and their mobilities are responsible for the individual reaction rates of these
polymers. Based on unpublished data, rigid or voluminous co-monomers result
in reduced reactivities during melt polycondensation and SSP. The mobility of
the component, as a result of its structure and stiffness, seems to explain this
observation.

Differences in the behavior of these polymers can also be explained by the
affects of reaction temperature, crystallization rate and the nature of the side
products. PET and PBT behave similarly in chain-growing reactions during
SSP but differently with respect to degradation. For PET, the degradation is
of a more complex nature and can result in the formation of carboxylic end
groups (CEGs) vinyl ester groups, and various other products such as AA,
water, 2-methyloxolane, etc. This is due mainly to thermal decomposition of
the ester linkage. PBT degrades, via the intramolecular cyclization of terminal
4-hydroxybutyl ester units, at an increased rate when compared to PET. Each
chain scission results in the formation of two carboxylic groups and tetrahydro-
furan in the case of PBT. Due to the increased rate of thermal degradation, an
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autocatalytic mechanism, due to the carboxylic end groups, may be assumed.
This is also the reason for keeping the ratio of hydroxylic/carboxylic groups at
2:1 in the case of PBT.

The studies of Pilati and co-workers [33] deal particularly with the SSP reac-
tion of PBT. Their results give new and important insights into a more detailed
understanding of the reaction and lead to the development of a new model, which
seems to be generally valid for the SSP process. Such a model is based on various
assumptions. The most important one concerns the locations of the reactive end
groups and the catalyst in the amorphous regions. This model is also based on a
consideration of five relevant chemical reactions and the diffusion of three side
products. Calculations have been carried out by using equilibrium constant data
obtained from the literature and the diffusion coefficients of butanediol, water
and terephthalic acid. These calculations correlate very well with the experimen-
tal results. The model is also applicable to PET and allows predictions of the
influence of certain reaction parameters, e.g. the OH/CEG ratio, particle size and
temperature in the case of PBT, to the reactivity of the system. This basic knowl-
edge of the principles of SSP is valid for many types of polyester production.
Differences regarding the reactivity could be observed in the case of PEN or
other special co-polyesters.

Summarizing these results, it can be concluded that for PET the SSP reac-
tion is a rate- and diffusion-controlled process whose physical aspects change
with increased particle size and reaction time. Differentiation between the reac-
tions which occur provides a better understanding of the SSP process. Based
on this knowledge, calculations and predictions for engineering purposes thus
become possible.

3 EQUIPMENT

The following provides a description of the engineering principles of SSP tech-
nology and some aspects and considerations regarding processing and improving
the economics of the process. The background of the technological develop-
ment is characterized by a growing patent literature base. In detail, this is aimed
at heat transfer, prevention of sticking and improvements of homogenous con-
ditions, all of which lead to improved quality. The SSP process in vacuo is
carried out mainly discontinuously in tumble dryers, double-cone dryers, rotary
dryers or paddle dryers, whereas the continuous SSP of PET or PBT in a nitro-
gen stream can be carried out in production lines with capacities of more than
600 t/d. The discontinuous process is restricted by the reactor volumes, which
normally vary between 20 and 44 m3. This process is limited to the produc-
tion of smaller-scale specialities, although it is also applied to recovering waste
polymer.
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3.1 BATCH PROCESS

In principle, the equipment consists of a heat-jacketed reactor, a vacuum source
and a heating station (Figure 5.16) [34]. The reactor contains inserts such as
heating plates or pin-like tubes to improve the heat transfer and to homogenize
the polymer chips during reaction. In the case of plates, these inserts have the
additional function of ‘chambering’ the unique volume and may help to reduce
sticking of the polymer. The reactor is actuated by two hollow shafts, which
simultaneously circulate the heat-transfer medium and remove the vapors. These
hollow shafts can be used additionally for feeding certain additives into the
reactor. Heating and cooling occur via the jacket in connection with the inserts.

To shorten the residence time, the reactor should be connected to a separate
intermediate tank in which the cooling of the polymer takes place after the SSP
process is complete. The reactor can be equipped with a precrystallizer and a
dryer. In this way, the reactor can be charged with hot, crystalline polymer, which
saves energy, prevents sticking to the reactor walls and reduces the reaction time.
Any type of high-efficiency dryer can be used. Fluidized bed crystallizers are
preferred, although agitated crystallizers are also used in some production plants.
The disadvantage of the latter devices is the increased formation of dust. Some
manufacturers store the crystallized and dried chips in an intermediate hopper
from which the reactor is charged. The connecting pipe between the reactor and
vacuum system should be fitted with separators to protect the pumps from dust
and from oligomers which evaporate during the reaction. These deposits can have
a negative effect on the process due to potential blocking of the vacuum system.

To provide the vacuum, any type of conventional equipment can be used, as
there are also steam jets, or preferrably appropriate pumps, which are well able
to attain a pressure of 0.2 mbar in the reactor. The preferred systems contain a
fluid ring pump to provide the pre-vacuum and a small as well as a larger rotary
pump. Mixed systems consisting of a rotary pump and a rotary vane pump are
also available. Mechanical pumps should have facilities for flushing and draining.
The removal of oligomers and other by-products is chiefly carried out by flushing
with ethylene glycol. The pumps are assembled in stands, while the vacuum is
controlled by closing with nitrogen or mechanically via the rate of pump rotation.

The heating and cooling system ensures rapid heating and cooling of the heat-
transfer medium. The installation of additional intermediate silos for cooling the
final polymer shortens the residence time of the polymer in the reactor and helps
to increase its capacity.

The feed silo for the prepolymer, located at the top level of the plant, allows
the reactor to be filled via gravity. Finally, a blending silo is needed to maintain
a homogenous and constant quality with respect to the intrinsic viscosity of
the product.

The new generation of vacuum reactors are linked with the docking systems
via telescopic pipes to the silos. This allows automatic charging and discharging
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of the reactors, automatic conveying and avoids leaks, as well as reducing the
extensive manual work previously required. The reactors are also equipped with
samplers for process control. These systems improve the competitiveness due to
the high degree of automation, as well as providing savings in energy and labor
costs, thus allowing the conversion of this batch process into a continuous one.

3.2 CONTINUOUS PROCESS

The technology for this process is in principle similar to that applied in the batch
process (Figure 5.17) [12, 35]. In this case, however, the devices for precrys-
tallizing and drying have to be designed for higher throughput. The crystalline
chips are conveyed into the SSP reactor and treated with a flow of hot nitrogen
in counter-flow fashion. The reactor, in principle a column dryer, is heat-jacketed
to prevent heat loss and a resulting temperature gradient from the center to the
peripheral parts. The plug flow of the chips is a crucial feature, resulting in a
narrow retention time distribution. The piston flow of the gas aims at a uniform
gas distribution. There are reactors with an agitated zone in their upper levels
to avoid sticking in the case of insufficient crystallization. Inserts in the reactor
improve the homogeneity of the reaction conditions. The reactor can be equipped
with samplers for process control. A level control in the reactor aids in reducing
the pressure applied to the chips and avoids sticking, as well as improving the
flexibility in situations where the throughput is changed.

Unavoidable loss of gas is compensated via a feed valve for supplying virgin
nitrogen into the circulation pipe. The exhaust gas of the process has to be by-
passed for purification. After the separation of dust by a filter, the gas is heated
to 400 ◦C for the catalytic combustion of the side products. The gas is then
cooled down, and the excess oxygen is catalytically converted to water by using
hydrogen. For economic reasons, the gas flow will recover the heat via a heat
exchanger and then be cooled down by a gas cooler.

A special gas-tight air blower passes the nitrogen through a filter containing
molecular sieves for drying purposes. The purified nitrogen stream (with the
lowest dew point) is used to cool the final polymer to 60 ◦C and recover a
large proportion of the heat. An additional dust separator removes dust from the
gas prior to feeding into the reactor. This emphasizes the importance of dust
separation in the SSP process and the resulting quality of the chips.

The final dust removal takes place in the cooling hopper. Just below the out-
let cone, a gas-tight discharge conveying system controls the throughput of the
reactor. The cooling of chips to ca. 60 ◦C is achieved in a hopper in counter-
flowing nitrogen. The latter is fed directly to the gas circuit of the reactor from
the cooling hopper. The equipment is characterized by a maximum of ‘tightness’,
particularly for the rotary valves, air blowers and the chips-conveying system.

The heating of the gas stream is commonly carried out by using hot oil.
The molecular sieves used for drying the nitrogen stream have to be changed
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periodically for regeneration. In principle, this same equipment can be used for
the SSP of PEN and PBT. It should be emphasized, however, that in the latter
case the use of a crystallizer is not necessary due to the high crystallization rate
of this polymer. PBT is also relatively insensitive to oxygen. Therefore, nitrogen
of a lower purity can be employed for the gas flow.

The growing demand for bottle-grade PET chips has led to engineering compa-
nies developing highly efficient equipment, allowing increased throughput with-
out causing sticking problems. The improved ‘tightness’ of the blowing systems
has also reduced the nitrogen loss, and therefore the manufacturing costs. The
efficient separation of dust results in a better quality of product. Some novel
continuous SSP lines now guarantee capacities of 600 t/d.

Additionally, it should be noted that continuous SSP can also be carried out
in vacuo, as reported by Buxbaum [30]. Some of the previous problems regard-
ing the ‘tightness’ of the bucket wheels (rotary valves) and other parts of the
equipment could be solved in the meantime; however, it seems that this technol-
ogy has lost its attractiveness owing to the success of the commonly preferred
gas-flow method.

3.3 SSP OF SMALL PARTICLES AND POWDERS

At the early stage of development of SSP technology, ground prepolymer in the
form of powders or small particles (20–40 mesh) was used. These materials were
preferably produced by grinding precrystallized chips of the prepolymer. The han-
dling of these particles after SSP, particularly in the extrusion process, became
more difficult. The SSP of these small particles can be carried out batchwise
in vacuo or continuously by gas-flow technology in fluidized-bed polymerizing
systems [36], or in horizontal or vertical column reactors. The batch reactors can
be equipped with agitators to keep the powder in a fluid state. The handling of
the powder is more complicated because the units tend to suffer from increased
blockages depending on the filling volume of the reactors. In addition, the par-
ticles ‘fly off’ easily at too high a flow rate of nitrogen. The separation of fine
particles causes some concerns. The fluidized bed technology is favored due to
an exact control of the residence time. Otherwise, the details of the technology
are the same as those for the SSP of chips. In the future, more attention may be
paid to this effective technology as a means of producing high-quality polymers
as are required for industrial yarn applications.

3.4 SSP IN THE SUSPENDED STATE

This discontinuous process is based on a heat-jacketed reactor equipped with an
agitator, an inlet for purging nitrogen and the addition of an oil, and a cooler. A
cold trap condenses and separates the oil from the gas for re-use in the reactor.
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The gas is heated to the reaction temperature. The reaction is preferentially car-
ried out by blowing inert gas into the suspension to remove side products. Their
removal can also be achieved in vacuo. Thermally stable inert oils, such as Therm
S-300 (diphenyl/diphenyl oxide (26:74)), Therm-S-600 (monoethyldiphenyl, tri-
ethyldiphenyl), Therm-S700 (diethyldiphenyl), Therm-S-800 (triethyldiphenyl),
Therm-S-900 (hydrogenated terphenyl, a mixture of cyclohexyldiphenyl isomers
and dicyclohexylbenzene isomers, diphenylmethane, 1,2-diphenylethane and liq-
uid paraffin), AP 500 (phenylmethylsilicone oil) and Marlican (linear alkylben-
zenes, C9 –C12) have all been successfully used to suspend the PET [3]. All these
liquids are characterized by a high boiling point. Differences are observed due to
a partial solubility of the PET, which results in swelling of the particles. Increased
reaction rates (of the intrinsic viscosity) are observed by using oils with swelling
properties [3].

The oil has to be removed from the SSP product by extraction or flushing
with appropriate solvents such as acetone. The degree of swelling influences
abrasion and the loss of fines, as well as a certain tendency to a form of stick-
ing or adhesion. At present, this method does not appear to have been fully
commercialized.

4 PRACTICAL ASPECTS OF THE REACTION STEPS

4.1 CRYSTALLIZATION AND DRYING

This very important step significantly influences the SSP process with regard to
reaction time and product quality. As mentioned previously, the crystallinity and
density of the chips govern the removal of the reaction products and the diffusion
of the end groups. The crystallinity increases with heating time and temperature in
conjunction with the content of seeds in the prepolymer, while inversely affecting
their diffusivity. Generally, the crystallization of PET (as the most interesting
polyester) can be carried out in the temperature range between 120 and 190 ◦C.
The polymer has a tendency to stick at lower temperatures and so this higher
range is preferred. Crystallization has been observed in the subsequent drying
step and is therefore influenced in practice by additional engineering factors.

In connection with crystallization, the phenomenon of sticking of the polymer
plays a very important role. Sticking occurs by agglomeration of the chips and
their adhesion at the reactor walls and can block reactors and feed pipes, so caus-
ing interruptions in the production process. The level of adhered chips reduces
during the SSP process and can disappear as the result of the chips grinding
against each other through the revolution of the agitator or the fluidized bed.
Stuck particles can remain in the reactor system, however, and can change the
homogeneity of the polymer. Sticking is influenced by a number of technical fac-
tors, such as the design of the reactor and its surface conditions, by the pressure
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resulting from the filling volume of the reactor, the heating program, the size of
the chips and the water content of the polymer.

It is particularly influenced by the crystallization properties of the polymer
and therefore of the degree of its modification. Sticking problems are gener-
ally observed at low levels of crystallinity (<∼30 %) or from slow crystallizing
of highly modified co-polyesters. The pressure of the chips against each other,
caused by the weight and filling volume in connection with the design of the
equipment, is a significant factor. Sticking plays a very important role in the
processing of PET and at the present time is still not yet sufficiently controlled.

The phenomenon of sticking is a very severe engineering problem in SSP and
indeed in any drying process. It has to be viewed in connection with crystal-
lization and in conjunction with heat release. The equipment should be designed
for a balanced heating rate and a reasonable distribution of heat release, plus a
sufficient movement of the chips at a minimum pressure. Sticking occurs at the
beginning of crystallization and later on in connection with the appearance of a
second endothermic peak in the region of ca. 230 ◦C in the DSC thermogram. It
is influenced by the following factors, i.e. crystallization rate, crystallinity, tem-
perature and the appearance of the pre-melting peak (first endothermic peak in
the DSC thermogram) which depends on the thermal history of the chips. This
peak disappears after prolonged heat treatment (Figure 5.18) [8, 37].

The pressure caused by the weight of the chips in the reactors, influenced by
the filling volume, is of great importance. Therefore, high column dryers are
more likely to display sticking as a result of the increased pressure caused by the
weight of the chips. The degree of modification of the polymer, the particle size
and shape of the chips, their crystallinity and surface structure also influence the
occurrence of sticking. A combination of controlled particle shape and size as well

233

254

239

254

245

248 246(d)(c)(b)(a)

Figure 5.18 DSC endotherms obtained for samples treated in the solid state at
various temperatures: (a) 200 ◦C for 4 h; (b) 210 ◦C for 4 h; (b) 220 ◦C for 4 h; (d)
225–230 ◦C for 8 h [8]. From Jabarin, S.A. and Lofgren, E. A., J. Appl. Polym.
Sci., 28, 5315 (1983), Copyright  John Wiley & Sons, Inc., 1983. Reprinted by
permission of John Wiley & Sons, Inc.
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as the temperature conditions, lower the tendency for sticking (Chang et al. [7]).
These authors observed an increase in the melting point, as well as the sticking
point, at increased temperatures and heating times. According to their studies,
sticking depends on the premelting (first endothermic peak in the DSC trace
(Figure 5.18)) in the range from 225 to 235 ◦C. This temperature increases with
reduced oligomer content. The sticking point decreases with increasing content of
co-monomer. Cubic chips tend to stick more easily due to their smooth surfaces,
while cylindrical chips of short length show a lower tendency to sticking. In
addition, Chang et al. also report on the influence of heating on the course of the
SSP process, which is reduced at higher reaction temperatures [7]. A compromise
has to be found regarding crystallizing conditions, reaction rate and sticking. The
crystallization rate decreases with a decreased glass transition temperature (Tg)
and melting point, as can be seen in Figure 5.13 above. Therefore, more care
has to be taken in the case of co-polyesters, which are produced for applications
such as bottles, due to their reduced crystallization rates.

Several authors have suggested various approaches for dealing with the prob-
lems associated with sticking. According to Bhatt and Filke [38], the chips have
to be maintained in free-flowing conditions. The tendency to stick and the param-
eters influencing ‘tackiness’ can be analyzed by a special tester which measures
the force required to break up the agglomerates. Movement of the chips by
agitating in the zone of crystallization or in a fluidized bed is a very effec-
tive method for preventing sticking. A very interesting version of a crystallizer
for SSP which uses a plate-shaped cutter for grinding agglomerates without the
additional formation of dust has been reported [39].

Certain crystallization conditions, such as temperature, can assist in the control
of sticking [18, 40]. An increase in both the melting point and sticking point in
the SSP process has been observed. The heating associated with a homogenous
heat flow should therefore bring the chips to the desired temperature.

It has been reported that the type of heating employed for crystallization can
also have an important effect on sticking [41]. In this case, heating was carried
out between 150 and 200 ◦C requiring (only a heating time of ca. 10 min.) A
further report [42] claims that the addition of 0.5 wt% terephthalic acid to the
chips also prevents sticking. The tendency to sticking can also be reduced by
adding glass beads or inorganic salts such as sodium sulfate, sodium chloride or
calcium nitrate to the polymer, which physically separate the chips from each
other, hence reducing the likelihood of the chips becoming attached to each other
[43]. Accelerated crystallization in the presence of water or ethylene glycol can
also reduce the problem of sticking. This effect is not yet fully understood but
can be explained by the induction of crystallization by liquids or vapors, i.e.
solvent-induced crystallization [8, 16, 44]. In addition, it was found that wet
chips (0.6 wt% water) crystallize nine times faster than dry material [45]. This
phenomenon may be based on some kind of plasticization of the polymer. The
addition of ethylene glycol has a similar effect, although this is not yet sufficiently
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understood. Rapid crystallization avoids sticking under certain conditions such
as low pressure on the chips resulting from their weight, in connection with the
height of the equipment (crystallizer, reactor, etc.) and its diameter. Apart from
optimizing the heating procedure, another way to avoid sticking is the use of a
precrystallizer, which has the additional benefit of increased throughput due to
the shortened heating-up phase in the reactor. This type of apparatus separates
the crystallizing stage from the SSP process and shortens the residence time in
the reactor. Any type of crystallizer can be used for this purpose. Fluidized-
bed devices are particularly popular. Many types of tube-type crystallizers are
equipped with agitators to prevent sticking. Their disadvantage is the possible
formation of dust. In batch SSP processes, crystallizing and drying is commonly
carried out during the heating-up phase.

The crystalline polymer must be subsequently dried in the temperature range
between 150 and 200 ◦C, preferably 170 ± 10 ◦C to prevent hydrolytic degrada-
tion. Conditioned air with a dew point of at least −40 ◦C has been shown to
produce the best results. The drying can be carried out by using either an air
or nitrogen flow. The latter is more ‘gentle’ and minimizes the possibility of
thermo-oxidative degradation. The crystallized hot chips are fed by gravity from
a well-insulated storage tank into the SSP reactor. In this manner, the heat-up in
the reactor can be shortened by 3–4 h. Sufficient drying requirements commonly
approach 2.0–2.5 kg air/kg polymer.

4.2 SOLID-STATE POLYCONDENSATION

4.2.1 Discontinuous Process

The actual SSP reaction takes place in accordance with the scheme shown in
Figure 5.19 in a temperature range of 15–40 ◦C below the melting point of the
polymer and at 0.2 mbar. The procedure illustrated in this Figure represents an
example of that used in commercial production. In addition, it shows the benefit
of the use of precrystallized chips with respect to the shortened residence time
and therefore the efficiency of the process.

Certainly, the results depend on the quality of the prepolymer, in particular its
reactivity, as demonstrated in Figure 5.20.

The ‘tightness’ of the reactor is of the highest importance with respect to the
prevention of oxidative degradation. Economic reasons cause manufacturers to
optimize the filling volume, with reactors being filled up to 60 % of the nom-
inal volume. This figure is certainly influenced by the design and the surface
conditions of the reactor and its heating system. The course of the reaction can
be controlled by the intrinsic viscosity of chips. After reaching the desired IV,
the polymer is cooled to 100 ◦C or lower in a nitrogen atmosphere, either in the
reactor itself or in a separate cooling tank. Blending of the batches improves the
uniformity of quality for subsequent processing.
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Figure 5.20 Solid-state polycondensation of poly(butylene terephthalate) with
different end group concentrations: 1, [COOH], 0.67 vol/mol; 2, [COOH],
1.48 vol/mol; 3, [COOH], 1.86 vol/mol [30a]. From Buxbaum, L. H., J. Appl. Polym.
Sci., Appl. Polym. Symp., 35, 59 (1979), Copyright  John Wiley & Sons, Inc.,
1979. Reprinted by permission of John Wiley & Sons, Inc.

4.2.2 Continuous Process

As can be expected, continuous SSP is mainly controlled by the flow rate of the
nitrogen stream and the temperature. Due to the differences in reactor designs
exact comparisons regarding the conditions cannot be presented. It is easy to
understand that the process depends on the individual design and special char-
acteristics of the equipment. The reaction temperature is in the same range as in
the batch process [46]. According to this patent, it should be noted that the SSP
reaction is influenced additionally by the content of EG and the side products,
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particularly AA in the nitrogen stream. An increased EG content reduces the
CEG (carboxylic end group) content significantly.

4.3 PROCESS PARAMETERS INFLUENCING SSP

The complex nature of SSP depends on many factors, all of which can affect
the course of the reaction and the quality of the final product. An optimum
combination of such variables thus determines the reaction process and needs
to be discussed in detail. Therefore, some of the generally known aspects are
reported in the following sections.

4.3.1 Particle Size

For the solid-state process, chips are commonly preferred at the present time.
The particle size and size distribution play a crucial role during the SSP process
with respect to its efficiency and the quality of the product. The particle size
distribution governs the molecular weight distribution, which itself determines the
uniformity of quality, as indicated by spinning performance and flow properties.
The particle size distribution can be controlled by the blending of different particle
sizes [47]. The conditions used for re-melting, in particular the time, generally
control the molecular weight distribution.

Not only quality reasons, but also economic considerations, make it necessary
to reduce the particle size. Generally, the development of an economic SSP
process is characterized by the trend to a reduced particle size. The commonly
used cubic chips size (2–4 mm) is reduced to that of the known small nylon chips
(∼ 1.5 mm diameter, spherical shape). The size of the chips can be defined by the
length of the cubes and is easily measured. Due to their irregular shape, however,
determination of their average volume is difficult. Therefore, the definition weight
(g) of 100 pieces has become popular.

Currently, the production of chips of 0.8 mm length by using special pelletizing
technologies is possible [48]. The cutting of chips of this particle size requires a
new pelletizing technology which may not meet the capacity of novel continuous
polymer lines with 12 (and higher) t/h throughput. According to this report, the
cutting of low-IV chips (below 0.40 dl/g) seems to be no problem. Pelletizing of
low-IV polymer with conventional pelletizers is impossible due to the brittleness
of the strands.

The grinding of crystallized chips has been well-known for about 50 years but
yields problems with respect to handling and processing. Very small particle sizes
can be achieved by grinding under cryogenic conditions. Lower-IV prepolymers
(<0.40 dl/g) are preferred for this process. The handling of smaller particles
becomes more difficult due to the increased content of ‘fines’ and their separation,
particularly in continuous gas flow technology. ‘Fines’ are defined as extremely
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small, highly crystallized and high-melting fine dust particles, which have a
negative influence on the quality of the extrudates. Such ‘fines’ show a reduced
solubility in common solvents. The increased melting points and the decreased
solubility in these solvents depend on the undefined prolonged retention time in
the SSP system.

The SSP of powdered prepolymer allows the attaining of IVs in the region of
ca. 2.0 dl/g and can therefore compete with the more complicated SSP process in
the swollen (suspended) state. It has been found that the SSP of powdered PET
under optimum conditions provides high-grade polyesters with high IVs within
relatively short reaction times. The advantage of employing powdered polymer
in the production of high-quality industrial yarns has been reported by Gerking
[49]. This outlines the benefits of a reduced chips size regarding reaction time
and quality in commercial scale production. Additionally, it was found that the
reduction of the chips size from 2.25 to 1.88 g/100 pieces results in an increase
of capacity by 25 % in SSP, i.e. from 60 to 75 t/d [50]. It should be noted that
the quality of smaller particles may possibly affect the extrusion process due
to the content of ‘fines’ on account of their high melting points and lack of
processability.

The use of foamed prepolymer chips is a very interesting approach to reducing
the SSP process time. It has been reported [51] that these particles can be pro-
duced by passing pressurized nitrogen into the extruder prior to pelletizing. It can
be rationalized that conveying and handling of these chips is less complicated. In
this way, the surface/volume ratio can be optimized. Understandably, more care
has to be taken with degassing this material during extrusion.

4.3.2 Catalysts

Any type of the known catalysts, which effects polycondensation in the molten
state is also effective in the solid-state process, as long as the reaction temperature
is sufficiently high enough to activate the reaction. SSP is commonly catalyzed by
antimony, germanium and titanium compounds which are added during the pre-
polymer manufacture. The reaction rate depends on the type of catalyst, with the
known antimony catalysts being generally preferred. The influence of the catalyst
on the crystallization rate should be noted. This phenomenon, which is based on
the content of nucleating catalyst particles is of importance for the production of
bottle-grade polymer [25]. Germanium metal has only a small nucleating effect
in the production of bottle-grade PET and reduces the content of cyclic trimer.
Therefore, it is preferred with respect to optical properties. As is known, PET
catalyzed by germanium compounds shows the best color and clarity [52].

Titanium- and tin-containing systems show high efficiency but tend to discolor
the polymer. PET based on Ti catalysts also exhibits a lower crystallization rate
in comparison with antimony. This phenomenon may be caused by the lower
catalyst concentration and therefore the reduced nucleation.
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The activity of Ti catalysts in SSP depends on the kind of stabilizer fed into
the reactor. In the production of PET, phosphorous-containing chemicals are
commonly added as stabilizers. These products improve the thermal stability,
particularly in processing, which results in reduced degradation and discoloration
and are therefore of importance with respect to quality. Such materials are added
during the production of the prepolymer. These stabilizers are mainly based on
phosphoric or phosphonic (phosphorous) acids or their esters.

Small amounts of these acids or other phosphorus compounds containing
acidic OH groups inhibit the SSP process. This inhibition of Ti-catalyzed poly-
condensation is related to the formation of stable adducts between the acidic
phosphorus compound and the catalyst [53]. Such a problem can be overcome by
the use of certain compounds, for example, nonyl phosphite, in exact, equivalent
amounts [54].

The addition of certain sterically hindered hydroxyphenyl phosphonates as
stabilizers during production of the prepolymer accelerates the SSP reaction rate
in certain specific conditions [55].

The SSP behavior of co-polyesters with rigid or voluminous co-
monomers, such as the flame retardant additive 9,10-dihydro[2,3-di-9-oxa-(2-
hydroxyethoxy)-carbonylpropyl]-10-phosphaphenanthrene-10-oxide, or the ionic
compound, sodium 5-sulfoisophthalate, is inhibited. This also occurs in the melt
phase and cannot be improved by the use of catalysts [56]. The results of studies
examining the influence of employed catalysts with respect to stability and quality
of the polymer suggest the use of antimony catalysts. The thermal or thermo-
oxidative stability is, however, reduced by the interaction of the catalyst with the
carboxylic groups of the polymer [57].

4.3.3 Intrinsic Viscosity

The final IV after SSP at constant temperature, time and pressure depends on
the initial IV of the prepolymer, i.e. PBT (Figure 5.21). For obtaining a desired
high final IV at reasonable reaction times, the IV of the prepolymer should be ca.
0.60 dl/g in the case of PET. Many considerations, however, influence this choice.

An optimum compromise can be found by finalizing the reaction conditions,
time, economy and quality. The quality of the prepolymer dictates that of the
end product. A shorter residence time during prepolymer processing significantly
improves the quality due to the detrimental effects of temperature, residence time
and level of by-products. On the other hand, the pelletizing process is limited
by the IV. Below an IV of 0.35 dl/g, pelletizing with conventional equipment
becomes impractical due to the brittleness of the prepolymer. The variation in
the final IV is influenced by that of the prepolymer, as can be seen in Figure 5.22.
Remarkably, SSP cannot compensate for the deviating IV values of the prepoly-
mer. A broader particle size distribution also broadens the IV distribution and
can affect the uniformity of quality, particularly in subsequent processing.
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0 5 10 15 20

Time (h)

0.50

0.60

0.70

0.80

0.90

1.00

1.10

In
tr

in
si

c 
vi

sc
os

ity
 (

dl
g−1

)

Figure 5.21 Solid-state polycondensation using different prepolymers, shown
as the initial intrinsic viscosity as a function of time (at 235 ◦C and 0.1 mbar)
[30a]. From Buxbaum, L. H., J. Appl. Polym. Sci., Appl. Polym. Symp., 35, 59
(1979), Copyright  John Wiley & Sons, Inc., 1979. Reprinted by permission of
John Wiley & Sons, Inc.

4.3.4 Carboxylic End Groups

According to the principles of SSP, chain growth occurs mainly via polytrans-
esterification and polyesterification reactions. These are accompanied by the
formation of ethylene glycol (EG) and water, respectively. Due to its higher dif-
fusion coefficient water is removed more easily. Generally, SSP needs a specific
ratio of hydroxyl to carboxylic end groups (OH/CEGs). A broad range of results
can be found regarding the optimum ratio reported in the literature According to
one patent disclosure [19], the ratio should be ca. 3:1, but Schaaf et al. [20] has



SOLID-STATE POLYCONDENSATION OF POLYESTER RESINS 231

0 4 8 12 16 20 24
100

120

140

160

180

200

220

Reaction time (h)

D
eg

re
e 

of
 p

ol
yc

on
de

ns
at

io
n

s /mp = 0.15a (broad)

s/mp = 0.075 (small)

Average value

Figure 5.22 Scattering in the degree of polycondensation of the PET product,
as a result of variations in the particle size and intrinsic viscosity in the virgin
polymer: s/mp, standard deviation of the particle mass [12b]. From Weger, F.,
Solid-state postcondensation of polyesters and polyamides, presentation given
at the Frankl and Thomas Polymer Seminar, June 16, 1994, Greenville, SC, USA,
and reproduced with permission of EMS Inventa-Fischer, GmbH & Co. KG

postulated an optimum ratio of 2:1, with the latter being based on a restricted
reaction mechanism. In the cases of PBT and PEN, an OH/CEG ratio of 2:1
is required.

In practice, the concentration of CEGs in the prepolymer commonly varies
between 30 and 40 meq/kg. These end groups can increase the reaction rate of
SSP under certain conditions if the OH/CEG ratio is balanced with respect to
the required value. In contrast, a higher degree of degradation of the prepolymer,
yielding CEG groups, results in a decreased reactivity, particularly in the case of
PBT [30a] (see Figure 5.20).

Prepolymer produced via the terephthalic acid (TPA) monomer route shows an
increased reactivity in comparison with that produced by the dimethanol tereph-
thalate (DMT) monomer process [49]. This behavior is possibly caused by the
enhanced CEG content, which is usually higher in products from the TPA process
as a result of insufficient conversion of the acid monomer in the esterification
reaction (Figure 5.23). The increased reactivity may be caused by an autocatalytic
influence of the carboxylic groups which seems to be disturbed by an unbalanced
content of OH groups in the case of degradation.

It has been disclosed [18] that the addition of terephthalic acid after the ester-
ification stage is complete is responsible for a high reaction rate during the SSP
process. In this case, the prepolymer has commonly 30–40 meq/kg of CEGs.
These observations lead to the conclusion that an increased number of CEGs are
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Figure 5.23 Variation in the concentration of carboxylic end groups and intrin-
sic viscosity during the postcondensation of PET powder produced from DMT (1)
and TPA (2) prepolymers (T , 240 ◦C) [49]. From Gerking, L., Modifications of fiber
properties by polymer and within spinning line, presentation (Paper 52b) given
at the 32nd International Man-Made Fibre Congress, 22–24 September, 1993,
Dornbirn, Austria, and reproduced with permission of EMS Inventa-Fischer,
GmbH & Co. KG

located at the reactive sites in the SSP reaction. Therefore, they are available for
reaction and do not need to diffuse to active centers.

In the case of PBT, the CEG content of the prepolymer should not exceed
40 meq/kg, or otherwise the polycondensation reaction is inhibited due to an
increased formation of tetrahydrofuran (THF). The effect of the CEG content in
a PBT prepolymer on the final IV is shown in Figure 5.20.

The CEG content decreases during the solid-state process for producing bottle-
grade PET, under the standard conditions, by ca. 20–40 %. For the production
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of tyre-cord yarns, very low CEG contents are required due to the reduced
stability of the polymer to hydrolysis and aminolysis. Therefore, a minimum
content of CEGs is desired for such an application. However, this is still in the
region of 14 meq/kg, and even higher in the final yarn. For CEG values below
10 meq/kg, the addition of end-group-capping chemicals during the extrusion
stage is required.

4.3.5 Temperature

Solid-state polycondensation is a temperature-dependent reaction, which com-
monly takes place at temperatures of between 10 and 40 ◦C below the melting
point of the prepolymer. According to various experimental results, the reaction
at temperatures below 150–170 ◦C does occur, although it is very slow [16, 28].
As shown earlier in Figure 5.7, SSP is carried out on a commercial scale at
temperatures of between 220 and 245 ◦C. At higher temperatures, or with long
reaction times, degradation becomes the dominant reaction (Figure 5.24).

Figure 5.19 displays a typical course of discontinuous SSP on the commer-
cial scale (batch size, 22 t) with respect to the variables of temperature, time,
vacuum and intrinsic viscosity. This figure shows the IV plotted as a function

Figure 5.24 Effect of reaction time on the solid-state polycondensation process
for PET: reaction conditions, 250 ◦C: initial Mn, 16 500, with a particle size of
0.18–0.25 mm; data obtained by gas chromatographic analysis, employing a
column of dimensions 8 ft × 0.7.5 in o.d., with a nitrogen gas flow rate of
350 ml/min [5]. Reproduced from Hsu, L.-C., J. Macromol. Sci., Phys., B1, 801
(1967), with permission from Marcel Dekker
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of reaction time, and in addition, the benefits of a precrystallizer which short-
ens this time. Chang et al. [7] found, in the higher-temperature range, a shifting
in the nature of the reaction to one of ester exchange, which was associated
with an broadened molecular weight distribution. At extremely high temper-
atures, thermal decomposition of the polymer is observed at an early stage.
This reaction is thermally initiated and not related to possible hydrolysis due
to water generated by esterification. According to the different diffusion coef-
ficients of water and diols as side products, hydrolysis plays a negligible role
in degradation. This fact should be taken into account in the case of larger
particle sizes.

4.3.6 Vacuum and Gas Transport

As explained earlier, efficient removal of the reaction products is extremely
important in the SSP process. The lowest possible pressure in the reactor is nec-
essary, with the reaction commonly being carried out at a pressure of 0.2 mbar.
Leaks in the systems or a higher pressure range, caused by insufficient vacuum
sources, lead to a lower polymer quality. Generally, the presence of oxygen
deteriorates the quality and the processability of the polymer. The gas flow tech-
nology requires an optimum flow of the gas stream, as shown above in Figure 5.3.
These data, obtained from laboratory experiments, are certainly not comparable
with the conditions used in commercial processes but indicate the importance of
such a parameter (see also Figures 5.4 and 5.5). The flow rate employed mainly
depends on the particle size and the design of the reactor, where the latter influ-
ences the profile of the gas stream. Excessive flow rates in the case of smaller
particle sizes and fluid bed reactors require greater effort in maintaining a possible
powder build-up in the temperature range of polymerization.

The handling of smaller particles, and in particular powders in SSP, is therefore
more difficult than that of chips. High flow rates are desired for larger column
reactors. There is no clear-cut range of flow rates for the inert gas passing through
the reactor, since the efficiency of the flow depends on the geometry of the
equipment. The beginning of disappearance of the particles, which are picked
up by the gas stream, determines the flow rate. By experience, this limitation
may be in the region of about 0.8 m/s. Depending on the process, the nitrogen
consumption varies in the range between 0.5 and 2.5 kg nitrogen per kg polymer
and is influenced by the level of crystallization and drying with nitrogen or air
blowing. The unavoidable loss of nitrogen and the amount of gas employed for
the solid-state technique govern the economy of the process. In this context, it
could be found that SSP carried out under a nitrogen flow is superior to the
process conducted in vacuo, with respect to the acetaldehyde (AA) content of
the polymer product. Removal of the absorbed AA from the surface of the chips
seems to be more efficient when employing the gas-flow method [8, 16].
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4.3.7 Reaction Time

The time-dependence of the SSP process has to be viewed in connection with the
temperature and the factors concerning diffusion. After a certain period into the
reaction, no increase in the IV is observed and thermal decomposition becomes
the dominant process.

Figure 5.24 shows the molecular weight (Mn) plotted as a function of the
reaction time. It can be seen from this figure that there is an optimum time for
attaining the maximum IV. The slope then becomes flat and later turns downwards
due to thermal degradation. The reaction is then characterized by an increasing
content of CEG and vinyl ester groups, as manifested by an increasing fluores-
cence intensity.

The scattering of the final IV is influenced by that of the prepolymer, as
can be seen from Figure 5.22. Remarkably, the reaction time employed for the
SSP process cannot balance the deviating IV values of the prepolymer. Broader
particle size distributions also broaden the IV distribution and can affect the
uniformity of quality, particularly in subsequent processing.

4.3.8 Oligomers and Acetaldehyde

The SSP process is accompanied by a continuous loss of side products, such as
acetaldehyde (AA) and oligomers. Both components can reduce the quality of
the final products. Figure 5.25 displays the level of AA and the IV as a function
of the reaction temperature. The concentration of AA decreases with increasing
reaction temperature to a level of less than 3 ppm at 230 ◦C. Remelting, however,
then leads to an increase in the AA content (Table 5.3).

The observed reduction in the content of oligomers during the solid-state pro-
cess is shown in Figure 5.26. These contents drop during SSP upon increasing
temperatures and time. However, these low levels are increased by remelting in
subsequent processing.

Table 5.3 Content of acetaldehyde (ppm) during
the SSP process [26]. From Wick, G., Characteriza-
tion of PET polymer for bottle manufacturing, pre-
sentation given at the Society of Plastics Engineers
Benelux Seminar, 20–21 May, 1980, Amsterdam,
and reproduced with permission of KoSa GmbH &
Co. KG

Material/Stage Content

Prepolymer 25
SSP process <3
Preform >6
Bottles <3
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2

150 160 170 180 190 200 210 220 230

4

6

8

10

12

14

16

18

20

22

24

26

28

0.64

0.63

0.65

0.66

0.67

0.68

0.69

0.70

0.71

0.72

0.73

0.74

0.75

0.76

0.77

Reaction temperature (°C)

Raw material 99 ppm

[A
A

] (
pp

m
)

IV
 (

dl
 g

−1
)

Figure 5.25 Acetaldehyde content and intrinsic viscosity as a function of the
reaction temperature during the discontinuous SSP process [26]. From Wick,
G., Characterization of PET polymer for bottle manufacturing, presentation
given at the Society of Plastics Engineers Benelux Seminar, 20–21 May, 1980,
Amsterdam, and reproduced with permission of KoSa GmbH & Co. KG

5 ECONOMIC CONSIDERATIONS

A comparison between the technologies of SSP employing either gas flow or
in vacuo conditions does not reveal any differences regarding the reaction rate.
Inconsistent results have been reported on the quality of the final product and
comparison of the technologies with respect to this quality [3]. An unbiased
assessment is indeed difficult as the different results seem to be based on var-
ious explanations. The different results are possibly influenced by the lack of
detailed information concerning the parameters of SSP. Fundamental evidence is
still missing due to the lack of comparable and qualified results. The capacities
of the systems employed will influence the production costs. These are slightly
higher for the batch process due to the more expensive equipment required. The
energy costs – as a decisive factor – in particular, the nitrogen consumption of
the continuous lines, only depend on the equipment being employed.
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Figure 5.26 Variation of the oligomer content as a function of time and tem-
perature during the SSP process [26]. From Wick, G., Characterization of PET
polymer for bottle manufacturing, presentation given at the Society of Plastics
Engineers, Benelux Seminar, May 20–21, 1980, Amsterdam, and reproduced
with permission of KoSa GmbH & Co. KG

6 SOLID-STATE POLYCONDENSATION
OF OTHER POLYESTERS

The basic knowledge of the principles of SSP usually allows a generalization con-
cerning the production of any kind of semicrystalline polyester or co-polyester.
Differences regarding the reactivities are observed which are attributed to the
mobilities of the components employed, e.g. PEN, cationic dyeable polymers or
flame-retardant co-polyesters.

The processing of these prepolymers differs due to the prolonged reaction
times during melt-phase polycondensation and the reduced thermal stabilities
of these materials. The relatively low IV values of the prepolymers has to be
increased by SSP under gentle conditions with the requirement for extremely
long reaction times.

PEN is of great interest as an engineering plastic because of its high Tg and
excellent gas barrier behavior, as well as its thermal and chemical stability.
PEN is also successfully applied in industrial yarns, which are characterized
by high moduli and tenacities and low hot-air shrinkage. The IV obtainable by
melt-phase polycondensation is in the region of 0.5 dl/g due to the significantly
increased melt viscosity of this polyester. In the final state of the production
of the prepolymer (∼0.50 dl/g), the reaction is often accompanied by the onset
of thermal degradation. The reaction temperature should therefore not exceed
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300 ◦C. This IV region is too low for subsequent PEN processing. Therefore,
SSP of the prepolymer is necessary to achieve the desired IV. A sufficiently
high IV (∼1.0 g/dl) can be obtained at reasonable but prolonged reaction times
via SSP, which is conducted under similar reaction conditions as PET. The
reaction is commonly conducted batchwise in vacuo due to the limited com-
mercial demand.

The SSP of PEN and co-polyesters based on 2,6-naphthalene dicarboxylic acid
requires prolonged reaction times, which is obviously related to the rigidity of
the monomers and therefore to both the reduced mobilities of the end groups and
diffusion. Only a few detailed reports exist in the literature on this subject [31,
32]. It should be noted that the analysis of PEN can become complicated due to
its reduced solubility.

An additional example of applying SSP to co-polyester production has been
outlined in a US patent [59]. This discloses the production of co-polyesters based
on terephthalic acid and with up to 12 % bis-(hydroxy ethoxy phenyl)sulfone
co-monomer content. Additional patents exist concerning the SSP of other co-
polyesters [60, 61].

7 CONCLUSIONS

The SSP process is an important commercial route for producing high-molecular-
weight semicrystalline polyesters with outstanding properties. The reaction fol-
lows traditional chemical kinetics and thermodynamics, as well as rates of dif-
fusion. The latter become dominant in the case of large particles and during the
later phase of the reaction where a decrease in the amount of reactive end groups
is seen. The quality of the final polymer depends on that of the prepolymer, its
homogeneity and the reaction conditions with respect to residence time, tem-
perature and particle size. The chemical structure of the monomers employed
influences the reactivity and therefore the attainable molecular weight.

The growing demand for high-molecular-weight polyesters for engineering
plastics applications and improved economics suggest the need to develop pro-
cesses to produce small particles. SSP offers opportunities for producing polymers
containing thermally unstable components which would decompose under the
conditions of molten-state polycondensation by adding these components dur-
ing the later stage of prepolymer synthesis. The reaction can often then be
continued via SSP without any adverse effect on the additive. The resulting qual-
ity makes SSP the most attractive method for producing high-molecular-weight
polyesters.
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1 INTRODUCTION

Shortly after the development of poly(ethylene terephthalate) (PET) by Whin-
field [1], and initial commercialization of this polyester by ICI and DuPont, the
development of copolymers of PET began. Applications of PET in the market-
place was initially focused on textiles; this was followed by films and industrial
fibers (primarily for tyre reinforcement) in the 1960s, and then in soft drink and
bottled water containers in the 1970s–1980s. As we start the 21st century, PET-
based materials are making great inroads into the packaging of food products,
such as sauces and dressings, and are taking preliminary steps into the market-
place for use in beer bottles and retortable containers. As each new application
for PET-based materials is added to their list of commercial uses, new perfor-
mance demands are made on this polymer. These new demands can be met
by changing processing conditions or molecular weight, introducing additives
or fillers to the polymer matrix, or by the copolymerization of new monomers
into the PET backbone which clearly changes some of the polymer’s funda-
mental properties. Production of PET copolymers for the textile fiber industry
is certainly nothing new, and has been well reviewed elsewhere [2, 3]. Typi-
cal modifications for textile fibers include introduction of monomers such as
adipate and poly(ethylene glycol) (PEG) which create amorphous regions capa-
ble of holding dyestuffs, copolymerization of ionomeric groups, such as sodium
5-sulfoisophthalate, which can bind cationic dyestuffs via an ion exchange pro-
cess, and introduction of phosphorous-based esters, to provide increased levels
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of flammability resistance [4, 5]. Introduction of compatible molecular repeat
units, such as diethylene glycol (DEG) or PEG, can be added to improve clar-
ity in PET films. In bottles, traditional comonomers include DEG, isophthalic
acid (IPA) and cyclohexanedimethanol (CHDM), all of which when added at
less than 5 mol % levels, depress the crystallization rates, postponing polymer
crystallization until injection molded preforms are heated above their glass tran-
sition temperatures and blow molded into the desired containers. This delay in
crystallization allows for the production of aesthetically pleasing clear containers
that ultimately attain crystallinity levels equivalent to that which can be obtained
using PET homopolymer. One additional, well-established application of PET
copolymers, the PETG copolymers pioneered by Eastman Chemical, wherein at
least 35 mol % of PET’s ethylene glycol is replaced with CHDM have been in
commerce for a generation [6]. These copolymers, which are amorphous after
normal melt processing and assembly conditions, are sold into injection molding
and extrusion applications where high clarity and impact toughness are required.

The starting PET polymer sits at the crossroads of mechanical, thermal, chem-
ical and economic properties. This polyester tends to be stronger and able to
withstand higher use temperatures than commodity polyolefins, but at greater
cost. The liquid crystalline polymers, polyimides, poly(phenylene oxide)s and
poly(phenylene sulfides) offer greater yet physical properties, but generally at
cost multiples versus PET. With its moderate rate of crystallization, PET can be
injection molded, but not as rapidly or consistently as its somewhat more expen-
sive relative, poly(butylene terephthalate) (PBT), yet with post melt orientation,
PET can be formed into fibers, films and containers which possess relatively
high tensile, modulus, chemical resistance and gas transport barrier properties.
The ultimate goal of copolymerization of PET with modifying substances is to
either accelerate or delay the onset (and ultimate) level of crystallization, to either
increase or decrease tensile and modulus properties, to bring about higher or lower
glass transition temperature (Tg) and melting temperature (Tm) values for the
polymer, and to modify dynamic properties, such as oxygen and carbon dioxide
permeation rates – all while retaining the fundamentally sound balance of proper-
ties and low manufacturing costs associated with the homopolymer. The purpose
of this article then, is to answer the question ‘what’s new’ in PET copolymers.

2 CRYSTALLINITY AND CRYSTALLIZATION RATE
MODIFICATION

Random copolymerization of one or more additional monomers into the backbone
of PET is a traditional approach to reducing crystallinity slightly (to increase dye
uptake in textile fibers) or even to render the copolymer completely amorphous
under normal processing and use conditions (to compete with polycarbonate,
cellulose propionate and acrylics in clear, injection molded or extruded objects).
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With the wholesale conversion of carbonated soft-drink bottles to PET from
glass during the latter third of the 20th century, interest in covalent modifi-
cation of the polyester to decrease the rate of thermal crystallization, without
significantly limiting the ultimate level of crystallinity achievable during biax-
ial orientation of a blown bottles, also became of commercial importance. The
objective of this modification is to retard the onset of thermal crystallization of
the polyester, as it solidifies from the melt. Such retardation of crystallization rate
allows for injection molding of largely amorphous bottle preforms, which then
can be heated above their glass transition temperature and stretch blown to their
final, desired shape and size. During this stretch blowing process, strain-induced
crystallization occurs, resulting in a container which is rigid, possesses satisfac-
tory gas-barrier properties, and the necessary dimensional stability under pressure
and product filling conditions. Typical modification of PET with typically less
than 5 mol % of comonomers such as diethylene glycol, poly(ethylene glycol),
cyclohexanedimethanol and isophthalate have been reviewed elsewhere [2].

At this time of writing, isophthalic acid has become the most widely accepted
modifier for packaging applications, due to its relatively minor effect on the
PET Tg, considerable reduction in crystallization rate but not in ultimate level
of crystallinity (at <5 mol% modification levels), slight enhancement in oxygen
and carbon dioxide barrier properties, and relatively low monomer cost.

2.1 AMORPHOUS COPOLYESTERS OF PET

The one commercial copolymer of PET, typically amorphous under normal
conditions, is the PETG copolymer of Eastman [6]. This copolymer contains
approximately 35 mol % of CHDM monomer, with the CHDM being the native
∼70/30 mixture of trans/cis obtained from catalytic hydrogenation of dimethyl
terephthalate. While typically amorphous and possessing high clarity and impact
strength, long periods of annealing [7] (at or above the Tg), or exposure to a vari-
ety of organic solvents [8] can cause PETG to crystallize, losing both opacity
and impact toughness.

In theory, almost any comonomer diacid or dialcohol could lead to amorphous
copolymers of PET. For example, incorporation of 20–80 % of 2,6-naphthalate,
or greater than 30 % of isophthalate, will generate amorphous materials [9].
Amorphous copolymers of PET, produced by the wholesale substitution of
other monomers into the polymeric backbone, rarely possess desirable thermo-
mechanical properties, unlike the Eastman PETG compositions.

Alternative monomers for elimination of crystallinity in PET have been recently
proposed. In each of these cases, cyclic monomers were employed, and in most
cases, these monomers were alicyclic, and potentially possess sub-Tg molec-
ular motions that could also be of help in dissipating impact energy through
molecular motions. The four-membered ring monomer, 2,2,4,4-tetramethyl-1,3-
cyclobutanediol (CBDO), first developed by the Shell Chemical Company, has
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been shown to lead to amorphous copolymers when incorporated in at least
15 mol% [10]. These amorphous copolymers, much as is the case with PET/
CHDM copolymers, exhibit high impact strength and glass transitions higher than
that of PET homopolymer. The bicyclic monomer, norbornane 2,3-dicarboxylic
acid (NBDA), has been shown by KoSa/academic workers to produce amorphous
copolymers when incorporated in at least 25 and 35 mol %, for the trans- and
cis-isomers, respectively [7, 11]. The Tg values for these polymers are lower than
those of the analogous CHDM and CBDO, while impact properties have not been
reported. An additional monomer that has been recently reported to be effective
at eliminating crystallinity in PET is t-butyl isophthalic acid (TBIPA) [12]. The
presence of the t-butyl group was found to restrict molecular movement, and
results in lower impact properties than unsubstituted PET. This same restric-
tion in molecular motion does lead to an increase in the Tg, but all other
mechanical properties of the polymer were found to be inferior to those of unmod-
ified PET. For commercial applications of these copolymers, simple syntheses
of the modifying comonomers from inexpensive, commodity starting materials
is important. Cyclohexanedimethanol is produced commercially by exhaustive
hydrogenation of dimethyl terephthalate. The CBDO monomer is produced by
dimerization of isobutylene, followed by oxidation, and the NBDA is produced
via Diels–Alder cyclization of cyclopentadiene with maleic anhydride, followed
by hydrogenation of the C–C ring bond. Unlike these relatively straightforward
processes, TBIPA relies on more difficult reaction/separation schemes for its
potential manufacture.

The structures of these modifiers are shown in Figure 6.1.

2.2 INCREASED CRYSTALLIZATION RATES AND CRYSTALLINITY
IN PET COPOLYMERS

The traditional methods for increasing PET crystallization rates include addition
of particulate nucleating agents, such as talc, chain cleavage/conversion of PET
chain ends to their sodium salts, using sodium hydroxide, sodium bicarbonate or
sodium benzoate, or introduction of molecular chain slip agents, such as plasti-
cizers or linear low-density polyethylene [13–17]. The role of chain end groups
in affecting the rates of crystallization are also well understood [17]. Presumably
because non-PET repeat units are rejected from growing PET crystals, incorpo-
ration of comonomers generally does not enhance the crystallization rates. An
exception to this general rule occurs when PET is copolymerized with less than
about 15 mol% of phenolic monomers, such as hydroquinone or 4,4′-bisphenol.
In these cases, the resultant polyarylate repeat units accelerate the crystallization
rates to two- to four-fold that of the PET homopolymer [18, 19]. The presence
of the arylene terephthalate repeat units has been proposed by Sakaguchi and
co-workers to increase the nucleation densities, especially at lower temperatures,
thereby accelerating the overall crystallization process.
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Figure 6.1 Some examples of modifiers used to produce amorphous copoly-
mers of PET

Another exception to the generality that PET copolymers will tend to crystallize
more slowly than the starting homopolymer is provided by the copolyesteramides
developed by Gaymans, working in collaboration with GE Plastics [20–24].
Gaymans found that the introduction of amide linkages into PET and PBT
not only resulted in increased glass transition temperatures and flexural
moduli in polyesters, but that increasing levels of amide incorporation (up to
10–25 mol%) also led to increased crystallization rates. The proposed mechanism
for the observed property enhancements in polyesteramide copolymers is a
self-association of amide groups through hydrogen bonding (Figure 6.2). This
interchain hydrogen bonding is proposed to retard segmental motion; the amide-
rich regions within the copolymer are thought to serve as nucleation sites for
crystallization. The crystallization rate increases, observed upon the introduction
of amide groups, are not a large as those which result from introduction of
heterogeneous nucleants, but this approach, free of added particulates, does not
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Figure 6.2 The polyesteramide structure proposed by Gaymans and
co-workers: E, ester group; A, amide group [21]. Reprinted from Polymer, 38,
van Bennekom, A. C. M. and Gaymans, R. J., Amide-modified polybutylene
terephthalate: structure and properties, 657–665, Copyright (1997), with
permission from Elsevier Science

H3CO2C CO2CH32 + RH2N NH2

−2 CH3OH

H3CO2C CO-NH R NH-CO CO2CH3

Figure 6.3 The ‘Gaymans’ approach to synthesizing polyesteramides

degrade the elongational properties (as can be seen when heterogeneous materials
are added to a polymer matrix).

The idea of producing esteramides dates back almost to the days of
condensation polymer pioneers Carothers and Whinfield. Early efforts relied
upon processes wherein both ester and amide linkages were produced in the
same reactor [25, 26]. In a limited number of cases, PET polyesteramides
have been claimed to possess superior tensile and modulus properties over
unmodified PET [27, 28]. The Gaymans approach (Figure 6.3), which leads
to polymers of lower color (although even in this process, some yellowness,
presumably derived from a nitrogenous species, is formed) relies on the synthesis
of ester–amide–ester triads, which are then readily polymerized under normal
polyester conditions. By judicious use of melt polymerization to relatively low
molecular weight, followed by solid-state polymerization to the desired final
degree of polymerization, polyesteramide polymers have been produced that are
superior to those produced under conditions that require simultaneous ester- and
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amide-bond formation. Despite the improvements which result from initial
synthesis of ester–amide–ester triads, copolyesteramides appear to be inherently
unstable, suffering considerable color degradation with additional heat history.

3 PET COPOLYMERS WITH INCREASED MODULUS
AND THERMAL PROPERTIES

After its initial commercialization as a textile fiber, many subsequent applications
for PET-based polymers have been in the areas of reinforcement of structures
(such as tyres, hydraulic hoses and V-belts) or as a packaging material. In such
applications, there is constant pressure for evolution to stronger and stiffer mate-
rials that can be ‘light weighted’, as well as interest in moving these products into
increasingly higher temperature services. For these reasons, increased modulus
and thermal properties are of great interest in developing PET copolymers.

3.1 SEMICRYSTALLINE MATERIALS

Neither poly(ethylene 2,6-naphthoate) (PEN), nor copolymers of PEN and PET,
are new materials, but they continue to receive considerable attention, due to their
relatively high Tm and Tg values, and attractive tensile, flexural and gas-barrier
properties [29].

Because of interest in using PET as a lower-cost diluent to PEN, considerable
attention has been given to understanding the kinetics of transesterification of the
two polyesters when melt processed together, as well as their cocrystallization
behaviors from the melt [30–35]. An important limitation to the approach of
combining these two fairly similar polyesters is that transesterification is rela-
tively facile at melt processing temperatures, and that compositions containing
20–80 % of PET are amorphous materials. An interesting treatment of how these
two polymers progress from phase-separated mixture, through slightly copoly-
merized block structure, miscible mixture, and then rapid transesterification of
the ethylene terephthalate and ethylene naphthalate groups, was proposed by Guo
and Brittain [31], and may well exemplify the majority of transesterification pro-
cesses in polyester blends (a general discussion of polyester transesterifications
has been provided by Koliar [36].

The isomeric bibenzoic acids (BBs), would appear to share similar struc-
tural features with naphthalene dicarboxylic acid. Like the PET–naphthalate
copolymers, PET–bibenzoates have been demonstrated to possess moduli and
glass transitions temperatures which increase with increasing levels of rigid
comonomer [37–39]. Unlike the PET/PEN copolymers, when the symmetrical
4,4′-BB monomer is substituted into a PET backbone, virtually every compo-
sition of PET–BB is semicrystalline; the 2,4′- and 3,4′- isomers of BB, when
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Table 6.1 Thermal properties of PET
copolymers containing 10 mol% of vari-
ous x, 4′-bibenzoic acids as comonomers

BB isomer
Polymer
Tg ( ◦C)

Polymer
Tm ( ◦C)

Nonea 78 256
2,4′ 76 238
3,4′ 82 230
4,4′ 94 231

a PET homopolymer.

Table 6.2 Thermal properties of PET copolymers containing
high levels of various x, 4′-bibenzoic acids as comonomers

BB isomer
BB content

(mol%)
Polymer
Tg ( ◦C)

Polymer
Tm ( ◦C)

Nonea 0 78 256

3,4′ 55 91 Amorphous
3,4′ 65 93 Amorphous
3,4′ 100 99 (104b)c Amorphous

4,4′ 55 106 262
4,4′ 65 111d 281
4,4′ 100 – 343c

a PET homopolymer.
b Literature value.
c Reference [8].
d Approximate value.

copolymerized into PET, behave more like higher-temperature analogs to phthalic
and isophthalic acids, respectively (Tables 6.1 and 6.2) [39].

While no direct evidence of liquid crystallinity in PET–BB copolymers has
been reported, the high-BB-content copolymers have been shown to possess mor-
phologies similar to those of liquid crystalline polyesters [40], and show major
changes in both melt relaxation times and fiber tensile moduli, suggestive of struc-
tural organization in a ‘frustrated liquid crystalline polymer (LCP)’ (Table 6.3
and Figure 6.4) [41, 42].

Other, rigid-rod monomers can be incorporated into PET, to increase chain
stiffness, and therefore the Tg (Figure 6.5). A prime example of such a rigid
copolyester is a multi-ring poly(ethylene terephthalate–imide) [43]. As was the
case with the polyesteramides of Gaymans, the imide-containing diol monomer,
N ,N -bis[p-(2-hydroxyethoxycarbonyl)phenyl]-biphenyl-3,3,4,4-tetracarboxy-
diimide, was preformed prior to polycondensation, where this monomer is free
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Table 6.3 Mechanical properties of injection-molded poly/
copolyesters

Polymer/copolymer
Tensile strength

(MPa)
Flexural modulus

(GPa)

PET 67 2.9
PBT 60 2.5
PETBB-55 91 3.5
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Figure 6.4 Properties of PET–BB copolymers as a function of BB content:
(a) tensile properties; (b) viscosity, η0 (ž) and relaxation time (Ž) [42]. Reprinted
with permission from Ma, H., Hibbs, H., Collard, D. M., Kumar, S. and Schi-
raldi, D. A., Macromolecules, 35, 5123–5130 (2002). Copyright (2002) American
Chemical Society
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Figure 6.5 Some examples of rigid-rod comonomers that have been incorpo-
rated into PET to increase chain stiffness

to condense as a typical hydroxyethyl repeat unit. Significant in its enhancement
of the Tg, introduction of this comonomer results in complete elimination of
crystallinity when incorporated in as low as 5 mol% level.

3.2 LIQUID CRYSTALLINE COPOLYESTERS OF PET

Extending the PET/PEN systems to also include hydroxybenzoic acid (HBA)
copolymers, PET/PEN/HBA combinations containing at least 30 % HBA, and
PET/HBA combinations containing over 50 % HBA are generally found to be
liquid crystalline [44–46]. While the HBA monomer used in such compositions
is also typical of most commercial liquid crystalline polymers, PET modified
with 70 mol% HBA is the only ethylene-glycol-containing liquid crystalline poly-
mer (LCP) that has been commercialized to date [47]. Other LCPs have been
produced from PET modified by p-acetoxybenzoic acid [48], hydroquinone (HQ)
and HBA [49], HBA, vanillic acid, p-aminobenzoic acid and m-aminobenzoic
acid [50, 51], and methylhydroquinone [52]. As could be predicted, addition of
comonomers to PET/HBA or PET/PEN/HBA typically lower the temperatures
of thermal transitions, the levels of observed crystallinities vary with the compo-
sitions, and the resulting LCP polymers tend to exhibit highly oriented, fibrillar
structures. None of these materials have replaced the liquid crystalline polymers
of commerce.

4 INCREASED FLEXIBILITY COPOLYMERS OF PET

The introduction of any flexible molecular repeat units, such as long-chain
aliphatic diols or diacids, large hydrocarbon phases, such as C36 dimer acid,
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or polyethers, such as poly(ethylene glycol) (PEG) and poly(tetramethylene
glycol) (PTMG), would be expected to impart macroscopic flexibility to PET
polymers. In many cases, the combined losses of Tm, Tg and attainable
crystallinity do not represent product improvements when these flexible units
are incorporated into PET; phase separation can lead to complex rheology
and difficulty in processing. Unlike PBT, which forms a phase-separated
thermoplastic polyester–ether elastomer when copolymerized with PTMG [53],
PET is not known to produce such elastomers without incorporation of
additional modification of the polymer. Two flexible comonomers, PEG and
polycaprolactone (PCL), dominate recent reports of such PET-based polymers.

Workers at AlliedSignal have developed a poly(ethylene terephthalate)–
polycaprolactone block copolymer, commercialized for use in ‘load-leveling’ seat
belt fabrics [54]. These block copolymers were prepared by reacting caprolactone
monomer with PET homopolymer, in the presence of a tin catalyst, in a twin-
screw extruder. The product of this reactive extrusion is a block copolymer with
domains of polycaprolactone grown from the hydroxyl end groups of the starting
PET core, with minimal randomization of the monomeric units (Figure 6.6). In
fiber form, this polymer has been shown to be resistant to creep under normal
use, but irreversibly deforms when elongated at high strain rates, such as those
encountered in an automobile accident (hopefully minimizing bodily injury to
the wearer of the seat belt, who would still remain restrained by the belt).

Block copolymers of PET and PEG, produced by copolymerization of tereph-
thalate, ethylene glycol and PEG diol, have been shown to crystallize into two
phases, each with unique crystallization behaviors [55]. Shrinkage experiments
demonstrated that these copolymers could be subjected to as many as 20 fatigue
cycles, each time returning to its original shape upon heating; this latter brought
about melting and recrystallization of the PEG blocks of the polymers. The crys-
tallization phenomena associated with the PET–PEG copolymers are complex,

O

O

+2n OC CO2−CH2CH2O

x

Sn(II)

OC CO2−CH2CH2O CO−(CH2)5−OO−(CH2)5−CO

n nx

HHO

Figure 6.6 Reactive extrusion block copolymer of poly(ethylene terephthalate)
and polycaprolactone
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and defy simple models. Crystallization of the PEG blocks in these systems is
constrained by the microstructure of the PET phases [56]. Because of the signifi-
cant increase in equilibrium moisture content in the polymer as the PEG fraction
is increased, it has been suggested that such PET–PEG copolymers are good
candidates for biodegradation, especially in the presence of lipase enzymes [57].

While the thermo-mechanical properties of PET copolymerized with aliphatic
diacids generally are unremarkable, workers at Eastman Chemical have reported
that incorporation of 1–45 mol% of C3–C8 aliphatic acids, such as succinic
acid or adipic acid, can lead to as much as a two-fold decrease in carbon
dioxide permeability versus PET homopolymer [58]. This improvement can be
explained by a decrease in the Tg, which leads to less supercooling of the
polymer at room temperature (the temperature of interest in measuring loss
of carbonation in soft drinks contained in polyester bottles); less supercool-
ing leads directly to lower static free volume and lower gas solubility in the
copolymer [59, 60]. Because the aliphatic diacid modifiers are highly flexible,
these copolyesters exhibit enhanced intensity of their sub-Tg γ-transitions, which
increase their dynamic free volumes and hence the diffusivity of gases through
such aliphatic–aromatic copolyesters [60, 61]. In the case of the copolymers
described by the Eastman workers, a large decrease in permeant gas solubility
in the polymer is partially offset by higher diffusivity, but the overall effect is
decreased permeation. With the lower Tg values and decreased gas permeation,
the copolyesters of PET with aliphatic diacids are also more prone to creep under
the pressure of carbonated beverages, rendering them unsatisfactory for such an
application. The subject of structure–property effects upon gas solubility, diffu-
sivity and permeation for quenched, annealed and oriented copolyesters has been
intensively studied in recent years [9, 59–65], and can generally be predicted
by the temperatures and intensities of the glass and gamma transitions, respec-
tively. The permeation of water vapor [66], acetone [32] and hydrocarbons [67]
through polyesters have also been investigated in recent years; not surprisingly,
each of these permeations can be correlated with the free volumes existing in
the polymers.

5 COPOLYMERS AS A SCAFFOLD FOR ADDITIONAL
CHEMICAL REACTIONS

The incorporation of comonomers into PET and other polyesters, with the
intent that these comonomers would then serve as the site for additional, post-
polymerization reactions, has not been widely explored. A potential difficulty
in such an approach is that the reactive comonomer cannot react under PET
synthesis conditions of ca. 285 ◦C/2 h/Lewis acid catalyst if the modification is
to be effective. Two such systems, stable under PET synthesis, and then subjected
to post-polymerization reactions, have been recently reported.
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Incorporation of 2,6-anthracene dicarboxylic acid (ADA), in up to 40 mol%
concentration, has been shown to give materials that are higher Tg analogs
to PET/naphthalate copolymers [68–72]. Diels–Alder cycloadditions across the
central, 9/10 positions of anthracenes are well-established chemical reactions.
Starting with PET/ADA copolymers containing 1–14 mol% ADA content, irre-
versible cycloadditions of a variety of maleimide dienophiles has been demon-
strated as a means of grafting functional groups to the polyester chains [73]; use
of bis-maleimides resulted in irreversible crosslinking of PET/ADA chains to one
another (Figure 6.7) [68]. Photochemical dimerizations (assumed to be face-to-
face, but potentially leading to ladder-like structures) of the random PET/ADA
copolymers have been demonstrated again to be irreversible [69]. An intriguing
aspect to all of these post-synthesis reactions is that these reactions can occur
both in solution and in the melt, and that the equivalent reactions of the starting
anthracene-based monomers are reversible. The reason for irreversibility in the
polymeric systems is not well understood.

An alternative scheme for incorporating chemically reactive anthracene
monomers made use of anthracene mono-carboxylic acid, therefore resulting
in chain capping of the PET chains with anthracene units. Reaction (either in
solution or via reactive extrusion) with bismaleimides resulted in chain extension,
increasing polymer molecular weights from 6000–10 000 to 20 000–25 000 in as
little as 3 min reaction time (Figure 6.8) [71, 72]. While such an approach could
hold great promise for the rapid manufacture of polyesters, it should be pointed
out that these chain-extended materials all were amorphous materials.

Another PET copolymer system that was recently demonstrated to be suffi-
ciently stable to standard synthesis conditions, yet photochemically reactive, is
that of PET–p-phenylene bisacrylic acid (PBA) (Figure 6.9) [74]. Upon UV irra-
diation, PET copolymers containing up to 15 mol% of PBA were shown to irre-
versibly undergo [2 + 2] cycloaddition reactions to produce lightly crosslinked,
amorphous materials.

6 OTHER PET COPOLYMERS

6.1 TEXTILE-RELATED COPOLYMERS

It was previously mentioned was that a large number of minor copolymers
of PET have been developed over the past 50 years, with the intent of mod-
ifying textile fiber properties and processability [2, 3]. Of broader interest is
that some of these textile modifications, such as PET copolymers with metal
salts of 5-sulfoisophthalic acid (SIPA), have their own rich chemistries when the
extent of polymer modification is increased beyond textile levels. An example
of such a modification is that changing the counterions associated with SIPA
can significantly effect the kinetics of polyester transesterification reactions (the
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Figure 6.8 Extrusion chain extension of PET copolymers

counterions potentially serving as catalysts themselves) and of Tg, Tm, and tem-
perature of crystallization (Tc) values for the copolymers [75]. A note of cau-
tion which should be made is that small changes in PET structure which are
beneficial for fiber applications, such as light crosslinking [76] (beneficial for
high-speed fiber spinning) can be highly detrimental in other applications (these
same modifications limit orientation of barrier packaging materials) [60]. It is
also important to note that introduction of ionomeric monomers, such as SIPA,
generally lead to high polymer melt viscosities, thus confounding melt processing
of these materials.
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Figure 6.9 Photochemical crosslinking of a PET–p-phenylene bisacrylic acid
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6.2 SURFACED-MODIFIED PET

Another category of PET-based copolymers with low molar levels of modifica-
tions are the materials produced by surface modification. The reader is directed
to recent papers for discussions of surface-energy modification by such pro-
cesses [77, 78].

6.3 BIODEGRADABLE PET COPOLYMERS

Approaches to increasing the biodegradability of PET typically fall into the
incorporation of either (i) polyethers, which increase the ambient moisture level
(beyond the 0.3–0.4 wt% level of PET homopolymer [66, 79]) in addition to
introducing organic radical sensitive units, and (ii) introduction of aliphatic diacid
groups, such as succinate, for which catabolic pathways are widely found in
nature [60, 80]. Using one or both of these substitutions into the PET backbone,
various workers have demonstrated accelerated loss of mechanical integrity of
PET copolymers exposed to enzymes, fungi and activated sludge [80]. A com-
plete biodegradation of such copolymers to carbon dioxide and water, thereby
actually removing the organic aromatics from an authentic ecosystem, has not
yet been reported.
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6.4 TEREPHTHALATE RING SUBSTITUTIONS

Copolymers of PET containing 5–75 mol% nitroterephthalic (NTA) units, were
synthesized, found to be stable up to 300 ◦C, and demonstrated to have ran-
dom distribution of the nitroaromatic groups throughout the polymer chain [81].
Introduction of the nitro groups resulted in increasing Tg values, and decreas-
ing crystallinity as a function of substitution. Very similar results were obtained
using 5-nitroisophthalate substitution levels of 5–50 mol% [82]. Prior work with
methyl-substituted terephthalate [83], and with t-butyl isophthalate [12] again
demonstrated increasing Tg levels, presumably due to hindered rotation of the
substituted aromatic rings, as well as rapid loss of crystallinity as the substitution
levels are increased.

6.5 FLAME-RETARDANT PET

Reduction of polymer flammability is of broad interest for applications ranging
from plastics to textiles. For polyesters, given their inherent instability towards
water at elevated temperatures, and the high temperatures of manufacture, many
classes of flame-retardant (FR) agents, including most halogen-containing mate-
rials, are impractical. Phosphate esters, capable of incorporation into the polymer
backbone, were pioneered by Hoechst AG, and continue to be the materials of
choice [84, 85].

7 SUMMARY AND COMMENTS

The relatively simple chemistry of reacting diols with acids offers the availabil-
ity of a rich variety of potential materials to the polymer chemist. Within those
compositions that are based in part on poly(ethylene terephthalate), modifica-
tions offering practical industrial applications continue to dominate the literature.
Strides have been made in the past decade towards higher modulus, higher ser-
vice temperatures, impact, clarity and gas-barrier properties in PET copolymers.
As global PET manufacturing capacity continues to grow, replacing older/smaller
plants with large continuous commodity lines, opportunities to occupy the smaller
plants with specialized copolymers would appear to represent a great opportunity
for the current generation of chemists and polymer professionals. Exploitation of
post-synthesis chemical reactions which further modify comonomers in a PET
backbone, development of truly biodegradable PET-based materials, and contin-
ued development of higher temperature, stiffer, and tougher polyester copolymers
all appear to be worthy goals.
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Amorphous and Crystalline
Polyesters based on
1,4-Cyclohexanedimethanol
S. R. TURNER, R. W. SEYMOUR AND J. R. DOMBROSKI
Eastman Chemical Company, Kingsport, TN, USA

NOTATION

CHDA cis/trans-1,4-cyclohexanedicarboxylic acid
CHDM cis/trans-1,4-cyclohexanedimethanol
DMCD dimethyl cis/trans-1,4-cyclohexanedicarboxylate
EG ethylene glycol
IPA isophthalic acid
N dimethyl 2,6-naphthalenedicarboxylate
NDA 2,6-naphthalenedicarboxylic acid
PCT poly(1,4-cyclohexylenedimethylene terephthalate)
PCTA dibasic-acid-modified PCT copolyester
PCTG glycol-modified PCT copolyester
PET poly(ethylene terephthalate)
PETG CHDM-modified PET copolyester
TMCD cis/trans-2,2,4,4-tetramethyl-1,3-cyclobutanediol
TPA terephthalic acid

1 INTRODUCTION

Polyesters are highly versatile materials, which have gained increasingly impor-
tant uses for packaging plastics, films, sheeting and resins for molding precision

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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parts for medical and electronics applications. Since the first reported preparation
of high-molecular-weight polyesters by Carothers and Hill in 1932 [1], many
technologically important advances have been made in the synthesis, commercial
development, and especially the identification of a broad array of new market
applications for these materials. The scope of polyester compositions can be
roughly divided into three broad categories: aliphatic, aromatic, and partly aro-
matic polyesters. Aliphatic-based polyesters are generally defined as polyesters
prepared from an aliphatic dibasic acid and an aliphatic diol, or combinations of
different aliphatic diacids and aliphatic diols. It has been well established and
documented that aliphatic-based polyesters are characterized as having low melt-
ing points and poor hydrolytic stability [2–4]. Thus, the commercial utility of
aliphatic-based polyesters for general plastics applications have been severely
restricted by these inherent properties. Aromatic polyesters, also referred to
as polyarylates, are compositions prepared from aromatic dibasic acids such
as terephthalic acid (TPA) and/or isophthalic acid (IPA) and an aromatic diol,
such as bisphenol-A, or diphenols [5]. Polyarylates have many desirable phys-
ical properties useful for high-performance plastics applications, but have not
yet achieved large usage in the marketplace on a cost/performance basis. On
the other hand, the commercial importance and application of partly aromatic-
based polyesters has grown tremendously since the pioneering work reported by
Whinfield and Dickson in 1946 [6]. This work is of particular importance since
it led to the understanding that partly aromatic polyesters, such as poly(ethylene
terephthalate) (PET), are semicrystalline, high melting and hydrolytically stable.
These properties have been found to be especially desirable, and have led to the
innovation and commercialization of partly aromatic polyesters and copolyesters
for fibers, films and molding plastics [7]. Since the early work on PET, one
of the most noteworthy variations on this composition came about with the
discovery of linear polyesters prepared from terephthalic acid (TPA) and 1,4-
cyclohexanedimethanol (CHDM) and revealed in the patent by Kibler et al. in
1959 [8]. The incorporation of CHDM in partly aromatic polyester compositions
has resulted in the development of a diverse family of commercially important
polyesters with properties ranging from amorphous to highly crystalline. The
first major commercialization of CHDM in polyesters was the TPA/CHDM hom-
polyester as a textile fiber [9]. A major jump in PET consumption occurred in
the mid-1970s following the commercial development of technology for stretch
blow molding containers for the carbonated soft drink market [10]. Low-level
incorporation of CHDM into PET was an important enabler in the develop-
ment of PET for this application area in the 1980s [11, 12]. PET modified with
less than about 5 mol % CHDM has experienced widespread use as a resin for
this market application because of improved molding properties by widening
the processing window and imparting high clarity resulting from modification
of the crystallization properties of the resin. From 1982 to the present time, a
family of CHDM-based polyesters has been commercially developed to meet
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a diverse range of market applications, including food and medical packaging,
molding resins for precision medical and electronics components, consumer appli-
cations, sheeting for signage and point-of-sale displays, and extruded tubing
and profiles.

This report provides an overview of some of the newer polyester composi-
tions based on CHDM. The basic properties and chemistries of PCT have been
described in earlier reviews [9, 13]. The CHDM-based polyesters covered in this
review are PCT, PCTG, PCTA, and PETG. These compositions are described in
more detail in the sections that follow.

2 1,4-CYCLOHEXANEDIMETHANOL

CHDM is the major glycol used to prepare PCT, PCTG and PCTA polyesters,
but is the minor glycol in the PETG composition. CHDM is manufactured by
catalytic hydrogenation of dimethyl terephthalate (DMT) and was first revealed in
patents issued to Eastman Kodak Company [14, 15]. A number of other CHDM
synthesis patents have since been issued and describe catalysts and process
technology for hydrogenation of TPA or dimethyl 1,4-cyclohexanedicarboxylate
(DMCD) [16–19]. The two key steps in the reduction of DMT to CHDM are
depicted as follows:

CMeO

O

C OMe

O

+ 3H2 CMeO

O

C OMe

O

S
Pd

DMT DMCD

CMeO

O

C OMe

O
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CuCrO2

DMCD CHDM

S S + 2CH3OH

The Eastman Chemical Company is the sole producer of CHDM in the USA.
CHDM is typically produced as a mixture of cis- and trans-isomers, with an
equilibrium ratio of approximately 30/70 cis/trans. Additional patents disclose
technology for affecting the CHDM isomer ratio [19] and for isomerization of
cis-CHDM to trans-CHDM [14]. Most commercial CHDM polyesters are pre-
pared from the approximately 30/70 cis/trans ratio, with this isomer ratio being
maintained throughout the polymerization process. The effect of the cis- and
trans-CHDM isomer ratio on the melting point of terephthalate-based polyester
has been previously studied and reported [9, 20]. This relationship is shown in
Figure 7.1.
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Figure 7.1 Effect of CHDM cis/trans ratio on the melting points of poly(1,4-cyclo-
methylene terephthalate)s

A continuous increase in melting point occurs from the 100 % cis to the 100 %
trans polyester. No eutectic composition in the melting or crystallization curves
is observed over the entire cis/trans range. The investigators concluded that this
trend occurs because polyester molecules containing cis-CHDM can fit readily
into the crystalline lattice of the polyester containing the trans-CHDM, and vice
versa [20]. Furthermore, the lower melting temperature of the cis-based polyester
is attributed to a reduced symmetry of the repeating unit, relative to the analogous
trans-based polyester [9].

It is well established that the physical properties of CHDM-based polyesters
are influenced not only by the isomer ratio, but also by copolymerization with
other common diols and diacids. This factor will be discussed in more detail
below. An additional influence on the physical properties is brought about by
the understanding that the cyclohexane ring of CHDM can exist as either a
chair or boat conformation, and the substituents can be either in the axial or
equatorial positions [9, 20]. Such structural attributes ultimately influence chain
packing, sub-Tg molecular motions, gas transport properties and other important
properties of CHDM-based polyesters [21]. The effect of the cyclohexylene unit
on secondary relaxation and mechanical properties for a series of CHDM-based
copolyesters has been studied recently by Chen et al. [22]. Their results support
the hypothesis that dynamic fluctuations induced by motion of the cyclohexylene
group makes yielding a more efficient process for these copolyesters. They point
out that the decrease in yield stress may be attributed in part to conformational
changes of the cyclohexylene group [23].

CHDM is thus a highly versatile monomer for producing polyesters that can
be tailored to achieve a wide range of physical properties for a broad range of
end-use applications.
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3 1,3- AND 1,2-CYCLOHEXANEDIMETHANOL: OTHER
CHDM ISOMERS

1,3- and 1,2-CHDM can be prepared by hydrogenation of dimethyl isophthalate
and dimethyl phthalate, respectively. Several patents have been issued revealing
processes to the 1,3-derivative [24–26]. Linear, high-molecular-weight polyesters
based on the 1,3 isomer of CHDM have not been commercially developed, and
physical properties of polymers prepared from this monomer are only sparingly
reported in the literature [27–31]. Early work with this monomer for the prepa-
ration of terephthalate-based polyesters indicates that key physical properties,
especially impact strength, are generally inferior to equivalent polyester compo-
sitions prepared from 1,4-CHDM. Thus, current interest in 1,3-CHDM appears
to be driven by its potential utility for the preparation of low-molecular-weight
polyesters for coatings applications and as an extender for polyurethanes [32,
33]. The 1,2-isomer of CHDM appears to have even less utility for synthesis of
high-molecular-weight polyesters. Attempts to incorporate 1,2-CHDM monomer
in polyesters by conventional melt-phase polymerization processes result in the
production of high levels of cyclic oligomers and poor conversion to linear,
high-molecular-weight polymer.

3.1 DEFINITIONS: PCT, PCTG, PCTA AND PETG

The following definitions have been traditionally used in the trade to describe
the range of CHDM-based polyester compositions:

• PCT describes a polyester composition prepared from CHDM and DMT (or
TPA). The abbreviation PCT is thus derived from the technical name for the
polymer, i.e. poly(1,4-cyclohexylenedimethylene terephthalate), or PCT. This
material is a highly crystalline, high-melting polyester, with the following
structure:

C

O

COCH2

O

CH2O

n

PCT: poly(1,4-cyclohexylenedimethylene terephthalate)

S

• PCTG refers to a glycol-modified PCT copolyester. Ethylene glycol (EG) has
been found to be an effective and economical glycol for preparation of PCTGs
having desirable processing and end-use properties. Thus, PCT polyesters
with EG modification up to 50 mol% are referred to as PCTGs (see structure
below). Polyesters within this compositional range have exceptional clarity
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and good impact resistance. PCTG is mostly used in injection molding and
is favored for its toughness and ability to precision mold thin-wall parts.

• PET modified with up to 50 mol% CHDM is referred to as PETG. This resin
is by far the most widely used of the CHDM-based polyesters.

C

O

C

O
OCH2CH2O

OCH2 CH2OS
y

x

Structure represents PETG when x is the major glycol component
Structure represents PCTG when y is the major glycol component

• PCTA likewise refers to an acid-modified PCT copolyester. Isophthalic acid
(IPA), or alternatively the dimethyl ester of IPA, is the most commonly used
modifying dibasic acid to prepare PCTA copolyesters. PCTA thus refers to
PCT compositions modified with up to 50 mol% IPA. The PCTA structure is
as follows:

C

O

C

O

C

O

C

O

x

OCH2 CH2OS

Structure represents PCTA when y ≤ 50 mol% IPA

y

4 SYNTHESIS OF CHDM-BASED POLYESTERS

PCT, PETG, PCTG and PCTAs can all be prepared readily via standard
melt-phase polycondensation processes [34, 35]. The diacid can be delivered
via transesterification of the dimethyl esters or via direct esterification of
the diacids. Numerous conventional catalyst and catalyst combinations can
be employed. The use of a catalyst or catalyst combination is important
for the manufacture of polyesters via the melt-phase process and has been
well reported in the literature [36–41]. Appropriate catalyst systems enable
the production of polyesters with high processing rates and high molecular
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weight, while minimizing undesirable side reactions such as color formation.
Commonly used catalysts include various oxides and acetates of metal ions,
particularly zinc, antimony, manganese, germanium, and the like. In addition,
tetraalkyltitanates are widely used ester-interchange catalysts. Catalyst technology
for the manufacture of CHDM-based polyesters has been primarily disclosed
in the patent literature [42–50]. Crystalline PCT and PCTAs can be prepared
to modest molecular weights in the melt phase and solid-state polymerized to
useful molecular weight ranges. For amorphous copolyesters, useful molecular
weight ranges must be achieved entirely in the melt phase. This can be a
difficult constraint for the practical preparation on a commercial scale for some
compositions where elevated low shear melt viscosities hinder achieving high
molecular weight without the formation of unwanted degradation products.

Although it is well established that CHDM forms well-defined, high-molecular-
weight polyesters with terephthalic acid and/or isophthalic acid by conventional
melt-phase polymerization processes, the same is not true for polymerization
with orthophthalic acid or phthalic anhydride. Thus, conventional melt-phase
esterification procedures do not permit the production of high-molecular-weight
polyesters from CHDM and o-phthalic acid or phthalic anhydride. However,
an alternate procedure has been described for the preparation of CHDM-based
polyesters from these materials by conducting the esterification/polyesterification
reaction in a refluxing solvent in the presence of a catalyst and azeotroping
out the water produced [51]. This process requires use of substantially equimo-
lar amounts of CHDM and o-phthalic acid or phthalic anhydride and that the
o-phthalic acid or anhydride component must be anhydrous before use. Thus,
slight imbalances in the acid and glycol will limit the molecular weight of the
resulting polyester. Appropriate solvents include toluene, xylene, chlorobenzene,
and the like.

5 POLY(1,4-CYCLOHEXYLENEDIMETHYLENE
TEREPHTHALATE)

5.1 PREPARATION AND PROPERTIES

The primary crystalline polymer based on CHDM is the terephthalate, poly(1,4-
cyclohexylenedimethylene terephthalate) (PCT). This polyester was originally
developed for fiber applications but has since found wider utility as a reinforced
polymer for injection molding and (when copolymerized with a small amount
of isophthalic acid) as a material for crystallized food packaging trays. The key
property of PCT which sets it apart from other thermoplastic polyesters in these
latter applications is its melting point.

When made with the normal 70/30 trans/cis CHDM isomer ratio, the melting
point of PCT is about 290 ◦C. The melting point varies substantially with isomer
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Table 7.1 Effect of cis-isomer content on the gas-barrier
properties of PCT

Oxygen permeability
cis-CHDM content (%) (cc mil)/(100 in2 24 h atm)

93 15
46 31
26 40

ratio, however, as mentioned previously (see Figure 7.1) [20]. For comparison,
the melting point of PBT is 225 ◦C and that of PET is in the range of 250–260 ◦C.
The CHDM isomer ratio also has an effect on gas-barrier properties, with a better
barrier resulting from higher cis levels. A recent patent [52] discloses that PCT
with 93/7 cis/trans CHDM ratio containing 50 % of 2,6-naphthalene dicarboxylic
acid has an unexpectedly low permeability of 2.68 (cc mil)/(100 in2 24 h atm).
This compares with an oxygen permeability of 6.51 (cc mil)/(100 in2 24 h atm)
for a similar composition prepared with a nearly 50/50 cis/trans CHDM ratio.
Because of the higher local free volume contributed by the CHDM structure, the
diffusivity through PCT is generally higher than that through denser structures
like PET [21]. However, the magnitude of this effect is strongly dependent on
the isomer ratio, as shown in Table 7.1.

Crystallization of PCT is relatively rapid, but because of its higher Tg (90 ◦C)
the maximum rate of crystallization occurs at a higher temperature than is typical
of other crystalline polymers such as PET (Tg at about 70 ◦C) or PBT (Tg at about
35 ◦C). Figure 7.2 compares the crystallization half-times of PET and PCT from
both the glass and the melt (data were obtained via DSC measurements). The
effect of the higher Tg on the temperature of maximum crystallization rate (i.e.
minimum half-time) is most clearly seen in the data from the melt. The basic
rapid crystallization rate of PCT allows it to be used as a high-performance
injection molding material.

The bulky in-chain CHDM moiety results in several other important differences
between PCT and other crystallizable polyesters such as PET. The amorphous
density is significantly lower, with PCT being 1.195 g/ml. compared to 1.334 g/ml
for PET. PCT also exhibits a strong sub-Tg molecular relaxation, which results
in a relatively low modulus at room temperature (155 MPa versus 240 MPa for
PET). The downward shift in modulus and upward shift in relaxation strength
are evident in the dynamic mechanical curves shown in Figures 7.3 and 7.4. In
each figure, the effect of increasing CHDM at the expense of ethylene glycol
is shown.

The strong sub-Tg relaxation in PCT also contributes to increased toughness of
this polymer in the amorphous state. When measured on amorphous specimens,
the notched Izod impact strength of PCT is greater than 1000 J/m, while that of
PET is less than 100 J/m [22].
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Figure 7.4 Dynamic mechanical loss curves of polyesters prepared from PET
modified with 3 mol% of CHDM (relative to PCT)

Preparation of PCT is best accomplished from dimethylterephthalate (DMT)
using standard transesterification catalysts such as titanium. Because of the high
melting point of the polymer, final polyesterification temperatures must be high
(greater than 300 ◦C at typical commercial trans/cis ratios) [27]. PCT prepared
in the melt phase can be crystallized and then solid-phase polymerized to obtain
even higher molecular weights. Solid-phase polymerization is generally carried
out within the temperature range of 200–250 ◦C.

5.2 OTHER CRYSTALLINE POLYMERS BASED ON PCT OR CHDM

If PCT is modified with relatively high levels of comonomer, substantially amor-
phous materials result (see the following sections on PETG, PCTG and PCTA).
However, it is possible to maintain crystallinity at lower levels of modifica-
tion. For example, replacing up to about 10 mol% of the terephthalate units with
isophthalate results in a polymer with reasonable crystallization rates and ultimate
degrees of crystallinity.

One might expect that completely replacing the terephthalate unit in PCT with
naphthalene dicarboxylate would make an interesting high-temperature poly-
mer. However, such a polymer cannot be successfully prepared, because its
melting point is above its degradation temperature. Reduction of the melting
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point by copolymerization (for example, either with terephthalate or isophthalate)
eliminates this problem.

Crystalline polyesters from CHDM and aliphatic diacids are possible, but
generally of little interest because of low melting points and low glass tran-
sition temperatures. Cyclic aliphatic diacids offer some potentially attractive
possibilities. For example, the polyester of CHDM with a high-trans isomer
1,4-cyclohexanedicarboxylate has a melting point (∼225 ◦C) similar to that of
PBT [53].

5.3 PROCESSING OF CRYSTALLINE PCT-BASED POLYMERS

Melt processing of the high-melting PCT-type polymers must be carried out
carefully, owing to a relatively small window between the melting point and
the temperature at which degradation rates become significant. The degradation
is both thermal and hydrolytic in nature. While it may be argued that the PCT
structure is inherently more hydrolytically stable than other polyesters such as
PET, the higher processing temperature compensates by accelerating the rate.
Thus drying of the polymer or formulation before processing is recommended.
Dessicant drying at temperatures up to about 125 ◦C is commonly used. Degra-
dation results in color formation, loss of molecular weight, and deterioration of
critical mechanical properties such as toughness.

5.4 APPLICATIONS FOR PCT-BASED POLYMERS

5.4.1 Injection Molding

PCT forms the basis of a family of reinforced, crystalline plastics for injection
molding. As mentioned above, the high melting point of the polymer is a key
property, as this results in high heat deflection temperatures (HDTs) in glass-
fiber-reinforced formulations. Good toughness, flow into the mold, and rapid
crystallization are also important in these applications.

Formulations for injection molding typically contain 30–40 wt % of glass fiber,
or a mixture of glass fiber and mineral filler. Stabilization packages to improve
processing stability and additives to enhance crystallization rate are also incorpo-
rated. As discussed previously, PCT has a reasonably high rate of crystallization,
but it is often desirable to reduce the crystallization temperatures. This corre-
spondingly reduces the mold temperature required to obtain crystallized parts,
thus making processing of the formulation easier. PCT-based products may be
flame-retarded or not, depending on the application area, with heat deflection
temperatures (HDTs) ranging from about 250 to about 260 ◦C. This level of heat
resistance makes PCT-based plastics suitable for high-temperature applications
such as electronic connectors where high soldering temperatures are encountered
during the manufacturing process. (Figure 7.5). Typical competitive materials in
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Figure 7.5 Electrical connectors molded from GFR Eastman crystalline PCT.
Photograph provided by courtesy of Eastman Chemical Company

this market include poly(phenylene sulfide), with an HDT of about 260 ◦C, and
high-temperature polyamides, with HDTs in the range of 270–280 ◦C. Other prop-
erties of a typical 30 % glass-reinforced, flame-retarded grade of PCT are shown
in Table 7.2.

Flame-retarded grades are widely used for various computer connectors and
circuit board components. Representative applications are edge card connectors,
grid arrays and memory modules. Non-flame-retarded grades find use in auto-
motive ‘under-the-hood’ applications, typically connectors and related parts. As
higher temperature soldering techniques become more common in the automotive
industry, the use of high-temperature plastics such as PCT is expected to increase.
It is also possible to formulate unreinforced PCT with crystallization aids and

Table 7.2 Properties of 30 % glass-fiber-reinforced
flame-retarded PCT

Parameter Value

Specific gravity 1.63
Tensile strength (MPa) 120
Tensile elongation (%) 2
Flexural modulus (MPa) 9600
Notched Izod impact (J/m) 90
HDT, at 1.82 MPa ( ◦C) 255
UL Subject 94 Flammability V0
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tougheners to provide a material similar in some respects to ‘supertough’ nylon.
PCT provides advantages in dimensional stability and lower moisture sensitivity
when compared to the polyamide-based products.

5.4.2 Extrusion

A well-established application for extruded unreinforced PCT (copolymerized
with isophthalate) is crystallized, thermoformed trays for foods. Crystallized PET
is widely used for this application, but where higher-temperature performance
is needed the PCT-based polymer may be chosen. Such trays are formed from
extruded sheet, using a hot mold to promote crystallization. Isophthalate-modified
PCT polymers are approved by the Food and Drug Administration for high-
temperature food contact use.

The good hydrolytic stability of PCT-based polymers leads to applications
for monofilament in paper machine belts. Monofilament is extruded from high-
molecular-weight polymer, drawn and crystallized, and then woven into a screen.
Such belts are found in the drying sections of paper machines, where there is a
combination of high moisture and high temperature. Because of their hydrolytic
stability, PCT-based polymers provide much longer service life in this application
than PET-based materials.

6 GLYCOL-MODIFIED PCT COPOLYESTER: PREPARATION
AND PROPERTIES

Modification of PCT with up to 50 mol % of ethylene glycol (EG) results in
copolyester compositions (PCTGs) with very slow crystallization rates and are
therefore regarded as amorphous polyesters. The effect of increasing the EG
content of PCTG copolyesters is noted by the dramatic drop-off in crystalline
melting point. This effect is shown in Figure 7.6. By way of this example, it
should be noted that the normally amorphous PCTG copolyester compositions
were intentionally induced to crystallize by an extensive heat treatment process
(i.e. extruded copolyester film was crystallized by drafting in steam, and then
heatset at constant length for 1 h at 140 ◦C).

PCTG copolyesters can be processed by extrusion or injection molding into
articles having desirable combinations of clarity and high toughness. In particular,
PCTG copolyester prepared with about 40 mol % of EG has excellent clarity and
toughness and has gained favorable market acceptance for injection molding
thin-wall medical components. PCTG is especially well suited for molding such
components since it has excellent resistance to gamma-ray sterilization and retains
its high elongation to break [54]. The properties of a PCTG sample based on TPA
as the diacid and with about 65 % of CHDM and 35 % of EG are shown below in
Table 7.3. These properties are compared to those of a PETG and PCTA sample
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Figure 7.6 Effect of ethylene glycol concentration on the crystalline melting
temperature of PCTG copolyesters

Table 7.3 Physical property comparison of amorphous PETG, PCTG and PCTA

Property PETG PCTG PCTA

Specific gravity 1.27 1.23 1.20
Thermal properties

Tg ( ◦C) 81 84 88
HDT, at 0.455 MPa ( ◦C) 70 74 75
HDT, at 1.82 MPa ( ◦C) 64 65 65

Tensile properties
Stress at yield (MPa) 50 45 47
Stress at break (MPa) 28 52 51
Elongation at yield ( %) 4.3 5 5
Elongation at break ( %) 110 330 300

Flexural properties
Flexural modulus (MPa) 2100 1900 1800
Flexural yield strength (MPa) 70 66 69

Izod impact strengtha

Notched at 23 ◦C (J/m) 101 NB 80
Unnotched at 23 ◦C (J/m) NB NB NB
Notched at −40 ◦C (J/m) 37 64 40
Unnotched at −40 ◦C (J/m) NB NB NB

a NB, no break.

(described in the next sections) and show the enhanced toughness imparted to
the structure from the CHDM moiety in the backbone.

7 CHDM-MODIFIED PET COPOLYESTER: PREPARATION
AND PROPERTIES

CHDM is a very effective crystallization modifier for PET and as stated earlier
low-level modification yields crystalline polyesters (PETGs) that are important
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Figure 7.7 Effect of CHDM concentration on the melting point of the copolyester
prepared from TPA, EG and CHDM

Figure 7.8 Refrigerator ‘crisper’ trays molded from Eastman Eastar PETG
6763. Photograph provided by courtesy of Eastman Chemical Company

resins for stretch-blow molded container applications. The composition range
from approximately 20–30 mol% of CHDM results in copolyesters which do not
show crystallization peaks when scanned by DSC and are thus considered to be
amorphous. This relationship of composition and copolyester melting point is
shown in Figure 7.7.

PETG is a clear, tough, amorphous polyester that has found wide acceptance in
specialty packaging applications due to its high clarity and strength over PET and
other resins such as polycarbonate and polymethyl methacrylate (Figure 7.8). The
largest single application for PETG is the heavy gauge sheet market. Recently,
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Figure 7.9 Point-of-purchase displays fabricated from Eastman Spectar
copolyester extruded sheet. Photograph provided by courtesy of Eastman
Chemical Company

Eastman Chemical Company introduced its Spectar brand based on proprietary
manufacturing technology. Heavy gauge sheeting cast from Spectar copolyester
has excellent combined physical and optical properties and is used widely for
signage and point-of-purchase displays (Figure 7.9). The physical properties of
a PETG sample based on TPA with about 70 % of EG and 30 % of CHDM are
given in Table 7.3. The flexural modulus is somewhat higher than PCTG, but
the toughness properties, as seen in elongation to break and notched Izod, are
diminished when compared to the higher CHDM-containing PCTG sample.

8 DIBASIC-ACID-MODIFIED PCT COPOLYESTER:
PREPARATION AND PROPERTIES

The crystallinity of PCT can be modified with diacids as well as with diols
and these modified polyesters are often called acid-modified PCTs, or abbre-
viated as PCTAs. The most common diacid modifier is isophthalic acid (IPA),
which can be incorporated in relatively low levels to lower the melting point
of PCT to enhance processability while still maintaining crystallinity. The high
Tm of PCT (295 ◦C) requires that the homopolymer be processed at temper-
atures greater than 300 ◦C, which is near the decomposition temperature [13].
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Figure 7.10 Transparent toy kaleidoscopes molded from Eastman Durastar
1010 PCTA copolyester. Photograph provided by courtesy of Eastman Chemi-
cal Company

Low-level incorporation of IPA (5–10 mol %) widens the processing window by
lowering the melting point of the polyester while also retaining the crystallinity,
Tg and toughness of the PCT homopolymer. At higher IPA incorporation levels,
chain crystallization is severely restricted so that at 35 mol % of IPA and higher,
the amorphous copolyesters do not crystallize without the addition of an added
nucleator [55–59].

Amorphous PCTA compositions are tough, transparent resins with good hydrol-
ysis and chemical resistance. PCTA finds applications for precision molded parts
and can be extruded into clear sheeting, pipe and profiles or shaped products
(Figure 7.10). An attractive feature of PCTA is that it can be melt processed
without the need for extensive pre-drying [60]. The typical properties of a PCTA
formulation consisting of about 70 % of TPA and 30 % of IPA are given in
Table 7.3, where the results can be compared to PETG and PCTG samples.

9 MODIFICATION OF CHDM-BASED POLYESTERS
WITH OTHER GLYCOLS AND ACIDS

Although the scope of this review mainly covers CHDM-based polyesters mod-
ified with isophthalic acid or ethylene glycol (i.e. PCTA or PCTG, and PETG,
respectively), many other copolyesters with interesting properties have been pre-
pared with a variety of other comonomers.
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9.1 CHDM-BASED COPOLYESTERS WITH DIMETHYL
2,6-NAPHTHALENEDICARBOXYLATE

C

C

MeO

O

O

OMe

dimethyl 2,6-naphthalenedicarboxylate (N)

Modification of PCT with increasing levels of the 2,6-naphthalenedicarboxylate
moiety (N) has been reported. The effects of increasing levels of N on the thermal
properties of PCT are shown in Figures 7.11 and 7.12 [61].

As indicated, the Tg of the copolyesters gradually increases with increasing lev-
els of N. However, the crystalline melting temperature (Tm) of the N-modified
PCT copolyesters initially decreases until an eutectic point is reached at about
40 mol % of N, and then begins to increase with increasing N levels. Further
analytical studies using wide-angle X-ray scattering indicate that at the eutec-
tic point, crystal structures for both poly(1,4-cyclohexanedimethylene terephtha-
late) (PCT) and poly(1,4-cyclohexanedimethylene 2,6-naphthalenedicarboxylate)
(PCN) were observed [61]. It is of interest to note from the above figures that PCT
modified with greater than 80 mol % of N cannot be successfully polymerized to
high molecular weight by conventional melt-phase polymerization because the
polymer crystallizes prematurely during polymerization to a high-melting solid,
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Figure 7.11 Effect of 2,6-naphthalenedicarboxylate (N) content on the Tg of
PCT copolyesters [61]
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Figure 7.12 Effect of 2,6-naphthalenedicarboxylate (N) content on the Tm of
PCT copolyesters [61]

so only low-molecular-weight polymer results. Solid-state polymerization must
be used to increase the molecular weight of these polyester compositions. In
fact, highly crystalline PCN is believed to have a Tm of 355 ◦C. As a general rule
for PCT copolyesters, increasing the amount of N imparts higher tensile yield,
increased hardness and higher heat distortion temperature. However, the use of N
leads to slightly lower impact strength with no increase in stiffness. The prepa-
ration of various CHDM-based copolyester compositions containing N has also
been revealed in the patent literature [62–65]. Several patents claim unexpect-
edly high heat resistance for selected copolyester compositions prepared from
CHDM and N [66–68]. However, much of the recent interest with incorporating
N in polyester compositions is associated with the ability of N to improve the
oxygen-barrier properties, particularly for applications involving food and bever-
age packaging. A recent patent disclosed that PCT prepared with CHDM having
a 93/7 cis/trans ratio and modified with 50 mol % of N has an unexpectedly low
oxygen permeability of 2.68 (cc mil)/(100 in2 24 h atm). [52]. By comparison,
the oxygen permeability of oriented PET has an oxygen permeability of 6.61
(cc mil)/(100 in2 24 h atm).

9.2 POLYESTERS PREPARED WITH
1,4-CYCLOHEXANEDICARBOXYLIC ACID

All cycloaliphatic polyesters have been prepared from CHDM and 1,4-cyclohex-
anedicarboxylic acid (CHDA). Dimethyl 1,4-cyclohexanedicarboxylate (DMCD)
is the ester intermediate in the synthesis of CHDM and is the precursor to CHDA.
1,4-cyclohexanedicarboxylic acid is a commercially produced monomer that has
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found utility as a polyester resins intermediate for a variety of industrial coat-
ings [69]. By analogy to CHDM, the structure of the cyclohexane ring of CHDA
(or DMCD) can exist in the cis- and trans-conformations. However, for most
high-molecular-weight thermoplastic end uses the CHDA moiety with high trans
content (>90 %) is preferred because of the elevated Tg and Tm that result with
the increasing trans content. This ‘trans effect’ on polyester thermal proper-
ties is shown in Table 7.4. The series of cycloaliphatic polyester compositions
shown in this table was prepared by melt-phase polymerization of CHDA (hav-
ing the indicated trans-isomer content shown in Table 7.4) and CHDM (having
the indicated trans-content as in Table 7.4). Unlike CHDM, however, CHDA
can undergo isomerization in the presence of certain catalysts and at high melt
polycondensation temperatures [70] and revert to the equilibrium mixture which
is about 68 % trans and 32 % cis contents.

The properties of PCTA-type structures where the modifying acid is 1,4-
cyclohexanedicarboxylic acid (CHDA) have also been studied [53]. The
incorporation of this diacid (95 % trans) as a polyester modifier maintains
the toughness, but is accompanied with significant lowering of the Tg. This
is contrasted to NDA modification where the Tg is enhanced but toughness is
decreased. A comparison of the properties of various PCTAs versus an amorphous
PCT sample, prepared by quenching, are shown in Table 7.5.

Table 7.4 Effect of CHDA and CHDM isomer content on selected polyester properties

CHDA (% trans) CHDM (% trans) Tg ( ◦C) Tm ( ◦C)a HDT ( ◦C at 264 psi)b

15 3 35 ND NA
35 70 42 125 50
95 70 66 225 59
95 100 82 246 NA

a ND, not detected.
b NA, not available.

Table 7.5 Comparison of selected properties for various PCTA copolyesters [53]

Polyester compositiona
Intrinsic viscosity

(dl g−1)
Break elongation

( %)
Notched Izod

(ft lb)b
Tg

( ◦C)

PCT 0.95 250 NB 95
PCTA1 0.64 165 14.2 103
PCTA2 0.66 201 2.43 86
PCTA3 0.75 225 NB 78

a A1, 30 % NDA; A2, 30 % PA; A3, 48 % CHDA.
b Measured at 23 ◦C; NB, no break.
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9.3 CHDM-BASED COPOLYESTERS WITH
2,2,4,4-TETRAMETHYL-1,3-CYCLOBUTANEDIOL

HO OH

H3C CH3

H3C CH3

cis/trans-2,2,4,4-tetramethyl-1,3-cyclobutanediol (TMCD)

Copolymer compositions containing CHDM and cis/trans-2,2,4,4-tetramethyl-
1,3-cyclobutanediol (TMCD) have been reported to exhibit high heat distortion
temperatures (>95 ◦C at 264 psi stress) and high impact strengths [71].
Copolymer compositions with TMCD have also been reported to provide
improved melt strength suitable for extrusion blow molding containers and blends
for molding [72, 73]. Copolyesters from CHDM and TMCD have also been
explored in blends with polycarbonate and found to exhibit desirable properties,
including high impact strengths, enhanced heat distortion temperatures and good
UV resistance [74, 75]. The rigid character of TMCD thus lends itself well to
the preparation of a variety of amorphous and semicrystalline polyesters having
enhanced glass transition temperatures, good thermal properties, high impact
strengths, and ultraviolet light stability [76–78]. The properties of terephthalate-
based copolyesters of 2,2,4,4-tetramethyl-1,3-cyclobutanediol and selected diols
(albeit, not including CHDM) have been studied and reported [78].

Although TMCD is not commercially available, technology for its prepara-
tion from isobutyric acid or isobutyric anhydride has been reported [79–83]. A
process for separation of the individual cis- and trans-isomers of TMCD has
also been reported [84]. TMCD is usually prepared with an approximate 50/50
cis/trans ratio, and this is the usual equilibrium isomer ratio used for polyester
preparation, although polyesters prepared from other isomer ratios and from the
pure cis-isomer have been reported [77, 78].

9.4 CHDM-BASED COPOLYESTERS WITH OTHER
SELECTED MONOMERS

The selection of monomers for preparation of copolyesters is based on applying
established structure/property principles and is usually driven by new market
needs and applications with specific end-use properties in mind. Thus, attempts
to develop amorphous or semicrystalline CHDM-based polyester compositions
for applications requiring greater heat resistance or higher heat deflection tem-
peratures have generally followed the theme of incorporating bulky or rigid
constituents to further enhance the desirable thermal properties of CHDM-based
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copolyesters. By example, trans-4,4′-stilbenedicarboxylic acid has been incor-
porated in various CHDM-based copolyester compositions. This rigid diacid is
claimed to enhance melt stability, tensile strength, heat resistance and hydrolytic
stability of injection-molded objects [85, 86]. Specific CHDM copolyesters pre-
pared with 4,4′-biphenyldicarboxylic acid are claimed to provide molded objects
with unusually high tensile strengths [87–90].

CHDM copolyesters containing residues of 2,6-naphthalenedicarboxylate,
4,4′-biphenyldicarboxylic acid and CHDM are reported to exhibit high heat
resistance [91].

Furthermore, copolymerization of CHDM with p,p′-isopropylidene dibenzoic
acid, or other like dicarboxylic acid ring structures, has been reported to produce
amorphous polymers having high heat distortion temperatures and high impact
strengths [92]. Amorphous copolyesters with low melt viscosities and enhanced
glass transition temperatures are claimed for compositions which comprise residues
of 2,2′-(sulfonylbis(4,1-phenyleneoxy))-bisethanol and mixtures of other glycols,
including CHDM [93]. Copolyesters prepared from CHDM and 3-methyl-2,2′-
norbornanedimethanol and selected diacids are claimed as having high Tgs, excel-
lent heat resistance and hydrolytic stability [94]. In a similar manner, CHDM
copolyester containing 2–10 mol % of bis(2-(2-hydroxyethoxy)phenyl)fluorene is
reported to exhibit high Tg values and have excellent heat resistance properties [95].
Cost, monomer availability and polymer performance are all key issues in com-
mercialization of new copolyesters. Generally it is necessary to add a significant
amount of the modifying comonomer to achieve significant property improve-
ments. Therefore, economic barriers have limited the commercialization of many
of the CHDM-based copolyesters where speciality diols or diacids are needed.
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Poly(Butylene Terephthalate)
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1 INTRODUCTION

Poly(butylene terephthalate) (PBT) (1) resins are semicrystalline thermoplastics
used in a wide variety of applications, most commonly in durable goods that are
formed by injection molding. Applications include electronic and communica-
tions equipment, computers, televisions, kitchen and household appliances, indus-
trial equipment, lighting systems, gardening and agricultural equipment, pumps,
medical devices, food handling systems, handles, power and hand tools, bobbins
and spindles, and automotive parts in both ‘under-the-hood’ and exterior applica-
tions. Additionally, PBT is very widely used to form electrical connectors. PBT,
through its many blended products, can be tailored to suit numerous applications.

HOC

O

CO

O

(CH2)4 OC

O

CO

O

(CH2)4OH

n

1

PBT resin has been reviewed in many articles, often as part of a larger review
of polyesters [1–3]. A recent article provides an historic account of polyester
development as an alternative to nylon fibers [4], while the review of Kirsch and
Williams in 1994 gives a business perspective on polyesters [5]. However, an
understanding of PBT in the context of the more common polyester poly(ethylene
terephthalate) (PET) is often overlooked. PET dominates the large volume arenas
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of fiber, film, and bottle molding applications, whereas PBT is the polyester of
choice for injection-molding applications.

The commercial application of PBT is at first glance very improbable. PBT is
made of a more expensive raw material (1,4-butanediol vs. ethylene glycol for
PET), is manufactured on a smaller scale than PET, has a lower melting point,
and has slightly poorer mechanical properties than PET.

The commercial success of PBT vis-à-vis the lower-cost PET can be attributed
principally to its ability to crystallize very rapidly. Fast crystallization allows
injection-molding with fast cycle times and higher productivity for molders. Com-
plete crystallization during molding leads to better dimensional stability of the
molded part and, therefore, higher production yields. In most injection-molding
applications, the commercial benefit of rapid, high yield part production out-
weighs the drawbacks.

For other methods of shaping plastics, such as fiber spinning, film extrusion, or
blow molding of bottles, the slower-crystallizing PET is preferred. The slightly
slower crystallization of PET allows for orientation during processing. Even
though PET is used for injection-molding applications, PBT is more often the
material of choice.

Although PBT is the fastest crystallizing polyester, it is not the only engineering
polymer which exhibits fast crystallization. Like PBT, nylon 6 polyamide resin
shows rapid crystallization, has a similar melting point to PBT, has good solvent
resistance, and good mechanical properties. The key difference between these two
materials is the low moisture absorption of PBT vs. nylon. Nylon properties will
change depending on humidity; impact is improved while modulus and strength
decrease. In some cases, nylon may show excessive part growth. While nylon
is used successfully in many injection-molding applications, the part designer
must deal with the challenge of compensating for a wider range of material
variation as a function of environmental factors. PBT, by comparison, absorbs
very little moisture and, therefore, provides a more consistent material which
shows little change in part dimensions or mechanical properties as a function of
environmental factors.

Table 8.1 shows a summary of important properties for various semicrys-
talline resins.

2 POLYMERIZATION OF PBT

PET and PBT are commercially produced by reacting an aliphatic glycol (diol)
with an aromatic diester or diacid in the presence of a polyesterification cata-
lyst. Although polycondensation theory calls for careful stoichiometric balance,
industrial processes for manufacturing polyesters such as PBT involve initial
use of excess glycol, which is later removed and recycled in the process. The
advantageous, self-balancing nature of industrial PBT processes is discussed in
the following Sections [6].
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2.1 MONOMERS

PBT is made by reacting 1,4-butanediol (BDO) with terephthalic acid (TPA) or
dimethyl terephthalate (DMT) in the presence of a transesterification catalyst. A
number of different commercial routes are used for producing the monomers, as
discussed below.

2.1.1 1,4-Butanediol

1,4-Butanediol is commercially produced by several different processes [7]. The
most prevalent process for making BDO is known as the Reppe process. This
process uses acetylene, generated from natural gas, as its primary feedstock,
according to the following:

HC CH

acetylene

Natural gas

O

HCH
HC C CH2OH

O

HCH

HO
OH

HO
OH

H2

catalyst

BDO

(8.1)

Other feedstocks are also utilized for making BDO. An alternative route to
BDO involves the use of propylene oxide (PO) as its primary feedstock:

O OH

H
HO

O

HHO

O

OH
HO

OHHO

+

Propylene oxide
(PO)

+

BDO

Li3PO4

CO/H2catalyst

H2 H2

(8.2)



POLY(BUTYLENE TEREPHTHALATE) 297

In East Asia, the predominant process for making BDO is the butadiene-
acetoxylation process. The lower cost of the primary feedstock for the process,
i.e. 1,3-butadiene, allows this process to be cost effective for that region.

More recent processes involving the oxidation of butane to a maleic anhydride
intermediate, using both fixed-bed and fluidized-bed processes, have been com-
mercialized. The maleic anhydride is subsequently hydrolyzed to maleic acid or
esterified in the presence of methanol to dimethyl maleate, which can be reduced
to BDO in the presence of hydrogen and catalyst. These processes are attractive
due to the low cost of the butane feedstock. The method of choice to make BDO
is often dictated by the local availability of the desired chemical feedstock.

2.1.2 Dimethyl Terephthalate and Terephthalic Acid

The large volumes of PET produced for fibers, films, blow-molding and injection-
molding grades have led to large-scale, low-cost processes for making terephthalic
acid, and to a lesser degree, dimethyl terephthalate (DMT) (2).

CH3O C C

O

OCH3

2

O

The diester/diacid component of PBT is made by oxidizing para-xylene. Oxida-
tion followed by esterification leads to dimethyl terephthalate.

2.2 CATALYSTS

Tetraalkyl titanates are the most commonly used catalysts for PBT polymeriza-
tion [8]. The varieties of titanates include tetraisopropyl titanate (TPT), tetrabutyl
titanate (TBT) and tetra(2-ethylhexyl) titanate (TOT). Titanates effectively speed
the reaction rate with few detrimental effects on the resin. Alkoxy zirconium
and tin compounds, as well as other metal alkoxides, may also be used in PBT
polymerization.

As opposed to the PET process, where a different catalyst is used in each of
the two polymerization phases, the PBT process typically uses a single catalyst.
In PBT resins, the catalyst is not typically quenched (deactivated) at the end of
the polymerization process. An active catalyst in the resin can sometimes lead to
further reaction of the PBT in subsequent processing.

2.3 PROCESS CHEMISTRY

PBT can be made by using both batch and continuous processes. Early com-
mercial processes were DMT-based batch processes that involved two distinct
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phases, namely the ester interchange (EI) stage and the polycondensation stage.
The first stage is the EI stage which involves reaction of a diester with excess
glycol at atmospheric pressure to yield methanol as a byproduct. The advan-
tage of using DMT is that it has a melting point of around 145 ◦C and forms a
homogeneous solution with the excess glycol. Unlike DMT, TPA forms a het-
erogeneous slurry in the first stage. This slurry undergoes direct esterification
(DE) reactions until a clearing point is reached; water is the primary byprod-
uct. Ester interchange reactions commence upon addition of a catalyst such as
tetraisopropyl titanate [9, 10]. These ester interchange reactions, Equation (8.3),
result in low-molecular-weight hydroxy-capped esters along with the evolution
of a volatile byproduct (e.g. such as methanol, when dimethyl ester monomers
are used, or water, when TPA is employed in the reaction). The EI stage can be
run under nitrogen at atmospheric pressure and ends when most of the methanol
(or water for TPA) is distilled. At this point, the material in the reactor consists
of low-molecular-weight species.

OCH3

OO

CH3O

+ HO(CH2)4OH

O(CH2)4OH

OO

CH3O
+

CH3OH
(8.3)

Ester interchange and transesterification reactions are thermochemically neutral
reactions which may be driven in the desired direction through the use of excess
diol and by removal of volatile byproducts from the system.

Excess BDO is used for three major reasons. First, by adding excess BDO, the
equilibrium is shifted from methyl esters to BDO esters. By shifting the equilib-
rium, the DMT concentration rapidly decreases early in the process. Therefore,
the amount of DMT that evaporates from the reactor and crystallizes in the
overhead system is minimized. Secondly, by adding excess BDO, the resulting
concentration of hydroxybutyl end groups is significantly greater than methyl
ester end groups. The benefit of minimizing the methyl ester end group content
is realized through enhanced polycondensation rates because hydroxybutyl end
groups react much faster than methyl ester end groups during the polyconden-
sation stage. Thirdly, excess BDO is necessary to compensate for the undesired
degradation of BDO to tetrahydrofuran (THF) plus water:

HO(CH2)4OH

O

+ H2O
(8.4)

The key disadvantage of using excess BDO is that the raw material could be
wasted unless efficiently recycled.

The second, i.e. polycondensation (transesterification) stage, begins when vac-
uum is applied to the system to drive molecular weight build by removal of
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butanediol:

+ HO(CH2)4OH

O(CH2)4OH

OO

RO(CH2)4O

2 Polymer

(8.5)

As the polymer melt builds molecular weight, it becomes more viscous. Toward
the end of the reaction where the final molecular weight is achieved, stirring
of the polymer requires specially designed reactor systems. Many large scale,
commercial PBT plants currently employ a continuous DMT-based process.

During PBT polymerization, carboxylic acid (COOH) end groups can react
with BDO to regenerate hydroxybutyl endgroups and water, by a direct esterifi-
cation reaction:

+
H2O

OH

OO

RO

+ HO(CH2)4OH

O(CH2)4OH

OO

RO

(8.6)

In a DMT-based polymerization, there are only a few carboxylic acid (COOH)
end groups arising from ester hydrolyzed by the small amount of water in the
system. Water is generated primarily as a result of THF formation. In a TPA-based
reaction, there is a large amount of water generated in the first-stage reaction of
acid with diol. TPA, acting as an acid catalyst, also gives more conversion of
BDO to THF, generating about twice the THF as seen in a comparable DMT-
based reaction.

Water generation during PBT polymerization is undesirable in that it can
hydrolyze ester groups in the polymer backbone as well as irreversibly hydrolyze
the titanate catalyst. Partially hydrolyzed titanates will have lower catalytic activ-
ity than the pure catalyst.

A complicating feature of PBT chemistry is the degradation of hydroxybutyl
end groups via a reaction which results in the formation of THF and carboxylic
acid end groups. This reversion is often called a ‘backbiting’ reaction:

O(CH2)4OH

OO

RO(CH2)4O

+

O

OH

OO

RO(CH2)4O

(8.7)
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This backbiting reaction is acid-catalyzed and can occur during all stages of the
polymerization. It is also possible to generate THF during the subsequent process-
ing (extrusion and molding) of PBT by conversion of hydroxybutyl end groups
to carboxylic end groups. Almost all polyesters have an analogous version of this
hydroxy end group reaction but with different consequences in different resins.
As mentioned, PBT produces THF. In PET, dehydration of ethylene glycol and
hydroxyethyl end groups gives acetaldehyde as a byproduct. In poly(propylene
terephthalate) (PPT), the analogous byproduct is acrolein.

Although PBT chemistry is complex, the overall result is a robust process.
PBT chemistry tends to be self-balancing; excess BDO is used to help drive
the equilibrium and yet can be recycled back into the process. Any backbiting
degradation that occurs results in acid end groups which can react with BDO
to regenerate hydroxybutyl end groups. The only price is the generation of THF
which cannot be recycled into the process. A consequence of THF generation
is that the end group chemistry of the final PBT product can vary. Typical acid
end group levels in PBT can range from 10 meq/kg to 80 meq/kg, depending
upon the process conditions and molecular weight. The remaining end groups
are primarily hydroxy with a barely detectable amount of olefin. As opposed
to other condensation polymers, for example polycarbonates, polyesters are not
usually end-capped with a monofunctional species.

2.4 COMMERCIAL PROCESSES

As mentioned earlier, both batch and continuous processes can be used to make
PBT. Some manufacturers also incorporate solid-state or solid-phase polymeriza-
tion (SSP or SPP, respectively) processes to increase molecular weight.

The commercial batch processes are typically run in multiple reactors. Usually,
at least two reactors are involved: an EI reactor designed to distill methanol
at atmospheric pressure, and a polycondensation reactor designed to drive the
polymerization and build molecular weight by removing excess glycol as well
as volatile byproducts. The reaction times in the EI stage tend to be shorter
(typically about 1 h) than the polycondensation reaction times (typically 1–2 h,
depending on the desired degree of polymerization).

Continuous process trains involve a series of continuous stirred-tank reactors
(CSTRs) followed by finishing reactors. The series of CSTRs are used to grad-
ually distill volatile byproducts such as methanol, THF and water. Pressure is
also gradually reduced as the reagents travel through the reactor train. The bulk
of the polymerization is carried out in finishing reactors that are capable of
generating high surface area under vacuum to help remove excess glycol and
volatile byproducts.

The SSP reactors can also be continuous or batch in nature and can be run
under nitrogen or vacuum. SSP involves heating pellets or chips at a temperature
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close to, but below, the melting point to drive off BDO, thereby increasing
the molecular weight. A consequence of this process is to further increase the
crystallinity of the resin pellet. When melted and cooled, the SSP resin will regain
its normal level of crystallinity.

Commercial PBT melt polymerization can be used to make a variety of molec-
ular weight resins, ranging from 17 000 to 40 000 Mn (melt viscosity, at 250 ◦C,
ranging from 300 to 9000 Poise). The higher-molecular weight resins are gen-
erally made by using special mixing devices designed for agitation of the high-
viscosity polymer melt, or are produced through SSP processes.

Some resin manufacturers make a variety of different molecular weight resins
by stopping polymerization as various viscosities are achieved (generally by
simply pumping the resin out of the reactor and cooling it to stop the reac-
tion). Other suppliers, especially those with continuous plants, make one or two
high- and low-molecular weight resins and, during subsequent melt compound-
ing, combine different ratios of these PBT resins to make a broad range of
intermediate-viscosity materials. Resins made either in the reactor or through a
two-step blending process are, for all practical purposes, indistinguishable.

3 PROPERTIES OF PBT

While PBT has been fabricated into fibers [11, 12] and film [13], it is primarily
used in injection-molding applications. PBT displays good solvent resistance,
high heat resistance, good elongation, high strength and modulus. PBT also has
low melt viscosity and very fast crystallization, hence allowing for easy molding.
PBT has good cold-water resistance, excellent electrical properties [14], high
gloss, good inherent lubricity and wear resistance. PBT is used in some food-
contact applications.

Although PBT has many desirable properties, its rapid crystallization almost
always renders it opaque. While transparent PET products are quite common, PBT
crystallization can rarely be quenched to the extent necessary for the formation
of transparent articles. Thin films of PBT are translucent, allowing some light to
penetrate, but are almost never clear.

PBT is easily made into fiber and monofilament and has been used in some
fiber applications. For example, PBT fibers are used commercially as toothbrush
bristles. Compared to PET, PBT fiber is more resistant to permanent deformation.
Compared to nylon, PBT shows almost no change when exposed to moisture.
PBT shows much more resistance to staining than nylon and can be colored by
the use of pigments. However, PBT is more difficult to color by solution dying
than nylon. PBT is not typically used in textile applications due to its perceived
high price.

Compared to amorphous resins such as ABS, polycarbonate and polystyrene,
a semicrystalline resin like PBT will show much better solvent resistance, higher
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strength and higher stiffness due to the presence of crystalline spherulites in
the resin. In the solid phase, crystalline resins are a mixture of regularly ordered
spherulites and amorphous, uncrystallized regions. In general, the crystalline PBT
regions account for about 35 % of the material [15]. The crystals have a regular
melting point that can be measured by a variety of techniques including differ-
ential scanning calorimetery (DSC). These crystals give the resin its resistance
to solvents and mechanical strength. The amorphous region has a glass transition
temperature (Tg) of about 45 ◦C and gives the material much of its elongation
properties. The dual-phase nature of PBT leads to some interesting behavioral
aspects. The spherulites which begin melting at ∼215 ◦C give a rigid material that
has high heat resistance at low loads. The heat distortion temperature (HDT) at
66 psi (154 ◦C) reflects this heat capability. If higher loads are used, the Tg of the
amorphous region (in neat, unblended PBT) dominates load bearing capability
(HDT at 264 psi = 54 ◦C) [16, 17].

Crystalline resins will undergo a sharp change in viscosity when the crystallites
are fully melted; the melt is essentially amorphous at this point. The low-viscosity,
molten polymer is easily molded prior to cooling. At its crystallization temper-
ature (Tc), PBT crystals begin to reform. As the material cools further and the
chains become less mobile, crystallization stops and the part is solid enough to
be removed from the mold. PBT gives fairly reproducible crystal structure under
these conditions, especially when compared to the slower-crystallizing PET. Even
so, there can be some slight variation in the mechanical properties of PBT due
to differences in how it was processed [18, 19].

To obtain consistent processing, the PBT resin must be dried according to man-
ufacturer recommendations before molding. PBT does absorb a small amount of
water. If PBT is melted in the presence of water, the condensation polymer will
hydrolyze and begin to lose molecular weight and viscosity. Polyesters will ulti-
mately lose mechanical properties with sufficient chain cleavage. Improper drying
of PBT before melt processing, with resultant loss of melt viscosity/molecular
weight, is the single most common problem encountered in molding PBT.

It is interesting to note that even pure PBT, like most other semicrystalline
resins, may show a double melting point in the DSC trace. This effect is due to
the formation of different distributions of crystals [20, 21]. Differences in crystal
structure are the underlying cause of slight variations in the mechanical prop-
erties of PBT. If a part made of crystalline resin is only partially crystallized
during molding, it may undergo further crystallization during secondary opera-
tions, storage, shipment or in final use, leading to changes in dimension as well as
physical properties. Significant differences in the crystal content and structure in
‘as-molded’ parts can lead to similar changes in properties. Poor control of crys-
tallization during molding may lead to widely varying part-to-part dimensions
and properties. The fast, reproducible crystallization of PBT minimizes (but does
not completely eliminate) these problems.
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The crystallization of PBT resin will result in a rather large volume change
when it transitions from the melt to a solid. This phenomenon results in a higher
shrinkage than a glassy, amorphous resin. Other additives will also affect shrink-
age [22]. The latter must be taken into account when designing parts and tooling,
and it must be properly managed during processing.

PBT resin is used in many applications where its solvent resistance, lubricity,
strength and rigidity are needed. For example, most keyboard key caps are made
from PBT. Unmodified PBT is also used in optical fiber buffer tubes and some
electrical connectors. However, the vast majority of PBT resins are blended with
many other ingredients to give a balance of properties for different injection-
molding applications. In some cases, only a small amount of additive may be
combined with the PBT. In other cases, high loadings of a variety of ingredients
can push the PBT content to below 30 %. In all cases, the PBT is still the
continuous phase. Like many crystalline resins, the low melt viscosity of PBT
and its ability to ‘wet-out’ many fillers and resins make it very amenable to the
formation of blends.

In the remaining sections of this chapter, various additives useful in making
PBT blends will be discussed. In almost all cases, these additives are com-
pounded with PBT in a single or twin-screw extruder after polymerization. The
extrusion process is carried out independently of the resin polymerization pro-
cess. Depending on the specific manufacturing operation, a number of methods
of adding ingredients may be utilized. The ingredients may be added in a single
blend, sequentially, as pre-compounded concentrates, or any combination thereof.
The reader should understand that many of these additives can be combined with
each other and with PBT resins of different molecular weights and slightly dif-
ferent structures. With all of the various additive ‘building blocks’ available to
the PBT product formulator, and with the various levels of additives that can
be combined with PBT, the existence of many, many different commercial PBT
resin products should come as no surprise. Each of these products provides a
unique set of properties and was developed to solve real-world problems that
existed in some application.

3.1 UNFILLED PBT

Some PBT resins are sold in pelletized form directly from the resin polymer-
ization reactor. These grades are produced as white, opaque pellets due to the
presence of spherulites. Since all of the commercial methods for resin poly-
merization involve melt processes, PBT powder is only available by grinding
the pellets.

PBT has both hydroxy and carboxylic acid end groups, and it often contains
active residual catalyst (usually titanium based). The resin is still capable of
reacting, and molecular weight may be increased by solid-state polymerization.
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The concentration of end groups is reduced as the polymer molecular weight
builds. PBT is a fairly reactive resin that can undergo reaction during processing
and molding. The importance of drying the resin to prevent hydrolysis during
melt processing was noted earlier.

Due to its crystallinity, PBT is very difficult to dissolve. Very aggressive sol-
vents are required, including a 60:40 phenol:tetrachloroethane (TCE) mixture,
cresol or hexafluoroisopropanol (HFIP). In almost all cases, PBT and its blends
are processed and characterized via the polymer melt rather than in solution. A
most critical property of a PBT resin is its melt viscosity. The melt viscosity (MV)
is measured in a number of ways, usually at the nominal processing temperature
of 250 ◦C. Melt viscosity is proportional to the PBT molecular weight [23] but
can vary greatly depending on the type and amounts of ingredients mixed in
formulated products. Changes in melt viscosity of closely related materials can
be used for comparing these materials and is a very useful practical test. The
melt viscosity can be used to measure the extent of degradation of PBT resins.
Comparing the MV of pellets to molded parts to regrind parts, or to parts with
several melt histories, is a quick way to measure how much degradation has
occurred. As a rule of thumb, up to about a 30 % drop in initial (pellet) MV is
still acceptable for good part performance. Of course, the least possible MV drop
on processing usually gives the best part performance. It should be noted that
the use of MV alone is only an indicator to performance and is not to be taken
as a substitute for full part testing.

Addition of low levels of certain additives to PBT can be a desirable way to
enhance properties. The most common additives are colorants. Both pigments
and dyes can be used to color PBT. Carbon black and titanium dioxide are most
widely used. Carbon black and other pigments, for example, phthalocyanines,
can also act as a nucleant for speeding crystallization.

Even though PBT does not generally stick to tooling, a low level of mold
release added to the polymer has been shown to improve molding performance
in some instances. High-molecular-weight aliphatic esters, amides or polyolefins
are commonly used to enhance mold-release properties.

In some cases, antioxidants are added to PBT to improve thermal ageing or
prevent yellowing. Hindered phenols and aryl phosphites are often used for ther-
mal stabilization. In general, PBT (even without thermal stabilizers) yields much
better color retention on high-temperature ageing in air than polyamides. The lat-
ter will develop a brown color during air-drying or very early in a thermal-ageing
cycle. PBT, by comparison, shows little yellowing. Proper stabilization of PBT
blends containing other resins, especially impact modifiers, can be very important
to performance. The Plastics Additives Handbook is a good general reference to
these types of stabilizers [24]. For improved stability to ultraviolet radiation, sta-
bilizers such as benzotriazoles can be added to PBT. Although UV stabilizers
can improve the photoageing performance of PBT, selection of colorants can be
a greater factor in determining the overall UV resistance of PBT products.
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3.2 FIBERGLASS-FILLED PBT

The single most important additive used in PBT resin blends is chopped fiber-
glass [25]. The use of from 5 to 50 wt% of fiberglass gives PBT blends with
improved flexural modulus, higher tensile and flexural strength, and slightly bet-
ter Izod impact performance. The flexural modulus of glass-filled PBT ranges
from 400 000 to 1 200 000 psi. Another key benefit of adding fiberglass to a
blend is that, at a given temperature, the load-bearing capacity of the material is
increased. When fiberglass is added to PBT, the differences in HDT measured at
66 and 264 psi for an unfilled resin essentially disappear. In an unfilled PBT at
high load levels, such as 264 psi, the HDT is close to the PBT glass transition.
However, in glass-filled compositions, the HDT at 264 psi is greatly increased
over the unfilled resin as both the glass fibers and the melting of PBT spherulites
control deflection rather than the amorphous part of the resin (see Table 8.1).

Figure 8.1 shows dynamic mechanical analysis (DMA) data for an unfilled and
30 % glass-filled PBT. Note the sharply higher modulus (E′) in the glass-filled
blend at all temperatures.

A disadvantage of adding fiberglass is that it increases density. Part weight is
often a cost factor. Since most resin is sold by the pound, while most molded
articles are sold by the piece/unit, high density is usually undesirable. Addition
of fiberglass also reduces flow and adds some part anisotropy. The orientation of
the fiberglass and the difference in shrinkage between the resin and glass leads
to warpage – the biggest potential drawback of glass-filled parts [26]. The pres-
ence of fiberglass will decrease overall shrinkage. However, it can also result in
differences when comparing shrinkage in the flow direction to shrinkage perpen-
dicular to flow. Unfilled PBT shows high but uniform shrinkage.
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Figure 8.1 Comparison of DMA data obtained for 30 % glass-filled and unfilled
PBT samples
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High glass content improves overall properties more than lower content. In
general, at least 5–7 wt% glass is needed to see reinforcing properties due to the
need to have some fiber stress field overlap. At glass concentrations of >35 wt%,
the benefit of additional glass in normal compounded products begins to decline
due to issues with fiber mixing and breakage [27, 28].

Some work has been carried out with long fiber PBT composites where the
glass fiber is the length of the PBT pellet (usually 0.5 in). In these systems, the
glass is dispersed during molding. There is fiber mixing and breakage during
molding. Properties will vary considerably depending on molding conditions and
specific part design. In general, the long fiberglass-filled PBT will give the highest
mechanical properties from an injection-molding grade [29].

Almost all of the glass fibers used in PBT products are made from borosilicate
‘E’ glass. The fiberglass is produced with a variety of surface treatments. These
coatings are usually less than 1 % of the glass weight. The key purpose of the
coating is to help bond the glass fiber to the resin matrix. The coating also helps
to hold the fiberglass bundles together prior to compounding. Good fiber-to-resin
bonding is key to getting optimal strength and impact from the composite [30].

Fiber length is also very important in achieving optimal properties. Fiber length
distribution in a molded part is mainly a function of how the fibers and resin
were compounded and under what conditions the part was molded. In general,
the more mixing and shearing the fibers experience the more fiber breakage
that is observed. Shorter fibers give poorer mechanical properties than longer
fibers. A given quantity of glass powder does not give the same improvement
in mechanical properties as an equivalent amount of glass fibers. Fiberglass is
commonly added downstream from the throat of an extruder during mixing to
give the best retention of fiber length while still achieving adequate dispersive
mixing of the fibers. Fiber breakage also occurs during molding [31], especially
when very small gates are used to mold parts.

Glass fiber diameter can also affect the physical properties. In general, fiber
diameters from 6–17 µm have been used in PBT, with the narrower fibers giving
slightly better properties. However, fiber length distribution and fiber content
may play a more important role than diameter [32]. Fiber content in a PBT
composite is often measured by specific gravity and by ash content. Both of
these measurements need to be corrected in cases where the blend is pigmented
or combined with other materials.

In addition to glass fibers, PBT can also be reinforced with carbon fibers.
Many of the general trends seen with glass fibers are also observed with carbon
fibers. One important aspect of carbon fibers is that they may bring electrical
conductivity to PBT if sufficient fiber connectivity is achieved in the final part.
Metal fibers and metal-coated carbon fibers have also been compounded with
PBT, giving not only improved mechanical properties but also molded parts with
enhanced ability to shield components from electromotive and radiofrequency
interference (EMI–RFI) [33].
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3.3 MINERAL-FILLED PBT

PBT grades often come in mineral-filled versions. Common mineral fillers are
clay, talc, silica, wollastonite (calcium metasilicate), barite, muscovite and phl-
ogopite mica, glass spheres, milled glass and glass flake [34, 35]. Fillers are
generally added to PBT to reduce shrink, lower the coefficient of thermal expan-
sion (CTE) and improve dimensional stability. A key aspect of fillers is particle
size distribution. Addition of filler, as opposed to fiber reinforcements, will result
in a loss of ductility in PBT. Large particles (>10 µm) will be more detrimental
to ductility than small particles [36]. Particle aggregates must be well dispersed
to yield this benefit. Talc, being naturally lipophilic, is a preferred filler. Talc is
also a very effective nucleant for semicrystalline resins, aiding in the onset of
crystal formation from the polymer melt.

Most minerals can be compounded into PBT after direct isolation from mining,
milling and grinding operations. Surface treatment, commonly using functional
silanes, such as gamma aminopropyl triethoxysilane (GAP), will increase bonding
to the matrix, hence giving higher strength and better impact performance. Fillers
will increase the modulus and strength of PBT, but not nearly to the extent
that reinforcing fibers will. Minerals will reduce PBT shrinkage as a function
of loading level and are often added to ‘fine-tune’ PBT dimensional stability.
Combinations of fiberglass or carbon fibers and minerals are often used to balance
modulus, shrink, warp and strength. Combinations of fiberglass with a plate-
like filler, especially glass flake and most economically mica, give an excellent
balance of high strength and modulus with very little warp [26].

Wollastonite is a preferred filler in some instances due to its fibrous form.
While not as effective in improving the mechanical properties as glass fibers,
it will give more strength than spherical fillers and less anisotropy than longer
glass fibers.

By virtue of its high specific gravity, barite (barium sulfate)-filled PBT grades
can be used to produce very dense, X-ray opaque, ceramic-like parts [37]. Recently,
metal-filled PBT resins using copper or tungsten powder have been used to prepare
blends with very high specific gravity.

A very wide variety of pigments are used to color PBT and can also be
considered as fillers when used at high levels. The most common pigment is
titanium dioxide which can be used in a variety of particle sizes and with various
surface treatments [38].

4 PBT POLYMER BLENDS

Over the last 25 years, many commercial products have been made by melt blend-
ing PBT with other resins. Blending is most commonly carried out by extruding
the PBT resin with a second resin component. Other additives, fillers, or rein-
forcements may be added to the blends as well.
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4.1 PBT–PET BLENDS

One drawback of adding fiberglass to PBT is a loss of the smooth glossy surface
of unfilled PBT. While the surface of glass-filled PBT (GF-PBT) is still generally
smoother than the surface of glass-filled amorphous resin blends, higher gloss is
desirable for GF-PBT parts, such as household appliances and handles that need
an attractive appearance. Addition of PET to a GF-PBT gives a smooth glossy
surface, especially when molded under the proper conditions. The PBT and PET
blends show two distinct melting peaks but appear to co-crystallize. The blends
show a single broad Tc. Even though mechanical properties are dominated by
fiberglass content, PET will improve mechanical properties to a slight extent. PBT
is still the predominant polymer which gives the blend fast crystallization and
good properties as-molded. Under standard compounding and molding conditions
there is little reaction between the PET and PBT. Formation of a copolymer will
occur under more severe reaction conditions. Excessive copolymerization will
reduce crystallinity and will slow the rate of crystallization, which is generally
undesirable for injection-molding applications [39, 40].

4.2 PBT–POLYCARBONATE BLENDS

Some of the drawbacks of PBT are overcome by blending with an amorphous
resin such as polycarbonate (PC). PC and PBT have a natural affinity for each
other [41] and, when blended, give a fine morphology with good phase adhesion.
The blends are partially miscible [42, 43]. There is a separate polyester phase
composed of PBT crystals showing a normal Tm at ∼220 ◦C, with a minor amount
of PC dissolved into the amorphous PBT phase. The PC phase contains a minor
amount of dissolved amorphous PBT and shows a Tg from 130 to 145 ◦C. The
lowering of the PC Tg from the normal 149 ◦C indicates the extent of partial
miscibility between the PC and PBT and will vary depending on the blend ratio
and resin molecular weight [44]. The Tgs of the blend will change as a function
of the extent that the PBT amorphous phase and the PC phase dissolve into each
other. Most PBT–PC blends have a continuous phase of PBT which is composed
of PBT crystals and a mixture of amorphous PBT and a minor amount of PC.
The dispersed phase is predominately PC containing a small amount of dissolved
amorphous PBT.

Figure 8.2 shows the DMA spectrum of a PBT–PC blend, along with that of
the PBT resin. Note the improved modulus (E′) between the PBT and PC Tgs.

This combination gives a very useful blend of mechanical properties. The PBT
phase provides melt flow, solvent resistance and the ultimate heat performance
of the blend (Tm). The PC phase provides reduced shrink, better dimensional
stability, higher heat capability under low load (66 psi HDT) and improved impact
strength. Interestingly, the PC also provides improved paint adhesion by being
present as a very thin outer layer in molded parts. PBT, by virtue of its solvent
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Figure 8.2 Comparison of DMA data obtained for a PBT–PC blend and a
PBT resin

resistance, is not easily painted unless surface treatments or aggressive solvents
are used.

The extent of the benefits of adding PC to the blend will depend on the PC/PBT
ratio. Very low levels (<5 %) of PC or PBT may be totally miscible in the other
resin and act like a slightly modified PC or PBT resin. Most PBT blend products
use from 10–60 % PC. High PC content will improve impact and lower shrink
but reduce flow and solvent resistance. More PBT gives better flow and solvent
resistance with more shrink and loss of some impact. A range of PBT–PC blends
covering the spread of properties is commercially available.

Initial development of PBT–PC blends was difficult due to highly variable
results. It became apparent that considerable reaction could occur between the
PBT and PC during normal compounding and molding. Each heat history would
give more reaction between the polymers, leading to formation of a copolymer,
generating gas, lowering heat performance, slowing crystallization, but improving
impact. In titanium-containing PBT blends, the PBT–PC reaction is accompanied
by formation of a distinctive golden yellow color, indicative of the presence of
titanium phenolate species.

Studies have shown that this reaction is a result of transesterification between
PBT and PC. Transesterification is influenced by many factors, including PBT
end groups and catalyst residues. While a little copolymer formation is not a bad
thing for the performance of the blend, uncontrolled reaction is unacceptable since
the same material could never be made twice. Fortunately, methods to control
this chemistry were developed. Generally, addition of certain phosphites is used
to quench the transesterification and related reactions [45, 46]. Since phosphites
are also used as antioxidants and color stabilizers, the ‘quencher’ was often
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added to the blends without the formulator being aware of its dual function. PET
blends with PC show much less melt reaction than PBT blends since most PET
resins are made containing a phosphorus-based catalyst quencher not generally
added to PBT.

Overall, the PC blends improve the HDT and impact, especially in the absence
of fillers such as glass fiber. The PC reduces shrink and, in glass-filled blends,
reduces warp (the amorphous PC resin shrinking less than the PBT). The PC also
improves PBT paint adhesion and other secondary operations such as gluing.

PBT–PC blends show increased melt strength allowing them to be easily pro-
cessed by blow molding and profile extrusion. The PBT–PC blends have been
extruded into sheet and thermoformed into parts. Enhanced melt strength allows
PBT–PC blends to be foamed. Structural foam grades for injection molding
(10–30 % density reduction) are commercially available.

Similar PET–PC and PBT–PET–PC blends have been developed in unfilled,
glass-filled and mineral-filled versions. One can begin to see how all of the
building blocks of PBT formulation can be used interchangeably to tailor product
performance.

4.3 IMPACT-MODIFIED PBT AND PBT–PC BLENDS

While PBT shows high tensile elongation, its Izod and biaxial impact strength
provide only modest practical toughness. Various rubbery impact modifiers have
been combined with PBT to improve impact. Most unfunctionalized rubbery
materials do not show any affinity for PBT and give gross phase separation and
poor mechanical properties. Although low levels (∼3 %) of polyethylene can
be added to PBT, higher levels produce delaminated parts with poor properties.
However, if ethylene is copolymerized with more polar comonomers, adhesion to
PBT is improved along with mechanical properties of the blend. Ethylene vinyl
acetate and ethylene alkylacrylate copolymers have been used in this regard.
Acrylic acid olefin copolymers, and especially their metal salts (ionomer resins),
have been used as PBT modifiers. Some of the carboxylic acid alkali metal
salts also function as nucleants. Chemical bonding to PBT can be achieved with
epoxy-functionalized olefin copolymers such as ethylene glycidyl methacrylate
copolymers. Covalent bonding between the polymers gives good phase adhesion
and good impact. However, care must be taken to make sure that there is not
excessive reaction of the epoxy with itself during mixing.

Block copolymers such as styrene–butadiene–styrene (SBS) and its hydro-
genated versions (SEBS), along with polyester–polyether block copolymers, can
also be used to improve PBT impact. The SEBS and SBS copolymers [47], and
especially their functionalized, grafted derivatives [48], show surprisingly good
affinity for the polyester.

Styrene–acrylonitrile (SAN) copolymers have a high natural affinity for PBT,
giving blends with good mechanical properties. If the SAN copolymer is grafted
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to a butadiene rubber to make an acrylonitrile–butadiene–styrene (ABS) copoly-
mer, which is in turn blended with PBT, very good impact can be achieved. The
lower Tg of the butadiene rubber makes it a more effective impact modifier than
the polyolefins or the block copolymers discussed previously. With sufficient
rubber of the proper structure, PBT–ABS blends that are ductile at −40 ◦C can
be prepared [49].

Of course, there is a trade-off for the improved impact. Generally, it takes
from 15–40 wt% of rubber to significantly improve impact. This high level of a
low-modulus rubber will lower the modulus of the blend. In addition, some of the
graft rubbers, like ABS, will reduce melt flow, thus making these materials more
difficult to mold. When temperature is increased to fill injection-molded parts,
rubber degradation often occurs, leading to splay, loss of impact, and even less
flow. Judicious use of antioxidant packages is important to improving the melt
stability of these rubber-modified blends. Butadiene-based rubbers are prone to
degradation in the melt or by air oxidation in final use if not correctly stabilized.

One could be tempted to overcome the modulus loss in PBT–rubber blends
by adding glass or mineral to the rubber-modified blends. While this works to
some extent, the effect of the filler or reinforcement is to limit the ductility of
the blend.

Another way to deal with the modulus versus ductility trade-off is through
impact modification of PBT–PC blends [50, 51]. The latter blends have good
room temperature ductility by virtue of the ductility of PC. Being a high-modulus
material, the PC does not lower the blend modulus. However, low-temperature
impact of these PBT–PC blends is not exceptional. Blends with an excellent bal-
ance of properties are formed by the addition of rubbery modifiers in the form of
core–shell rubbers, especially methyl methacrylate–styrene shells around butadi-
ene (MBS) or butyl acrylate rubber cores, or by use of high-rubber-content ABS
graft copolymers. For the graft-butadiene-rubber-based blends, −40 ◦C ductility
is achieved. In these PBT–PC blends, about half (7–20 wt%) of the rubber load-
ing required in PBT–rubber blends is needed to get equivalent impact, giving
compositions higher flexural moduli at equivalent or better ductility. Further-
more, the PC gives less shrinkage and better dimensional stability than standard
PBT–rubber blends (Table 8.2). PBT–PC–MBS blends are so tough that they
have been used for over 15 years as car bumpers.

Figure 8.3 shows the morphology of a PBT–PC–MBS blend. The PC phase
has been stained and shows as dark regions, while PBT is white. The MBS rubber
appears as dark spheres.

4.4 PBT BLENDS WITH STYRENIC COPOLYMERS

As noted above, PBT forms well-compatibilized blends with SAN. Usually an
ABS resin is used to improve practical impact. ABS resins impart to the blend
less shrink and better dimensional stability. The ABS is present as a separate
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Table 8.2 Properties of impact-modified PBT blends

Propertya PBT–PC–MBSb PBT–ABSc

Specific gravity 1.21 1.22
Water absorption after 24 h % 0.12 0.10
Mold shrink (in/in × 10−3)d 8–10 24–27
Mold shrink (in/in × 10−3)e 8–10 24–27

Tensile strength at yield (kpsi) 7.7 5.7
Tensile elongation at break (%) 120 100

Flexural modulus (kpsi) 300 260
Flexural strength (kpsi) 12.3 8.2

Izod impact, notched (ft pdl/in) 13.3 16.3

HDT at 66 psi ( ◦C) 106 99
HDT at 264 psi ( ◦C) 99 47

Melting point ( ◦C) 220 220

a HDT, heat distortion temperature.
b Approximate composition, 45/45/10.
c Approximate composition, 80/20.
d Shrinkage measured ‘with the flow’.
e Shrinkage measured ‘across the flow’.

PBT–PC–MBS

MBS

PC

0.5 µm

PBT

Figure 8.3 Morphology of a PBT–PC–MBS blend. Micrograph provided by
courtesy of General Electric Plastics
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phase and, by virtue of its Tg (∼110 ◦C), will improve the blend 66 psi HDT up
to temperatures approaching the dispersed phase (ABS) Tg (Table 8.2).

PBT has also been blended with styrene–maleic anhydride (SMA) copolymers
giving materials similar to the ABS blends. Impact modification appears to be
more difficult, and one must always be attentive to possible melt reaction with
the anhydride, or its ring-opened acid forms, and the PBT resin.

5 FLAME-RETARDANT ADDITIVES

PBT has very good electrical properties, acting as an insulator which is resistant to
high voltage [14]. However, PBT is fairly combustible. The four-carbon linkage
provides a good source of fuel. To the extent that PBT is replaced in a formulation
with less combustible materials, such as fiberglass, minerals, polycarbonate resin
and even PET (which is slightly less flammable than PBT), it is rendered less
flammable. Addition of more combustible rubbery additives makes PBT easier
to ignite. However, simple substitution of less flammable ingredients is usually
not enough to achieve a flame-retardant (FR) PBT blend.

FR-PBT is usually achieved by compounding a ‘flame poison’, or materials
that will generate a flame poison on burning, into the blend. During burning, these
additives generate active species that may interfere with combustion, thus reduc-
ing the heat released by burning. These additives are usually organo-bromine- or
organo-chlorine-based materials. It is widely known that addition of antimony
compounds, almost always antimony trioxide, gives a strong synergy when used
with organo-halogen species, resulting in self-extinguishing blends. It is thought
that the active flame poison is antimony tribromide formed during the pyrolysis
of the organo-bromine species during combustion.

Usually, a significant loading of organo-bromine or organo-chlorine com-
pounds is necessary to achieve flame retardance: loadings as high as 4–5 wt%
halogen with 1–3 wt% Sb2O3 may be necessary. The exact levels will depend on
the fuel present in the formulation and the degree of flame retardancy desired.

Bromine is often preferred as a FR source and, considering that most organo-
bromine compounds are only 40–70 wt% bromine and that antimony trioxide is
used in blends, FR-PBT blends may contain from 10 to 25 wt% FR additives.
This high level of additives will have an effect on the melt processability, density
and mechanical properties of the blend.

In most commercial references to ‘FR’-PBT blends, what is really meant by
‘FR’ is that the materials are ignition resistant – not impervious to fire. With
limited heat sources, such as in the UL-94 test [52] or the glow wire test [53],
the FR blends will resist ignition or self-extinguish a small flame. However, in
a large fire, these resins will burn, usually with a smoky flame.

Most FR-PBT blends have a V-0 performance rating at 1/16 or 1/32 inch under
the UL-94 protocol. Good FR performance is usually more difficult to achieve
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at thinner sections as the heat energy is applied to less material and a higher
proportion of the sample is exposed directly to the flame. However, thin-walled
electrical connector applications often require the V-0 rating. In any case, where
plastics are used in flame-resistant applications, it is very critical to test the resin
in an actual device to determine its fitness for use. No manufacturer can warranty
performance of a resin in actual fire conditions.

Halogenated FR additives are usually of two broad classes, i.e. small-molecule
and polymeric flame retardants. Examples of small-molecule flame retardants are
polybrominated aryl compounds, such as decabromo diphenyl ether or bromo
phthalimides. These compounds are efficient sources of halogen but may result
in ‘plate-out’ issues during molding processes. They may also embrittle unfilled
blends. The small-molecule FRs usually are very high-melting compounds and
act as a filler during PBT molding and compounding. In GF-PBT, they have
little effect on mechanical properties other than to increase density. These small-
molecule flame retardants are complemented by polymeric brominated flame
retardants that, due to their very high molecular weight, are held in the PBT
resin matrix. These polymers usually melt during PBT processing and may be
a little easier to mold. Examples of polymeric bromo materials are brominated
phenoxy resins (also called bromo epoxy resins) [54], bromo aryl acrylate resins,
tetrabromo bisphenol-A polycarbonates and brominated polystyrenes.

For a given level of fuel at a given thickness with the same halogen content,
most halogenated compounds show more or less the same flame retardancy. The
key differences among these FR additives are effects on flow, melt stability,
mechanical properties and long-term ageing of the FR-PBT blend. Different end-
use requirements may call for the addition of different FR additives.

Poor choice of FR additives can lead to excessive loss of PBT molecular
weight upon processing, hence leading to impaired mechanical properties (usually
seen as part melt-viscosity (MV) drop and, if severe, part breakage). In some
cases, generation of acidic halide species can cause mold or electrical contact
corrosion.

Another aspect of the burning of PBT blends is dripping. When a thermoplastic
part is burned, it will begin to melt as it burns. In some cases, the plastic resin
will drip away from the sample. If these drips are burning, it can lead to a spread
of the fire. The UL-94 test takes this into consideration and, depending on rating,
requires little or no flaming drips.

Dripping is a complex behavior that depends on the resin matrix, viscosity
and part design. However, over the years, it has been found that very low lev-
els of some fluorinated polymers, notably polytetrafluoroethylene (PTFE), can
significantly reduce dripping.

Almost all FR-PBT blends contain an organo-halogen agent, an antimony
synergist and a fluoropolymer anti-drip component. These three ingredients, as
well as the overall fuel content of the blend, are balanced to formulate FR-
PBT products.
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In recent years, there has been concern about the environmental fate of halo-
genated FR additives. To address these concerns, a considerable amount of
investigation into non-halogen-based FR packages for PBT has been initiated.
Phosphate esters have often been used as FR additives in amorphous resin blends,
specifically poly(phenylene ether)–polystyrene (PPE–PS) and PC–ABS blends.
Phosphorus has been invoked as acting as an FR in both the gas phase as a
flame poison and the solid phase as a char-former. However, most phosphate FR
additives have a very low percentage of active ingredient (phosphorus). Due to
the relatively low P content in most organo-phosphate additives, high levels of
the FR must be added to PBT to approach a V-0 rating. In PBT blends, so much
phosphate must be used that other desirable properties may be lost. There are
also issues with melt blending, molding and deposits on the mold (‘juicing’).

Red phosphorus has been used as an effective PBT FR, is non-halogen-based,
and very high in active ingredient [55, 56]. However, red phosphorus melt blend-
ing requires some special considerations. The potential generation of phosphine
gas and acidic decomposition products under incorrect melt processing conditions
is a concern. Recently, encapsulated grades of red phosphorus have minimized
some of these potential issues. Red P blends are also limited in color capability.

6 PBT AND WATER

The interaction of PBT with water can be complex and at first confusing unless
one clearly spells out the exact conditions of moisture contact. There are two
broad types of moisture exposure: one is the presence of moisture in a molten
polymer during processing, and the other is exposure of a solid part during its use.
It is also important to understand the difference in the response of polyamides
versus polyesters to water in order to choose the best material for a specific
application.

PBT will absorb very little water (0.08 %), and its mechanical properties are
not affected in the short term. Polyamides, on the other hand, may absorb up to
12 % of water. In nylon resins, the water acts as a plasticizer; it lowers the Tg,
decreases the flexural modulus, and may cause part growth. Based on these crite-
ria alone, polyesters are often a better choice than nylons for many applications
(less variation of properties).

With short-term, limited moisture exposure, PBT parts remain essentially un-
changed. However, longer-term moisture exposure is a different situation. Under
some conditions, water will attack the polyester backbone, giving loss of molec-
ular weight [57]. With enough loss of molecular weight, the polyester will lose
mechanical properties and become brittle. Nylon polymer chains are more resis-
tant to cleavage by water and, under most conditions, the polyamide does not
show much chain cleavage. When a nylon part dries out, it recovers its properties
since the polymer chains retain most of their original chain length. A polyester
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that has experienced extensive chain cleavage will not recover its properties
when dried.

The extent of polyester chain cleavage will vary greatly depending on the
exact conditions of exposure to water. Temperature, time of exposure, and pH
are all important. In pH-neutral, cold water below the polyester Tg, little reaction
is observed; molded parts may last for a very long time. However, in the poly-
mer melt (during processing) at 250 ◦C or higher, water will react very quickly
with PBT, thus lowering the molecular weight of the polymer. Undried PBT,
when melted and molded, can undergo a sharp molecular weight or melt viscos-
ity drop. If enough water is present in the PBT, properties will be lost and
parts will become brittle. Usually, there is not enough water present at this
high temperature to give catastrophic degradation, but by losing PBT molec-
ular weight in processing wet resin, one is sacrificing some of the ultimate part
performance.

Exposure of molded PBT parts to warm water will give varying degrees of
decomposition. If the water is acidic or basic, decomposition is accelerated as
both acids and bases catalyze ester hydrolysis. Since one of the reaction products
of PBT hydrolysis is itself a carboxylic acid, the decomposition of PBT in water
is autocatalytic. Hydrolysis of PBT in its own ‘juice’ or with fresh, neutral water
can have a different effect on the rate of chain cleavage. Hydrolysis in a soda
lime glass container (creating a basic environment) may give different results than
ageing in a borosilicate glass container. The exact conditions of water exposure
to polyesters are important in determining the rate of hydrolysis.

PBT’s resistance to warm water can be extended through the use of var-
ious strategies to suppress hydrolysis but, at severe enough conditions, PBT
will eventually break down. The question is, ‘will a specific PBT part ever see
those conditions?’. The ‘hydrolysis-resistant’ modified PBT resins will give some
measure of extended life to parts exposed to moisture compared to a standard
PBT [58, 59].

The situation is more complex when various other ingredients are added to
PBT. Glass fibers, for instance, may lose adhesion from the resin due to the
action of water on the glass–PBT interface, independent of the PBT–matrix
reaction. This action will depend on specific contact conditions such as time,
temperature and pH. In some instances, fiber-to-matrix adhesion can be recovered
when the sample is dried, resulting in the recovery of some mechanical properties
(if the PBT matrix is not too severely degraded). Other additives can introduce
additional complications.

Although the relationship of PBT with water sounds complicated (and it is),
PBT and its various blends have been used successfully for over 25 years in many
different applications. In general, the hydrolysis of PBT is not a major concern.
In some specific applications, however, it is critical. In all cases where PBT will
see extensive moisture above its Tg, part testing under realistic water exposure
conditions is needed to ensure adequate performance.
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7 CONCLUSIONS

PBT is a very versatile resin that can be combined with a wide variety of addi-
tives to give an array of products for injection-molding applications. The key to
understanding PBT is to see it as a fast-crystallizing resin, allowing for rapid
cycling in injection-molding applications for the production of durable goods.
PBT is also a versatile blend stock that can be combined with dozens of different
ingredients, in various amounts, to easily tailor performance to individual needs.
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Properties and Applications of
Poly(Ethylene 2,6-Naphthalene),
its Copolyesters and Blends
D. D. CALLANDER
M & G Polymers USA, Sharon Center, OH, USA

1 INTRODUCTION

Poly(ethylene terephthalate) (PET) has become a major synthetic polymer during
the past forty years. Significant commercial markets [1] have been developed
for its application in textile and industrial fibers, films, and foamed articles,
containers for carbonated beverages, water and other liquids, and thermoformed
applications (e.g. dual ovenable containers).

These marketing successes take advantage of PET’s excellent balance of prop-
erties, including ease of melt processing, high strength, thermal resistance, trans-
parency, high gaseous barrier, health and environmental safety and recyclability.
These desirable attributes are complemented with excellent cost-effective accept-
ability. Since its beginning in 1977, PET’s annual growth in carbonated beverages
and other foodstuffs’ containers has continued to exceed 10 %, amounting to
12 billion pounds worldwide in 2000 [1]. Most of these gains were at the expense
of glass containers, where PET’s lighter weight, transparency, shatter resistance
and processing advantages are desirable.

However, there remain numerous end-use applications which require signifi-
cant improvements in the properties PET has to offer. These include higher tensile
strength and modulus for tyre reinforcement yarns and monofilament applications,
higher temperature resistance for hot-fill containers and films, and greater gaseous
barrier for longer shelf-life requirements (e.g. fruit juice and beer markets).

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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Figure 9.1 Chemical structures of PET and PEN

It is for such markets that the chemically similar polyester, poly(ethylene-2,6-
naphthalate) (PEN) is being evaluated.

PEN differs from PET in that the acid component of its polymer chain is naph-
thalene 2,6-dicarboxylic acid, replacing the terephthalic acid of PET (Figure 9.1).
In each case, the glycol monomer is ethylene glycol (EG). The two condensed
aromatic rings of PEN confer on it improvements in strength and modulus,
chemical and hydrolytic resistance, gaseous barrier, thermal and thermo-oxidative
resistance and ultraviolet (UV) light barrier resistance compared to PET [2].

Although the superior properties of PEN have been known for many years,
the unavailability of the naphthalate monomer has delayed the development of
commercial markets, until relatively recently (1995) when the Amoco Chemical
Company offered high purity naphthalene-2,6-dimethyl dicarboxylate (NDC) in
amounts of up to 60 million pounds per year. This diester is produced by a five-
step synthetic route, starting from the readily available compounds, o-xylene
and 1,4-butadiene [3]. Prior to this, the NDC diester was obtained by extrac-
tion of 2,6-dimethylnaphthalene (DMN) from petroleum streams, where it was
present in relatively low abundance. Oxidation of DMN to crude 2,6-naphthalene
dixcarboxylic (NDA) is conducted by a similar process to that used for conver-
sion of p-xylene to purified terephthalic acid (TA), crude NDA is esterified with
methanol, and is then distilled to yield high purity NDC. Other companies (e.g.
the Mitsubishi Gas Chemical Company) followed Amoco’s introduction with
lesser amounts of NDC. Teijin [4] has manufactured PEN for many years for its
own captive uses in films.

2 MANUFACTURE OF PEN

There are two major manufacturing routes for PEN and PET, i.e. (1) an ester,
or (2) an acid process, named according to whether the starting monomer is



POLY(ETHYLENE NAPHTHALATE), COPOLYMERS AND ESTERS 325

a diester or a diacid, respectively. In both cases for PEN and PET, the glycol
monomer is EG. One exception to this was Toyobo’s relatively short-lived process
which reacted terephthalic acid with ethylene oxide [5]. Historically, as it was
easier to obtain the high purity (99.5 %) needed to ensure polymerization to high-
molecular-weight PET, dimethyl terephthalate (DMT) was the monomer used for
the initial commercial manufacture. However, once high-purity TA became avail-
able, the acid process has been preferred, using lower catalyst and EG amounts.
A similar situation exists currently for PEN manufacture, as the availability of
high-purity NDA is very limited [6]. NDA is a much more intractable monomer
than TA, leading to greater purification challenges and more difficult, less eco-
nomic polymerization processes. Manufacturing conditions for PEN are similar
to those for PET, except that the higher melting point of NDC and the greater
melt viscosities of PEN necessitate higher temperatures throughout, with melt
polycondensations being conducted in the range 290 to 300 ◦C. Solid-state poly-
merization (SSP) of the melt-produced resin pellets is the preferred process to
upgrade the molecular weight of PEN (or PET), again at higher temperatures
than those used for SSP of PET. Consequently, considerable care is taken to
minimize thermal and thermo-oxidative exposure during PEN manufacture.

3 PROPERTIES OF PEN

PEN is a semicrystalline, aromatic polyester with a reduced tendency to crystal-
lize compared to PET [7]. The intrinsic ‘off-set’ 2,6 disubstitution of the naph-
thalene ring, compared to the 1,4 linear substitution of the aromatic ring of PET,
dictates the crystalline morphology. Two major crystalline forms, α and β, exist,
depending on the prior thermal history of PEN [8]. The α-form is triclinic with
the following unit cell dimensions: a = 0.651 nm; b = 0.575 nm; c = 1.32 nm:
α = 81.33◦, β = 144◦, γ = 100◦: its crystalline density is 1.407 g/ml. This forms
when crystallizing at temperatures ≤200 ◦C. The higher melting point β-form
is also triclinic, and has the following unit cell dimensions a = 0.926 nm; b =
1.559 nm; c = 1.217 nm: α = 121.6◦; β = 95.57◦; γ = 122.52◦: its crystalline
density is 1.439 g/ml. Crystallizing at temperatures ≥240 ◦C yields this form.

In common with other EG-based polyesters, there are two major by-products
of the polymerization chemistry, i.e. diethylene glycol (DEG) and acetaldehyde
(AA), which influence PEN’s properties and application potential. Depending
on the polymerization conditions, different levels of the DEG moiety are incor-
porated randomly in the PEN polymer chain. The DEG content of PEN has the
expected comonomer effect on its thermal transitions and performance properties.
Generally, PEN manufactured from the neutral NDC diester monomer has the
lowest incorporated DEG content (∼0.4 to 0.8 wt%), although significantly higher
levels are produced when higher EG/NDC molar ratios (>2.0), higher tempera-
tures and longer residence times, and/or acidic catalysts, are used. The balance of
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higher manufacturing temperatures and reduced diffusion of AA results in sim-
ilar low AA levels in PEN SSP pellets, but to ensure good final color, stagnant
regions and reactor hot-spots should be eliminated.

4 THERMAL TRANSITIONS OF PEN

The typical differential scanning colorimetric (DSC) traces shown in Figure 9.2
compare the thermal transitions of similar low-DEG-content PEN and PET resins.
The fact that the glass transition temperature (Tg) of PEN is 45–50 ◦C higher than
that of PET has a major influence on the processing and performance of PEN
applications. In addition, the fact that PEN’s Tg is 20–25 ◦C above the boiling
point of water has a significant effect on the thermal stability potential of many
hot, aqueous exposure applications.

5 COMPARISON OF THE PROPERTIES OF PEN AND PET

The chemical and physical properties of PEN are generally superior to those
of PET and have been conveniently represented in comparative ‘star diagrams’
(Figure 9.3). Typical properties of PEN are shown in this figure. PEN has greater
chemical resistance than PET. This is highly desirable in most applications,
but makes dissolution of PEN more difficult for analytical test methods (e.g.
intrinsic viscosity (IV), carboxyl end groups, nuclear magnetic resonance (NMR),
gelphase chromatography (GPC), etc. measurements). This greater ‘insolubility’
compared to PET is even greater for highly crystalline PEN. Existing test methods
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for PET are often significantly modified to permit PEN characterization. For
example, solution intrinsic viscosity (IV) testing of crystalline PEN may involve
controlled ‘melt and quenching’ to the amorphous state to facilitate dissolution.

6 OPTICAL PROPERTIES OF PEN

Another intrinsic difference of PEN compared to PET is that the naphthalene ring
has a more extended chromophore which absorbs UV light up to 380 nm, com-
pared to PET’s absorption up to 313 nm (Figure 9.4). This greater UV absorption
has obvious application where this screening property is desirable for protection
of the integrity of foodstuffs. In addition, a blue–white, visible fluorescence
results when PEN is excited by black light emitting near 360 nm [9]. This per-
mits ready identification and separation of PEN from PET containers, which has
potential for recovering the more expensive PEN in post-consumer mixtures of
PET and PEN containers and films.

7 SOLID-STATE POLYMERIZATION OF PEN

The higher thermal transitions and gaseous barrier of PEN compared to PET
has significant implications on SSP PEN properties and processability. Whereas
pre-crystallization of PET may be conducted in a dry air environment, the higher
operating temperatures for PEN can oxidize the pellet surfaces, thus requiring
greater process control or the use of inert atmospheres. Another phenomenon
which may occur prior to crystallization of PEN pellets is ‘pop-corning’ or
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volume expansion. Depending on the level of volatiles (e.g. AA, EG, water,
etc.) in individual pellets, the higher barrier, modulus and temperature expo-
sure may increase the internal pressure of the pellets, so causing significant
volume expansion. Devolatilization at lower temperatures overcomes this phe-
nomenon [10]. During the SSP process, the polymerization by-products, water
and EG are removed in a diffusion-controlled manner. The higher temperatures
and gaseous barrier of PEN, coupled with long SSP cycles, can create much
larger differences in molecular weight and crystallinity between the core and
skin of the PEN pellet compared to PET. In addition, the higher melt viscosities
of the different PEN molecular weights may lead to very high melt viscosities
near the skin. When these differences are too large, conventional melting extrud-
ers may be unable to achieve homogeneous melts during normal process times.
In addition, if ‘unmelts’ and inhomogeneous melts exist, processing difficulties
and properties deficiencies are likely to occur.

8 COPOLYESTERS

When the full improved property potential of PEN compared to PET is not
needed for an end-use application, copolyesters may be considered. Common
available comonomers which may be used include terephthalic acid and isoph-
thalic acid (IPA), DEG and cyclohexane dimethanol glycols.

Considering the effect of TA as a typical comonomer, practicable crystalliz-
ability is achieved only up to about 15 mol% modification level. Modification of
PET with naphthalate comonomer is subject to the same limitation (Figure 9.5).
The Tg of T/N copolymers with EG also increases from that of PET to PEN
homopolymers, according to the well-known linear relationship. The relationship
of mol% modification to both Tg and Tm (melting point) measured by DSC is
also shown in Figure 9.5. Enhancement of physical properties by orienting above
Tg is possible for the shown crystallizable regions, but not for the more highly
modified, amorphous compositions. Blends of PET and PEN, when properly con-
trolled, can yield crystallizable compositions with enhancement of properties over
the whole composition range (see Section 9 below) [11].

8.1 BENEFITS OF NAPHTHALATE-MODIFIED COPOLYESTERS

The modification of PET with low levels of naphthalate comonomer increases
the Tg and enables optimally oriented articles (films, fibers, containers, etc.) to
resist higher temperatures without shrinkage. Heat setting under tension may be
applied to further extend thermal stability. In addition, when retention of optical
transparency is required, such copolymers crystallize less readily than PET, and
may readily be quenched from the melt to the transparent, amorphous state. Thus,



330 D. D. CALLANDER

60

70

80

90

100

110

120

130

200

210

220

230

240

250

260

270

260 °C

227 °C
240 °C

273 °C

0 10 20 30 40 50 60 70 80 90 100

Naphthalate content (mol%)

T
g 

(°
C

)

T
m

 (°
C

)

PENPET

Figure 9.5 DSC transitions and crystallizability data for PET and PEN copoly-
esters and blends: , crystallizable copolyesters; , amorphous copolyesters;

, crystallizable PET/PEN blends: , Tg; - - - - - , Tm

thicker, transparent sections are possible. Optimal strength and gaseous-barrier
properties on orientation, however, require higher stretch ratios and/or higher
molecular weights, for strengths equivalent to PET [12]. The beneficial absorp-
tion of UV light is still present in copolyesters of PET modified with low levels
(1–5 mol%) of naphthalate [13]. This property may be utilized to protect food-
stuffs in naphthalate-modified PET containers and films.

8.2 MANUFACTURE OF COPOLYESTERS

Copolyesters may be produced by conventional ester or acid processes. In addi-
tion, by utilizing the ester-exchange potential of polyesters, naphthalate-modified
PET or phthalate-modified PEN may be manufactured by incorporating preformed
PEN or PET, or their respective copolyesters during the melt-polymerization pro-
cess [14]. The preformed resins or low-molecular-weight oligomers function as
‘masterbatch’ sources, undergoing in-situ ester-interchange, leading to random
copolyesters at equilibrium or copolyesters with controlled levels of blockiness,
depending on the time, temperature and mixing conditions being used.

9 NAPHTHALATE-BASED BLENDS

Most blends of polymers are immiscible. Solubility parameter considerations
predict that miscibility may be possible when small differences (e.g. ≤0.5) in
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these values exist [15]. Numerous evaluations have been conducted involving
blending of PEN and PET or copolyesters of each [16]. Incorporation of a third
tere/naphthalate copolyester has been shown to enable compatible blends [17].
PEN and PET are immiscible and usually the dispersed phase size is large enough
to scatter visible light, so yielding unacceptable haze in these blends. In addition,
they have an inferior balance of properties and the opacity is unacceptable in
most container applications, where high transparency is required.

However, compatibility between PET and PEN homopolymers and/or copoly-
esters may be achieved by allowing sufficient time, temperature and mixing
during melt blending to ensure that sufficient ester-interchange occurs to yield a
compatible, transparent blend. The extent of ester-interchange needed for compat-
ibilization varies depending on the blend components and the molecular weight
of the component polyesters. DSC analysis has been used to determine the melt-
processing conditions needed to yield a single Tg for blends [16]. NMR analysis
has been used effectively to determine the extent of ester-interchange [18]. The
use of such techniques has enabled conversion of PEN/PET blends to containers
with significant improvements in gaseous barrier, increased hot-fill and/or pas-
teurization potential [19]. Thus, cost-effective small containers requiring greater
gaseous-barrier performance have been demonstrated by using PEN/PET blends.
Again, such improvements require properly designed preforms to provide optimal
orientation in blow-molded containers [20].

10 APPLICATIONS FOR PEN, ITS COPOLYESTERS
AND BLENDS

End-use applications for naphthalate-based polyester resins depend on optimizing
the balance of properties desired in a specific application. Usually this involves
optimizing the orientation process (uni- or bi-axial) with its accompanying crys-
tallinity development. Subsequent heat setting may be included when additional
improvements in thermal stability are needed.

10.1 FILMS

Similar to PET, PEN film is typically manufactured from resins with molecu-
lar weights lower than those needed for containers or industrial fibers. Optimal
properties are achieved by considering the natural draw ratios corresponding
to the molecular weight of the resin used and orienting at 20 to 40 ◦C above
its Tg. Optimal stretch ratios for PEN are usually slightly greater than those
for PET (e.g. 10–12 area stretch for PET compared to 12–14 for PEN). Con-
siderably higher stretch ratios are required for PEN copolyesters and blends
for the formation of optimally stabilized morphologies, which determine the
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resulting balance of properties [12]. The orientation extent should exceed the
‘necking’ regions to ensure that crystallites are created to stabilize the mor-
phology in the strain-hardening process [21]. In the absence of strain-hardening,
oriented regions will undergo shrinkage towards the original non-oriented state
when the orientation temperature is approached. Although such considerations
are also important for PET, they are especially important for PEN to ensure cost-
effective performance. The use of blends of PEN with the higher-Tg amorphous
polyetherimide (PEI) to overcome the low orientation necking phenomenon has
been demonstrated [21].

Major PEN film applications include substrates for ‘Advanced Photo Sys-
tem’ (APS) [2] film, where PEN’s higher modulus permits the thinner, curl-free
films required. Capacitors capable of higher temperature performance in industrial
motor windings also make use of PEN’s properties.

10.2 FIBER AND MONOFILAMENT

In fiber and monofilament applications, the higher modulus and temperature sta-
bility of PEN is utilized in end-use applications. Monofilaments have been used in
paper making felts, where the higher modulus, temperature and hydrolysis resis-
tance are required [22]. PEN tyre-reinforcing yarns have also been introduced by
Pirelli into high-performance motorcycle [23] tyres. Evaluations in other tyre, fan
and conveyor belts application have also been conducted [24]. Stable partially
oriented yarn (POY) technology is applicable to PEN as well as PET, although
somewhat higher spinning speeds are required for PEN to induce the partial
orientation and its associated crystallinity development [25].

10.3 CONTAINERS

Many evaluations have led to the commercial utilization of PEN, its copolyesters
and blends in some commercial applications. The cost effectiveness is especially
apparent in returnable–refillable applications, which take advantage of PEN’s
chemical resistance in commercial washing operations, so ensuring an increased
number of re-fill trips [26]. Other applications benefit from PEN’s increased
gaseous barrier, UV absorption, thinner and lower weight potential. Considerable
effort is underway to enable utilization of PEN, its copolyesters and blends for
beer, higher hot-fill and heat-pasteurizable containers [27].

Again, as for films, careful consideration of the optimal stretch ratios with
or without heat setting of the naphthalate composition is essential to ensure
cost effectiveness in a specific container. In the absence of this optimization,
performance may be inferior to properly designed containers from the much less
costly PET resin.
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10.4 COSMETIC AND PHARMACEUTICAL CONTAINERS

Considerable interest has been shown in the potential of PEN for cosmetic and
pharmaceutical containers. Many cosmetics require the increased chemical resis-
tance of PEN. These, generally, are small, amorphous, non-oriented containers
that can resist solvent crystallization by the specific chemicals involved. Similar
PET containers develop an unacceptable, solvent-induced hazy appearance. PEN
has been used successfully to contain liquid anesthetics [28], while PEN blood
tubes have also been demonstrated [29].

11 SUMMARY

Although PEN is still a specialty resin when compared to PET, its improved
properties’ potential ensures that considerable market growth will occur in the
near future. This growth will stimulate increased commercial availability of the
naphthalate diester and diacid monomers essential for numerous commercial
applications.
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Biaxially Oriented Poly(Ethylene
2,6-Naphthalene) Films:
Manufacture, Properties and
Commercial Applications
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Virginia Commonwealth University, Richmond, VA, USA

and

J. A. SIDDIQUI
DuPont I-Technologies, Research Triangle Park, NC, USA

1 INTRODUCTION

Polyester has become a mainstay commodity material. This is one material that
everyone comes in contact with daily; for example, it is used in clothing, bedding,
upholstery and carpeting. The first patent to cover polyesters was filed in 1941
by Whinfield and Dickson, with the material defined as a polymer formed by
the combination of a diacid and a diol [1]. Following this discovery, the first
commercial polyester, poly(ethylene 1,4-terephthalate) (PET), was produced by
condensation polymerization of terephthalic acid (TA) (or dimethyl terephthalate
(DMT)) as the diacid moiety and ethylene glycol as the diol. PET is now a well-
known and widely utilized polymer material that is used throughout the world to
manufacture films and fibers.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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Once the theory of combining a diacid or a diacid derivative with a diol to
produce a polyester was established, many variations on the concept were inves-
tigated. One of these was to react ethylene glycol with a diacid moiety containing
a naphthalene ring in place of benzene ring in PET, to produce poly(ethylene
2,6-naphthalate) (PEN). The performance of PEN fills a gap between the two
traditionally used materials, i.e. the polyester (PET) and the polyimide (PI) in
the world of plastics. The properties of PEN film are similar to those of PET, but
PEN film offers improved performance over PET in the areas of dimensional sta-
bility, stiffness, UV weathering resistance, low monomer content, tensile strength,
hydrolysis resistance and chemical resistance. When lower costs for the starting
material and manufacturing are achieved, PEN could replace polyamides in many
applications. Based on improved economics, PEN film has achieved additional
growth through applications in areas such as advanced photo system films, flex-
ible printed circuits, motor insulation, high temperature labels, video cassettes
and capacitors [2, 3].

Although PEN is a fifty-year-old polyester product it is only now just
beginning to make a major appearance into the marketplace. It was first
synthesized as a laboratory curiosity in 1948 by ICI scientists [4]. Dimethyl-2,6-
naphthalenedicarboxylate (NDC) is the primary starting monomer, along with
glycol. The key to further development of PEN is to produce the diacid, 2,6-
naphthalenedicarboxylic acid (NDA), on a commercial scale. This is a major
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problem that has limited the wide application of PEN for a long time. This
situation improved somewhat during the early 1990s, when the Amoco Chemical
and Mitsubishi Gas & Chemical companies started supplying NDC on a large
scale, which significantly increased raw material feed stocks and reduced the cost
of PEN resin. This has, subsequently, increased PEN production and applications.
The polyester market is currently taking advantage of the benefits offered by
PEN in many applications. Currently, the world-wide capacity for PEN resin is
50 000 t/y. During the last five years, the number of papers and patents published
on this material has almost doubled that published over the previous thirty five
years (Figure 10.1).

2 THE MANUFACTURING PROCESS FOR PEN FILMS

2.1 SYNTHESIS OF DIMETHYL-2,6-NAPHTHALENEDICARBOXYLATE

The monomer used for the preparation of PEN is dimethyl-2,6-naphthalenedicar-
boxylate (NDC) or 2,6-naphthalenedicarboxylic acid (NDA). During the long
development time, several synthetic methods were developed and the manufac-
turing processes were improved, which finally reduced the cost for the com-
mercialization of PEN [5–10]. The main synthesis routes are described in the
following.

(a) m-Dimethylbenzene was alkylated, cyclized, dehydrogenated and isomerized
to form 2,6-dimethylnaphthalene, which then was oxidized to the diacid and
esterified with methanol to obtain NDC.

CH3

CH3 CH2 CH CH CH2+

CH3

CH2 CH CH CH2 CH3

CH3

CH3

CH3

CH3

−H2

catalyst

H2

O2

catalystCH3

CH3

COOH

HOOC

COOCH3

CH3OOC

CH3OH

catalyst
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(b) 2-Methylnaphthalene was acetylated in the 6-position, oxidized to the diacid
and then esterified to form NDC.

CH3 CH3

CH3CO

HF/BF3+
CH3C O CCH3

O O

O2Co, Mn, Br

COOH

HOOC
CH3OH

catalyst
COOCH3

CH3OOC

(c) Naphthalene was reacted with 2-propylene to form 2,6-diisopropylnaphtha-
lene, oxidized with permanganate to obtain NDA, and then esterified.

+

COOH

HOOC
CH3OH

catalyst
COOCH3

CH3OOC

CH3CH CH2
catalyst CH(CH3)2

(CH3)2CH

catalyst O2

(d) Potassium naphthalenecarbonate was carboxylated to form NDA.

COOK CO2 COOK

HOOC

COOH

HOOC
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COOCH3
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(e) Potassium 1,8-naphthalenedicarbonate was converted to form NDA.

COOK

KOOC

OO O
COOKKOOC

K2CO3

COOH

HOOC

HCl

COOCH3

CH3OOC

catalyst

CH3OH

2.2 PREPARATION PROCESS OF PEN RESIN

Since it is also a polycondensation polymer, the preparation of PEN from dimethyl
2,6-naphthalenedicarboxylate (NDC) is similar to the preparation of PET from
dimethyl 1,4-terephthalate (DMT) by combining a diacid ester (NDC) with ethy-
lene glycol. In view of the fact that the commercial-scale production of PEN
resin starts with 2,6-NDC, the production process is similar to that used for
the production of PET from DMT. There are two main steps for the process
(Scheme 10.1) [11].

COOCH3

CH3OOC
+ HOCH2CH2OH

COOCH2CH2OH

HOCH2CH2OOC
+ CH3OH ↑

catalystvaccum

COOCH2CH2O

OCHOCH2CH2O
+ HOCH2CH2OH ↑

2 – 6

Step I: Prepolymer oligomer

Catalyst

Scheme 10.1 Synthesis process for producing PEN resin
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COOCH2CH2O

OCHOCH2CH2O

2 – 6

catalyst290°C

COOCH2CH2O

OC

n

Step II: High-polymer formation

Scheme 10.1 (continued)

2.2.1 Oligomer and Prepolymer Formation

The first step is an ester interchange process. During this stage, the transesterifica-
tion is catalyzed by metal acetates, with the relative activities of the catalysts used
being as follows: Mn ≥ Zn > Co > Mg > Ni ≥ Sb [12]. The reaction is carried
out in a reaction vessel fitted with a condenser-separating column and receiver
to recover the methanol produced by the reaction. The 2,6-DNC and glycol are
first heated together at atmospheric pressure and elevated temperatures to pro-
duce an oligomer with a degree of polymerization (DP) of 2–3 and methanol.
The system is then evacuated to 1 mm Hg while the temperature is maintained at
∼195 ◦C; under these conditions a low-molecular-weight oligomeric prepolymer
with a glycol half-ester end group and a DP of 5–6 is produced.

2.2.2 High-Polymer Formation

Once the low-molecular-weight prepolymer is produced, the mixture is then
heated in a melt reactor at 290 ◦C to condense the oligomeric prepolymer. Since
the reaction is reversible, the glycol side-product must be removed from the
reaction vessel under reduced pressure in order to push the reaction to the
polymer side of the equilibrium. The catalysts used in this step are similar
to those used in the first step; however, the activity sequence is different, i.e.
Ti ≥ Sb > Zn > Co > Pb > Mg [13]. The reaction time is ∼3–4.5 h. Unlike an
addition polymer reaction, the average molecular weight during the condensation
process slowly increases; during the first 90 % of the reaction a DP of 9–10 is
achieved and then during the final 10 % of the reaction longer polymer chains
are formed. Since the polymerization process is reversible, this is a potential
route for monomer reclamation. Once a predetermined average chain length has
been achieved, the polymer is extruded and pelletized for future production. The
overall process for producing PEN resin is summarized in Figure 10.2.
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Water
(methanol)

‘Monomer’

Glycol

Catalyst
stabilizer

POLYCONDENSATION

Die and cutter

Polymer chip
to storage

DIRECT ESTERIFICATION
(ESTER INTERCHANGE)

Glycol
TA

Glycol
DMT

EI catalyst

Figure 10.2 Manufacturing process used to produce PEN resin

2.3 CONTINUOUS PROCESS FOR THE MANUFACTURE
OF BIAXIALLY ORIENTED PEN FILM

The amorphous PEN resin pellets are first dried at 180 ◦C and then extruded
at 290–300 ◦C through a die, formed into a sheet, which is then followed by
a two-step orientation (forward draw and sideway draw process) just above the
glass transition temperature (Tg) (>120 ◦C). After the orientation process, the
PEN film is conveyed between rollers at 210–220 ◦C to induce crystallization.
At the end of the orientation and crystallization process, the film is cut and rolled
into widths and lengths to suit individual customers [14–16]. Two of the process
used to produce such films are shown in Figure 10.3.

3 PROPERTIES OF PEN

Since PEN and PET are polyesters with similar chemistries, it is logical to expect
that they would have similar chemical and solvent resistance. However, the
structural change from a benzene (a single aromatic ring) group in PET to a naph-
thalene (a fused aromatic double ring) group in PEN produced unique changes
in the latter, such as improved chemical and physical properties. A comparison
of the properties of PEN with PET and other commercial films is illustrated in
Figure 10.4 and listed in Table 10.1.
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Figure 10.3 Manufacturing processes used to produce PEN films: (a) simulta-
neous; (b) sequential (MD, machine direction; TD, transverse direction)
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3.1 MORPHOLOGY OF PEN

Like PET, PEN is semicrystalline with triclinic-type crystal formations. During
film production, the amorphous PEN is converted into an oriented semicrystalline
thin film by uniaxial or biaxial drawing. At high temperatures, the PEN modulus
is considerably higher than that of PET. This difference is due to the structural
and morphological differences brought about by the more rigid PEN chain. The
naphthalene aromatic double-ring group in PEN induces a more planar structure
which forms crystal structures more readily than PET; consequently, PEN shows
a greater propensity to delaminate, at 190 ◦C and above, than PET. Actually,
PEN has two crystal forms (α and β) and both of these are triclinic depending
on the crystallization temperature [17, 18]. Crystallization at 180 ◦C yields the
α-form as a triclinic unit with the following cell parameters: a, 0.651 nm; b,
0.575 nm; c, 1.32 nm; α, 81.33◦; β, 144◦; and γ, 100◦. The density is 1.407 g/cm3.
Crystallization above 240 ◦C affords the β-form. This form is also triclinic, with
the following unit cell parameters: a, 0.926 nm; b, 1.559 nm; c, 1.273 nm; α,
121.6◦, β, 95.57◦; γ, 122.52◦. The density in this case is 1.439 g/cm3. Recently,
Liu et al. reported a number of different single-zone electron density patterns
with at least one additional two-chain unit which indicates a large degree of PEN
polymorphic character [19]. The morphology properties and phase behavior of
PEN have been studied by NMR spectroscopy [20], FT-IR spectroscopy [22, 23],
light scattering [23] and γ-radiation techniques [24].

In addition to the crystal forms, X-ray scattering studies indicate that when
unoriented PEN fiber was drawn at 120 ◦C (∼ Tg), a mesophase is generated. In
this form, the molecular chains are in registry with each other in the meridional
direction but not fully crystallized in the equatorial direction. This conclusion
was based on the presence of additional meridional peaks not accounted for by
the crystal structure obtained by X-ray scattering. The mesophase is a intermedi-
ate phase and its existence is strongly dependent upon the processing conditions;
consequently, it could have implications with respect to the properties of com-
mercially produced fibers and films, since it appears to be stable and not easily
converted to the crystalline form, even at elevated temperature [25, 26]. The
mesophase structures of PET, PEN and poly(ethylene naphthalate bibenzoate)
were compared by Carr et al. [27]. The phase behavior of PEN and PEN blends
with other polymers has also been studied [28–32].

3.2 CHEMICAL STABILITY

A comparison of the chemical resistant properties of PEN with PET is presented
in Table 10.2. PEN shows a higher resistance to most chemicals than PET [19].

Hydrolytic instability is one of the major weak points of polyesters. Both PEN
and PET films are biaxially oriented and heat set, and similar filler systems
and surface treatments can be used for both films. PEN, however, has better
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hydrolysis resistance than PET. When immersed in water at 90 ◦C for 70 d, PET
maintained only 30 % of its tensile strength, whereas PEN retains 90 % of its
tensile strength. Water reacts with the polyester bonds causing scission in the
polymer chains, which reduces the average polymer chain length. It is obvious
that PET does not withstand this degradation as well as PEN, which thus shows
higher hydrolytic stability. Generally, the rate of polyester degradation is affected
by the hydrophobicity and number of carboxylic end groups in the polymer. PEN
is more hydrophobic and more crystalline than PET; therefore, it has lower water
diffusivity into the solid polymer phase.

Using UV–visible and IR spectroscopies, thermal analyses and scanning elec-
tron microscopes measurements, Young and Slemp studied the performance of
several polymeric materials after exposure to an ‘outer-space environment’. PEN
exhibited good environmental resistance to the oxygen-induced erosion, UV-
induced degradation and spacecraft-induced contamination in such an environ-
ment [33].

3.3 THERMAL PROPERTIES

The enhanced thermal stability of PEN is applicable to film products, such as
films for advanced photo-systems and containers for high-temperature use. Sur-
prisingly, substitution of the aromatic benzene ring in PET by the naphthalene
aromatic double ring in PEN has very little effect on the melting point (Tm),
only by ∼10 ◦C. However, there is a significant difference on the glass transi-
tion temperature (Tg); the Tg for PET is 78 ◦C while that for PEN is 120 ◦C.
This greater thermal stability exhibited by PEN is manifested in many ways. For
example, after being held at 190 ◦C for 30 min, PEN film shrinks 0.8 % in the
machine direction, whereas PET typically shrinks 3 % under these conditions.
Consequently, heat-stabilized PEN film offers greater dimensional stability than
any other polyester film.

A comparison of the mechanical relaxation behavior of PEN and PET is illus-
trated in Figure 10.5. PET has two typical relaxation processes α and β, i.e. a
glass transition α-process and a low-temperature β-process. In addition to these
α- and β-processes, also seen with PET, PEN has another stronger β*-process
above room temperature. The β-process is assigned to the local motion of the
ester group while the β*-process is typical for homologues of poly(alkylene naph-
thalates) [34] and is related to the motions by the naphthalene ring. Weakness
of the low-temperature relaxation in PEN indicates a suppressed local segmental
motion at temperatures below the β*-process [35].

3.4 MECHANICAL PROPERTIES

PEN is considered to be a high-performance polyester material. The advantageous
properties of PEN are derived from its chemical structure which contains both
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Figure 10.5 Temperature dependence of storage modulus (E’) and mechanical
loss (tan δ) for PEN ( ) and PET (- - - - -) [35]. From Sadanobu, J. and
Inata, H., Sci. Technol. Polym. Adv. Mater., 4, 141–151 (1998), and reproduced
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rigid and flexible components. The naphthalene ring in PEN provides significant
rigidity and hence a higher Tg and higher modulus. However, maintaining the flex-
ible ethylene unit in the PEN polymer chain contributes to its melt processability,
unlike the wholly aromatic polyesters and aramids.

Since PEN has a relatively slow crystallization rate (Table 10.3), the polymer
film obtained from the melt is highly ductile. Consequently, the film can be
stretched at high draw ratios which produce highly oriented fibers and films with
high Young’s moduli and high tensile strengths. Compared to PET, PEN has
better mechanical properties due to the ability to obtain better biaxially balanced
oriented films which are attainable due to the higher draw ratio capacity of PEN.
Basically, PEN film is only slightly stronger at room temperature than PET.
However, at high temperatures (>125 ◦C), it is three to four times stiffer than
PET film. This has significant benefits for packaging applications that need to be
applied hot or for release liners that need to be removed from a hot substrate [36].

3.5 GAS-BARRIER PROPERTIES

PEN has excellent gas-barrier properties. The gas-permeation coefficients of
unoriented cast film and biaxially oriented films for PEN and PET are given
in Table 10.4.

PEN has lower gas permeation coefficients than PET for carbon dioxide, oxy-
gen and moisture for both film types. Although the gas-barrier properties of PEN
are similar to those of poly(vinyl dichloride), it is not affected by moisture in the
environment. Both oriented and unoriented PEN films restrict gas diffusion more
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Table 10.3 Comparison of the thermal and mechanical properties
of PEN and PET

Parameter PEN PET

Tm ( ◦C) 265 252
Tg ( ◦C) 113 69
Half-crystallization time at 180 ◦C (min) 7 1
Density (g/cm3) 1.41a 1.46a

1.32b 1.33b

Young’s modulusc (kg/mm2) 620 540
Tensile modulusc (kg/mm2) 28 23
Elongationc (%) 90 120

a Crystalline.
b Amorphous.
c Biaxially stretched films; thickness, 25 µm.

Table 10.4 Gas-permeation coefficients for PEN and PET films

As cast film Biaxially oriented film

Polyester CO2 O2 CO2 O2 H2O

PEN 9.0 2.8 3.7 0.8 3.4
PET 33 7.6 13 2.1 8.4

than the corresponding PET films. The orientation effects on both PET and PEN
enhance the gas-barrier properties, which indicates that there is more free vol-
ume and local motion in the unoriented amorphous films. A restricted diffusive
motion by small gas molecules is an important property for many applications,
such as packaging. When PET was modified by blending or copolymerized with
PEN, the degree of stretching, heat-set temperature and the level of crystallinity
of these materials were better than those for PET alone. For example, the oxygen
permeability was reduced as the naphthalate content was increased [37, 38]. The
most commonly used theories for sorption and diffusion in glassy polymers is the
dual-mode model [39] and the gas-polymer model [40]. By using these methods,
Ward and co-workers theoretically compared the diffusion and sorption of CO2

in PET and PEN, which correlated with experimental data [41].

3.6 ELECTRICAL PROPERTIES

As electrical insulators, PET and PEN have very similar properties. The major
difference between them is the long-term thermal ageing of the respective films
and the effect that such ageing has on continuous use at various temperatures.
Standard PET films have a continuous-use temperature of 105 ◦C, as measured
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Table 10.5 Comparison of the electrical and mechanical relative thermal insulation
(RTI) data, under UL746 test, for PEN and PET films

Film type
RTIa -electrical

( ◦C)
RTIa -mechanical w/ob

impact ( ◦C)
Reference UL

file number

Standard PET 105 105 E102008(M)
Enhanced PET 140 130 E102008(M)
PEN 180 160 E151234(M)

a RTI, relative thermal insulation.
b without.

by the Underwriters Laboratories Inc. Test UL 746B. PET is strictly a Class
A material, although it is widely accepted up to Class B in the market. Some
enhanced PET films, such as ‘Melinex 238’, which have a higher thermal rating
under UL 746B, are true Class B materials (Table 10.5).

PEN films have electrical properties that are on average 25 % better than PET
films; this advantage increases with increasing temperature. PEN has a signifi-
cantly higher rating with an electrical continuous-use temperature of 180 ◦C and a
mechanical rating at 160 ◦C. This places PEN films in the category of true Class
F materials. These enhanced properties are particularly interesting when cou-
pled to the higher continuous-use temperature [42] Guastavino et al. investigated
the low-field (E < 1 MV cm−1) electrical properties of PEN and the high-field
(E > 1 MV cm−1) regions under DC stress. They found that electrical conduction
involved hot electron transport which produced polymer electroluminescence in
the high-field regime while ageing under corona discharges greatly effect the
conduction in the low field [43].

In addition, PEN has better resistance to moisture absorption than PET and
polyurethane [44]. All of these properties endow PEN film with better electrical
resistant properties than any other polymer.

3.7 OPTICAL PROPERTIES

PEN is transparent in the visible light region, but can absorb ultraviolet radiation
at wavelengths below 380 nm (Figure 10.6).

PEN films have strong electrical luminescence (EL) properties (Table 10.6).
Under DC stress, the emission threshold for PEN is ∼1.5 MV cm−1 while for
PET it is 4 MV cm−1.

Compared with PET, PEN has five times more radiation resistance in air, four
times more in O2 and ten times more resistance in vacuum under continuous-
use temperature [10]. Cakmak and co-workers calculated the refractive index of
PEN; this parameter is highest (nc = 1.908) along the chain axis and lowest
(nn = 1.36) normal to the naphthalene ring. Biaxially oriented PEN film has a
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bimodal orientation at the chain axis, i.e. one in the machine direction (MD) and
the other in the transverse direction (TD). The refractive index in the normal
direction of biaxially stretched films decreases as the orientation ratios increase.
These observations are due to the orientation of naphthalene planes which orient
parallel to the film surface as the expansion ratio increases [31, 45].

There are three major components in the electroluminescent spectrum of PEN.
The first component, between 350 and 500 nm, is attributed to PEN excimer flu-
orescence excitation by hot carrier impact. The second, with a peak at 575 nm,
is assigned to PEN monomer phosphorescence, which is strongly enhanced by
charge recombination following impact ionization of PEN molecules. The third
EL component, which peaks at 618 nm with a shoulder at 690 nm, cannot be
interpreted on the basis of PEN photoluminescence. Its main contribution to the
emission before breakdown is associated with the luminescence from degradation
by-products of the polymer. Kinetic and spectral analyses show that electrolumi-
nescence is excited by inelastic collisions between hot electrons and the polymer
molecules. Both the kinetic and spectral features are consistent with a lumines-
cence excited by charge-carrier recombination through a tunneling mechanism.
The energy level of the electron trap is directly coupled to the triplet state of the
PEN molecule [46, 47].

4 APPLICATIONS FOR PEN FILMS

PEN is rapidly becoming a commodity film in the current market for high-
performance materials as photographic films, motor insulators and tyre belt. PEN
offers performance characteristics that exceed PET and at a cost below that
of polyimide. Its thermal stability, together with its good moisture resistance,
chemical and electrical properties, have earned PEN a strong position in high-
temperature manufacturing. Consequently, it is becoming an important material
for a number of applications, such as those described in the following sections.
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4.1 MOTORS AND MACHINE PARTS

The combination of thermal stability and dielectric performance makes PEN an
attractive electrical insulator in electrical motors. Motors with high operating tem-
peratures, such as hermetically sealed refrigerator motors and business machines,
need films that are resistant to shrinking and retain nonconducting properties at
high temperatures.

PEN fibers are used to make tough yarns for technical applications, such as
cords for motor vehicle tyres and conveyor belts [48]. PEN was originally studied
in the 1970s as tyre reinforcement cords which has since obtained wide appli-
cations with the lower cost of manufacturing PEN. Compared with the other
materials used in the tyre industry, such as rayon, nylon, aramid, PET and steel,
PEN can satisfy the increasing demand for high-performance tyres and provides
a means for tyre manufacture to improve product quality. PEN is also used as
a lightweight reinforcement material with outstanding properties, which allow
tyre weight reduction and reduced rolling resistance to increase fuel efficiency.
In the future, the substitution of PEN for steel would improve tyre recyclability
by permitting easier shredding and combustion of tyres [49, 50].

The level of monomers and oligomers in the matrix, which can be extracted
by a suitable solvent system, is an important parameter in the hermetic motor
industry. Using standard industrial tests, PEN films have an almost zero level
of extractable material in either traditional systems with R22 refrigerant and the
mineral oil lubricant, as well as the newer R134 refrigerant and ester oil systems.
The possibility of monomers and low-molecular-weight oligomers depositing on
motor parts and other parts of a system can cause blockages and, consequently,
early equipment failure. Therefore, the low level of oligomers extracted by the
refrigerant/lubricant system in hermetic motors is a key parameter in such an
application. In this area, PEN offers inherent low oligomer structures and high
resistance to chemicals within these motors which adds to its appeal. The prop-
erties that PEN has thus increases design possibilities for ultimate equipment
reliability to the engineer [44].

4.2 ELECTRICAL DEVICES

The Class F performance by PEN films, coupled with the many useful similari-
ties to PET films, offers significant potential benefits in the electrical insulation
industry. PEN can be used to replace Class F laminate systems with a single film
layer, while offering equivalent or possibly superior performance. The outstand-
ing dielectric properties of PEN films offer the opportunity to reduce insulation
thickness for machines. Using thinner insulation can have additional beneficial
effects in improving heat transfer, running the device at a higher temperature
and reducing the device size. Industry has shown, that in a wide range of appli-
cations, PEN can support operating temperature 20 ◦C higher than PET which
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alone justifies the difference in cost between a PET and a PEN film. In addition,
higher levels of operating safety can be achieved.

Several new trials are currently underway to evaluate PEN composite materials
as laminate systems. A composite material of PEN/melamine/oxazoline can offer
a system with end use up to 180–225 ◦C [51]. A PEN/mica system can give better
thermal performance than PET/mica. PEN/PET laminates provide cost benefits,
as well as enhanced performance. Applications requiring high vibration resistance
are areas of considerable interest for PEN films. Power transmission products,
including low- and high-voltage transformers and generators, could also benefit
from using PEN as insulating materials.

PEN film has an Underwriters Laboratories (UL) continuous use rating
of 180 ◦C for electrical and 160 ◦C for mechanical applications. The high-
temperature dimensional stability and dielectric performance have made PEN
an ideal substrate for flexible printed circuits (FPCs) [52]. Copper-clad laminates
made with PEN film maintain their shape and flexibility during environmental
exposure, infrared radiation and mild soldering processes, where the temperature
can exceed 260 ◦C under a pressure of 100 psi. The low moisture retention and
low oligomer content of PEN film reduce incidences of interference or signal
loss in electronic devices. PEN is used for self-adhesive ‘coverlay’ to protect
the copper side of a circuit. The adhesive can be roll processed, followed by a
post-cure cycle or simply allowed to post-cure during the coverlay operations.
Modified PEN monofilaments show good compatibility with photosensitive
polymers and are useful for manufacturing printed circuit boards [53].

PEN is used in manufacturing electrochemical lithium ion batteries because it is
dimensionally stable and highly resilient [54]. It could replace polyethylenimine,
which is currently used at unusually high temperatures to cure special inks.
PEN is also useful in membrane touch switches (MTSs) where the circuit would
be exposed to a high temperature, such as the domes for switches and seat
sensors in automobiles. PEN is also particularly suited to a wide range of flexible
heaters and low- to intermediate-voltage heaters, such as waterbed heaters and
battery heaters.

4.3 PHOTOGRAPHIC FILMS

The major features for advanced photo-systems relative to the base film are a
small-size thrust cartridge and return inside the cartridge. These features require
low core-set curl values and high mechanical strength. The cellulose triacetate
(CTA), polycarbonate and PET materials currently used in the photographic
industry are not able to satisfy these requirements. Some newly developed film
materials, such as modified-PET and syndiotactic polystyrene, were also unable
to satisfy such requirements. It is known that annealing films just below the
Tg (BTA treatment) could reduce core-set curl tendencies. BTA treatments of
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PEN films provide specifications that meet the requirements. PEN shows high
mechanical properties, low fogging during manufacture and storage, and excellent
thermal dimensional stability, and can be made photo-reactive with the gelatin
being reactive. Consequently, it is a good support material for advanced photo-
systems [55, 56].

Maehara and Fukuda have reported a PEN film modified by plasma exposure
and coated the modified surface with an adhesive layer. The latter shows good
adhesion to upper photosensitive layers and can be used for long-sized photo-
graphic film [57]. These workers spread an emulsion of silver halide particles
on the PEN film and formed a photosensitive layer. This photographic material
showed good curling resistance and gave high-contrast images [58]. Recently,
several authors have described photographic PEN film production processes, PEN
surface treatment and the manufacture of PEN color film, as well as comparative
studies of PEN and PET [59–64].

4.4 CABLE AND WIRES INSULATION

PEN applications in the wire and cable market include printer cable and insulated
wire wraps. PEN has a higher Tg and melting point, as well as higher flame
resistance than PET. PEN film coated with a dispersion consisting of epoxy resin
and Al(OH3) gave a semi-cured insulating film. When applied on copper wire,
wound, and heated, a coil with good flame retardance and adhesion between the
wire and the film was obtained [65].

4.5 TAPES AND BELTS

PEN films are excellent candidates for tape and belt applications because of the
biaxially oriented processing used in the manufacturing of these films which
provides uniform physical properties in the transverse direction [66]. The films
are stretched in the transverse direction (TD) and relaxed in the machine direction
(MD) simultaneously. This provides a high Young modulus and good dimensional
stability in both directions. The Young’s modulus achieved with high-molecular-
weight PEN is the highest among the commercial melt-processable polymers
evaluated. This feature has been utilized in the application of thin films for
high-density magnetic recording media, backup tapes for computers and long-run
video tapes [67–70].

PEN film is like PET film, but superior in various properties, and is find-
ing wide application for magnetic tapes. Weick and Bhushan have compared
the dynamic mechanical properties and wear/abrasion properties of PEN- and
PET-based magnetic tapes. The PEN tapes have better dimensional stability,
elastic moduli and coating thickness. They also have higher storage moduli
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and are less susceptible to nonrecoverable deformation at higher frequencies
than the PET tapes [71]. Another interesting application is in electrically and
thermally conductive adhesive tape. The PEN-based tape is stable, provides
shielding against electromagnetic interference due to the ‘beehive-like’ protu-
berances, prevents accumulation of static charge, and can be applied to the
glass window of a monitor or microwave for directly discharging electrostatic
charges [72].

Belts made with PEN film have very good mechanical properties under heat and
load conditions, with low stretch and distortion under tension and heat. These
belts can withstand high temperatures and show good moisture-barrier perfor-
mance and find applications in industrial components, imaging units, computer
printers, photoconductor belts for the ‘next generation’ color copiers or printers,
and casting belts for both ceramic chips and for high-curing-temperature epoxy
rigid circuit boards [73].

4.6 LABELS

The use of specialty substrates for labels have been driven by the market looking
for materials with greater dimensional stability at higher temperature, improved
mechanical performance under harsh environments, and resistance to scratching
and tearing. Up until now, PET-based labels have been used where conditions are
moderate, while polyimide-based labels have been employed in the most extreme
environments. PEN films offer a unique performance advantage over PET and a
considerable cost saving when compared to polyimide films.

PEN is a good candidate for labels where temperature tolerance is required,
such as multi-layer labels for automobile bodies when being painted and dried at
high temperatures. PEN is ideally suited for bar code labels where dimensional
stability and registration are required at elevated temperatures. PEN labels have
dimensional-excellence performance on printed circuit boards, in solvent- and
aqueous-based painting operations, and in ‘under-the-hood’ applications. PEN
labels also provide substantially improved performance over PET or vinyl labels
when the label must survive in harsh chemical environments. PEN performs
extremely well in applications where the label must be in contact with organic
solvents, such as acetone, ethers, toluene and phenol, as well as strong bases
(30 % NaOH) and moderate acids.

PEN-based labels offer superior hydrolytic stability compared to PET in appli-
cations where exposure to water and/or steam is a factor. Since the surface
chemistry of PEN films is nearly identical to that of PET films, the existing coat-
ing and printing formulations can be employed. PEN films can be slit and sheeted
on the same equipment used for PET films. In most applications, PEN can be
substituted into coating and slitting operations used for PET without altering any
processing conditions, which also reduces the cost of changing to PEN labels.
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4.7 PRINTING AND EMBOSSING FILMS

Laminated PEN films have excellent adhesion to coatings and inks in ordinary
conditions as well as at high temperature and humidity levels. Such films are use-
ful as a high-strength printable media substance. These films maintain their shape
during curing processes and high-pressure and high-temperature stamping, as well
as displaying non-fading color and high color transmission. PEN has been used
as laminatable backing substrates containing paper for simulated photographic-
quality prints, creative set designing and architectural material specifies [74, 75].

Quarter-wave interference films have seen numerous uses in the field of optical
security, due to the strength of reflection and the ability to select numerous
colors, and in particular for their observable color shift. Decorative nanolayer
quarter-wave polymeric material with more than 100 layers have been known
for twenty years, but was not used in the security sector because of their weak
iridescent appearance. The 3 M Corporation uses PEN to manufacture reflectors
with good band-edge control which are extremely efficient broadband mirrors for
communication. These devices are easily noticed by the typical observer and are
machine-readable. The PEN quarter-wave mirror films may be fine-line embossed
and thinly layered which enhances their appearance [76].

4.8 PACKAGING MATERIALS

High-performance PEN films have excellent properties for use in various packag-
ing applications. The clarity, strength and thermal resistance, combined with the
moisture- and chemical-barrier properties of PEN, make it a leading packaging
material for several emerging markets which include medical and food packag-
ing [77]. The film, form and seal made by PEN can withstand high temperature
for hot-fill food processes and corrosive high-acid foods [78]. PEN is lighter
and safer with less risk of breakage than glass. The low oxygen permeability of
PEN helps extend the shelf life of these products, while the ‘crystal-clear’ nature
of PEN films makes it an attractive packaging material. It is now becoming an
important container material in the beer industry.

Re-usable containers, such as bottles for carbonated soft drinks, made of PEN
have high-temperature tolerance for cleaning and sterilizing [79]. The inherent
UV resistance of PEN creates opportunities for colorless electronic and pharma-
ceutical packaging, as well as vacuum-metallized products for aerospace, industry
and military applications [80, 81].

A biaxially oriented polyester film made of a copolymer consisting of 80 %
ethylene 2,6-naphthalenedicarboxylate has excellent adhesion, surface hardness
and wear resistance, while also providing significant transparency and antire-
flection properties. This material, when laminated to glass, is excellent for the
prevention of shattering [82].
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4.9 MEDICAL USES

PEN has a much higher gas barrier than PET and absorbs fewer active ingredi-
ents from the packaged substances, thus giving enhanced shelf life. Correlations
between gas permeation and free-volume hole properties of medical-grade PEN
have been studied [83]. PEN is currently being investigated as a nonpermeable
membrane for transdermal drug delivery devices.

4.10 MISCELLANEOUS INDUSTRIAL APPLICATIONS

PEN has many superior properties; therefore, it can meet the needs for many
further industrial applications. PEN has a high modulus-to-density ratio and so it
is used for cones and domes in mobile phone speakers, stereo speakers and drum
skins. Sails made of PEN are 25 % stiffer, lighter and ‘loose less wind’ than
other materials, which hence provide more thrust from the wind to the vessel,
thus enhancing its speed. Such sails have, in fact, been used in some Americas
Cup competitions.

PEN has antistatic protective properties and has been used in optical devices.
Compared with PET, PEN-based antistatic films show better mechanical proper-
ties, higher surface resistivity and less peeling from a polarizing plate [84].

At the present time, interest in PEN films for advanced material applications is
at a high level, with a significant number of product applications currently being
investigated. Not too surprisingly, however, many of these applications are being
kept confidential by the end users concerned as they feel that the use of PEN can
give them a key competitive advantage in the market.
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Synthesis, Properties
and Applications
of Poly(Trimethylene
Terephthalate)
H. H. CHUAH
Shell Chemical Company, Houston, TX, USA

1 INTRODUCTION

Poly(trimethylene terephthalate) (PTT) is a newly commercialized aromatic poly-
ester. Although available in commercial quantities only as recently as 1998 [1],
it was one of the three high-melting-point aromatic polyesters first synthesized
by Whinfield and Dickson [2] nearly 60 years ago. Two of these polyesters,
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT), have
become well-established high-volume polymers. PTT has remained an obscure
polymer until recent times because one of its monomers, 1,3-propanediol (PDO),
was not readily available. PDO was sold as a small-volume fine chemical at
more than $10/lb., and was therefore not suitable as a raw material for commer-
cial polymers.

For a long time, the fiber industry had been aware of PTT having desirable
properties for fiber applications. In a 1971 patent [3], Fiber Industries, Inc. found
PTT fiber to have a lower modulus, better bending and work recoveries than
PET, and was therefore more suitable than PET for making fiberfill and carpets.
Ward et al. [4] compared the mechanical properties of the three polyester fibers,
and found PTT indeed had a better tensile elastic recovery and a lower modulus
than both PET and PBT. These two properties are very desirable and are valued

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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for making soft, stretch-fabrics with good hand and touch [5], and for resilient
carpets [6]. Thus, it was a challenge for chemical and fiber companies to develop
breakthrough technologies to lower PDO cost and to commercialize PTT.

In the early 1970s, the Shell Chemical Company, then a producer of PDO via
the acrolein route, explored the commercial potential of PDO and PTT by sam-
pling PDO with several fiber companies. This led to a period of active research in
PTT polymerization and applications [7–10]. Despite making significant progress
in lowering PDO manufacturing cost, it was still not low enough and the unfavor-
able polyester business atmosphere at that time stopped further development of
PTT. Shell later exited the PDO business and Degussa assumed its manufacturing.

Interest in PTT revived in the late 1980s when both Shell and Degussa made
breakthroughs in two different PDO manufacturing technologies. Degussa was
able to lower the cost of manufacturing PDO via the acrolein route and improve
its purity to levels suitable for polymerization [11]. Shell developed an alternate
synthesis route by hydroformylating ethylene oxide (EO) with a combination of
CO and H2 synthesis gas [12], leveraging their core competencies in hydroformy-
lation technology and EO feedstock. In 1995, Shell announced the commercial-
ization of PTT, and built a 160 mm lb PDO plant in Geismar, Louisiana. This
was followed by Du Pont announcing the retrofitting of an existing polyester
plant in Kinston, North Carolina, to produce PTT using PDO obtained from
Degussa while they and Genecore International collaborated to develop a poten-
tially cheaper biological route for making PDO through glycerol fermentation.
More than half a century after its synthesis, PTT finally joined PET and PBT,
and became a commercial reality.

2 POLYMERIZATION

PTT is made by the melt polycondensation of PDO with either terephthalic acid
or dimethyl terephthalate. The chemical structure is shown in Figure 11.1. It is
also called 3GT in the polyester industry, with G and T standing for glycol and
terephthalate, respectively. The number preceding G stands for the number of
methylene units in the glycol moiety. In the literature, poly(propylene terephtha-
late) (PPT) is also frequently encountered; however, this nomenclature does not
distinguish whether the glycol moiety is made from a branched 1,2-propanediol
or a linear 1,3-propanediol. Another abbreviation sometimes used in the litera-
ture is PTMT, which could be confused with poly(tetramethylene terephthalate),

C

O

O C

O

OCH2CH2CH2 n

Figure 11.1 The chemical structure of poly(trimethylene terephthalate)
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another name for PBT. Therefore, both PPT and PTMT abbreviations should be
avoided. Shell Chemical Company’s PTT is trademarked as Corterra polymer,
while Du Pont’s trademark is Sorona 3GT.

2.1 1,3-PROPANEDIOL MONOMER

PDO (CAS:504-63-2),1 also called trimethylene glycol, is a colorless, clear liquid
with a boiling point of 214 ◦C. There are two commercial synthesis routes. The
first of these is the traditional route, via the hydration of acrolein [13] under
pressure at 50 ◦C into 3-hydroxypropanal (3-HPA) using an acid catalyst. The 3-
HPA intermediate is then hydrogenated into PDO by using Raney nickel catalyst.
In the second process, Shell uses EO as a starting raw material. EO is first
hydroformylated into 3-HPA by using a combination of CO and H2 synthesis gas
with cobalt catalysts [14–16]. The aqueous 3-HPA solution is then concentrated
and hydrogenated to produce PDO.

A new route with the potential of further lowering PDO cost is the enzymatic
fermentation [17, 18] of glycerol and alcohol. This process is still under devel-
opment by Du Pont and Genecore International. With advances in biogenetic
engineering, new strains of engineered bacteria have improved the yield and
selectivity of the process to the point where this route is ready for pilot plant
scale-up.

PDO chemistry, technology, the relative merits and the manufacturing eco-
nomics of the above three routes have been reviewed by Chen et al. [19], Wu [20]
and by SRI International in its Process Economic Progress report [21]. Therefore,
PDO will not be further elaborated in this article.

2.2 THE POLYMERIZATION STAGE

PTT is melt polymerized by either the transesterification of PDO with dimethyl
terephthalate (DMT) or by the direct esterification of PDO with purified tereph-
thalic acid (PTA). The process is similar to that for PET but with major differ-
ences, as follows:

1. Because of PDO’s lower reactivity, more active catalysts based on titanium
and tin, which would discolor PET, are used to polymerize PTT.

2. PTT has different side reaction products. Instead of the acetaldehyde produced
with PET, acrolein and allyl alcohol are the volatile byproducts of PTT pro-
duction. The generation of acrolein is to be expected since it is one of the
starting raw materials for making PDO. Acrolein is toxic and is a very strong
lachrymator [22], and requires special handling and treatment.

1 Chemical Abstracts Service (CAS) Registry Number.
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3. Instead of cyclic trimer, PTT produces a lower-melting cyclic dimer
byproduct [23].

4. Compared to 1,4-butanediol, which forms tetrahydrofuran byproduct in PBT
polymerization, PDO is difficult to cyclize into oxetane because of the high
ring strain. Oxetane was not found in the byproduct analysis [23].

5. PTT is polymerized at a much lower temperature between 250 and 275 ◦C.
Because of its higher melt degradation rate and a faster crystallization rate,
it requires special consideration in polymerization, pelletizing and solid-state
treatment.

Direct esterification of PDO with TPA is a more economical route than trans-
esterification with DMT. However, it is also a more difficult technology to
implement. Table 11.1 summarizes the reaction conditions, catalysts and additives
for both the DMT and TPA processes [24–28], while Figure 11.2 shows the direct
esterification reaction scheme. Only the TPA process will be described below.

Because TPA has a melting point of >300 ◦C and poor solubility in PDO,
direct esterification is preferably carried out in the presence of a ‘heel’ under
a pressure of 70–150 kPa and at 250–270 ◦C for 100–140 min. A heel is an
oligomeric PTT melt with a degree of polymerization (DP) of 3 to 7, purposely
left in the reaction vessel from a previous batch to improve TPA solubility and
to serve as a reaction medium. The esterification step is self-catalyzed by TPA.

C

O

HO C OH

O

O

O O

O

+HOCH2CH2CH2OH

C CO OCH2

TPA
1.1–1.3 mol excess PDO

C COHOCH2CH2CH2 OCH2CH2CH2 OH

255–270 °C
50–60 % oligomeric heel

CH2 CH2
n

g g

PTT

<0.15 kPa vacuum
Ti, Sn catalysts

3–7

Figure 11.2 Polymerization of PTT by direct esterification of PDO with TPA
using the heel process
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After reaching the desired DP, 40–50 % of the oligomeric melt is transferred to
the polymerization vessel. Titanium butoxide (50–150 ppm) or dibutyl tin oxide
catalyst (100–250 ppm), or some combinations of the two catalysts, is added to
catalyze polymerization at 260–275 ◦C. A vacuum of <0.15 kPa is applied to
remove the condensed water so as to drive the reaction until the polymer reaches
an intrinsic viscosity (IV) of 0.7–0.9 dL/g.

To obtain higher-molecular-weight PTT with an IV > 1.0 dL/g, melt-poly-
merized chips are solid-state polymerized [23, 29, 30] at 180–210 ◦C under
nitrogen. The solid-state treatment prevents the polymer from becoming yel-
low or degraded by prolonged melt polymerization to reach the high IV. This
post-condensation process also helps drive off volatile byproducts, thus reducing
the amount of residual acrolein and cyclic dimer in the final polymer; however,
the molecular weight distribution is broadened [23]. The reduction of cyclic
dimer during post condensation is through sublimation. The chips are also more
crystalline and tend to be more brittle.

2.3 SIDE REACTIONS AND PRODUCTS

PTT melt undergoes several side reactions during polymerization and melt pro-
cessing. Under an inert atmosphere, PTT has a similar thermogravimetric weight
loss profile to that of PET with one main decomposition step. A thermogravi-
metric analysis (TGA) scan of PTT does not show significant weight loss up to
280 ◦C [6]. Degradation in air is, however, different and involves two mech-
anisms [31]. At about 300 ◦C, degradation was decomposition-controlled. At
higher temperatures, the rate increases and decomposition changes to a diffusion-
controlled process.

PTT shares several similar thermo-oxidation degradation mechanisms with
PET [32]. Some of the more important ones are as follows:

1. McClafferty rearrangement [32, 33] of the ester moiety (Figure 11.3). The
carbonyl unit abstracts a β-methylene hydrogen through a six-member cyclic
transition state, and the chains fragment with carboxyl and vinyl ester end
groups. Further scission of the vinyl ester group generates allyl alcohol, which
in the presence of oxygen is oxidized to acrolein.

2. ‘Back-biting’ of the growing polymer chain generates cyclic oligomers. Instead
of cyclic trimer, PTT forms its cyclic dimer, which has a melting point of
254 ◦C. The amount of cyclic dimer in the final polymer is preferably below
3 wt% because it tends to sublime and deposit as needle-like crystals on the
spinnerette die face, so interfering with fiber spinning process.

3. During polymerization, PDO dimerizes into dipropylene ether glycol (DPG)
which incorporates into the PTT chains as a copolymer. DPG formation is
more severe in the acidic TPA process. The incorporated DPG lowers the
polymer’s melting point and affects fiber dye uptake [34].
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Figure 11.3 Proposed PTT thermal degradation mechanism through the Mc-
Clafferty rearrangement and the formation of acrolein and allyl alcohol

The above side reactions can be suppressed to various extents by adding
antioxidants and phosphites, using higher purity PDO and controlling the poly-
merization conditions [35].

3 PHYSICAL PROPERTIES

PTT, with three methylene units in its glycol moiety, is called an odd-numbered
polyester. It is often compared to the even-numbered polyesters such as PET and
PBT for the odd–even effect on their properties. Although this effect is well
established for many polycondensation polymers such as polyamides, where the
number of methylene units in the chemical structures determines the extent of
hydrogen bonding between neighboring chains and thus their polymer properties,
neighboring chain interactions in polyesters are weak dispersive, dipole interac-
tions. We have found that many PET, PTT and PBT properties do not follow
the odd–even effect. While the PTT heat of fusion and glass transition temper-
ature have values between those of PET and PBT, properties such as modulus
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and elastic recovery show an odd–even effect with values either above or below
those of PBT and PET.

In general, properties that are additive and could be estimated by group con-
tribution methods, such as density and heat of fusion, tend to follow the order of
PET, PTT and PBT; properties dependent on the conformational arrangement of
the methylene units, such as modulus, show an odd–even effect, at least among
these three polyesters.

3.1 INTRINSIC VISCOSITY AND MOLECULAR WEIGHTS

As a norm, polyester molecular weights are reported by their intrinsic viscosities
(IV), [η]. The two are related by the Mark–Houwink equation, as follows:

[η] = KMα (11.1)

where K and α are constants unique to the polymer, the type of solvent and
temperature used to measure IV. Table 11.2 summarizes the constants for PTT
in various solvents and the method used to measure the molecular weight, whether
it is number- or weight-average [36, 37].

PTT is a rapidly crystallizing polymer. A melt-processed PTT tends to crys-
tallize with a crystallinity of between about 15 and 30 wt%. It is therefore more
difficult to dissolve in solvents commonly used for amorphous PET. Stronger
solvents, such as hexafluoroisopropanol (HFIPA) or a 1:1 mixture of trifluo-
roacetic acid and methylene chloride are typically used to dissolve PTT. However,
HFIPA is a very expensive solvent for routine IV measurements, and methylene
chloride is too volatile to maintain in a 1:1 mixture with trifluoroacetic acid at
elevated temperatures or in prolonged storage. With care, a 60/40 mixture of
phenol/tetrachloroethane can be used satisfactorily for IV measurement when it
is heated to 110 ◦C to ensure complete dissolution of PTT [37].

Since IV measurements are quite laborious and time consuming, a simplified
single-point method is often used by measuring the solution’s specific viscosity,

Table 11.2 PTT Mark–Houwink constants in various solvents

Solvent
Temperature

(◦C)

Molecular weight
determination

method
K × 104

(dL/g) α Reference

HFIPA 35 SALSa 5.51 0.71 37
HFIPA 35 Hydroxyl group 10.0 0.70 37
60/40 Tetrachloroethane/

phenol
30 SALS 5.36 0.69 37

50/50 Tetrachloroethane/
phenol

20 SALS 8.2 0.63 26

a SALS, small-angle light scattering.
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ηsp, and relative viscosity, ηrel, at only one low concentration. Chuah et al. [37]
examined the application of several single-point equations for PTT. They found
that when the solution concentration is <0.005 g/dL, ηsp can be approximated
to [η] within ±3 %. The single-point equation used in this author’s laboratory is
from Solomon and Ciuta [38], as follows:

[η] =
√

2(ηsp − ln ηrel)

c
(11.2)

3.2 CRYSTAL STRUCTURE

Like PET and PBT, PTT crystallizes into a triclinic crystal structure. Table 11.3
shows the unit cell dimensions obtained from wide-angle X-ray diffraction
(WAXD) and electron diffraction (ED) crystal structure determinations [39–43],
while Figure 11.4 shows the arrangement of the molecular chains viewed edge-
wise. The PTT c-axis chain contains two repeating units, and the methylene
groups are arranged in a highly contracted gauche–gauche conformation. The
fiber identity period is only 75.3 % of the length of a fully extended PTT
chain if it were to adopt an all-trans conformation. For PET and PBT, the
fiber periods are much more extended, i.e. about 99.5 and 86.3 % of their fully
extended lengths, respectively. Thus, PTT chains appear zigzag, while PET chains
are fully extended, and PBT chains look buckled see Figure 11.4. The highly
contracted crystalline chain gives PTT some unusual mechanical properties which
are discussed in the section on ‘fibers’ below.

3.3 CRYSTAL DENSITY

Although the unit cell dimensions shown in Table 11.3 appear to be reasonably
close to each other, the calculated cell volumes and crystal densities are divided

Table 11.3 Unit cell parameters and densities of PTT Crystal

MethodCell parameters
and related WAXD [39] WAXD [40] EDa [41] ED [42]

a (nm) 0.45(9) 0.458 0.4637 0.464
b (nm) 0.62(1) 0.622 0.6226 0.627
c (nm) 1.83(1) 1.812 1.864 1.864
α (◦) 98.(0) 97 98.4 98
β (◦) 90.(0) 89 93.0 93
γ (◦) 111.(7) 111 111.1 111
Volume (nm3) 0.4792 0.4781 0.4935 0.4983
Density (kg/m3) 1432 1429 1387 1374

a Supplemented with WAXD data.



POLY(TRIMETHYLENE TEREPHTHALATE) 371

PET PTT PBT

Figure 11.4 PET, PTT and PBT chains viewed edge-wise, showing the effects
of methylene conformations

into two distinct groups. The WAXD density, ∼1430 kg/m3, is much higher than
the ED density of ∼1380 kg/m3. Because of such a large difference in the liter-
ature values, the use of either WAXD or ED density values can cause confusion
in crystallinity measured by the density method.

By plotting the densities of 19 PTT samples with crystallinities of between
14 and 35 wt%, determined by DSC, Ziabicki [44] extrapolated a crystal den-
sity of 1441 kg/m3 (R2 = 0.984; standard deviation) in closer agreement to those
obtained by WAXD. Chuah and Chang [45] have discussed the possible rea-
sons for the discrepancies. Until further work is done to resolve these dis-
crepancies, this author’s research group uses 1432 kg/m3 as the crystal density
based on the Desborough et al. crystallographic data [39]. Using van Krevlan’s
group contribution data [46], Chuah [47] calculated the PTT amorphous density
as 1295 kg/m3, in good agreement with the extrapolated value of 1299 kg/m3

obtained by Ziabicki [44].

3.4 THERMAL PROPERTIES

3.4.1 Melting and Crystallization

PTT is a semicrystalline polymer with a DSC peak melting point of
228 ◦C (Figure 11.5). The equilibrium melting points, Tm

◦, obtained from the
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Figure 11.5 Differential scanning calorimetry scans of (a) a slowly cooled, and
(b) a rapidly quenched PTT sample (heating rate, 10 ◦C/min)

Hoffman–Week plots, are 238 [48, 49], 244 [50] and 248 [51, 52] ◦C. Since the
Tm

◦ values of semicrystalline polymers are usually 15–25 ◦C higher than their
DSC Tm values, and also because the lower-melting PBT has a Tm

◦ of 245 ◦C
[53], it is not unreasonable to assume that 248 ◦C might be a more appropriate
Tm

◦ for PTT.
Double DSC melting peaks are frequently observed in PTT, especially when

scanning at a low heating rate of <5 ◦C/min. Huang et al. [52] studied the effect
of crystallization temperature, time and cooling rate on these PTT double melt-
ing peaks. PTT had two melting peaks at about 222 and 228 ◦C when it was
crystallized at 210 ◦C between 10 and 60 min. With prolonged crystallization to
360 min, the two peaks merged into one with a peak temperature of 225.5 ◦C.
However, when it was crystallized at a lower temperature of 180 ◦C, instead of
having two melting peaks, PTT had a main 228 ◦C endotherm with a shoulder at
about 219 ◦C. Unlike the 210 ◦C crystallized samples, prolonging the crystalliza-
tion time to 360 min did not change the overall shape of the DSC curves. The
lower-melting shoulder persisted and moved slightly to a higher temperature. The
origin of the double melting peaks was attributed to the lower-melting crystals
being recrystallized and melted at a higher temperature during the heating scan, or
to the polymer having two populations of crystals of substantially different sizes.

3.5 CRYSTALLIZATION KINETICS

Chuah [54, 55] compared the isothermal crystallization kinetics of PET, PTT and
PBT using DSC, and found PTT to have a crystallization rate in between those
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of PET and PBT. Between 175 and 195 ◦C, the Avrami rate constants, K , were
of the order of 10−3 to 10−2 min−n. This is about an order of magnitude higher
than PET but an order of magnitude lower than PBT when they are compared at
the same degree of undercooling. Huang and Chang [51] reported a spherulitic
growth rate of 117.0–4.7 µm/min and a 20.1 kJ/mol of work for lamellae chain-
folding, in between the PET and PBT literature values. They therefore ranked
the crystallization rates in the order of PBT > PTT > PET. Chen et al. [56] also
reached a similar conclusion based on their crystallization activation energies.

Using secondary nucleation analysis, Huang and Chang [51] found PTT to go
through a transition in the multiple nucleation mechanisms from regimes II to III
at around 194 ◦C. However, Lee et al. [50] found only regime II crystallization
between 180 and 200 ◦C.

In polymer melt processing, the crystallization half-time, t1/2, is often a more
useful parameter than the Avrami rate constant. An experienced individual can
often estimate the processing conditions of a new polymer by comparing its t1/2

value with those of known polymers. Figure 11.6 compares the t1/2 parameters
of PET, PTT and PBT, with PTT falling in between the other two polyesters.

A quenched low-crystalline PTT often cold-crystallizes when it is heated to
above its Tg (see Figure 5, curve (b)). Bulkin et al. [57, 58] found that PTT
cold-crystallizes at a much faster rate than PET by following the increase in the
PTT crystalline band at 1220 cm−1 using rapid-scanning Raman spectroscopy.

0

5

10

15

20

30 40 50 60 70 80 90

Undercooling (°C)

C
ry

st
al

liz
at

io
n 

ha
lf-

tim
e,

 t 1
/2

 (
m

in
)

PBT

PTT 

PET
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same degree of undercooling from the melts
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At 71 ◦C, PTT crystallized and reached 80 % of its equilibrium crystallinity in
<1 min, while PET, which has a higher Tg, did not cold-crystallize at all.

3.6 NON-ISOTHERMAL CRYSTALLIZATION KINETICS

Virtually all melt processing is subjected to shearing and non-isothermal crys-
tallization conditions. For example, the melt in fiber spinning is extruded at a
shear rate of 103 –104 s−1, and is rapidly quenched into solids within a short
distance after leaving the spinnerettes. With high winding speed and high thread-
line tension, non-isothermal stress-induced crystallization is the dominating event
during solidification. Ziabicki [44] studied PTT non-isothermal crystallization by
cooling the melt in a DSC system at different rates. A modified Avrami equation
was used to analyze the data. As the cooling rate was increased from 2.5 to
35 ◦C/min, the temperature at which maximum crystallization rate occurs moved
to a lower temperature, from 189 to 163 ◦C. A second maximum was observed
between 195 and 200 ◦C; however, its origin was not fully understood and was
thought to relate to surface crystallization. Kim et al. [59] also reported studies
of PTT non-isothermal crystallization, and obtained an Avrami exponent of 2.7
and an activation energy of 165 kJ/mol.

3.7 HEAT CAPACITY AND HEAT OF FUSION

Pyda and co-workers [49, 60] measured the reversible and irreversible PTT heat
capacity, Cp, using adiabatic calorimetry, DSC and temperature-modulated DSC
(TMDSC), and compared the experimental Cp values to those calculated from
the Tarasov equation by using polymer chain skeletal vibration contributions
(Figure 11.7). The measured and calculated heat capacities agreed with each
other to within <±3 % standard deviation. The �Cp values for fully crystalline
and amorphous PTT are 88.8 and 94 J/K mol, respectively.

Using the effect of diluents, González et al. [61] measured the heat of fusion
of a 100 % crystalline PTT, �Hf, as 147 ± 17 J/g. Grebowicz and Chuah [48],
and Pyda et al. [49] measured � Cp and the heat of fusion, �H , of a series
of PTT samples with different thermal histories. Extrapolation to zero �Cp

from the plot of �Cp versus �H , gave a 146 J/g �Hf, in good agreement with
González et al. [61].

3.8 GLASS TRANSITION AND DYNAMIC MECHANICAL PROPERTIES

PTT has a DSC Tg of about 45 ◦C. At <30 % crystallinity, the Tg remains fairly
constant at about 45 ◦C [6] (Figure 11.8). Above 30 % crystallinity, it increases
rapidly to about 70 ◦C at 50 % crystallinity in isotropic samples.
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Figure 11.7 Experimental and calculated heat capacities of solid and liquid PTT
[49]. From Heat capacity of poly(trimethylene terephthalate), Pyda, M., Boller,
J., Grebowicz, J., Chuah, H., Lebedev, B. V. and Wunderlich, B., J. Polym. Sci.,
Polym. Phys. Ed., 36, 2499–2511 (1998), Copyright  (1998 John Wiley & Sons,
Inc.). Reprinted by permission of John Wiley & Sons, Inc
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Figure 11.8 Effect of crystallinity on the PTT glass transition temperature

PTT has three dynamic mechanical viscoelastic relaxations [61, 62], α, β and
γ (Figure 11.9). The ∼70 ◦C α-relaxation is the glass transition. In a study on the
effect of methylene sequence length on aromatic polyester viscoelastic properties,
Farrow et al. [63] reported a PTT α-relaxation as high as 95 ◦C. They also found
that Tg of this series of aromatic polyesters did not show any odd–even effects,
which was later confirmed by Smith et al. [64].
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Figure 11.9 Dynamic mechanical storage (E’) and loss (E’’) moduli of isotropic
PTT at 11 Hz showing the three relaxations [61]. From Dynamic mechanical
relaxations of polyterephthalates based on trimethylene glycols, González, C.
C., Pereña, J. M. and Bello, A., J. Polym. Sci., Polym. Phys. Ed., 26, 1397–1408
(1988), Copyright  (1988 John Wiley & Sons, Inc.). Reprinted by permission of
John Wiley & Sons, Inc

The origin of the β-relaxation at about −70 ◦C is a little more complex.
This occurred in all poly(n-methylene terephthalate) samples studied by Farrow
et al. [63], with n from 2 to 10. The β-relaxation loss curve was asymmetric,
and the peak temperature decreased with increased methylene length. This was
attributed to the re-orientation of the hydroxyl groups and local motions of the
carboxyl groups in the amorphous phase [65]. In PET, the β-relaxation is very
broad [66]. A third γ-relaxation, with a loss peak temperature at about −115 ◦C
appeared when poly(n-methylene terephthalate) has a longer methylene sequence.
González et al. [61] found a γ-relaxation at about −105 ◦C in PTT, overlapping
with the β-peak, and associated the γ-relaxation with the co-operative move-
ments of methylene chains containing at least three consecutive methylene units.
The loss peak of the sub-ambient relaxation was also affected by crystallinity of
the polymer. Chuah [47] found that the PTT β-relaxation shifted from −78 to
−54 ◦C after annealing.

3.9 MECHANICAL AND PHYSICAL PROPERTIES

A comparison of the mechanical and physical properties of PTT, PET and
PBT [67], measured from injection molded American Society of Testing Meth-
ods (ASTM) Type II samples, is given in Table 11.4. The mechanical properties
of PET and PTT are highly dependent on injection molding conditions due to



POLY(TRIMETHYLENE TEREPHTHALATE) 377

Table 11.4 Comparison of the mechanical and physical properties of PTT with those
of PET and PBT [67, 68]

Property PET PTT PBT

Tensile strength (MPa) 72.5 67.6 56.5
Flexural modulus (GPa) 3.11 2.76 2.34
Heat distortion temperature, at 1.8 MPa (◦C) 65 59 54
Notched Izod impact (J/m) 37 48 53
Specific gravity 1.40 1.35 1.34
Mold shrinkage (m/m) 0.03 0.02 0.02
Dielectric strength (V/mil) 550 530 400
Dielectric constant, at 1 MHz 3.0 3.0 3.1
Dissipation factor, at 1 MHz 0.02 0.015 0.02
Volume resistivity (ohm cm)s 1.00 × 1015 1.00 × 1016 1.00 × 1016

their slower crystallization rates, whereas PBT, which crystallizes very fast, has
properties fairly independent on the molding conditions. The reported PTT tensile
strength, flexural modulus and notched Izod impact data fall between those of
PET and PBT. All three polyesters have similar electrical properties, except for
PET with a lower volume resistivity, which is likely to be due to low sample
crystallinity.

3.10 MELT RHEOLOGY

PTT exhibits melt rheological behavior similar to that of PET. At low shear rates
the melt is nearly Newtonian. It shear-thins when the shear rate is >1000 s−1

(Figure 11.10) [68]. At the melt processing temperatures of PET, ∼290 ◦C, and
of PTT, ∼260 ◦C, both polymers have similar viscosities of about 200 Pa s. How-
ever, PTT has a lower non-Newtonian index than PET at high shear rates. The
flow behavior can be modeled by the Bueche equation, as follows:

η/η0 = 1/(1 + 0.6λγ)3/4 (11.3)

where η is the melt viscosity, η0 is the zero shear viscosity, γ is the shear rate
and λ is the melt relaxation time. The curves presented in Figure 11.10 show
that viscosities modeled from the Bueche equation agree quite well with the
experimental data.

Table 11.5 shows the flow activation energies, Ea, for PET, PTT and PBT
[68]. PTT has a higher Ea compared to PET but similar to that of PBT. The
change in its melt viscosity is therefore less sensitive to temperatures changes
than PET. However, due to the higher degradation rate, increased melt processing
temperatures can have deleterious effect on the melt viscosity and IV.
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Figure 11.10 PTT viscosity as a function of the shear rate at the melt processing
temperatures from 245 to 275 ◦C

Table 11.5 Rheological flow activation energies (Ea)
of PET, PTT and PBT melts [68]

Parameter PET PTT PBT

Temperature (◦C)a 280 250 245
Ea (KJ/mol) 65.4 57.6 62.4

a when η0 = 300 Pa s.

4 FIBER PROPERTIES

4.1 TENSILE PROPERTIES

Figure 11.11 shows the stress–strain curves of PET, PTT and PBT fibers [4].
Both PTT and PBT have a knee or a plateau region at about 5 and 7 % strains
respectively, whereas PET stress increases smoothly with strain and does not have
the plateau region. Table 11.6 compares the moduli of the three polyesters before
and after annealing. The modulus of PET is nearly four times higher than those
of PTT and PBT. After annealing, the PET modulus decreased by nearly half due
to relaxation and loss of orientation. However, the PTT modulus increased by
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Figure 11.11 Stress–strain curves of PET, PTT and PBT fibers [69]. From Jake-
ways, R., Ward, I. M., Wilding, M. A., Desborough, I. J. and Pass, M. G., J. Polym.
Sci., Polym. Phys. Ed., 13, 799–813 (1975), Copyright  (1975 John Wiley &
Sons, Inc.). This material is used by permission of Wiley-Liss, Inc., a subsidiary
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Table 11.6 Moduli (in GPa) of PTT, PET
and PBT fibers before and after annealing [4]

Annealed Unannealed

PET 5.23 9.15
PTT 3.88 2.58
PBT 2.6 2.4

nearly 40 %, possibly due to an increase in crystallinity, while the PBT modulus
remained nearly the same after annealing since the polymer is already highly
crystalline with its fast crystallization rate.

4.2 ELASTIC RECOVERY

The fiber industry has long been aware of PTT’s good tensile elastic recovery [3].
Ward et al. [4] studied the deformation behavior of PET, PTT and PBT fibers
and found the tensile elastic recoveries were ranked in the unexpected descending
order of PTT > PBT > PET. Chuah [47] found that the PTT elastic recovery and
permanent set nearly tracked that of nylon 66 up to 30 % strain (Figure 11.12).
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Figure 11.12 Comparison of the PTT elastic recovery with PET and nylon 66 at
various strains

The unusually good PTT elastic recovery property was thought to relate to the
plateau region of its stress–strain curve. Jakeways et al. [69] deformed PTT fiber
in situ in a wide-angle X-ray diffractometer, and measured the changes in the fiber
period d-spacing along the c-axis as a function of strain. The crystalline chain
responded and deformed immediately to the applied strain. It increased in direct
proportion to the applied strain up to 4 % before deviating from affine defor-
mation (Figure 11.13). Furthermore, the deformation below this critical strain
was reversible. This microscopic reversible crystal deformation was tied to PTT
chain conformation. The methylene units are arranged in a highly contracted and
a very compliant gauche–gauche conformation [39, 41]. The contraction is even
more pronounced than the gauche–trans–gauche PBT chains [70]. Since initial
deformation involves torsional rotation of the gauche methylene C–C bonds,
the force is only a fraction of the bond stretching force. Thus, polymer with a
helical chain conformation tends to have a low crystal modulus, about 20 % of
the predicted modulus if the chains were in all-trans conformations [71].

PTT indeed has a very low X-ray crystal modulus of 2.59 GPa [72]. This
value is probably too low because a highly oriented PTT fiber with about 50 %
crystallinity already had a 2.5 GPa modulus [4]. Using the CERRIUS II molec-
ular simulation program, Jo [73] calculated a 12.2 GPa crystal modulus. Although
considerably higher than the experimental crystal modulus of Nakamae et al. [72],
it is still an order of magnitude lower than the 107 GPa PET crystal modulus [74].
Because of the low crystal modulus, the PTT crystalline chain responded and
deformed immediately with applied macroscopic strain. The crystalline chain
deformation is reversible, and is the driving force for the good elastic recovery.
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Figure 11.13 Changes of PTT (ž) and PBT (�) fibers c-axis lattice strains mea-
sured from X-ray diffraction spacings as a function of applied external strains;
the dotted line represents affine deformation between lattice and applied strains

Jakeways et al. [69] addressed only the crystalline chain deformation to explain
PTT’s elastic recovery. The macroscopic deformation must also simultaneously
involve the partially irreversible amorphous chain deformation. The higher the
applied strain, then the more dominant was the irreversible amorphous deforma-
tion with deviation from affine deformation.

Although PBT fiber also has a plateau region in the stress–strain curve [4],
the crystalline chains do not respond to external strain in the first few percent
of deformation. They increased in length only when the strain is above 4 %
(see Figure 11.13). Therefore, initial macroscopic deformation involved viscous
flow of the amorphous phase. Furthermore, PBT undergoes strain-induced crystal
transformation at moderately low strains of 15–20 % [75]. The differences in
their microscopic crystalline chain deformation explained why PTT has a better
elastic recovery than PBT even though both have contracted chains and knees in
their stress–strain curves [4, 69].

4.3 LARGE STRAIN DEFORMATION
AND CONFORMATIONAL CHANGES

Many semicrystalline polymers are polymorphic and exist in different
crystal forms. When PBT fiber is uniaxially stretched [75], the contracted
gauche–trans–gauche α-crystal chain is extended to a fully trans conformation
of a γ-crystal. Above 20 % strain, the crystal form is 100 % γ-crystal with a
longer c-axis triclinic cell dimension. Thus, it is reasonable to ask whether the
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highly contracted PTT chain would undergo strain-induced crystal transformation
into a fully extended trans crystal?

Poulin-Dandurand et al. [41] calculated the PTT crystalline chain conforma-
tional energy, and showed the methylene units can only deviate from the gauche
arrangement to a small degree without a substantial increase in energy. An all-
trans conformation would have too high a conformational energy and is unstable.
Jo [73] calculated the conformation energy and reached a similar conclusion. The
PTT chain could adopt an all-trans conformation only when it is stretched to
above 30 % strain accompanied by an increase in the c-axis cell dimension and
a change in the dihedral angles. The stress required to stretch the PTT chain to a
fully trans conformation would be very high compared to PBT where the stress
remains unchanged during an α- to γ-crystal transformation. The high energy
required would likely cause the PTT crystal structure to dislocate rather than
transforming it into a new crystalline form. Thus, it was concluded that PTT
could not adopt a new crystal structure.

However, recent in-situ synchrotron radiation WAXD studies of PTT fiber
deformation by Wu et al. [76] showed that the PTT crystal 002 d-spacing could
be stretched to a length corresponding to a fully trans chain. The increase in the
c-axis dimension was accompanied by a decrease in the b-axis length, measured
from the 010 reflection (Figure 11.14). When the strain was increased above a
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Figure 11.14 Effect of applied strain on the 002 d-spacing of a PTT fiber drawn
at ‘3.3×’ measured by WAXD [76]. Reprinted from Polymer, 42, Wu, J., Schultz, J.
M., Samon, K. M., Pangelinan, A. B. and Chuah, H. H., In situ study of structure
development in poly(trimethylene terephthalate) fibers during stretching by
simultaneous synchrotron small- and wide-angle X-ray scattering, 7141–7151,
Copyright (2001), with permission from Elsevier Science
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threshold value, the c-axis dimension suddenly reverted back to near its origi-
nal length. Although there was no simultaneous spectroscopic measurement of
conformational changes, the simultaneous changes in the c- and b-axes dimen-
sions indicate changes in the crystal unit cell dimensions. If this observation were
indeed a strain-induced crystal transformation, the new crystal form was unsta-
ble and existed only under a critical macroscopic strain. Above that, the crystal
reverted back to its original form, perhaps through dislocation or slips between
planes of the crystals to relieve the stress. The question of a possible alternate
PTT crystal form remains a topic for further research.

4.4 DRAWING BEHAVIOR

Figure 11.15 shows the tensile stress–strain curves of PTT at various tempera-
tures [77]. At room temperature, PTT is ductile. It yields at 5.4 % strain, cold
draws with a natural draw ratio of about 3.2, strain-hardens and breaks at 360 %
strain. With increasing draw temperature, the yield stress decreases and the elon-
gation at break increases. At 50 ◦C, just above the Tg, PTT becomes rubbery.
The Young’s modulus decreases by about two orders of magnitude from 1140 to
12.9 MPa, and the overall drawability increases with a strain at break of nearly
600 %. However, when the draw temperature was increased to 75 ◦C, 30 ◦C above
the Tg, instead of becoming more rubbery and capable of higher draw, PTT
became ductile again. The modulus unexpectedly increased by more than tenfold
to 189 MPa. The overall drawability decreased with a drop in breaking strain to
390 %. In fact, the 75 ◦C stress–strain curve looked similar to that of the one
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Figure 11.15 PTT stress–strain curves at draw temperatures below and above
the glass transition temperature [77]. Reprinted in part with permission from
Chuah, H. H., Macromolecules, 34, 6985–6983 (2001). Copyright (2001) American
Chemical Society
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room temperature. Instead of the conventional experience of increasing draw-
ability with increasing temperature, the PTT draw first increased, went through a
maximum and decreased, all happening over a narrow range of temperature from
room temperature to Tg + 30 ◦C.

This unexpected drawing behavior was due to the onset of cold crystallization
competing with drawing. To draw a polymer, it is usually heated to temperatures
above its Tg so that the polymer became soft to facilitate draw. However, when
the polymer cold-crystallized during hot drawing, the increase in crystallinity
increased the polymer’s modulus and had an opposing effect to hot drawing,
and therefore reduced the drawability. When cold-crystallization proceeded at
a fast rate, PTT transitioned in situ from rubbery to ductile, such as the 75 ◦C
draw shown in Figure 11.15. At higher temperatures, the polymer could become
brittle and cause draw failure. Thus, PTT drawability depends on its initial ther-
mal history and morphology, and whether it can cold-crystallize or not during
hot drawing. This behavior must be taken into account in PTT fiber spinning
and drawing.

4.5 CRYSTAL ORIENTATION

Figure 11.16 shows the wide-angle x-ray diffraction (WAXD) pattern of an ori-
ented PTT and indices of some of the reflections. Although PTT has a 002
reflection, the intensity is weak. It is also not a true meridianal reflection, being
offset from the meridian by about 3◦. The offset reflections are so close to each
other that they overlap and appear as one meridianal reflection [39], and could not

002 

012 

010 

_ 
012 

Figure 11.16 PTT WAXD pattern and indices of the reflections [45]. From
Polym. Bull., Crystal orientation function of poly(trimethylene terephthalate)
by wide-angle X-ray diffraction, Chuah, H. H. and Chang, B. T. A., 46, p. 310,
Figure 2, Copyright  Springer-Verlag (2001). Reproduced by permission of
Springer-Verlag GmbH & Co. KG
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be separated easily, even at high orientation. Thus, it is better to use the more
intense 010 equatorial reflection for crystal orientation function measurement.
Chuah and Chang [45] derived an equation for measuring the Herman orienta-
tion function, fc, using the 010 reflection based on Wilchinsky’s treatment of
uniaxial orientation. The final form of the Herman orientation function equation
is expressed as follows:

fc = 1 − 3〈cos2φ010,z〉 (11.4)

where 〈cos2 φ010,z〉 is the average cosine angle of the normal of the (010) plane
made with the draw direction, z.

5 PROCESSING AND APPLICATIONS

5.1 APPLICATIONS

Most of the PTT application developments to date have focused on textile and
carpet fibers because this polyester has a combination of several properties par-
ticularly suited for such applications.

PTT fibers and yarns have bulk, resiliency, stretch-recovery, softness, hand and
drape, properties which are similar to those of nylons and much better than those
of PET. Such materials are inherently resistant to most stains which are acidic in
nature because they not have dye sites. They also have a lower static propensity
than nylons. PTT fibers are dyed with disperse dyes but at a lower temperature
than PET because of the polymer’s lower Tg. The combinations of these properties
are attractive to carpet and textile manufacturers in some applications where PTT
could replace nylon or PET. PTT also offers the potential of creating new fiber
products by using the unique combinations of these properties not found in either
nylon or PET alone.

Fiber end-use applications include the following: (1) ready-to-wear, active-
wear, intimate apparels, and inner linings where stretch-recovery, softness, hand
and drape are the key attributes; (2) carpets where resiliency, newness retention,
stain resistance and low static generation provide values over currently used
materials in some market segments; (3) automotive and home upholstery, utiliz-
ing the easy dyeing, stain resistance, and stretch-recovery properties. Within a
short period of time since the polymer’s commercialization, PTT ready-to-wear
stretch apparels [5, 78] and resilient floor coverings [79] have already appeared in
the market since 1999. Figure 11.17 shows some of these commercial products.

Other potential applications of PTT are in monofilaments, non-wovens, films,
engineering thermoplastics and molded goods. Hsu [80] has patented paper form-
ing fabrics made with PTT monofilaments for use in papermaking machines
because this combines the chemical resistance of a polyester and the resiliency
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(a) (b)

Figure 11.17 Examples of PTT applications: (a) Solo soft, stretch casual wear
by Asahi; (b) cut-pile carpet marketed by Shaw Industries

of the less chemical resistant nylon. PTT non-woven fabric shows better dimen-
sional stability and is softer than PP [81]. Other applications include synthetic
leathers [82], flexible transparent film for packagings [83] and zip fasteners [8].

5.2 FIBER PROCESSING

Fiber grade PTT typically has an IV of 0.80–1.00 dL/g. The IV value might
seem high when compared to the typical 0.64 dL/g IV fiber grade PET. Since IV
is unique to each polymer, one cannot compare the IV values of two different
polymers. A 0.92 dL/g IV PTT has a similar molecular weight of an 0.64 IV PET
with a Mw of about 40 000.

PTT polymer pellets must be dried to a moisture level of <30 ppm, preferably
in a close-loop hot air dryer, to avoid hydrolytic degradation during melt pro-
cessing. Drying is carried out with 130 ◦C hot air with a dew point of <−40 ◦C
for at least 4 h. Because of the faster crystallization rate, PTT pellets are already
semicrystalline after pelletizing, and do not require pre-crystallization prior to
drying as with PET. The dried polymer is extruded at 250–270 ◦C into bulk con-
tinuous filaments (BCFs), partially oriented yarn (POY), spin-draw yarn (SDY)
and staple fiber.

5.2.1 Partially Oriented and Textured Yarns for Textile Applications

Brown and Chuah [84] and Oppermann et al. [36] studied the spinning of par-
tially oriented yarn (POY) as a function of take-up speed from 500 to 5000 m/min.
Figures 11.18 and 11.19 show, respectively, development of the tenacity and
elongation as a function of spinning speed. Tenacity increases with increasing
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Figure 11.19 Elongation of PTT fibers as a function of winder take-up speed,
showing the effect of dpf and spinnerette diameter (symbols identification as in
Figure 11.18)

speed, while elongation decreases. For higher dtex per filament (dpf) fiber, the
tenacity is lower at the same spinning speed due to the lower orientation. Overall,
PTT has a lower tenacity and elongation than PET at equivalent spinning speeds.
Another distinguishing feature is that PTT POY yarn has a tendency to shrink at
ambient and elevated temperatures due to a combination of entropic relaxation



388 H. H. CHUAH

and cold-crystallization depending on the spinning speed and yarn morphology.
This causes the yarn package to deform and is undesirable. This can be over-
come by spinning at suitable speeds to control final yarn shrinkage, relaxation
and cold-crystallization behavior [36, 85]. Alternatively, the yarn can be heat
stabilized [86, 87] prior to winding, similar to the spinning of nylon fiber.

PTT POY yarns were textured by the false-twist method at 140 to 160 ◦C.
Crimp development was almost twice as high as PET, with crimp contraction
reaching about 50 %. When PTT yarns with a high level of crimp contraction
are knitted into stretch fabrics, the amount of stretch achieved is equivalent to
PET stretch fabrics incorporated with 6 to 8 % of Spandex [89]. In addition to
stretch, PTT fabrics tend to have softer hand and better drape than PET. Since
they do not absorb moisture like nylon, PTT fabrics also have a desirable dry
touch and comfort.

5.2.2 Carpets

Chuah [90] has described in detail the process of making PTT carpet bulk con-
tinuous filaments (BCFs). The extruded yarn, after cooling and applying spin
finish, is drawn between two sets of godets. Typically the take-up godet is not
heated. The fiber is stretched at a low draw ratio of 1.01–1.3 between the take-up
godet and a draw godet heated to 50–80 ◦C. A large draw of 2.5–3.5 is applied
between the draw roll and the heated dual roll to give the final BCF an elongation
at break of 40 to 70 %. The drawn yarn is textured with hot air at 160–220 ◦C
and at a pressure of 0.6–1.0 MPa [90–93].

To make cut pile carpets, two strands of BCF yarns are twisted together and
heat-set with steam using a Superba heat setting machine at 135–145 ◦C or at
175–195 ◦C when heat-set with super-heated steam in a Suessen. An experimental
design experiment [94] showed the higher the heat set temperature, then the
lower is the bulk of the final carpet, but there is an increase in the tip definition
and walk performance. The tufted carpets are then dyed with disperse dyes at
atmospheric boil [95] in a continuous or a batch process. PTT carpets showed
excellent resiliency in walk test experiments, equivalent to a nylon and much
better than both PET and polypropylene, had lower static charge of <3.5 kV, and
were resistant to coffee, mustard, betadine, red acid dyes and other stains [96].

5.3 DYEING

Because of the low Tg, PTT fibers and fabrics are dispersed dyed at atmospheric
boil without the need of a carrier [95–99]. PTT is therefore a more environmen-
tally friendly polymer than PET in this regard, although the later is now dyed
under pressure at 130 ◦C to avoid using carrier. Yang et al. [99] compared the
dye uptakes of PTT and PET fibers by measuring their Kulbelka–Munk (K/S)
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Table 11.7 Effect of dyeing temperature on PTT and PET fiber
shade depths [99]

K/S Value

Disperse dye Dyeing temperature (◦C) PTT PET

Blue 56 100 16.4 6.0
110 18.1 9.6
120 17.6 13.5
130 15.1 12.1

Blue 73 100 19.6 3.1
110 29.3 8.3
120 30.1 18.2
130 27.6 20.6

Blue 79 100 11.5 2.6
110 15.1 6.0
120 18.2 8.8
130 16.4 11.3

values as a function of dyeing temperature from 100 to 130 ◦C (Table 11.7). PTT
reached a K/S value of about 16 at 100 ◦C while PET did not absorb as much
dye at this temperature. PET dye uptake only leveled off at a >120 ◦C dyeing
temperature with a lighter color shade K/S value of 13. PTT dyed at atmo-
spheric boil has very good colorfastness against light, ozone and NOx , similar to
PET [95, 99].

5.4 INJECTION MOLDING

Several patents describe the injection molding of PTT for applications such as
transparent heat-resistant bottles [100], impact, heat and bending resistant elec-
trical connectors [101]. Neat PTT can be injection molded at 250–260 ◦C into
a mold maintained at 70–80 ◦C under a holding pressure of 3.1–4.2 MPa and
a cycle time of 40 s [68]. Colder mold temperatures tend to cause uneven crys-
tallization with the formation of an amorphous transparent skin and a highly
opaque crystalline core. The spherulites formed ranged from small and dis-
ordered at the outer edges to more perfect and larger in the core with high
stress-concentration interfaces. In extreme cases, the molded part could become
brittle. Glass-filled PTT crystallizes at a much faster rate and reduces the cycle
time to 30 s. Table 11.8 compares the properties of a 30 % glass-filled PTT
with PET and PBT [68]. The flexural modulus of glass-filled PTT is unexpect-
edly higher than those of PET and PBT, departing from the ranking of the
unfilled polymer moduli (see Table 11.4). This anomaly could be due to unop-
timized sample preparation or molding conditions between the three polymers.
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Table 11.8 Properties of glass-filled polyesters [68]

Property Units PET PTT PBT

Glass content wt% 28 30 30
Tensile strength MPa 159 159 115
Flexural modulus GPa 8.97 10.4 7.60
Heat distortion temperaturea ◦C 224 216 207
Notched Izod impact J/m 101 107 85
Specific gravity kg/m3 1560 1550 1530
Mold shrinkage m/m 0.002 0.002 0.002

a At 1.8 MPa.

The heat distortion temperature (HDT) is greatly improved by the glass from 59
to 216 ◦C, while the notched Izod impact is similar to PET and slightly better
than PBT.

6 PTT COPOLYMERS

Smith et al. [64] prepared a series of PET/PTT copolyesters, and found that
addition of the other component suppressed the melting point of the respec-
tive homopolymer. Between 37 and 60 % PTT content, the copolymers became
amorphous and did not show any melting endotherms in the differential ther-
mal analyzer scans. A similar behavior was observed by Balakrishnan and co-
workers [102] in PET/PTT copolyesters prepared by the transesterification of
PET with PDO, and by the copolymerization of EG and PDO with DMT [103,
104]. The non-crystallizing behavior of copolymers with intermediate contents
of the respective component is similar to that of a eutectic mixture, indicat-
ing formation of random copolyesters. The Tg and solubility temperature of the
copolyesters were, however, continuous and went through minima with increasing
PTT content [64].

González et al. [106] copolymerized PDO and DPG with DMT to modify the
polymer chain stiffness between the aromatic rings. It is interesting to note that
the addition of 13 % DPG suppressed the copolymer Tg and Tm to 44 and 220 ◦C,
respectively, and the copolymer was still crystalline with 33 % DPG content and
had a 172 ◦C melting point, whereas PET/PTT copolymers with 33 % PET content
would be non-crystallizable.

Chuah et al. [107] prepared a series of PTT/poly(trimethylene napthalate)
(PTN) copolyesters by copolymerizing PDO with dimethyl terephthalate and
dimethyl naphthalate. The PTN homopolymer has a Tg of 75 ◦C and a Tm of
245 ◦C. Despite the more rigid napthalate moiety, the PTN Tg and Tm were much
lower than the Tg of poly(ethylene naphthalate) (PEN), indicating the strong
influence of the flexible trimethylene units.
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Ester interchange between PEN and PTT in the melt was studied by blend-
ing the two polymers in a Brabender mixer at 300 ◦C [108]. PEN transesterified
with PTT at a much faster rate compared to PET and PBT. After 5 min mix-
ing, a 45/55 PEN/PTT blend showed a single Tg, whereas both PEN/PET and
PEN/PBT blends still showed their respective homopolymer Tg after 5–6 min
blending. After 10 min blending, the PEN/PTT copolymer had a single melting
point.

When 10 % PTT is blended with PET, it suppressed the PET Tg such that it can
be dyed at atmospheric boil without using a carrier [109]. A similar phenomenon
was also found be Oppermann et al. [110]. Kelsey et al. [111] found that the
addition of 9 % PTT to poly(cyclobutane terephthalate) (PCBDOT) improves its
impact strength without too much sacrifice to the Tg. The 9/93 PTT/PCBDOT
blend has a Tg of 100 ◦C and a notched Izod impact of 75 J/m.

7 HEALTH AND SAFETY

Since PTT is a new commercial product, the Shell Chemical Company, as the
company which first introduced it to the market, took the responsibility of product
stewardship [112], and registered the polymer on the chemical inventory lists
in several countries. As a high-molecular-weight polymer, PTT is biologically
inactive and requires safe handling like many other commercial polymers.

When PTT is exposed to high heat such as during drying and melt processing,
it releases acrolein, allyl alcohol and cyclic dimer by-products. Among these,
acrolein is of special concern because it is a very strong lachrymator. It can also
irritate lung and respiratory tracts, and affect breathing. The effects are acute and
do not have cumulative long-term effects. The US Occupational Safety and Health
Agency industrial hygiene guidelines gave the time-weighted exposure limit of
acrolein over a period of 8 h as 0.1 ppm, while the short-term exposure limit
for 15 min is 0.3 ppm [113]. Therefore, adequate ventilation must be provided to
avoid acrolein exposure.
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61. González, C. C., Pereña, J. M. and Bello, A., J. Polym. Sci., Polym. Phys.

Ed., 26, 1397 (1988).
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1 INTRODUCTION

Of all man-made fibers, poly(ethylene terephthalate) (PET) has become the most
dominant, with worldwide usage exceeding 17 000 kilotons per year [1]. It now
challenges cotton as the most common textile fiber, with a steady growth rate
of about 5 %. The emergence of PET as the most successful of the man-made
fibers (Figure 12.1) is due to a number of factors in its favor, including the
following:

• PET fiber is made from raw materials that are cheap and available, due to the
large manufacturing infrastructure it shares with other common products, e.g.
antifreeze and soda bottles. The polymerization byproducts are non-polluting,
and the polymer can be recycled.

• The melt spinning process used for PET fibers is clean and economical.
• The thermoplastic fiber is tough, with relatively high temperature resistance.

It can be processed into yarns that maintain their properties at elevated
environmental temperatures, e.g. in tire reinforcement or for permanent-press
fabrics.

• The basic polymer can be modified with additives or copolymers to confer
specific properties for special end-use needs. A number of typical examples
will be discussed in the following sections.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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Figure 12.1 World production of man-made fibers, shown by fiber class, illus-
trating the historical growth of PET fibers (PES is synonymous with PET) [1].
From Int. Fiber J., 15(3), p. 8 (2000), with permission from the International
Media Group, Inc.

2 GENERAL APPLICATIONS

PET fibers are produced in a variety of forms, broadly classified as staple fibers,
textile filament and industrial filament. End-uses for these variants have different
requirements in terms of fiber properties and physical geometry, and so different
fiber manufacturing processes have evolved according to the special needs of
each market segment.

Staple PET fibers are typically packaged in bales, and often blended with
natural staples such as cotton or wool. They are designed with cut lengths and
diameters similar to their blend partners, ∼30–100 mm long and ∼10–20 µm
in diameter. Fiber diameter is an important parameter affecting both bending
stiffness and light reflection, which affect fabric feel and appearance. Staple
fibers are formed into yarns by the ancient practice of fiber spinning, where
fibers are twisted together to form a continuous strand, and the number of fibers
in the cross-section controls the fineness of the yarn. These yarns are formed into
fabrics by the traditional methods of weaving or knitting. The protruding free ends
of twisted staple yarns contribute to fuzzy fabric surfaces, which greatly impact
the comfort of apparel fabrics. PET staple fibers must possess three-dimensional
structure (or ‘crimp’) and surface lubricity, to allow the fibers to be processed in
textile machinery and to mingle evenly with other fibers in the blend.
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Staple fibers also are formed directly into nonwoven fabrics through carding,
dry-lay, or wet-lay forming processes, and held together by entanglement, resin
bonding or thermal bonding. Such products are typically used for filters, interlin-
ers, absorbent layers, cushioning material, etc. Special fiber types developed for
nonwoven fabrics include short-cut fibers (ca. 10 mm or less in length) and ther-
mally fusible fibers such as bicomponents (discussed below). According to the
formation methods used, the structures may be fluffy or flat; lightweight blocks
of foam-like structures can be made by layering and bonding such webs. Auto-
motive applications are a growing market for PET nonwovens, preferred over
traditional materials for their light weight and recyclability.

Textile filament yarns are continuous, producing woven or knitted fabric aes-
thetics akin to natural silk. Fiber diameter plays a strong role in fabric softness,
and texturing of the yarn is used to impart three-dimensional structure and fabric
bulk. In contrast to the high-volume, low-speed processes for staple fibers, con-
tinuous yarns are produced at relatively high speeds (∼100 m/sec) and sold on
bobbins; high-speed winder technology has been a crucial factor in the growth
of these markets. The world’s current production of polyester fibers for textiles
is split roughly evenly between staple and filament yarns [2].

Nonwoven fabrics are also produced from filament spinning processes, where
filaments are sprayed onto a moving belt to form a mat of randomly oriented
fibers. The rate of filament production and the speed of the belt control the
thickness of the mat. As in the case of staple nonwovens, structural integrity can
be provided by thermal or resin bonding of the fiber mat, or by fiber entanglement.
Although such fabrics may lack the aesthetics of conventional woven or knitted
structures, they provide cheap and strong materials for industrial or disposable
applications. It is also possible to combine nonwoven structures with yarns or
loosely woven scrims that act as structural reinforcements, to obtain composite
materials that are stronger and more stable.

Industrial yarns are another major market for polyester fibers. PET industrial
filament yarns are used for reinforcement of rubber and for high-strength tech-
nical fabrics. Most passenger car tires produced in the USA are reinforced with
yarns made from high-molecular-weight PET polymers, processed to yield high
strength and low shrinkage. Neither dyeability nor appearance is important, but
the physical and chemical properties of the fibers are critical.

The manufacturing processes for textile filament, staple and industrial filament
yarns have become so specialized that it is not possible to make one such class
of fibers on the others’ equipment. Within these classes, there are production
machines specialized for certain types of fibers for specific types of consumer
products. Large machines designed to produce high volumes of commodity prod-
ucts (e.g. staple for cotton blending) at high efficiency and low cost are not well
suited to the efficient production of specialty staple variants (e.g. fibers with
special dyeing properties) and vice-versa.
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Additives and copolymers have extended the use of PET fibers into areas where
the original commodity products had deficiencies, in, for example, soil-resistance,
static protection or poor dyeability. Newer members of the polyester family have
found applications in markets where more stretchiness or resiliency were desired
(using longer aliphatic chains) or to gain higher modulus, temperature resistance
and strength (with fully aromatic polymers).

3 CHEMICAL AND PHYSICAL STRUCTURE

PET polymer (Figure 12.2) is composed of repeating units of the depicted monomer,
with each unit having a physical length of about 1.09 nm and a molecular weight
of about 200. Ideally, it is capped on the left by H–, and on the right by –OH when
produced from ethylene glycol and terepthalic acid. Polymerization is thus accom-
panied by the production of water, which is removed under elevated temperature
and vacuum. Accordingly, the presence of water in the molten state will rapidly
depolymerize the structure, so that thorough drying of the polymer prior to melt
spinning of fibers is required.

The PET polymer structure can also be generated from the reaction of ethylene
glycol and dimethyl terephthalate, with methyl alcohol as the byproduct. A few
producers still use this route. The aromatic rings coupled with short aliphatic
chains are responsible for a relatively stiff polymer molecule, as compared with
more aliphatic structures such as polyolefin or polyamide. The lack of segment
mobility in the polymer chains results in relatively high thermal stability, as will
be discussed later.

3.1 MELT BEHAVIOR

The degree of polymerization is adjusted to yield the desired balance of molten
viscosity (for fiber extrusion) and filament strength. A textile grade polymer will
have an average number of ∼100 repeat units per molecule, so that the extended
length of a typical polymer chain is about 100 nm with a molecular weight of
about 20 000. Higher levels of polymerization (up to ∼200 repeat units) produce
higher-strength fibers, but the melt viscosity and stability of the melt to even tiny

CC

OO

OCH2CH2O

n

Figure 12.2 Structure of poly(ethylene terephthalate) (PET)
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amounts of moisture then become extreme. Measurement of the average degree
of polymerization is typically accomplished either by measurement of the molten
viscosity (e.g. by measuring the pressure drop through a calibrated orifice) or of
the viscosity of a dilute solution of the polymer in an appropriate solvent [3].
The latter is a measure of polymer chain length known as the ‘intrinsic viscosity’
(IV). A typical IV level, in o-chlorophenol (OCP) solvent, for the aforementioned
textile grade polymer is 0.62. (Different solvents will generate different IV num-
bers [3].) The IV in OCP is connected to the number-averaged molecular weight
(Mn) of the polymer by the Mark–Houwinck formula for PET [3]:

IVOCP = 1.7 × 10−4(Mn)
0.83 (12.1)

A useful formula to predict the (low shear) melt viscosity of PET from its IV is
as follows:

η0 = 0.129(IVOCP)
5.35 exp

(
6800

T

)
(12.2)

where η0 is the Newtonian melt viscosity (poise) and T is the absolute temper-
ature (K).

If moisture is present before the polymer is melted, hydrolytic degradation
will occur upon heating. Each water molecule will break a chain, so increasing
the total number of polymer chains by one. The effect on the average molecular
weight will be as follows:

M ′
n = Mn

1 +
(

xMn

1800

) (12.3)

where Mn is the starting average molecular weight, M ′
n is the average molecular

weight after reaction with water, and x is the water content (wt%). This relation-
ship can be used with the above formulae to determine the effect of moisture on
IV and the melt viscosity.

It can be seen from these relationships that higher IVs produce rapid increases
in melt viscosity and increased sensitivity of the polymer to hydrolytic degrada-
tion. The technology required to process high-IV (ca. 0.9–1.0) materials used for
high-strength industrial fibers is more demanding than for lower-IV (ca. 0.6–0.7)
textile materials. Pressure requirements for polymer flow, for example, are ∼10
times higher.

In addition to hydrolytic degradation, random chain scissions will occur at ele-
vated temperatures and these scissions lead to a gradual loss of average molecular
weight in the polymer melt. The chemistry of thermal degradation is differ-
ent from hydrolytic degradation; it results in different types of end groups on
the polymer chains [4]. The chemical species that are generated during thermal
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degradation reactions are deleterious to fiber properties, leading to loss of thermal
stability and, in the presence of oxygen, to cross-linked gel particles.

3.2 POLYMER STRUCTURE

In the absence of any mechanism to induce preferential orientation in the polymer
molecules, PET will freeze as a clear, glassy solid with a specific gravity of
1.33 [3]. The molecular structure is similar to that of a bowl of spaghetti, with
the polymer chains randomly coiling about one another. The chains are attracted
to each other through van der Waal forces. This attraction can be overcome
with the addition of thermal energy, which induces molecular vibration and bond
rotations. Some chain segments will pack together more closely than others,
particularly if they are run parallel to each other for a section of their lengths.
Stronger inter-chain bonds will form in these regions. If sufficient molecular
alignment is present, regions of the microstructure will pack into an ordered,
repetitive structure and become crystalline (Figure 12.3).

An amorphous polymer in a state of molecular alignment is not a stable
structure – it is metastable. It can transition either to a more perfectly ordered,
crystalline structure, or to a more disordered, nonoriented structure; In either
case, the free energy of the system is reduced. Given enough time and/or thermal
energy, an oriented amorphous polymer will transition in either or both of these
directions.

Figure 12.3 Microstructure of oriented, partially crystalline polyester [13]. From
Brunnschweiler, D. and Hearle, J. (Eds), Polyester – 50 Years of Achievement,
1993, p. 172, and reproduced by permission of The Textile Institute, Manch-
ester, UK

Publisher's Note:
Permission to reproduce this image
online was not granted by the
copyright holder. Readers are kindly
requested to refer to the printed v ersion
of this chapter.
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The van der Waals attraction forces in the amorphous regions can be overcome
at elevated temperatures. The glass transition temperature (Tg) is the characteris-
tic temperature at which this occurs. At temperatures above the Tg, spontaneous
molecular rearrangement becomes easier, allowing plastic deformation and the
generation of crystalline order with the release of heat. The stronger bonding
forces in the crystalline phase require higher temperatures in order to be re-
broken, and this phase transition represents a true melting point, Tm. Even this
transition is not sharply defined in a real polymer, however, because the melt-
ing temperatures depend on the size of the crystallites. Smaller crystallites melt
more easily.

As determined from X-ray diffraction measurements, the unit cell of crystalline
PET is triclinic with a repeat distance of 1.075 nm along the major axis [5, 6].
This corresponds to >98 % of the theoretical extended length of the monomer
repeat unit [6]. There is very little molecular extensibility remaining in a PET
crystal, resulting not only in a high modulus but also a relatively short extension
range over which the crystal can be extended and still recover elastically. The
density of the crystalline structure is 1.45 g/ml, or about 9 % higher than the
amorphous structure [3].

A considerable amount of molecular orientation along the fiber axis is induced
in the fiber manufacturing process, and crystallization will occur in regions where
adjacent polymer chains are sufficiently extended and aligned so that bonds can
form between adjacent chains. The rate of crystallization for oriented fibers under
tension is thousands of times faster than for unoriented, quiescent melts. The
length of the polymer chain entrapped within a crystalline region is typically
∼20 repeat units, before entanglement with another chain terminates the process.
Crystalline regions come in different sizes, and the size and distribution of these
crystallites contribute to fiber properties such as dyeability and shrinkage. It is
the crystalline regions that tie together the spaghetti-like polymer structure to
give fibers with high strength and temperature stability.

As can be seen in Figure12.3, the crystalline regions of PET are composed
primarily of folded chain segments, so that the length of any given crystalline
region is fairly small before being interrupted by an amorphous region. It has
been a research goal to generate extended-chain PET structures that might provide
more continuity along the fiber axis and thus generate much higher strengths,
similar to the structures produced in the gel-spinning process for high-density
polyethylene. This has not been attainable with high-temperature melt spinning;
the rapid molecular relaxation rates quickly destroy the extended orientation.
Some low-temperature solution spinning processes have been examined on a
research scale, but the toxic and expensive nature of most solvents for PET (e.g.
hexafluoroisopropanol) discourages serious efforts at commercialization.

The glass transition temperature of amorphous PET is in the range of 65–75 ◦C,
and this can increase to ∼125 ◦C after being drawn and partially crystallized,
reflecting the reduced rotational mobility of the chain segments. The crystallite
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melting points range from ∼265–285 ◦C. Usually, however, a single melt
temperature is quoted for PET, e.g. the temperature of maximum heat absorption
in differential scanning calorimetry (DSC) measurements.

Among the spectrum of melt-spinnable fibers such as polyolefins and nylons,
PET stands at the upper end in terms of crystalline melt temperature and glass
transition temperature. This provides superior dimensional stability for applica-
tions where moderately elevated temperatures are encountered, e.g. in automobile
tires or in home laundering and drying of garments. The high thermal stability
results from the aromatic rings that hinder the mobility of the polymer chain.

More elastic, less stiff polyesters can be prepared from diols with longer
aliphatic chain lengths, e.g. from propylene or butylene glycols in combination
with terephthalic acid (Figure 12.4). These polymers crystallize in forms with
significantly less extension of the molecule; approximately 75 and 87 % of the
fully extended form for the 3GT and the 4GT polymers, respectively [6]. Along
with the increased softness and springiness of the polymers comes a reduction in
melting points and glass transition temperatures, which is not always welcome.
These polyester variants command a higher price simply because they are more
rare; their raw materials are more expensive because they are not produced on
the massive scale of the PET raw materials.

One alternative to PET fiber which did compete historically was poly(1,4-
cyclohexylene dimethylene terephthalate) (PCT) (Figure 12.5), commercialized
under the name ‘Kodel II’ by Eastman. This polyester gained an early footing
because it was not covered by the existing patents, and was able to establish a raw
material base from which it could compete both technically and economically.

(a)
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Poly(trimethylene therephthalate) (PTT)
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n
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Poly(tetramethylene terephthalate) (PBT)

Figure 12.4 Structures of polyesters with longer aliphatic chains: (a) poly(tri-
methylene terephthalate) (PTT); (b) poly(tetramethylene terephthalate) (PBT)
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Poly(cyclohexylene dimethylene terephthalate)

Figure 12.5 Structure of a high-temperature polyester, poly(cyclohexylene
dimethylene terephthalate) (PCT)

This PCT fiber has better resiliency than PET, without compromising high-
temperature resistance. It successfully competed in the carpet yarn market against
nylon, where PET was limited by its relatively lower wear resistance. Recycling
of PET bottles has provided a source of low-cost resins that are used for carpets
in less critical markets.

A more recent entry in the polyester field is poly(lactic acid) (PLA) (Figure 12.6).
This polymer is noteworthy for being made from biological raw materials (e.g.
corn), rather than from petroleum. The lactic acid monomer is produced from the
fermentation of dextrose, with polymerization then accomplished via ring-opening
and the removal of water. By selective combination of L vs. D isomers, it is possi-
ble to make polymers with more or less crystalline content, and a range of melting
points from about 150 ◦C to as high as 210 ◦C.

Although the polymer chain contains no aromatic rings, some rigidity and
thermal stability is contributed by steric hindrance of the pendant methyl groups.
The backbone chain is partially coiled in the crystalline form, contributing a
measure of fiber elasticity and resiliency similar to that of PBT or PTT. The
primary virtues of PLA fibers appear to be renewability of the raw materials and
biodegradability of the polymer. Biodegradation requires exposure to an aqueous
environment at >60 ◦C to achieve hydrolysis, after which bacterial decomposition
can occur. Considerable investment in monomer production is currently being
made by Cargill-Dow, with the intent of providing PLA polymer supplies at
prices intermediate to PET and nylon.

Biodegradable polyesters are also made by copolymerization of aliphatic and
aromatic forms, or by polyester amide structures. The molecular structures need
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n

Figure 12.6 Structure of a biodegradable polyester, poly(lactic acid) (PLA), with
alternating pendent groups
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to be flexible in order to provide access for enzymes to the oxygen- or nitrogen-
containing sites that will by hydrolyzed or oxidized. This means some sacrifice of
thermal stability and rigidity. Large polymer suppliers such as Eastman, Dupont
and BASF are currently active in these areas.

3.3 FIBER GEOMETRY

Solid PET polymer is relatively hard and brittle. It must be formed into very
fine fibers in order to exhibit a bending stiffness that is low enough for textile
materials. Most commercial PET fibers are produced in a diameter range of about
10–50 µm, considerably smaller than a human hair. Within this range lie large
differences in the softness, drape and feel of fabrics formed from the fibers,
since the bending stiffness of a cylindrical fiber depends on the 4th power of its
diameter.

One key requirement in the commercial production of fibers is to control fiber
diameters within narrow ranges of the target. Another is to control the internal
structure of the fiber, particularly the orientation of the polymer molecules. It is
this orientation along the fiber axis that controls the morphology, and hence the
fiber properties, such as dye uptake, shrinkage and tensile strength.

The production process for fibers starts with the extrusion of molten PET
through small holes at slow speeds, although the fibers will be stretched by
hundreds of times their initial lengths before the production process is completed.
The stretching process is responsible for diameter reduction, and for alignment
of polymer molecules in the direction of stretching. As this alignment proceeds,
polymer chains will pack increasingly closer, and the density of the material will
rise progressively, becoming crystalline in some regions. The fiber density is a
guide to the amount of orientation present in the fiber; a finished PET fiber is
typically ∼50 % crystalline.

4 MELT SPINNING OF PET FIBERS

A large part of the attractiveness of PET is that it is melt-spinnable into fibers,
so providing a clean, pollution-free manufacturing process. The goals of melt
spinning include not only the stable formation of fine fibers, but also control
of the microstructure of these fibers. Ideally, this is carried out at as high a
throughput rate as possible for economic reasons (Figure 12.7).

An example of typical equipment used to make PET fibers is shown in this
figure. Prior to melting, the polymer chips must be thoroughly dried, typically
under vacuum at elevated temperatures for several hours. The equilibrium mois-
ture content of PET under ambient conditions is about 0.4 % [3] and this much
moisture would cause unacceptable levels of degradation. The dried polymer
chips are fed to an extruder which melts the chips and forwards them to a
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Figure 12.7 Schematic of the melt-spinning process used to produce PET fibers

metering pump, which delivers a volumetrically controlled flow of polymer into
a heated spinning pack at ca. 285–300 ◦C.

Modern large-scale PET fiber facilities have evolved to a continuous process
of PET polymer production, and have integrated the processes of polymerization
and fiber extrusion. This avoids the equipment, energy and manpower needed to
freeze and pelletize the polymer, dry it, and remelt it. In large plants that operate
continuously for months at a time, huge quantities (more than 200 tons per day)
of fiber are produced from a single line. Such fibers may be used, for example, in
commodity markets such as woven or knitted apparel, or for tire reinforcement.
For more specialized markets, which require modified polymers in smaller quan-
tities, the downtime and waste associated with changeovers of such large lines
is prohibitive; smaller batch lines based on PET chips are preferred. However,
whether fed by a continuous polymerization (CP) process or by remelted chips,
the spinning processes are basically the same.

Under typical conditions of 290 ◦C spinning temperature, the molten viscosity
is ca. 2000–20 000 poise, depending on the average molecular weight. This is
extremely viscous – similar to hot asphalt. The pump must provide a pressure
of ∼100–200 bar to force the flow through the pack, which contains filtration
media (e.g. a sand bed) to remove any particles larger than a few µm. Anything
larger would be similar in size to the intended fibers, and will lead to filament
breakage during processing.

At the bottom of the pack the polymer exits into the air via a multiplicity of
small holes through a thick plate of metal (the spinneret). The number of holes can
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range up to several thousand per spinneret. Each spinneret hole is ca. 0.2–0.4 mm
in diameter with a typical flow rate in the range of about 1–5 g/min (less for
fine fibers, more for heavy fibers). Although a round hole is most common, it
is not unusual for the hole to have a complex shape intended to provide non-
round fibers for special effects (discussed later). The metering pumps feeding
the pack control the mass flow rate. A take-up device, typically a rotating roll
system with a controlled surface speed, regulates the final speed of the extruded
filaments. Assuming the same flow to every spinneret hole, the final diameter of
the filaments is fixed by the metering pump and the take-up speed; the spinneret
hole size does not affect fiber size.

The structure and properties of the filaments are controlled by the threadline
dynamics, especially in the molten region between the exit from the spinneret
and the freezing point of the fibers. After freezing, the fibers will be traveling at
the take-up speed, which is typically 100–200 times faster than their exit speed
from the spinneret hole. Thus, considerable acceleration (and stretching) of the
threadline occurs after extrusion. The forces acting on the fibers in this transition
region include gravity, surface tension, rheological drag, air drag and inertia.
Because both temperature and threadline speed are rapidly changing, these force
balances also change rapidly along the threadline. The dynamics of threadline
formation are reasonably well understood and have been successfully modeled.
References on the subject are available in the literature [7, 8]. Only an overview
of the process will be presented here.

While traversing the spinneret hole (typically 1.5–5.0 times longer than its
diameter), the molten fibers are in a state of viscous shear which induces molec-
ular orientation along the fiber axis. Upon exit from the hole, the filaments slow
down and bulge slightly, as the molecules relax and disorient. This is known
as ‘die swell’. From the die swell region onward, the filaments accelerate, and
it becomes an ongoing competition between orientation (induced by extensional
flow) and thermal disorientation (due to molecular relaxation). Near the spinneret
the filament is still hot, the polymer is relatively fluid, and little net orientation
is present in the threadline. Further down, the filament is cooler, the polymer
more viscous, and thermal disorientation less; net orientation is higher. Orienta-
tion increases progressively and reaches a maximum as the threadline ‘freezes’,
i.e. stops extending, usually within ∼1 m from the spinneret. The amount of ori-
entation that is frozen into the spun fiber is directly related to the stress level in
the fiber at the freeze point [8, p. 213].

A key parameter which controls the rate at which orientation is being generated
is the rate of extension, as follows:

v′ = dv

dx
(12.4)

where v is the local threadline velocity and x is the distance along the threadline.
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Figure 12.8 Typical forces acting upon a spinning threadline [8]. From Ziabicki,
A. and Kawai, H., High Speed Fiber Spinning – Science and Engineering Aspects,
1991, and reproduced by permission of Krieger, Malabar, FL

For a Newtonian polymer, the stress required to deform the polymer at exten-
sion rate v′ is simply ηv′, where η is the extensional viscosity of the polymer
(which changes rapidly as the polymer cools). The fiber extension also corre-
sponds to acceleration of the material at a rate equal to vv′, and the inertial
resistance to this acceleration is responsible for a tension gradient along the fil-
ament. Finally, the air resistance of the fiber generates surface drag forces that
increase with velocity, so that a further tension gradient appears due to air drag.
These are the three dominating forces – rheological, inertial and air drag – that
control spinning threadline dynamics and velocity profiles over the range of
typical spinning speeds (Figure 12.8). Gravity and surface tension forces are
relatively much smaller.

Starting with a more viscous polymer (whether due to higher molecular weight
or lower extrusion temperature) will produce higher tension and higher final
orientation. This is also the case when increasing the total amount of stretch, the
‘draw-down’ ratio. The primary tool for controlling the net orientation, though,
is the speed of the process, i.e. the take-up speed. By increasing the velocity
and extension rate of the filaments, the orientating mechanism becomes more
dominant over the thermal relaxation mechanisms, and more net orientation is
frozen into the fibers1. Obviously, a higher level of v′ corresponds to larger
rheological and inertial forces, and higher v creates more air drag. Thus, high-
speed spinning is also high-stress spinning.

1 PET is not strictly Newtonian, or else it could not be fiber-forming. Polymers with the latter property
develop increasing tension due to retraction forces as they become oriented, so that localized necks
do not grow and become discontinuities. At high shear rates, molecular orientation will also reduce
the resistance to shearing.
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The melt spinning process for PET fibers can be divided into three regions of
take-up speed, as follows:

• In low-speed spinning (<1000 m/min), spinning threadline forces are dom-
inated by rheological deformation. Air drag may also play a role for fine
filaments (with high surface–volume ratios), but drag is generally small in
the fiber formation region near the spinneret where velocities are lower and
diameters larger. The acceleration rate is too small for inertia to play a role.
Only a small amount of residual orientation is frozen into the threadline,
since thermal disorientation predominates over the orientating effects of fiber
extension.

• In medium-speed spinning (ca. 1000–4000 m/min), the air speed generates
higher drag and faster cooling. Inertial effects are also greater, being propor-
tional to velocity and extensional shear rate. The resulting higher stress at the
freeze point increases the orientation frozen into the spun fibers.

• At speeds beyond ∼4000 m/min, inertial and air drag effects become the dom-
inant contributors to fiber stress. Sufficient orientation can be induced so that
significant crystallization occurs in the as-spun fiber. The structure begins to
partition into either highly oriented crystalline regions, or amorphous regions
of relatively low orientation. There is relatively less ‘oriented-amorphous’
structure.

The structure-partitioning effect at high speeds is believed to arise from the
scaffold of oriented regions that develop within the structure and support the fiber
stress. This leaves the less-ordered regions free to relax and disorient, so that a
two-phase structure begins to appear where there was before a broad continuum
of orientations. In this region, the highly ordered sections behave as a solid,
with tensile stresses proportional to deformation, while the less-ordered regions
behave more like a fluid with stresses proportional to rate of deformation. This
is a mixture of solid and liquid phases.

It has been observed that, at speeds sufficient to induce crystallization, fiber
deformation will become concentrated into a ‘neck’ region where the final amount
of stretching will occur over a very short distance. The origins of this neck have
been a source of speculation and research [7, 8] and efforts have been made
to link necking and crystallization in a cause–effect relationship. Current evi-
dence favors the explanation that this phenomenon is similar to necking behavior
seen when cold-drawing plastic materials [9]. This means that the molten fila-
ment passes through a stage where resistance to deformation decreases along the
threadline. The decrease in resistance is initiated by ‘shear-thinning’, where the
apparent viscosity of the polymer decreases at increased shear rates. (High shear
rates promote a high level of molecular orientation within the melt, which then
allows the molecules to slip by each other more easily.) As the thinning process
accelerates, the decrease in cross-sectional area concentrates the stress, since the
overall tension does not decrease. This produces a rapidly thinning neck, where
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orientation builds up quickly with little time for thermal relaxation. The necking
stops when sufficient orientation has been induced such that further elongation
requires additional tension, and the resistance has become elongation-dependent
rather than elongation-rate-dependent. Classically, the liquid has become a solid.
Coincidentally, the high levels of orientation allow crystallization to occur very
quickly after stretching has stopped.

Another feature of high-speed spinning is that the fiber macro structure becomes
non-uniform, with more orientation and crystallinity near the fiber surface than
in the interior. This is a result of non-uniform solidification, where rapid cool-
ing generates a lower temperature and higher viscosity at the surface. This
leads to an oriented surface ‘skin’ which supports the spinning stress, while
higher temperatures within the interior allow more relaxation and disorienta-
tion.

The skin–core structure is a macroscopic analogue of the partitioned, high/low
orientation structure within the fiber. Since fiber stresses become concentrated
in the oriented regions, there is a loss of participation of some of the inte-
rior molecules to support subsequent stresses. Under fiber extension, the taut
molecules will break first, triggering rupture of the fiber before the unoriented
molecules contribute much resistance. A loss of overall fiber strength and tenac-
ity results. Polymer fiber strengths are only a small fraction of the theoretical
breaking strengths of the combined molecules; <1 GPa versus a calculated chain
strength of about 35 GPa.

Insight into the spun yarn structure can be gained by observing its behavior in
hot water. The combination of elevated temperature and the plasticizing effect
of the water molecules allows relaxation within the oriented regions, resulting in
yarn shrinkage. As spun orientation becomes greater the spun yarn shrinkage will
increase – up to a point. At sufficiently high levels of orientation, the plasticizing
effect of the heat and moisture will allow crystallization to proceed very quickly
within the hot water, before the oriented regions have time to relax and shrink.
This rate differential will increase at higher spinning speeds. Additionally, the
reduction of amorphous orientation in high-speed as-spun yarns will depress their
shrinkage even further (Figure 12.9).

In summary, the strongest PET fibers are formed by slow-speed spinning pro-
cesses, because the range of molecular orientations is more narrow. A benefit
of high-speed spinning is that it generates less of the intermediate ‘oriented-
amorphous’ structure that is prone to thermal shrinkage. The most thermally
stable fibers are therefore formed by high-speed spinning processes. It is possi-
ble to increase spinning speeds to the point that very little extensibility remains
in the fibers, but the microstructure becomes so highly partitioned that little
strength remains. Nearly all commercial spinning processes target for at least
∼100 % extensibility in the as-spun fibers, and further stretching is carried out
at lower temperatures in order to develop the most useful fiber properties.
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Figure 12.9 Effect of spinning speed on fiber orientation and shrinkage [14].
From Brunnschweiler, D. and Hearle, J. (Eds), Polyester – 50 Years of Achieve-
ment, 1993, p. 193, and reproduced by permission of The Textile Institute,
Manchester, UK

4.1 SPINNING PROCESS CONTROL

There are a number of factors available for controlling the spinning process,
to control thereby the properties of the fibers. These include melt viscosity (via
temperature and/or polymerization level), hole diameter and throughput, spinning
speed, and cooling rate of the filaments after extrusion. In the ideal world, each
fiber would have identical history and microstructure. In reality, each filament is
subjected to different thermal histories according to its position within the thread-
line relative to the flow of cooling air. Uneven heat losses from the spinneret face
also lead to different extrusion temperatures among the filaments. Consequently,
different filaments have different average orientation levels. Additionally, any
given filament will have varying levels of orientation along its length due to
microscale fluctuations in cooling rate, e.g. air turbulence.

Fiber orientation uniformity is also affected by small-scale or timewise vari-
ations in polymer viscosity, related to breakage of polymer chains during the
extrusion process. The degradation occurs as a result of residual moisture that
immediately reacts to break chains, and by thermal degradation that occurs more
gradually over time. Different residence times and temperature histories within
the laminar flow streamlines lead to different viscosities, and hence different
average orientation levels in the different fibers.
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A primary goal of extrusion equipment and process design is to minimize the
orientation variability among filaments, since such variability can have undesir-
able effects on product uniformity (e.g. dye uptake level) and on yarn strength
and processing performance. As a rule, higher throughput rates and/or more fil-
aments per spinneret create greater difficulties in achieving uniform cooling and
fiber properties. There is a compromise between fiber uniformity and production
economics, since larger-scale processes are more economical.

This tradeoff between product uniformity and production economics has affect-
ed the process design for various types of PET fibers. Products such as textile
filament yarn have a strong requirement for uniform dye uptake, within and
between bobbins of yarn used for weaving or knitting. No opportunity is available
for ‘blending out’ dye differences with continuous filament (CF) yarns. Such
yarns are made on spinning machines with a relatively small number and low
density of holes per spinneret, and the supply of cooling air is controlled very
carefully to minimize variability. These are relatively low throughput processes.

In contrast, staple fibers are always blended during the textile process, either
among themselves or with other fibers. Small fiber orientation differences that
might occur between various spinning machines, or over small periods of time
will be blended out, so that dye uptake differences occur over such a fine scale
as to be invisible to the eye in the final fabric. For this reason, tolerance for fiber
non-uniformity is greater for staple than for filament products. Consequently, the
spinning processes used for staple allow much higher throughput rates, with much
higher numbers of holes per spinneret. This allows staple fiber to be produced at
less cost than filament yarn, and the selling prices of the fibers reflect this; filament
PET yarns command significantly higher prices than do commodity staples. CF
products, however, do not require post-processing in order to be converted into
yarns suitable for knitting and weaving. Consequently, staple and filament fabrics
are similar in price.

Relative scales of the spinning processes for staple and filament products are
depicted in Table 12.1. The industrial filament process is intermediate to the staple
and textile filament processes, in terms of both spinning throughput and fiber
orientation uniformity (here measured by spun birefringence level). Industrial
yarns must be uniform enough to be drawn to much higher tenacity levels than
staple yarns, but are not dyed and therefore not subject to the more demanding
uniformity requirements of textile yarns.

Table 12.1 Differences in PET spinning processes

Parameter Staple fiber Industrial filament Textile filament

Filaments per spinneret 6000 750 140
Pack throughput (kg/h) 240 100 12
CVa of orientation (%) ∼15 ∼10 ∼5

a Coefficient of variation.
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While it is evident that fiber orientation level affects dye uptake, and that ori-
entation uniformity translates to dye uniformity, it is less obvious that orientation
uniformity will affect yarn strength. The breakage of fiber bundles is controlled
by the ‘weak link’ principle, where the early breakage of a few, high-orientation
fibers will initiate a catastrophic failure sequence among surviving fibers within
the bundle [10]. This comes about as a result of load transfer from the broken
fibers to the unbroken survivors via fiber–fiber friction, and hence stress concen-
tration. Variable extensibility of the fibers within a yarn can thereby result in yarn
strength that is much lower than the average strength of the component fibers.

5 DRAWING OF SPUN FILAMENTS

The purpose of drawing is to further align and stabilize the structure of the fibers.
Additional diameter reduction occurs in this step. Drawing occurs at a much lower
temperature than spinning, typically just above the Tg, so there is minimal thermal
disorientation to compete with orientation induced during stretching. While fibers
may have been extended by a factor of 100–200 during spinning, a draw ratio
in the range of about 2–5 is typically enough to induce the maximum amount
of fiber orientation short of breakage. Drawing is more efficient at orienting the
structure.

The amount of drawing used depends on (1) the amount of orientation already
present from spinning, and (2) the desired level of fiber properties. High levels
of final orientation are desired for technical fibers where high tenacity and high
initial modulus are needed. Less orientation may be needed for textile fibers, so
that dye penetration is faster and the fibers are less stiff.

Figure 12.10 displays the stress–strain behavior of PET fibers that were pre-
pared from the same spun yarn, but drawn to different ratios. The curves represent
the elongation and stress in terms of initial fiber area (decitex2). The open circles
represent true stress values, where stress values at break are corrected for the
decreased area of the fiber after extension on the testing device.

As expected, the residual extensibility of the fiber decreases at higher draw
ratios. What is not so predictable is that the true stress at failure increases as the
draw ratio increases; fiber failure strength is improved by drawing the yarn. If a
curve is drawn to connect the end points of the stress–strain curves, it is seen
that there is an inverse relationship between tenacity and elongation to break (eb).
The form of this relationship is as follows:

t = K

eα
b

(12.5)

where t is the engineering tenacity, and K and α are constants.

2 Decitex is a measure of fiber size. If 10 000 meters of fiber weigh x grams, then the decitex of the
fiber = x.
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Figure 12.10 Stress–strain curves of PET filaments drawn to different draw
ratios[15]. From Kagi, W., Ullmans Encyclopedia of Industrial Chemistry, 5th
Edition, Volume A10, VCH, Weinheim, Germany, 1987, p. 527, and reproduced
by permission of Wiley-VCH

Experimentally, α ∼ 0.3. The value of K is a measure of inherent fiber strength
and will depend on the molecular weight of the polymer. This parameter will
also increase if post-draw heatsetting is used to crystallize the oriented structure.

The presence of significant crystallinity in the fibers prior to drawing is detri-
mental to a smooth and continuous drawing process. Free extension of the
polymer chains is inhibited by crystalline tie points, which must be disrupted
for molecular extension to occur while drawing. If very high final fiber orienta-
tions are desired, then high drawing stresses may be generated, which can cause
frequent breakouts of the drawing process at the sites of small fiber defects.
Increasing the drawing temperature to compensate for the high tension will only
hasten the crystallization process, so compounding the problem. For most PET
fiber production, inhibiting spun orientation is an advantage since it will allow
a higher final draw ratio, which will allow higher spinning speed and through-
put. An exception is when the final fiber properties require very high levels of
thermal stability that can be provided by the structures formed in high-stress
spinning.
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The use of a post-draw heatsetting (or annealing) step usually accompanies the
drawing process. It is the purpose of this step to stabilize the structure and make
it stronger. The level of yarn tension and the annealing temperature can both
have significant effects on the final properties. Basically, there are two separate
processes occurring during annealing, i.e. (1) crystallization in the most highly
oriented regions, and (2) chain disorientation via bond rotation in amorphous
regions. The relative rates of these two processes are affected differently by
tension and temperature, so a significant range of different fiber properties can
be achieved according to the balance of these two variables.

High-temperature (∼200 ◦C), high-tension heatsetting maintains a high level
of orientation in the amorphous regions, and hence high fiber modulus and
relatively lower dyeing rate. The latter can be improved by reducing the heat-
setting temperature so that less crystallization occurs. If temperature is raised
even higher, however, the structure can generate fewer, larger crystals as smaller
ones melt and larger ones become more perfect. This will also enhance dye-
ability, since there are fewer crystallites to inhibit diffusion of the large dye
molecules.

If the fibers are heated with low tension, then disorientation of the oriented-
amorphous regions occurs and the fibers are left with low shrinkage forces (and
modulus), but high dyeability. It may be desired to complete stress relaxation
while the filaments are held in some particular shape, so that the memory of this
shape is frozen into the microstructure. This can be done by twisting the yarn
to form helical fibers, or by compressing them into random or regular modes of
buckling. Such fibers retain crimp or texture, hence further enhancing their fabric
aesthetics or their processability on textile machinery.

5.1 COMMERCIAL DRAWING PROCESSES

The drawing process can be continuous with spinning, or it can be carried out as
a separate step. The former simplifies handling, but can require very high final
roll speeds since the drawing rolls must operate at several times the spinning
speed. Such spin-draw processes are commonly used for high-strength indus-
trial yarns, at final speeds up to ca. 8000 m/min (300 mph). This speed imposes
severe demands on rolls and winders that must operate at high centrifugal forces
(∼10 000 g) and must control the yarn temperatures in the few milliseconds of
roll contact time that are available.

At the other extreme are discontinuous staple fiber processes that operate at
relatively slow speeds (<500 m/min). In order to obtain high throughput rates
the spun yarns from many spinnerets are collected and drawn in parallel. A
modern staple line might process up to ∼5 × 106 filaments at a time, producing
fiber at the rate of 200–300 t/d. After crimping, such fibers are usually cut into
short (<50 mm) lengths and baled. Figure 12.11 depicts a modern drawing line
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for PET staple fibers. Such lines can be purchased as a package installation
from equipment vendors, as can lines to produce the PET polymer and spin it
into fibers.

Continuous filament textile yarns also use a discontinuous production process.
In this case, the spun yarns are produced at speeds up to ∼5000 m/min, precluding
further in-line stretching due to exceedingly high speed requirements. The spun
yarns are highly oriented (known as POY, for Partially Oriented Yarn) and are
wound onto packages and then subsequently processed on a separate machine
which provides the final orientation, texturing and setting in an integrated process.
Most commonly, POY yarns are heatset in a highly twisted configuration and then
untwisted. The memory of twist produces a fiber bundle with helical filaments,
so providing bulk and stretchiness. Textured CF yarns may be knitted or woven
directly into fabrics, thus eliminating the steps of blending and yarn formation
used for staple fibers such as cotton or wool.

More akin to silk yarns, continuous filament POY produces lighter fabrics,
typically of 100 % PET. Such yarns have provided a fertile field for imaginative
engineering of cross-sectional shapes, fiber sizes and combinations of color and
texture. An entire field of specialty filament yarns known as ‘Shingosen’ has
been developed in Japan, providing novel and luxurious fabrics that cannot be
duplicated with natural fibers.

6 SPECIALIZED APPLICATIONS

In many applications, modification of PET fiber properties is desirable in order
to enhance certain features of the product or to enhance the process of converting
fibers into finished goods. In these cases, most of the basic PET fiber properties
are acceptable but certain enhancements are desired, even at the expense of other
properties or costs that will be affected by the modification. These side effects
are always present; it is the goal of fiber development personnel to engineer the
best compromise.

What follows are some of the most common variations that have been applied
to PET fibers; more complete information is available in the literature [11].

6.1 LIGHT REFLECTANCE

The light reflectance of yarns and fabrics can be quite sensitive to the size and
shape of the fibers. Two types of light interactions occur, as follows:

• Light is reflected from the surface of the fiber, due to the change in refractive
index from air into polymer (for PET, n = 1.6). This is specular reflection,
similar to reflection from a mirror, and causes no coloration of the reflected
light.
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• Light that is transmitted through the fiber surface can interact with the molec-
ular structure, e.g. dye molecules, and thereby change its spectral character
before being emitted back through the surface

The mixture of these two types of light is what meets the eye, and the ratio of
these two components affects the perceived depth of color. The higher the ratio
of specular reflection, then the less the apparent color depth3. Additionally, any
relatively large areas of specular reflection can generate visible points of light
when oriented to reflect from point sources; these cause the fibers or fabrics to
glitter.

Larger-diameter fibers have proportionally less surface-to-volume ratio, so pro-
portionally less specular reflection, and thus appear darker than small fibers
containing the same amount of dye. However, larger fibers also have relatively
flatter surfaces and are more prone to glitter. It has long been practiced to include
microscopic fragments of highly reflective material in the polymer, to opacify
the fibers and to diffuse surface reflections. Powdered titanium dioxide is the
common additive used for this. It gains its reflective properties by means of very
high refractive index. The quantity of TiO2 in the polymer is adjusted to produce
‘clear’ or ‘dull’, or ‘semi-dull’ fibers for various types of fabrics.

It is possible to microscopically roughen fiber surfaces to diffuse the sur-
face reflections, e.g. by chemically etching the surfaces with corrosive solvents.
Many of these solvents will preferentially dissolve the amorphous regions, leaving
the undissolved crystalline formations standing proud at the surface. Powdered
materials with refractive indices similar to PET can be incorporated into the
polymer, creating rougher fiber surfaces and reduced internal reflectance at the
additive/polymer interfaces. This makes transparent, but not shiny fibers. Cab-O-
Sil, a powdered silica, is one such material. It also helps if the additive particles
are small (≤0.5 µm); light scattering becomes negligible when the particles are
smaller than the wavelength of light.

Polymer transparency also requires that the crystalline regions be smaller than
the wavelength of light, since these regions also represent changes in refractive
index. Larger crystallites will scatter light at their interfaces and make the PET
opaque.

In addition to the aforementioned methods, fiber cross-sectional shape is used
to produce differences in appearance. Surface lobes can break up smoothness
and reduce glitter, and triangular or ‘T’ shapes can generate subtle sheen effects
to fabrics and yarns. The patent literature is filled with various cross-sectional
shapes which have been used to provide visual and tactile effects that are not
possible with natural fibers.

3 Fine fibers of PET usually appear white, even though the polymer chips that they are made from
may appear grey in color. This is a consequence of the high amount of specular reflection of ambient
light, emanating from the large surface area of the fibers.
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6.2 LOW PILL FIBERS

In staple yarns that do not contain high twist levels, it is relatively easy for
individual fibers to work their way to the yarn surface under the influence of
friction. This will cause long filaments to appear at the surface of the fabric, which
then become entangled to form unsightly fuzz balls or ‘pills’. With natural fibers,
these pills readily break off after the attaching filament is repeatedly flexed. With
PET, the attaching filaments are too tough to break, and the pills accumulate.
It is difficult to prevent pills from forming, and far easier to modify the PET
fiber so that it will more readily break under repeated flexing. The simplest way
to do this is to reduce the molecular weight of the polymer, thereby reducing
fiber strength. This also reduces the melt viscosity, however, which can create
problems with the stability of the melt-spinning process.

Some anti-pill fibers are made by including a small amount of a cross-linking
agent in the polymer (e.g. pentaerythritol) (Figure 12.12). This increases melt
viscosity while embrittling the fiber and reducing its flex life. The penalty is
a fiber that is somewhat weaker during processing, and more subject to break-
age during yarn and fabric formation. An alternative is to treat fabrics with an
alkaline bath that partially dissolves the PET fibers to make them weaker; this
also changes the hand of the fabric. The most elegant approach is to include a
chemical cross-linker that is not activated until the fabric is formed and put into
an activating bath.

6.3 DEEP DYE FIBERS

The PET polymer molecule contains no chemically active species for attachment
of dye molecules. Instead, ‘disperse’ dyes are used which diffuse into the fiber
and become physically entrapped within the tangle of polymer chains in the
amorphous regions. (The dye molecules are too large to fit within the more
closely packed crystalline regions.) In order to encourage rapid diffusion into the
structure, it is common to use pressurized dye baths, and/or ‘structure-opening’
chemicals that encourage swelling of the amorphous regions. The presence of
large amounts of crystallinity, and/or high orientation (hence closer packing of
polymer chains) in the amorphous regions, will inhibit the dye diffusion process.
Differences in fiber orientation cause differences in dye depth.

A common method to increase the dyeing rate is to inhibit the formation of
crystalline regions during fiber manufacture. To this end, it suffices to break up
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Figure 12.12 PET chains cross-linked by the reaction with pentaerythritol
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Figure 12.13 Structure of a PET copolymer with adipic acid, used for deep-dye
fibers

the regularity of the repeating units of PET so that the crystalline regions are
smaller and fewer. Small amounts of foreign monomers, ca. <10 %, incorporated
into the chain will do this as they form copolymers.

Monomer units for this purpose include adipic acid or isophthalic acid, to
substitute for some of the terephthalic acid (Figure 12.13). Similarly, propane
or butane diol, or poly(ethylene glycol), can be substituted for the some of the
ethylene glycol.

The result is a fiber that is less crystalline and dyes more readily. The downside
is an unavoidable reduction in transition temperatures, a less stable structure more
prone to shrinkage, and the easier escape of dye molecules and oligomers which
can deposit onto the surfaces of textile processing equipment. Depending on
the level and type of comonomer used, increased problems with lightfastness or
polymer degradation can also occur.

6.4 IONIC DYEABILITY

As earlier noted, PET has no dye attachment sites for chemically active dyes. It
is possible to add ionic dyeability by forming copolymers of PET with monomer
species that possess active sites, for example, on a pendant side chain. The most
common of these has been the incorporation of a sodium salt of a dicarboxylic
acid, e.g. of 5-sulfoisophthalic acid (Figure 12.14). The acidic sulfo group allows
the attachment of cationic dye molecules. If both the modified and the unmodified
fibers are put into a dye bath containing a mixture of disperse and cat dyes,
they will emerge with two different colors. This is useful in the creation of
specialty fabrics, e.g. when two different dye types are woven into fabrics with
a predetermined pattern. The multicolored pattern emerges upon dyeing.

Since the basic structure of the modified fiber is a copolymer, more rapid
disperse dyeing is also gained with these cat-dye fibers. Losses in fiber strength,
temperature stability and increased hydrolytic degradation are the prices paid for
the dyeability enhancement.

Some efforts have been made to incorporate sites into PET that accept acid
dyes, but most of these alkaline-containing additives cause degradation and dis-
coloration of the polymer. No acid-dye PET polymer has yet been commercially
successful.
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Figure 12.14 Structure of a PET copolymer with sulfoisophthalic acid, used for
cat-dye fibers

6.5 ANTISTATIC/ANTISOIL FIBERS

The non-ionic character of the PET molecule makes the polymer hydrophobic and
oleophilic. Without polar species, the ability to transport electrical charge along
the fiber is poor. If excess static charges build up on PET fibers, as will happen
unavoidably upon contact with other materials, these charges will not quickly leak
away. The result can be clinging of fabrics to the skin, or discharges of static
electricity. (This problem is reduced at higher humidity levels, because the small
amount of water absorbed by the PET provides polar charge-carrying molecules
for quicker draining of the static charge.) PET’s attraction for non-polar, oily
materials means that oils, which are difficult to remove, can easily stain fibers.

During the manufacture and processing of fibers, it is common to employ
surface lubricants, wetting agents and antistatic treatments to assist in process-
ing. These are temporary, however, and a longer-term solution typically requires
polymer additives or copolymers. (Copolymerization typically results in greater
permanence than additives which can migrate to the fiber surface and be lost.)

Poly(ethylene glycol) (PEG) is frequently added to PET to confer antistat
and/or antisoil behavior. The ether groups running along the backbone of the
PEG are sufficiently polar to attract moisture and to provide charge-transfer sites.
This benefits both the electrical conductivity and the ability of water or detergent
molecules to lift the oily stains. By using long-chain PEG additives, a block
copolymer is formed (Figure 12.15). This avoids some of the thermal stability
losses that occur with random copolymers.

It is also possible to add PEG at the last stages of polymerization, so that much
of the additive remains agglomerated in a separate phase. In this case, subsequent
scouring of the fibers removes much of the soluble PEG, leaving microscopic
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Figure 12.15 Structure of a block copolymer of PET and poly(ethylene glycol)
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voids in the fibers. These voids can act as reservoirs for moisture, and will also
decrease light transmission and increase the reflectance properties of the fibers.

6.6 HIGH-SHRINK FIBERS

While high fiber shrinkage is not usually desirable, benefits can occur when high-
and low-shrink fibers are intimately combined. As the yarn or fabric shrinks due
to the high-shrink component, the excess length in the low-shrink component
forms loops at the yarn and fabric surfaces, thus providing texture. In filament
yarn fabrics, these projecting loops can mimic the feel and appearance of staple
yarn fabrics. Lack of crystallization in oriented fibers will allow high shrinkage,
so that copolymers or non-heatset (non-crystallized) PET fibers can be used for
these purposes.

6.7 LOW-MELT FIBERS

Non-crystalline polymers or copolymers can also be used to generate fibers with
relatively low softening temperatures. Such fibers can be blended with regular
fibers, e.g. staples, and bonded together by applying sufficient heat to melt the
low-temperature component. Such fibers need not be exotic. The use of undrawn,
amorphous fibers suffices for many such purposes, for example, bonded nonwo-
ven webs formed from a mix of drawn and undrawn PET staple fibers. Without
crystalline structure, the undrawn fibers will soften and become tacky at relatively
low temperatures, so providing bond sites.

6.8 BICOMPONENT (BICO) FIBERS

Bico fibers are a new class of fibers, rather than a sub-set of PET fibers. Such
fibers are formed from two different polymers, which are melted separately, and
then combined into a single fiber at the last moment before extrusion. In some
cases, the fibers are actually extruded separately, and then combined beneath the
spinneret while they are still molten, so that they fuse together after spinning.

The most common cross-sectional fiber shapes are core–sheath (c/s) and side–
side (s/s) configurations (Figure 12.16). By encasing a PET core in a modified
sheath, it is possible to provide desirable surface characteristics (e.g. antis-
tat/antisoil) with minimal effect on fiber strength. A popular application is to
use sheath material with a lower melt point than the core. A fabric (nonwoven or
conventional) can be formed from such fibers, and then heated to a temperature
sufficient to melt the sheath to bond the fibers together (Figure 12.17). Since the
core component is not melted, the fused fiber retains its integrity and strength.

The side–side configuration is typically used to impart crimp to the fiber. If
the fiber is formed from polymers with different shrinkage characteristics, and
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Core/Sheath Side/Side

Figure 12.16 Common cross-sectional shapes for bico fibers

Figure 12.17 Photomicrograph of tricot knit fabric, made from core/sheath (C/S)
bico filament yarn and thermally fused after knitting. Photograph reproduced
by permission of KoSa Corporation

treated after fiber formation to develop the shrinkage, the differential contraction
will cause the fibers to coil into a helical shape and provide three-dimensional
crimp. Such self-crimping fibers provide a different type of bulk and hand than
do conventionally crimped fibers.

Bico fibers have been available for at least 30 years, but only recently have they
developed widespread applications. Bico production equipment is relatively more
complex and expensive, and so the fibers require higher selling prices. As these
fibers become more common in specialty markets, production cost is decreasing,
so that they are now beginning to find uses in commodity applications.
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6.9 HOLLOW FIBERS

In some applications it is desirable to generate increased bulk without adding
weight, e.g. for insulation or padding. A solution is to make fibers that are larger
diameter and stiffer, but with internal voids to reduce weight. By extruding hollow
fibers, weight reductions of 20 % or greater can be achieved – a considerable
advantage. Foaming agents in the polymer (e.g. dissolved CO2) have also been
used to generate microporous, lightweight fibers.

6.10 MICROFIBERS

A PET microfiber is loosely defined as one with a decitex (see Section 5 earlier)
per filament less than one. This translates to a fiber diameter of ∼10 µm or less.
In fabric form, such fibers provide a very soft hand and a non-shiny appearance.
They can also make moisture-repellant fabrics without sacrificing comfort or air
porosity, ideal for sportswear. The larger fiber surface area also can be useful for
filtration applications.

Traditional melt spinning is not the best way to make microfibers. Techni-
cal problems occur with very low hole throughputs, and economics suffer. By
employing bico technology, it is possible to extrude larger shapes that can be
separated into smaller components after extrusion (Figure 12.18).

The ‘islands-in-the-sea’ approach uses bico technology to extrude filaments
that contain a multiplicity of small fibrils encased in a soluble matrix. After fiber
processing and fabric formation, the matrix is dissolved away to leave behind
the microfibers. Fibers with sub-micron diameters can be produced. The process
is expensive, but luxurious fabrics and nonwoven materials such as Ultrasuede

are made in this way.
Bico technology can also be used to form composite fibers that can be broken

apart, by using polymers with poor mutual adhesion (e.g. polyolefin and PET).
A fiber made with a dozen or more segments, alternating between two polymer

‘‘Islands-in-the-sea’’ Segmented

Figure 12.18 Bicomponent fibers before being separated into microfibers
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types, can be post-processed to form separated fibrils of the two different materi-
als. The shapes of the fibrils can affect the aesthetics of the fabrics, for example,
sharp edges on the fibrils confer crispness and the sound of silk to fabrics.

6.11 SURFACE FRICTION AND ADHESION

Control of fiber friction is essential to the processing of fibers, and it is sometimes
desirable to modify fiber surfaces for particular end-uses. Most fiber friction mod-
ifications are accomplished by coating the fibers with lubricants or finishes. In
most cases, these are temporary treatments that are removed in final processing
steps before sale of the finished good. In some cases, a more permanent treat-
ment is desired, and chemical reactions are performed to attach different species
to the fiber surface, e.g. siliconized slick finishes or rubber adhesion promoters.
Polyester’s lack of chemical bonding sites can be modified by surface treat-
ments that generate free radicals, such as with corrosive chemicals (e.g. acrylic
acid) or by ionic bombardment with plasma treatments. The broken molecular
bonds produce more polar sites, thus providing increased surface wettability and
reactivity.

The physical topology of the fiber surface also has a strong effect on friction. A
microscopically smooth surface will generate more intermolecular attraction sites
than will a roughened surface. It has been long known that including particulate
additives (e.g. TiO2 or Cab-O-Sil) in the polymer reduces fiber friction, and that
roughened rolls generate less friction against PET fibers than do smooth rolls.

6.12 ANTIFLAMMABILITY AND OTHER APPLICATIONS

Problems can occur with garments made from thermoplastic polymer fibers when
they are exposed to flames; the molten polymer can stick to skin and cause
burns. Thermal decomposition of PET also generates acetaldehyde, which is a
flammable gas that feeds combustion. Additives can be used to break the com-
bustion cycle, e.g. endothermic substances that absorb heat (inorganics), char
formers that insulate the flame from the substrate, additives that react with and
remove oxygen (e.g. phosphorous), or additives that promote melting and drip-
ping to separate the molten material from the combustion area. Some of these
techniques are amenable to fabric application (finishes), while proprietary poly-
mer additives containing phosphorous and/or bromine are often used for more
permanent flame-retardant PET fibers. These additives are typically expensive
and/or deleterious to fiber properties. Here, bico technology is helpful, so that
the additives can be incorporated into the sheath without sacrificing the strength
of the core of the fiber.

their applications that have been developed for PET fibers include the incor-
poration of fragrances, antibacterial or absorbent additives, and also pigmented
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fibers for permanent coloration. Here again, bico technology offers a route to
such specialty fibers with lower raw material costs and fewer processing faults.

7 THE FUTURE OF POLYESTER FIBERS

The major properties of PET fibers are presented in Table 12.2.

Table 12.2 Properties of PET fibers

Parameter (units) Value

Diameter (µm) 10–50
Tenacity (MPa)

textile fiber 450–750
industrial fiber 850–1050

Elongation (%) 10–50
Initial modulus (MPa)

textile fiber ≤6 000
industrial fiber ≤14 500

Shrinkage at 160 ◦C (%)
textile fiber 5–15
industrial fiber 2–5

Specific gravity
molten 1.21
amorphous 1.33
crystalline 1.44

Glass transition ( ◦C)
amorphous 67
oriented, crystalline 125

Crystalline melt point ( ◦C) 265–275
Heat capacity (J/kg/K)

at 25 ◦C 63
at 200 ◦C 105

Heat of fusion (kJ/kg) 120–140
Thermal conductivity (W/m/ ◦C) 0.14
Thermal volumetric expansion (1/ ◦C)

at 30–60 ◦C 1.6 × 10−4

at 90–190 ◦C 3.7 × 10−4

Moisture regain (%)
65 % RH 0.4
total immersion 0.8

Refractive index 1.58–1.64
Dielectric constant

60 Hz 3.3
1 GHz 2.8

Electric conductivity (ohm cm)
dry 1018

0.5 % moisture 1012

Solvents o-chlorophenol, hexafluoroisopropanol, hot alkali
Non-solvents alcohol, gasoline, most acids
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From the proprietary developments by chemical industries in the mid-20th
century, the technology for making PET fiber has become readily available to
other investors. Entire plants can be purchased from machinery suppliers, for
textile or industrial fibers, continuous filaments or staple. This has led to rapid
expansion of PET fiber plants into developing countries by governments and/or
large investment firms that supply fiber for labor-intensive fabric and apparel
industries based in those countries. To an increasing degree, such apparel is
imported back to the countries where the technology originated, so displacing
fiber and textile businesses there. This trend will continue as the world economy
becomes more global.

Standardization of the world fiber business on PET guarantees that future fiber
technology efforts will remain focused on this polymer. Costs and efficiencies
will get better, and other fiber types will be even less competitive. Domination
of the PET commodity fiber business by Asian countries will encourage more
efforts by Western and Japanese producers to further expand into niche markets
with special fiber types, and to further displace natural and other synthetic fibers
from their markets.

The types of products that contain PET fibers will expand, especially in areas
such as nonwoven fabrics used for disposable items, e.g. industrial fabrics for
diapers, disposable wipes, filters, etc. These are products that do not require much
hand labor, and are relatively well protected from low labor costs in developing
countries. Bicomponent fibers based on PET will become more prevalent as
the production technology becomes more widespread, in areas where the bico
approach can enhance properties or economics.

The domination of PET is likely to continue so long as the raw material costs
remain low, and these are currently driven by the cost of oil. Although synthetic
fibers use only ∼1 % of the petroleum stream, they are in competition for that
resource with fuels which use up to 50 times as much. Chemical producers
already have efforts in place to supply raw materials for PET from renewable
biological sources, so it is possible that even the increasing cost of oil will
not diminish the dominance of polyester. When contrasted with increasing costs
of land and resources for natural fiber production, as food for an increasing
population competes for the same land, the use of PET fibers will likely become
even more prevalent than today.
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Relationship Between Polyester
Quality and Processability:
Hands-On Experience
W. GÖLTNER
Mönchesweg 18, Bad Hersfeld, Germany

1 INTRODUCTION

The quality of a polymer is of the highest importance for the manufacturing of
commercial goods. The degree of quality of a product determines its position on
the market as well as the manufacturer’s economic position and competitiveness.
Therefore, it is the aim of any quality management programme to improve the
quality of the product and avoid adverse influences. Furthermore, any market
requires constant quality of a product, and the continuous supply of a high-
quality product is the aim of any production process. Attempts to achieve a
compromise between the product quality and its commercial value inevitably lead
to reduced care (and hence reduced cost) during production, and consequently
the overall production costs will be reduced at the expense of quality. The golden
rule for success in polyester production is to find the best-quality raw materials
and additives. Again, the production of polyester resins is governed by the same
experiences as those that occur in laboratory-scale chemical synthesis. The quality
of the final product is determined by the reagents employed, the quality of the
technology and process conditions and that of the supervising management.

In particular, during the course of commercial polyester development it turned
out that the use of highly purified raw materials is of paramount importance. In
this respect the same principles apply to laboratory-scale chemical synthesis as
those that apply to industrial-scale manufacturing. Polyester syntheses, like most

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
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organic chemical reactions that require high temperatures and prolonged reaction
times, are prone to side reactions, as, for example, expressed by discoloration, the
generation of degraded, insoluble solids and their deposition on the walls of the
equipment. These by-products diminish the quality of the product, which result
in problems during subsequent processing. Based on this simple point of view,
this chapter is aimed at finding correlations between polymer quality and its final
processing. It should be noted, in addition, that experiences with other plastics,
particularly polyamides, can be adapted to polyesters due to the similarities of
effects and their principles.

It is not the intention of this contribution to discuss phenomena that have
already been expertly reported in the literature, but to create an insight into
everyday polyester production that is a consequence of long years of industrial
experience. For detailed mechanistic, chemical and analytical reports, readers
may want to refer to a number of excellent reviews available in the literature.

Polyesters based on aromatic dicarboxylic acids and aliphatic or cycloaliphatic
glycols have developed into the most important class of materials for fiber and
film processing and more recently engineering plastics, owing to their unique
properties, such as melting and processing behavior, crystallinity, dimensional
stability and light fastness, as well as their chemical stability. Since the 1980s,
poly(ethylene terephthalate) (PET) has been applied successfully as a resin for
packaging materials such as sheets, flexible bottles and containers. For packaging
applications, a double-figure growth rate can be expected for the next five years,
while staple fiber and filament yarns will show a more sustained growth of the
market. In particular, the transparency, shatter resistance and superior container
performance (appropriate gas permeability, swellability, chemical stability, etc.)
have make polyesters a superior class of polymer to conventional materials such
as metals or glass.

Modern market trends impose a considerable pressure on the manufacturing of
polymers. The evolving market and the increasing demand for new products with
highly qualified properties still urge manufacturers to modify such polymers to
meet modern requirements. This kind of tailoring, aimed at achieving the desired
properties, has been, and still is, the real challenge for researchers. In addition,
there are economic reasons that force manufacturers to enhance the performance
and therefore to improve their situation on the global market. One major issue
in polyester production is the tendency to increase the efficiency of polyconden-
sation catalysts, which is commonly associated with improved quality regarding
subsequent processing. On the engineering side, machine manufacturers offer
equipment with the ability to increase the productivity via increased production
rates. For example, the winding speed in the production of filaments has been
increased by a factor of six and higher (from ∼1000 to ∼6–7000 m/min) since
1970. This development requires an increased polymer quality, as the material
often has to withstand more drastic conditions during processing, and because at
high production rates any interruption of the process (e.g. yarn break) becomes a
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severe problem, not just with respect to quality, but also to manufacturing costs.
In addition, environmental aspects lead to new developments, as there are recy-
cling and waste recovery aspects, pens problems concerning dyeability and the
removal of oligomers in textile finishing technology. Some phenomena caused
by the intrinsic properties of the polymer can be accompanied by the influence of
the technology and the process conditions applied. The negative effect of older
equipment on the quality is known, as well as the technical measures to overcome
these problems.

A considerable amount of ‘non-textbook’ experience has been collected by
manufacturers regarding the relationship between polymer quality and process-
ability. Most of the aspects presented here are empirical due to the gap in interest
between academic research and final commercialization. The bulk of industrial
knowledge regarding the relationship between polymer production conditions
and quality is based on hands-on experience, regarded as internal know-how,
and therefore kept more or less secret by the manufacturers. Academic research,
undoubtedly extremely useful and worthy of merit, is certainly inspired by the
industry to some extent, but is usually more focused on principles and mech-
anisms – in short, more theoretically based from an industrial point of view.
As an example, the theory of fiber formation is only used as a tool to explain
certain detailed phenomena in practice. However, in a few cases it was pos-
sible to create a link between fundamental results and the production of poly-
mers, processing phenomena and their impact on the quality of the final prod-
uct. The following discussion is an attempt to bridge this gap and to inspire
industrial researchers to publish more of their results, although it is the fate
of industrial researchers not to find sufficient time to complete solving such
problems.

This review is an attempt to summarize the long-standing experiences in
polyester processing according to its historical development. The base knowledge
presented here is mainly focused on fiber spinning and film casting, followed by
the packaging applications carried out by blow molding technology. This chapter
is also an attempt to reduce the various aspects of processing to those prob-
lems that can be addressed in a modern manufacturing plant and are therefore
of fundamental interest. These are extrusion, quenching, structure formation as a
consequence of quenching, orientation and crystallization. The factors impairing
the processing steps and the resultant quality will finally be reduced to a common
denominator, namely the polymer itself.

We will also attempt to link everyday experiences with fiber and film produc-
tion to the industrial engineering measures taken to improve polymer quality.
The similarities based on ‘non-textbook’ knowledge are thus emphasized. In-
depth considerations regarding special technologies would be beyond the scope
of this present chapter. Therefore, the main focus is to present a modern state of
knowledge regarding the relationship of polymer quality and the requirements of
the processes.



438 W. GÖLTNER

2 POLYESTERS FOR FILAMENT AND STAPLE
FIBER APPLICATIONS

A major aspect of polymer, in particular polyester, production is the manufac-
turing of fibers for textile and technical applications. This section deals with the
impact of the production conditions on the fiber quality. The following discussion
will be mainly based on PET fibers, but by and large the problems, phenomena
and their solutions are generally relevant to the production of other polymer
filaments.

2.1 SPINNABILITY

The spinnability and spinning properties of a polymer are of the highest importance
in the manufacturing of staple fibers and filaments. There are many analogies to
the production of films, where breaks or splits are concerned. The frequency of
yarn breaks determines the economic viability of the production process, as well
as the competitiveness and the reputation of the manufacturer. Today, in the age
of automation, it would be theoretically possible to ‘manage’ the processing of
the polymer with a minimum of staff if no yarn breaks disturbed the processing.

Spinnability is defined as the possibility of transforming a polymer to a shaped
article such as a fiber, yarn or film via the molten or dissolved state. High degrees
of spinnability are desired, as these cause little defects in the process and almost
no yarn breaks. From a theoretical point of view, yarn break is a disruption of
the spinning process caused by the intrinsic properties of the polymer and certain
spinning parameters. High spinning speeds, as employed in the production of pre-
oriented yarns (POYs) and high-modulus low-shrinkage (HMLS) yarns demand
a higher degree of spinnability. In this section, the discussion of the spinning
process is restricted to melt spinning technology due to its predominant position
worldwide. As it is the author’s intention to review phenomena occurring during
the processing of polyesters, the theory of polymer spinning be beyond the scope
of this chapter. The interested reader may want to refer to a number of excellent
textbooks on these theoretical aspects [1].

Fundamental research into the spinning process was conducted mainly in the
1960s. Many of these studies relate to rubber and polyolefins. For such poly-
mers, the influence of molecular structure on the rheological behavior was first
established. The literature dealing with plastics extrusion reports phenomena in
polymer systems with quite distinctive behaviors. Ziabicki concluded the results
of these studies and his own work in a fundamental theory of fiber formation [1c].
Accordingly, rheological studies were dedicated to distortion phenomena and
flow instabilities of polymer (including polyester) melts at an early stage. The
shear and elongational characteristics of PET have been investigated by Hill and
Cuculo [2]. Due to the appearance of a slight non-Newtonian flow, pseudo-plastic
behavior and a decreasing elongational viscosity with increasing temperature were
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recognized. It is apparent that more studies are needed to investigate the flow
properties of PET, particularly in conditions of extremely high and low shearing.

The occurrence of yarn breaks was reported early and is connected with thick-
ness fluctuations in extruded ribbons or films, as described collectively by the
phenomenon of ‘draw resonance’, which is characterized by oscillations of the
fiber diameter, which ultimately lead to yarn break. The latter is defined as brit-
tle fracture and is thus related to melt temperature, molecular weight, quenching
conditions, and particularly to the role of viscoelasticity, as described in the
following section.

The attempt to find similarities among fiber-forming polymers in order to gen-
eralize the knowledge base failed due to differences in the polymers regarding
molecular weight, structure, polydispersity, flow properties and crystallinity. Sur-
prisingly, many similarities could be found in the processing of polycondensed
polymers such as polyamides and polyesters during these studies. Therefore, it
seemed a valid approach to consider certain phenomena they apply to polyamides
to later studies concerning polyesters.

2.1.1 Solidification, Structure Formation and Deformability

A great deal of research interest has been focused on the formation of structure
and properties as well as the mechanism of deformation in the melt and the solid
state as this is of utmost importance with respect to solidification in the spinning
path. With the development of high-speed spinning technology, more interest has
been paid to the melt strength and the phenomena accompanying solidification,
as there is crystallization (including orientation-induced) as well as deformation.

The fiber- or film-forming process relies on the rheological behavior of the melt
and its extensional deformation. The deformability in the molten state is mainly
governed by rheological factors, such as molecular weight and viscosity. The
dependence of shear and elongational viscosity as well as the viscoelasticity of
polymers on temperature is a function of molecular structure, molecular weight,
polydispersity and degree of branching. Viscoelasticity plays an important role
regarding overall polymer properties and determines the stress profile and its
evolution along the spin line. Inhomogeneous melt flow makes the spinning
process vulnerable to yarn break.

The solidification as a phase transition is a function of the time-dependence of
temperature and phase transformation. The rate of solidification is governed by
heat and mass transfer. This phase transition is associated to a certain extent
by parallelization and extension of the polymer chains along the fiber axis,
hence leading to macroscopic orientation. This so-called spinning orientation
is a consequence of elongational flow and depends on the degree of defor-
mation caused by take-up speed. Spinning orientation is closely related with
crystallization as well as structure and increases with the spinning speed. Many
variables influence the deformability in the solid state, as there is solidification



440 W. GÖLTNER

accompanied by molecular orientation and crystallization. Competitive reactions
take place between localized hardening and softening which cause deviations of
the spinning stress. These effects cannot be ignored whenever the deformability
of the polymer during processing is concerned. Consideration of these influences
provides deeper understanding of fracture, which is one major factor of pro-
cessability. The solidification of the PET fiber is accompanied by crystallization,
which in turn depends on the take-up speed. The crystallinity of these fibers
is a function of materials characteristics such as crystallization rate, molecular
weight, melt viscosity, the presence of nucleants and the spinning conditions.

As a consequence of the low crystallization rate of PET, its fibers, spun at con-
ventional speeds (1000–3000 m/min), show only orientational, but not positional
order. Crystallization is observed at a speed of about 4000 m/min and increases
dramatically with the spinning speed. In the same way, the formation of structure
can be observed at high degrees of crystallinity and orientation of crystallites as
well as the amorphous domains. The orientation tends to be pointing more par-
allel to the fiber axis than perpendicular to it. The difference in birefringence
between the skin and core regions, an indicator of orientation, increases with
enhanced spinning speeds at any given quenching conditions. At high speeds,
birefringence of the skin region decreases due to the formation of voids. Addi-
tionally, the dye uptake is improved with increased mobility of the amorphous
chains, determined by the free volume surrounding the primary crystals. The
radial distribution of orientation is influenced by the quenching conditions and
the heat of crystallization, but mainly by the spinning stress.

The fibers exhibit a fine structure consisting of large crystals separated by areas
of poorly oriented, amorphous regions with many crystal nuclei at a pronounced
skin/core character, which is a consequence of a complex structure formation
mechanism. The nuclei grow into large crystals upon heating.

It can be assumed that the orientation of the amorphous regions is a result
of the deformation of a rubber–elastic network. Therefore, it can be expected
that crystallization during spinning occurs at the neck, where the deformation
is maximal. The amorphous phase develops into a load-bearing factor which is
related to its orientation, as expressed by Hermans orientation factor.

According to Jabarin [3], the crystallization behavior is a function of the cat-
alyst system employed and can be influenced by additional aspects of the polymer
process which are still largely unidentified. Particularly in high-speed spinning,
increased stress and molecular orientation in the skin layers could be observed
with increasing crystallization rate as well as degree of crystallinity. Conse-
quently, different properties of the skin and core layers regarding deformation
have been recognized. This phenomenon results in different stress values. There-
fore, the spinning speed should not be increased infinitely due to the limitations
of flow and deformation properties inherent to the polymer. Knowledge of these
details is still limited, which means that the temperature-dependence of melt
viscosity, strain and crystallization rate, and that of oriented crystallization during
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solidification and structure formation, overshadowed by inhomogenities of the
polymer, is still only vaguely understood. The main conclusion here is that the
crystallization of PET is significantly affected by molecular orientation, which is
drastically increased at high spinning speeds [4].

Ziabicki and Jericki reported the crystallization characteristics of PET as well as
a theory of molecular orientation and oriented crystallization [5a]. Besides these
theoretical considerations, the rate of recrystallization understandably seems to
play an important role, particularly in high-speed spinning. Little is known about
the crystallinity gradient caused during melt spinning at high take-up speeds.

The stress-induced crystallization influences the ability to sustain the stress of
deformation occurring in the spin line. Optical micrographs of ‘fluffs’ allow the
assumption of different deformation or stress behavior of core and skin layers of
spun fibers, as shown in Figure 13.1. The reason for this kind of yarn break can

Figure 13.1 Yarn break caused by skin–core differences (brittle fracture and
crazes) [9]. Photograph provided by W. Göltner
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be overcome only by adjusting the take-up speed or optimizing the quenching
conditions according to the individual behavior of the polymer. Regarding this
aspect, the crystallization properties associated with nucleation in the polymer
melt are crucial factors in describing polymer quality with respect to spinnability.

The frequently used and even less precise term ‘melt strength’ seems to
express the resistance of the melt against deformation. Practically, it relates to
the phenomenon of ‘die swell’, which can be determined by measuring the max-
imum diameter of swelling below the exit of the spinneret. Melt strength can
also be measured according to the method described in a patent belonging to
Hoechst-Celanese [6]. Here, the addition of flexible poly(ether ester)s is reported
to improve the flex crack resistance of PET films during biaxial orientation.
Therefore, die swell or the melt strength are structural indicators of the polymer
and can be increased by the molecular weight, expressed by the intrinsic viscosity
(IV), the degree of branching, or both.

The viscoelastic behavior of the polymer plays a major part in developing the
structure and the final properties. The change of molecular constitution caused by
branching significantly influences the structure formation [7]. Branching, charac-
terized by die swell as well as increased molecular weight, prolongs the retention
time and improves the melt stability. Shear and extensional properties relate in the
same manner to the molecular constitution or to the molecular weight distribution.

According to George [8], the freezing temperature is higher in the case of
a more elastic (branched) polymer, as can be seen below in Figure 13.4. The
freezing point is defined as the position in the spin line where the fiber reaches
the final winding speed. Therefore, the orientation occurs in the amorphous region
and later on in the semicrystalline domains at the thinning of the spun fibers. The
radial distribution of structure shows differences in the skin/core layers in the case
of linear PET, as assessed by the birefringence. No difference at a significantly
increased level could be observed in comparison with the branched polymer.
The formation of skin/core layers results in different deformation behavior and
causes breaks which are increased by internal defects of the structure. In addition,
particularly predominant in high-speed spinning, the high-spinning stress affects
the vulnerable, brittle surface of the filaments by formation of holes, craters
crazes and voids, which are the reason for breaks.

The critical state of stress-induced crystallization at high spinning speeds is
governed by the viscoelasticity of the polymer in combination with its crystal-
lization behavior. Any kind of coarse particle obviously disturbs the structure
and affects the resistance against deformation. The development of stress is con-
trolled by the rheological properties of the polymer. Shimizu et al. [4] found that
increasing the molecular weight drastically promotes the crystallinity under stress
conditions.

The different recrystallization behavior as revealed by differential scanning
calorimetry (DSC) complicates the understanding of structure formation as
a dependence of take-up speed and seems to particularly correspond to the
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spinning of microfilaments as an important factor which influences the spinning
performance [9]. At present, no explanation for this observation has been
reported.

In context with the crystallization mentioned above, the different spinning
behavior of bright and ‘semi-dull’ PET should be noted. The improved process-
ability of semi-dull PET can be explained by the nucleating activity of TiO2

particles added as a pigment or by surface modification of the fiber. These parti-
cles can act as a kind of ‘anti-blocking agent’, hence improving the performance
during spinning, and in particular, drawing. In the case of hot-tube spinning
(spin-crystallizing process), the increased elongation of bright yarn indicates the
nucleating effect of TiO2 particles in comparison with semi-dull material. This
may explain generally the known different processing behaviors of bright fila-
ments affected by reduced crystallization.

It has long been reported that the spinnability of a polymer is closely related to
its elastic properties. In film casting, the elongational viscosity increases with the
elongation rate. Therefore, this property is of essential importance for spinnabil-
ity [10, 11]. An analysis of the flow behavior along a molten threadline is nearly
impossible. Certainly, differences can be expected depending on the character of
the individual fiber-forming polymer due to its intrinsic rheological and crystal-
lization properties. It is well known in the fiber industry that yarn breaks occur
at a critical value of take-up speed. The occurrence of such breaks depends
on the molecular structure, molecular weight and molecular weight distribu-
tion [12]. However, influences of the latter have not yet been published for
the processing of PET. Perez has reported the influence of rheological prop-
erties on the structure formation during high-speed spinning [13]. The influence
of branching is demonstrated in Figure 13.2, where three polymers, character-
ized in Table 13.1, have been tested with respect to shear viscosity and shear
stress.

Die-swell and draw-resonance ratio data for these polymers are presented in
Table 13.2 and Table 13.3, respectively. According to these results, the influence
of branching and molecular weight is significant. The extremely large increase in

Table 13.1 Intrinsic viscosity and molecular weight data for the
three characterized polymers (cf. Figure 13.2) [13]. From ‘Some
effects of the rheological properties of PET on spinning line pro-
file and structure developed in high-speed spinning’, Perez, G.,
in High-Speed Fiber Spinning, Ziabicki, A. and Kawai, H. (Eds),
1985, pp. 333–362, copyright  (1985 John Wiley & Sons, Inc.).
Reprinted by permission of John Wiley & Sons, Inc.

PET [η] Mw Mn Triol (mol%)

Linear 0.66 41 000 21 000 0.00
Linear 0.61 37 000 19 500 0.00
Branched 0.54 45 000 15 000 0.65
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Figure 13.2 (a) Shear viscosity as a function of shear rate, and (b) normal
stress difference as a function of shear stress for the three PET samples
described in Table 13.1, with measurements carried out at 270 ◦C in a mechanical
cone-and-plate viscometer [13]. From ‘Some effects of the rheological proper-
ties of PET on spinning line profile and structure developed in high-speed
spinning’, Perez, G., in High-Speed Fiber Spinning, Ziabicki, A. and Kawai, H.
(Eds), 1985, pp. 333–362, copyright  (1985 John Wiley & Sons, Inc.). Reprinted
by permission of John Wiley & Sons, Inc.

Table 13.2 Die-swell ratio as a function of mean
residence time in the capillarya for the three polymers
shown in Table 13.1 [13]. From ‘Some effects of the
rheological properties of PET on spinning line profile
and structure developed in high-speed spinning’,
Perez, G., in High-Speed Fiber Spinning, Ziabicki, A.
and Kawai, H. (Eds), 1985, pp. 333–362, copyright
 (1985 John Wiley & Sons, Inc.). Reprinted by
permission of John Wiley & Sons, Inc.

Residence time (ms)

PET ([η]) 3 10 300

Linear (0.66) 1.3 1.26 1.16
Linear (0.61) 1.28 1.26 1.15
Branched (0.54) 1.63 1.58 1.34

a T = 276 ◦C; capillary dimensions: diameter, 0.98 mm;
length, 0.98 mm.

the critical draw ratio by branching makes it mandatory to pay more attention to
molecular constitution, the ratio of stored and dissipated energy and the molecular
weight distribution. Viscoelastic behavior influences the spinnability but too little
information has been reported on the consequences on final yarn properties,
particularly the degree of order in the case of industrial fiber applications. The
data shown in Figure 13.3 exhibit the different properties of linear and branched
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Table 13.3 Draw-resonance ratio measured under
specific experimental conditionsa for the three poly-
mers shown in Table 13.1 [13]. From ‘Some effects
of the rheological properties of PET on spinning
line profile and structure developed in high-speed
spinning’, Perez, G., in High-Speed Fiber Spinning,
Ziabicki, A. and Kawai, H. (Eds), 1985, pp. 333–362,
copyright  (1985 John Wiley & Sons, Inc.). Reprinted
by permission of John Wiley & Sons, Inc.

PET ([η]) Critical draw ratio

Linear (0.66) 28–30
Linear (0.61) 18–20
Branched (0.54) >76

a T = 285 ◦C; capillary dimensions: diameter, 0.34 mm;
length, 0.34 mm: mass through put, 0.41 g/min: water surface-
to-spinneret distance, 20 mm.
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Figure 13.3 Crystalline (fc) and amorphous (fa) orientation factors as a function
of take-up speed for the three PET samples described in Table 13.1: ž, branched;
�, linear (IV, 0.66); �, linear (IV, 0.61) [13]. From ‘Some effects of the rheological
properties of PET on spinning line profile and structure developed in high-speed
spinning’, Perez, G., in High-Speed Fiber Spinning, Ziabicki, A. and Kawai, H.
(Eds), 1985, pp. 333–362, copyright  (1985 John Wiley & Sons, Inc.). Reprinted
by permission of John Wiley & Sons, Inc.
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PET. Variations in the degree of branching change the properties of the polymer in
the desired and expected directions. The spinning conditions need to be adjusted
via temperature or take-up speed depending on the degree of modification. The
important influence of the molecular weight is also clearly demonstrated in the
work of Perez [13]. Branching causes a broadened molecular weight distribution
and an increased relaxation time.

Figure 13.3 also shows the orientation factors of the crystalline and amor-
phous regions as a function of take-up speed, which is pronounced in the case
of a branched PET polymer. The shift towards increased freezing tempera-
tures in branched polymer samples seems to be an indicator of higher elasticity
(Figure 13.4).

The flow properties of polymers provide a basis for predicting processing
characteristics and are usually determined by measurements which relate a shear
stress to some shear rate. Any polymer is characterized by its flow curves. Even
interactions between compounding ingredients and the polymer can be detected
in this way.

Too little has been published about the flow properties of PET as a criterion
for processing. The results of melt flow index (MFI) testing conditions do not
correlate with the processing behavior in the case of PET. This may be caused by
the discrepancy between the shear rates in testing and processing. MFI is defined
as the amount of polymer melt (in g) extruded within 10 min through an orifice
of specified diameter at a standard load and temperature. In the case of PET, this
method was not very popular until recently due to the sensitivity of this material
to hydrolytic degradation.

The shear viscosities of polycondensate melts depend strongly on the tem-
perature. Polyesters exhibit a slight non-Newtonian (and therefore viscoelastic)
behavior. It seems that an intensive study of the flow properties of polyesters,
stimulated by the demands of bottle processing applications, will provide more
information. The MFI may become a handy tool for polymer manufacturers due
to its versatile applicability. For example, such a parameter seems to be suitable
for investigations of the molecular weight distribution and molecular structure at
low or high shear rates. A ‘master curve’ for PET has been presented by Shenoy
et al. [14a]. This easy and relatively inexpensive experimental method is now
gaining increasing importance in plastics engineering.

Remarkably, intense studies of the flow properties of other fiber-forming mate-
rials have revealed interesting correlations with the spinnability. However, results
concerning the production of PET have not yet been published. Munari et al. have
studied the effect of branching on flow properties in the case of poly(butylene
terephthalate) (PBT) [15]. Raje et al. reported that the shear stress experienced
with the melt flow can reach the critical limit, hence resulting in breaks in the case
of a wider molecular weight distribution with a higher content of low-molecular-
weight fractions. The low-viscosity fraction modifies the overall melt viscosity
and causes processing instabilities [16].
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Figure 13.4 Illustration of the freezing point, as shown by the variation in
diameter and birefringence with distance from the spinneret for (a) branched,
and (b) linear (IV, 0.66) PET samples spun at 5400 m/min [13]. From ‘Some
effects of the rheological properties of PET on spinning line profile and structure
developed in high-speed spinning’, Perez, G., in High-Speed Fiber Spinning,
Ziabicki, A. and Kawai, H. (Eds), 1985, pp. 333–362, copyright  (1985 John
Wiley & Sons, Inc.). Reprinted by permission of John Wiley & Sons, Inc.
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As has been demonstrated, the desired outstanding mechanical properties of
PET filaments, particularly those for industrial applications such as tyrecord
yarns, are principally based on the degree of the most highly extended crys-
talline structure. Materials with these properties require a high degree of lin-
earity in the polymer. High tenacity can be obtained by using higher molecular
weights. This is also the reason why the IV of industrial-yarns polymer has
increased continuously from 0.78 to 1.0 dl/g within the last decade. The rela-
tionship between microstructure and spinnability is also the reason for the fact
that modified polyesters for special applications, for example, flame resistance,
or cationic or disperse dyeability, usually exhibit reduced mechanical fiber prop-
erties. This reduction is a result of the decreased state of microscopic order in
the polymer.

Apart from this, a divergent development has been observed in the fiber indus-
try since the end of the 1970s. As a consequence of the desire to improve the
productivity of partially oriented yarn (POY) manufacturing, the production of
branched PET became very popular due to the possibility of increasing the speed
in spinning and drawtexturing. Further aspects to this development are high
product yield and uniformity of quality. POY based on slightly branched PET
withstands enhanced yarn tension in subsequent processing due to its improved
drawability. Accordingly, the break rate of these yarns is significantly reduced
and the yield of full bobbins subsequently increased. The improved performance
guarantees more stable production conditions associated with a better quality,
particularly regarding uniform dye uptake. The production of these polymers is
also accompanied with slight advantages with respect to the efficiency in the
polymer process due to a reduced reaction time during polymer production. It
should be noted, however, that the analytical detection of the degree of branching
in the polymer is difficult. The only recommendable method is nuclear magnetic
resonance (NMR) spectroscopic analysis.

The addition of immiscible polymers to PET during POY spinning enhances
the productivity by 40 % and higher [17]. This became the most attractive method
among all of these other trends. The influence of the immiscible additive is based
on the viscosity-reducing effect of polymeric additives on polypropylene (PP)
observed in blow molding. Consequently, it could be found that the addition of
small amounts of immiscible polymers to PET drastically suppresses the degree
of orientation in POY spinning. The orientation and crystallinity of the spun
yarn increase with winding speed, as indicated by the birefringence of the yarn
(Figure 13.5).

The dependence of the elongation of the POY as a function of winding speed
is presented in Figure 13.6(a). Melt-blending PET with small amounts of other
fiber-forming polymers, such as polyolefins, nylon 6,6 and liquid crystalline
polyesters (LCPs), results in a suppressed orientation, hence allowing increased
production speeds. Amorphous polymethacrylates and copolymers containing
maleimide moieties are also recommended. The influence of melt-blending on the
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Figure 13.5 Birefringence as a function of wind-up speed: (a) �, PET con-
trol; (b) �, PET containing 3 % copolyester of 1,4-phenyleneterephthalate and
p-oxybenzoate; (c) Ž, PET containing 3 % copolymer of 6-oxy-2-naphthalene
and p-oxybenzoate [17]. From ‘Orientation suppression in fibers spun from melt
blends’, Brody, H., J. Appl. Polym. Sci., 31, 2753 (1986), copyright  (1986 John
Wiley & Sons, Inc.). Reprinted by permission of John Wiley & Sons, Inc.

stress–strain behavior is shown in Figure 13.6(b–d), which also demonstrates the
decreased orientation of the additive-containing materials when compared with
the non-modified PET.

The polymeric additive should have the same (or a slightly higher) melt viscos-
ity compared with the PET matrix, as well as good thermal stability. A sufficient
dispersability of the additive in the matrix polymer is required. Therefore, a lot
of effort has been dedicated to obtaining a homogeneous distribution of the addi-
tive in the matrix. The additive feed is conducted prior to extrusion. Depending
on the qualification of the polymeric additive and the desired degree of sup-
pression of orientation, the additive concentration commonly varies in the range
between 0.5 and 3 wt%. Dispersing agents improve the distribution of the addi-
tive in the PET matrix. POYs modified by melt-blending require a higher draw
ratio in drawtexturing to attain the desired final properties. The added poly-
mer is dispersed in the host polymer matrix as microfibrils and so avoids the
known phenomenon of necking in the spinning path. The immiscible polymer
contained in the PET melt reduces the shear viscosity of the melt, increases the
elongational viscosity and decreases the orientation by penetration into the host
polymer. The processability is mainly influenced by the degree of homogeneous
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dispersion of the admixed polymer. The latter also causes a rough filament sur-
face with improved hand. Garments made of these products feel warmer to the
touch [17].

2.2 YARN BREAK

Fracture is a complex phenomenon, and in the context of this contribution its
theoretical understanding should be focused on the individual processing steps.
In practice, it has been found that fracture relates to changes of deformability
and directs attention to different structural features. According to this serious
matter it was found that a large number of changes during polymer processing
and its process conditions result in material variables and the increased proba-
bility of fracture. The latter increases with stress and the amount and particle
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Figure 13.6 (a) Elongation as a function of wind-up speed for partially oriented
yarn. (b–d) Stress–strain curves of fibers of PET blends with 3 % copolyester
of 1,4-phenyleneterephthalate and p-oxybenzoate (CLOTH) and 3 % copoly-
mer of 6-oxy-2-naphthalene and p-oxybenzoate (CO), spun at 3500, 4000 and
4500 m/min: (1) PET control; (2) 3 % CLOTH; (3) 3 % CO: the loci of the theoretical
extensions of the PET control are shown as dashed curves [17]. From ‘Orien-
tation suppression in fibers spun from melt blends’, Brody, H., J. Appl. Polym.
Sci., 31, 2753 (1986), copyright  (1986 John Wiley & Sons, Inc.). Reprinted by
permission of John Wiley & Sons, Inc.
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Figure 13.6 (continued)

sizes of the impurities or solid additives in the polymer which can affect the
regularity of the structure. In this context, an influence of the temperature on
the probability of fracture, and generally, of changes of crystallinity, preori-
entation and irregularities of structure with respect to deformability could be
recognized.
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2.2.1 Spinning

Spinnability and processability are defined as the ability of a yarn to withstand
the conditions of spinning and drawing, particularly at high deformation rates
(take-up speeds), in fiber processing in the molten and solid states. The pro-
cessing of the polymer melt is influenced by rheological factors, in particular
the homogeneity, melt strength and melt elasticity of the polymer. Develop-
ments in improving the processability of a polymer have to be directed towards
enhancing its deformability. Some of these principles have been summarized in
various reports, etc., although lack of space precludes any further discussion in
this present chapter.

The rheological properties of the melt regarding extension and shear are
intrinsic materials characteristics. Fiber-forming polyesters shows slight non-
Newtonian and viscoelastic behavior. The shear viscosity is strongly temperature-
dependent. The sensitivity of elongational flow relates to the viscoelasticity of the
melt and plays an important role in melt spinning. It can be assumed that during
spinning the polymer behaves as a Newtonian fluid, being temperature-dependent,
but viscoelastic upon extension. Too little is known about the correlation of
certain rheological properties with the spinnability. The homogenity of the
melt determines the performance of processing which can be disturbed by
the molecular weight and its distribution, molecular structure, and the content
of oligomers, gels or solids which influence the constancy of the melt flow.
Rheological factors, which govern deformability, additionally complicate the
spinning mechanism in the spinneret before solidification.

The occurrence of necking in the spin line indicates the instability of deforma-
tion and the system therefore restabilizes. Similar behavior to that shown with
temperature can be observed in the presence of plasticizers. The fracture is pro-
moted by increased stress in the case of plastic deformation. Cracks or notches
at the surfaces of fibers and films are also the reason for disturbed deformation
due to the more rapidly increased stress at the tips of these defect sites.

The degree of drawing, orientation and crystallinity is of the highest importance
for the structure and final properties of the polymer product. These properties are
influenced detrimentally by the frequency and size of defect sites along the length
of the fiber or the film. Such imperfections indicate fluctuations in the molecular
structure and cause flow instabilities associated with deviations of temperature
and particularly stress during deformation. For polymers and multiphase sys-
tems, mainly two mechanisms are held responsible for fracture. The processing
flow is more or less influenced by the elongational factor caused by the draw
ratio in spinning, as well as the conditions of solidification. At an early stage of
this development, the ‘draw resonance’, which occurs in the lower temperature
range of melt spinning, was investigated. Draw resonance is the phenomenon of
oscillating spinning tension which causes deviations in the yarn diameter. This
phenomenon leads to the formation of crazes at the fiber surface perpendicular to
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the fiber axis and finally to ‘brittle’ or ‘cohesive’ fracture in the case of high spin-
ning speeds or low temperatures. The occurrence of crazes also has to be viewed
in context with the existence of oligomers in the melt, which induce additional
defects. The occurrence of brittle fracture can be observed when the local tensile
stress reaches a critical range. This phenomenon is based on the theory of vis-
coelastic fluids (Maxwell fluids). During deformation of these fluids, a part of the
energy necessary for deformation is stored in the system. Under certain external
spinning conditions (speed, quenching rate, fiber diameter, etc.) and various rhe-
ological properties of the polymer, increased spinning tension above the critical
range results in brittle fracture. The rheological aspects here are viscoelasticity,
and temperature- and deformation-rate-dependence (elongational flow and relax-
ation time). These factors determine the tension and the concentration of stress.
The phenomenon of brittle fracture is particularly relevant in the commercial
production of fine filaments and in high-speed spinning.

The other mechanism responsible for unstable spinning is the mechanical resis-
tance of a viscoelastic material to rapid deformation. It is a well-known fact that
increased yarn breaks can be a consequence of spinning speed, which relates to
prolonged relaxation time and therefore to break. The fracture can be observed
at a maximum extent of deformation under distortion of the covalent bonds.

Much work has been published during the last few decades to find a suitable
link between the polymer and the actual processing. Very important correla-
tions have been found, which ultimately relate to the formation of structure. The
latter seems to be of more importance than the method used to achieve it. Sim-
plifying the complex relationship between the polymer and its processing, the
phenomenon of spinnability is based on the elastic character of the polymer,
which is rate-dependent on deformation. In this context, deformability denotes
the property in the molten and the solid states. Elasticity usually arises from the
entropic energy storage occurring during deformation of the polymer chain. The
spinnability of a polymer can be measured according to the considerations of
Dietrich et al. and other workers [18]. The spinning test is carried out at constant
winding speed, temperature and IV, and with decreasing feed rate. The spinning
tension then increases with enhanced draw ratio up to the point of break. In the
case of high-speed-spinning conditions, the rheological equation of the law of
tenacity (Newton, Trouton, etc.) can be applied and leads to process parameters
such as hole diameter of the spinneret and critical fineness, and an approach
towards suitable processing conditions. Test spinning is therefore necessary to
obtain information on the spinnability of a polymer under defined processing
conditions. The results of these test runs thus allow a judgement regarding the
quality of a polymer.

In addition, the drawability of a spun yarn can be measured in a similar way by
increasing the draw ratio up to yarn break at an experimental drawing position.
The optimal draw ratio can also be deduced from the stress–strain curve of the
spun yarn.
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These results underline the importance of the structural characteristics. This
relevant matter can be simplified as a consequence of distinct polymer properties
in terms of strength loss or thermal-mechanical impact. The latter is relevant
during heating and loading the yarn and is based on the dynamics of phase
transitions during melting and solidification. Parameters, such as the surfaces
properties of spun fibers, thermal diffusivity, heat capacity of the melt and melt
viscosity, as well as molecular weight and temperature, are therefore important
aspects. Defects, such as cracks on the fiber surfaces and other irregularities
within the fiber adversely affect deformability due to the more rapidly increased
stress at the tips or that due to inhomogeneous positions. The higher the melting
point and the specific latent heat of the polymers, then the better are the properties
that can be expected.

Yarn tension and the temperature applied in processing are parameters which
can cause the loss of yarn strength, with the weakest link of the processed material
being the break point [19]. The reduction of the mechanical properties, such
as tenacity and elongation, is closely related to the coefficients of variation of
tenacity and elongation and represents the stability of the polymer under given
processing conditions. Improvements can be expected by achieving an optimum
of balanced conditions, only indicated by such coefficients of variation.

2.2.2 Drawing

Fracture is not only a phenomenon of spinning – it also can be observed in
the subsequent drawing process. In this way, the shaped article (fiber or film),
characterized by a low degree of orientation and crystallinity, can be converted
to the final product with the required properties. This conversion is carried out by
drawing at elevated temperatures (above the glass transition temperature (Tg)).
The physical parameters governing this process are viscoelastic, reversible and
irreversible elongation components resulting in the formation of a maximum of
molecular order. The stress-induced process of drawing leads to a change of
phase structure associated with both destruction and construction of crystals, as
well as an extremely high orientation of the amorphous regions. The improved
mechanical properties (tenacity and elongation) achieved in such a way depend
particularly on the highly oriented transition regions between lamellar crystals.

Drawing is determined by the drawing conditions and the structure of the
poorly oriented spun fiber or film. Therefore, many variables influence the defor-
mation in the solid state. The drawing tension is affected by the draw ratio,
temperature, drawing speed and the degree of preorientation of the spun yarn, as
well as the molecular weight. Drawing as an irreversible deformation is accom-
panied by a certain amount of dissipated energy, which is partly stored in the
material, hence giving rise to a temperature increase. An increased drawing tem-
perature promotes the mobility of the polymer chains and reduces the stress
in the characteristic plastic flow. In the case where the critical conditions are
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exceeded, the drawing process becomes unstable, as indicated by an increased
break rate. Fracture expresses this instability to deformation and is caused by
different factors, e.g. different molecular weights, reduced degree of orientation,
localized hardening in the case of high temperatures, localized stress concentra-
tion and temperature rises and changed preorientation, as well as the inherent
imperfections of the spun fiber. The localized hardening through molecular ori-
entation competes with the softening at fracture sites and ultimately depends on
the qualification of the primary structure. The probability of fracture can hence be
explained as a change in deformability. In practice, the quality of the preoriented
spun fiber, including the content of any kind of imperfection, determines the draw-
ing performance. Pronounced irregularities affecting the drawability are crazes,
notches, holes, oligomers, voids, holes, gels, gas bubbles, etc., produced during
spinning. In addition, thermally, oxidatively or hydrolytically degraded polymers
also exhibit reduced drawability. Low molecular weights further reduce the fiber
strength. It can be assumed that the inhomogeneities contained in extruded poly-
mers cause even more uneven fibers than any disturbances during production.
Understandably, contaminated or damaged surfaces of the equipment (godets),
which come into contact with the fiber or film, further lower the drawability.

2.2.3 Heat Setting

The drawn fiber or film is characterized by a certain degree of instability cre-
ated by the viscoelastic deformation (reversible component). The material reveals
internal stress and structural defects due to its frozen state. This instability towards
heating causes shrinkage, which limits the final application. Subsequent relax-
ation treatment carried out at temperatures higher than those used in applications
improves, in particular, the perfection of ordered structure, crystallinity and the
dimensional stability, and also recovers the equilibrium of the primarily ther-
modynamically unstable system. Commercially, this relaxation, the so-called
stabilization or heat setting, is carried out at elevated temperatures, either under
load (tension on a fixed length) or unloaded (free state). The heat treatment in the
free state causes disorder in the polymer crystals (increase of entropy). In the fixed
state, the same treatment stabilizes the previous orientation of the crystals. The
changes of structure as a consequence of heat setting depends on factors such as
tension, temperature and time. The tenacity as a function of crystallinity and ori-
entation decreases, which is associated with a change in the stress–strain behavior
during treatment in the unloaded state. In contrast, the elongation behaves in an
opposite way. The resulting shrinkage properties depend on the degree of relax-
ation and the temperature. The effect of free-treatment conditions results in a
more efficient stabilization. High molecular weights reduce the efficiency of heat
setting. This phenomenon plays an important role in the production of tyrecord
yarns. It should be noted that stabilization causes severe problems in the pro-
cessing of these materials. Heat setting in the unloaded state is accompanied by
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shrinkage, which induces instability of the yarn tension, as indicated by undesired
mobility of the threads when they pass the godets. Touching of the threads and
overlapping is therefore inevitable. This leads to mechanical damage by crushing
of the yarn, and in the worst cases to yarn break. The damaged material exhibits a
significant deterioration of physical properties, and thus adverse consequences for
subsequent processing. Therefore, thread guidance becomes problematic in the
industrial heat setting process which is carried out continuously in combination
with drawing. The increase of crystallinity by heat treatment in the unloaded state
can be 20–30 %. Tenacity and crystallinity are constant in loaded conditions.

Heat setting in film production is mainly carried out under load. This technique
is gaining more importance owing to the changes in surface properties as a
consequence of changed crystallinity and crystal size, as well as the migration
of oligomers (depending on the setting conditions). In this way, the formation
of holes and larger crystals influence the surface properties, in particular with
relation to all of the severe consequences on coating applications and abrasion
resistance behavior.

It is worth noting that heat setting produces a new surface structure. The
topology of the film surface can be controlled by the addition of inert inorganic
solids or by surface treatment. The heat treatment assists in the agglomeration
of these particles into larger aggregates, which results in protrusions on the film.
The desired ‘slipperiness’ for subsequent processing is thus compromised. In this
way, the abrasion and scratch resistance can be influenced significantly.

3 POLYMER CONTAMINATION

The history of man-made-fiber production provides ample evidence of the catas-
trophic influence of polymer contamination on the performance and quality of the
final products [20]. Contamination can lead to severe problems in melt spinning
and processing of filament yarns. Therefore, the ‘filterability’ of the polymer
becomes an important factor in the processing of polyesters. There are many
reasons for the contamination of polymers by solid or semi-solid (gel) parti-
cles. Impurities are mainly introduced as those contained in raw materials or in
additives (catalysts, stabilizers, delustering agent, etc.). Polymers based on the
dimethyl terephthalate (DMT) process additionally contain the ester-interchange
catalysts inhibited mainly by phosphoric acid or its esters after transesterifica-
tion is complete. These compounds are insoluble and distributed in the melt as
particles of different size depending on the reaction condition and the way of
precipitating them. Finer particles have the function of internal slipping agents
and are preferred in film casting [21]. Coarse particles have to be removed by
subsequent filtration in the polymer line or during processing after extrusion.
The reaction of antimony-based polycondensation catalysts with phosphorous-
containing stabilizers, which can provide very smooth fiber or film surfaces with
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optimum conditions for subsequent drawing, is particularly interesting [22]. Usu-
ally, the content of its products of different particle size results in problems in
subsequent processing. Additional contamination can be introduced via unfiltered
raw materials, as, for instance, ethylene glycol (EG) solutions of antimony oxide,
stabilizers or additives, and suspensions of TiO2, or particularly film additives in
the ethylene glycol. The suspension of additives require a high degree of know-
how with respect to the processing technology, qualification of the additives and
the way of adding the suspension to the polymer during processing. The inappro-
priate causing of temperature shock or increased acidity of the reaction mixture,
time and location of addition, as well as unsuitable concentration of the sus-
pension often lead to agglomeration of the particles with adverse consequences
on processing and quality. Very difficult conditions can be particularly observed
during the production of cationic dyeable PET in the presence of derivatives
of sodium sulfoisophthalate. These problems are mainly related to agglomera-
tion of TiO2 due to the acid conditions caused by the addition. A typical TiO2

agglomerate is depicted in Figure 13.7.
Contamination can also be caused by degraded polymer particles generated

through thermal decomposition of the polymer at the walls of the reactors or the
melt pipes, or by dead spaces in the systems, as illustrated below in Figure 13.17.

Figure 13.7 A TiO2 agglomerate in PET polymer [9]. Optical micrographs pro-
vided by W. Göltner



458 W. GÖLTNER

The presence of oxygen caused by leaks in reactors leads to a dramatic deterio-
ration of the product quality [23].

Finally, polymer dust is a severe source of trouble in polymer processing. The
density and enhanced melting point of dust particles causes insufficient melting
of this material and affects the optical clarity of bottles and films, as well as
the spinning performance of fiber material. Dust is produced by abrasion of
improperly cut chips or by their high-speed convection in air, as well as during
storage or by mishandling. Dust builds up in layers at the pipe walls where chips
are conveyed. These layers can be partially dislodged and are usually detected as
highly crystalline oriented particles at the ends of broken filaments. Pollution of
the polymer can additionally occur by the use of unfiltered air during conveying
of chips.

Filament defects can be divided in two classes, i.e. those with or without inclu-
sions. Defects without inclusions are due to performance reasons, while those with
inclusions are a consequence of impurities. Most inclusions can be identified via
polarized-light optical microscopy. Gels appear birefringent in polarized light,
although they are often invisible when viewed through an ordinary light micro-
scope. Optical microscopic analysis in plain or polarized light is a very important
tool in identifying the reasons for yarn breaks. This analytical technique should
be included in general production control procedures and is therefore the key
to the solution of manufacturing problems. A detailed identification of inclu-
sions can be achieved by dissolving specimens in hexafluoroisopropanol (HFIP)
or concentrated sulfuric acid, or by simply heating samples on the hot stage
of a microscope. The latter method provides simultaneous information on both
melting point and crystallinity.

The degree of contamination governs the performance and product quality
and affects the utility value of the end product. Secondary contaminants such as
additive agglomerates are included in the term ‘contamination’. Particularly in
case of film polymers, such particles diminish the quality of audio or video tapes
due to the vulnerability of films to this ‘drop-out’ phenomenon.

Besides optical microscopy, contamination can be detected by a variety of other
analytical methods. A very popular one is the so-called ‘filter test’. The polymer
is extruded in a laboratory extruder equipped with a screen filter (pore size of
5 µm). The increase in the pressure is indicative of the degree of contamination.
This can be quantified by the amount of polymer passing through the filter in order
to increase the pressure to 100 bar. Low filter-test values indicate a high degree
of contamination. Frequent control of the production by this method provides
crucial information on the suitability of processing conditions and the state of
the equipment. This test can also be carried out on-line, in a side-stream line of
continuous polymer production lines, or in a spinpack equipped with a pressure
gauge.

Other analytical methods of quantifying the degree of contamination are based
on counting the contaminants in the melt, in cast films or in solution of the
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dissolved polymer by optical methods. Insoluble particles of the dissolved poly-
mer can be detected by the principle of Coulter counting or by measuring the
electrical conductivity [24].

3.1 OLIGOMERIC CONTAMINANTS

For a long period of time, too little attention has been paid to the content and the
role of oligomers in the spinning process. Due to the equilibrium conditions in the
reaction mixture, PET contains about 1–2 % of oligomers. In certain conditions,
this amount can be reduced to values below 1 % by solid-state polycondensation
(SSP) processes. Figure 13.8 shows the variation of the oligomer content as a
function of temperature and time during SSP processes.

Remelting of the polymer during processing causes an increase in the oligomer
content, depending on the melting conditions, temperature and residence time, as
illustrated in Figure 13.9.

Remelting of the polymer is additionally accompanied by a broadening of
the molecular weight distribution and the formation of a low-molecular-weight
fraction (Mn = 1400–1900). Additionally, the generation of a low-molecular-
weight fraction causes problems regarding polymer quality and the formation
of deposits in subsequent processes, particularly dyeing. This is of particular
importance for any kind of process involving polymer recycling, especially for
film and bottle waste recycling [25]. During processing, for example, spinning,
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Figure 13.8 Variation of oligomer content under solid-state polymerization
conditions [38]. From Wick, G., ‘Characterization of PET Polymer for Bottle
Manufacturing’, presentation given at the Society of Plastics Engineers, Benelux
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Figure 13.9 Regeneration of oligomers at different melting temperatures: 1,
300 ◦C; 2, 295 ◦C; 3, 285 ◦C [38]. From Wick, G., ‘Characterization of PET Polymer
for Bottle Manufacturing’, presentation given at the Society of Plastics Engi-
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a certain amount of this low-molecular-weight fraction sublimes and condenses
on the surroundings of the spinneret in the form of dust. In film casting, the
sublimate deposits onto the pinning devices, hence giving rise to the appearance
of streaks in the film.

Studies regarding the oligomer distribution in PET processing lead to the
conclusion that the cyclic trimer is one main constituent, although other linear
oligoesters are observed in local concentration. The latter products have different
melting points, all below that of PET. The cyclic trimer (Tm : 312◦C), commonly
constituting about 70 wt % of the total amount of oligomers, has a strong ten-
dency to diffuse to the skin layers during fiber spinning and remains there in
the form of protrusions. These particles can be partly dislodged from the fiber
surface, as the latter comes into contact with yarn guides or godets. As a result,
crater-like holes, notches or crazes are usually observed in these fibers. Again,
these defects are the reason for yarn breaks in conditions of high yarn tension,
particularly in high-speed spinning or at high draw ratios in the drawing step of
processing. These broken particles, together with diffusing oligomers and cracked
‘spin-finish’ residues, build up tough deposit layers at the surfaces of the godets,
especially on the heated setting godets, which are commonly kept at 220 ◦C and
higher for PET spinning. These layers have a detrimental effect on yarn friction.
They can damage the yarn and therefore cause additional breaks. Removal of
these deposits from the godets is time-consuming, and even worse, requires an
interruption of the whole production process.
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It is very likely that yarn break begins at the location of a defect in the
fiber surface and propagates towards the core part of the fiber, which results in
loss of resistance up to the final yarn break. Most of the ‘normal’ breaks occur
according to this fatigue fracture. The mechanism of fatigue fracture is illustrated
schematically in Figure 13.10 [26]. Studies of the diffusion of oligomers towards
the fiber surface under the conditions of subsequent textile processing confirm
this mechanism of deposition (Figure 13.11).

Dry heat treatment (Figure 13.12), hydrothermal treatment (Figure 13.13),
dependent on temperature, as well as swelling the fibers in tetrachloroethane
(Figure 13.14), produces a fiber morphology resembling that of known pictures
of fracture. Swollen fibers show the typical shapes which cause the breaks in the
manufacturing process.

In addition, the oligomers are located not only at the surface, but are also
distributed inside the fiber and disturb the formation of a homogenous structure
during solidification. Based on photomicroscopy studies, the formation of defects
in the spun yarn can be explained. The important role of oligomeric contaminants
with respect to breaks is hence underlined (Figures 13.15 and 13.16) [27]. During
processing, they can break off and leave defects looking like craters or notches
which are the reason for breaks. This effect is exhibited in these figures. Accord-
ing to the photomicrographs shown in Figure 13.17, the detrimental effect of
oligomers at the fiber surface regarding yarn breaks is an expected phenomenon,
as has been reported announced with respect to technological contaminants.

Final
tensile
failure

Initiation
point

Figure 13.10 Schematic representation of the most general type of fatigue
fracture of a nylon 6,6 fiber [26]. From ‘The fatigue of synthetic polymeric
fibers’, Brunsell, A. R. and Hearle, J. W. S., J. Appl. Polym. Sci., 18, 267 (1974),
copyright  (1974 John Wiley & Sons, Inc.). Reprinted by permission of John
Wiley & Sons, Inc.
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Figure 13.11 Scanning electron micrograph of a PET fiber (diameter, 22 µm)
after heat treatment at 215 ◦C for 15 min showing the presence of oligomer
crystals [27]. From ‘Beitrag zur Kenntnis der Art und Verteilung an Oligomeren
in PET’, Kassenbeck, P. and Marfels, H., Lenzinger Ber., 43, 34 (1977), and
reproduced with permission of Lenzing Aktiengesellaft
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Figure 13.12 Schematic representation of the oligomer distribution at the sur-
face of a PET fiber as a function of temperature – heat treatment [27]. From
‘Beitrag zur Kenntnis der Art und Verteilung an Oligomeren in PET’, Kassen-
beck, P. and Marfels, H., Lenzinger Ber., 43, 34 (1977), and reproduced with
permission of Lenzing Aktiengesellaft
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Figure 13.13 Schematic representation of the oligomer distribution at the sur-
face of a PET fiber as a function of temperature – hydrothermal treatment [27].
From ‘Beitrag zur Kenntnis der Art und Verteilung an Oligomeren in PET’,
Kassenbeck, P. and Marfels, H., Lenzinger Ber., 43, 34 (1977), and reproduced
with permission of Lenzing Aktiengesellaft
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Figure 13.14 Schematic representation of defects at the surface of a PET fiber
(a) before, and (b) after swelling in tetrachloroethane (at −10 ◦C) [27]. From
‘Beitrag zur Kenntnis der Art und Verteilung an Oligomeren in PET’, Kassen-
beck, P. and Marfels, H., Lenzinger Ber., 43, 34 (1977), and reproduced with
permission of Lenzing Aktiengesellaft
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Figure 13.15 Photomicrographs of PET filaments showing surface breaks
caused by oligomeric contaminants [9]. Photographs provided by W. Göltner

Figure 13.16 Some examples of surface breaks in PET filaments resulting
from the presence of oligomeric contaminants [9]. Photographs provided by
W. Göltner
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Figure 13.16 (continued)

Figure 13.18 shows the thin, highly oriented surface zone of a filament. Under-
standably, this photomicrograph explains the vulnerability of the surface zone of
the fiber to contaminants. Finally, it should be noted that oligomers also cause
many other severe problems by their deposition in textile finishing processes such
as dyeing.

3.2 TECHNOLOGICAL ASPECTS

There are also some technological factors that influence the quality of the poly-
mer. The design of the reactors, the flow of the molten polymer and the way of
heating the systems are decisive for quality and performance [28]. Valves, tube
turns, in- and out-take flanges, mixing elements and welding seams are often
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Figure 13.18 Photomicrograph of a thin, highly oriented surface zone of a PET
filament [27]. From ‘Beitrag zur Kenntnis der Art und Verteilung an Oligomeren
in PET’, Kassenbeck, P. and Marfels, H., Lenzinger Ber., 43, 34 (1977), and
reproduced with permission of Lenzing Aktiengesellaft

locations of dead spaces where all kinds of degradation can occur. The contact
of the melt with the ‘overheated’ walls of the reactor or pipes, usually electrically
heated parts of the equipment, cause increased thermal degradation. In contrast,
insufficiently heated parts of the systems allow solidification of the melt and
therefore the formation of highly crystalline polymer, which becomes inhomoge-
nously dispersed in the melt. Changes of the throughput, deviations of the liquid
level in the reactors or interruptions of the process favor the deposition of the
melt at the walls and the agitator and therefore promote contamination. It takes
a long time to achieve steady-state conditions in a system and to remove these
contaminates from the line.

3.3 THERMAL, THERMO-OXIDATIVE
AND HYDROLYTIC DEGRADATION

Thermal-oxidative degradation is an additional reason for yarn breaks commonly
observed during polymer processing as a consequence of leaks in the equip-
ment. Frequent testing of tightness is therefore an important part of production
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supervision. Thermal-oxidative degradation also occurs in inappropriate condi-
tions during drying or extrusion of the polymer in the presence of air. Decreased
thermal stability or enhanced temperature, particularly in the presence of oxygen
during processing, results in a deterioration in polymer quality. It has been found
that when chips are dried in vacuo and extrusion takes place in a nitrogen atmo-
sphere then degradation is kept to a minimum level [29]. Metal derivatives used
as catalysts for transesterification and polycondensation or for the synthesis of raw
materials improve the rate of polymer processing and can affect the overall ther-
mal stability. Antimony catalyst systems are more thermally stable in comparison
to those containing manganese, cobalt or zinc. Thermal-oxidative degradation
further causes the formation of gels by cross-linking. Gelation influences the ‘fil-
terability’ of the polymer melt. Depending on the degree of cross-linking, soft
(weakly cross-linked) gels or hard (highly cross-linked) gels can be observed.

The decomposition of PET via the generation of volatile by-products, such as
CO2, EG or acetic aldehyde (AA), understandably causes problems in subsequent
processing. Thermal stability can be assessed by the rate of degradation deter-
mined by the IV drop or the increase in carboxylic end groups (CEGs) or vinyl
ester end groups, as well as by the degree of discoloration. Practically, the easiest
way to measure thermal stability is the annealing of a sample under standard-
ized conditions, accompanied by determination of the factors mentioned above.
Thermal stability can also be quantified by thermogravimetric analysis (TGA).

During the early development of nylon, a relationship between the fluores-
cence of a polymer and its spinnability, which can result from degradation, was
established. By analogy, fluorescence measurements are a good indicator for
degradation in polyesters [30]. This approach is based on the emission spectrum
of PET in the range of the absorption wavelength between 360 and 500 nm,
with a maximum commonly being observed at around 390 nm. The appearance
of fluorescence is a sensitive indicator of thermal-oxidative degradation associ-
ated with a broadening of the emission bands. This non-invasive method can
be applied in the solid state or to dissolved polymer samples. A broadening of
the fluorescence spectrum and a shift of the emission maximum towards longer
wavelength (500 nm), accompanied with enhanced intensity, indicates thermal-
oxidative degradation.

In any case, the appearance of fluorescence is accompanied by significantly
reduced spinnability. Figure 13.19 shows an impressive example of the fluores-
cence of three PET samples with different spinnability. The term ‘excellent’ is
here applied to the processability of polymer A, which is by far superior to that
of the other two samples. Polymer A could be processed without almost any
yarn breaks in POY spinning (167 dtexf 32,1 winding speed 3300 m/min), poly-
mer B showed an acceptable performance, whereas polymer C gave many yarn
breaks and therefore a bad performance. The break rate is proportional to the

1 dtexf, the yarn weight of 10.000 m consisting of the number of filaments. For example, in this case,
10.000 m of yarn (32 filaments) weigh 167 g.
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Figure 13.19 Fluorescence spectra of three PET samples with different
spinnability behavior: A, excellent; B, medium; C, very poor [9]. Spectra provided
by W. Göltner

fluorescence of the polymer and increases with the wavelength of the emission
maximum. For the purpose of production control, the determination of fluores-
cence over the whole visible spectral range is of great interest. As could be seen,
the wavelength of the spectral fluorescence peak shifts to a higher value (e.g.
from 410 to 425 nm).

The occurrence of fluorescence is often related to inappropriate processing
conditions in molten-state and solid-state polycondensation (SSP) (presence of
oxygen, high temperature, long retention time, etc.), as well as the later drying
of chips where prolonged residence times can occur.

Fluorescence can also be detected by using fluorescence microscopy. This
method allows one to even draw conclusions about the origin of fluorescence
during processing. If only the surface areas of the chips are affected, the degra-
dation can then only have occurred during drying or SSP as a consequence of
inappropriate conditions, the presence of air or prolonged residence times (indica-
tive of dead spaces). Use of a fluorescence microscope also allows a distinction
between the various reasons for fracture of broken fibers. The appearance of fluo-
rescence should act as an ‘alarm function’ in production control and can therefore
serve as an extremely valuable analytical tool.

Hydrolytic degradation of polymers is still the main reason for the occurrence
of faults in processing. This form of degradation commonly causes a reduction
of the IV, associated with a deterioration in the mechanical properties, particu-
larly the tensile strength. Therefore, it is important to ensure sufficient drying of
the raw materials. Drying is a crucial prerequisite of any polyester processing
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system. In order to obtain satisfactory processing results, the water content of
the polymer should be kept at values lower than 15 ppm. In the case of drying
by air flow, the temperature should not exceed 180 ◦C in order to avoid thermal-
oxidative degradation. Drying in vacuo usually affords an optimum in quality.
In context with hydrolytic degradation, the storage conditions of the chips prior
to extrusion and the humidity of the atmosphere at the inlet of the extruder are
of further importance.

3.4 INSOLUBLE POLYESTERS

Up until now the exact nature of the insoluble polyester material in a polyester
melt has not been sufficiently investigated. Insoluble polymer can be found after
long residence times during SSP, particularly during such processing in the sus-
pended (swollen) state. The polymer can contain up to 10 wt% insoluble content
after solid-state processing. High contents of insoluble polymer fractions in the
polymer shorten the lifetimes of the filters and also affect the spinning perfor-
mance. Due to the unknown nature of these insoluble fractions, for this kind of
contaminant the same arguments apply as for the occurrence of dust.

3.5 GAS BUBBLES AND VOIDS

The appearance of air bubbles in the polymer melt may occur under certain
circumstances during processing. This phenomenon is rarely related to obvious
faults in the polymer, but sometimes gas bubbles can be observed in cases of
decreased thermal stability. Gas bubbles appear due to a certain amount of dis-
persed gas in the polymer matrix. Insufficient removal of gas from the extruder,
particularly from the compression zone, can also cause the problem of air bubbles
in the melt. An influence of the extruder screw could be established, because gas
bubbles can be removed to some extent by using special screws or changing the
extrusion conditions, along with the application of a vacuum.

Voids often look similar to air bubbles. The appearance of voids in filaments
or films, however, results for different reasons. Voids can be produced during
stretching in the area of necking by a kind of folding mechanism. The formation
of voids may also depend on the generation of a radial gradient structure during
solidification of the threads.

3.6 DYEABILITY

Different degrees of dyeability of staple fibers and filaments for textile appli-
cations seriously affect the constancy of product quality. This phenomenon has
become more or less a matter of industrial production experience. Only a few
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publications deal with dye uptake from a theoretical or mechanistic point of view.
It is therefore surprising that this subject has not attracted more interest in the
academic community. Varying dye uptake is usually an indicator of irregular
production conditions and represents a severe problem in manufacturing. Dye
uptake can be considered to be influenced by various structural factors, such
as orientation, crystallinity and surface morphology – in short, the conditions of
manufacturing. The modifying effect of diethylene glycol (DEG) on dyeability
is well known. According to the results of Kanide and Kuriki [31], the pen-
etration of the dyestuff occurs preferentially within the amorphous regions of
the filaments. The dyeability is closely related to the mechanical loss tangent
(tan δ) attainable from the variation of the dynamic viscoelasticity with tempera-
ture. Dyeability is therefore mainly influenced by the amorphous domains and the
degree of their arrangement, as well as the free-volume fraction. In addition, dye-
ability depends on the molecular weight and structure of the dyestuff as well as
the dyeing conditions. From the polymer aspect, the contributions to dye uptake
are crystallization behavior and DEG content. To what extent the latter affects
the above mentioned features is unknown and seems to depend on the conditions
of the fiber process. In practice, differences of 0.1 wt% can significantly change
the dye uptake. It should be noted that even small deviations of the IV can also
cause irregular dyeability.

4 FILMS

Since the introduction of polyesters in film manufacturing at the end of the 1950s,
the quality requirements of polyester films have become increasingly rigorous.
The superiority of polyester films is based on the outstanding property profiles
of most polyesters. Apart from a few similarities to fiber production, the pro-
duction of films has completely different aims. Film production is mainly based
on the tubular technology or ‘stenter’ process. This technique is the most pop-
ular one owing to its excellent quality and economic viability. The stretching
of quenched films occurs in the so-called stenter frame in either the longitu-
dinal direction, followed by stretching in the transverse direction, in reverse
order, or simultaneously. Heat treatment after the stretching step is necessary
to obtain the desired dimensional stability. Heat setting is carried out in low-
stress conditions at enhanced temperatures (above the required usage temperature)
to obtain the desired shrinkage properties. Thanks to a substantial increase in
the dimensions, e.g. width up to 8 m, of the machinery, and the development
of simultaneous-stretching systems, the economic production situation has been
improved immensely.

Apart from a certain influence of mechanical properties, the manufacturing of
films is mainly focused on the transparency and brilliancy (gloss) of the film.
Agglomerations or other imperfections caused by the polymer, including solid
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additives, diminish the film quality and can become very severe problems in film
manufacturing. The optical properties of films depend on the crystallinity, the
content of contaminates and the presence of solid particles. The particle size of
the latter, as well as their size distribution, contributes the film’s desired ‘slip-
periness’. A proportion of these particles originate from the catalyst system in
the case of the dimethylene terephthalate (DMT) process. The development of
films is concerned with special applications associated with the machinery in the
subsequent process steps according to the customers’ particular requirements.
The polymer properties can be tailor-made to meet the requirements of numer-
ous applications, such as packaging materials, carrier (for photographic, video
and audio tapes, etc.) and engineering materials (capacitors and insulators). The
particular manufacturing process will require the achievement of some bulk prop-
erties characterized by the molecular structure, molecular weight, crystallinity
and surface properties of the polymer. This fact complicates the definition of
polymer quality, which is undoubtedly related to individual applications and to
the thickness of the film, which can vary between 1 and 200 µm. In addition,
many individual surface properties are required in the application, which have
to be viewed regarding processability and the various kinds of coatings that may
be needed.

In contrast to fiber-forming technologies, the film process requires a compara-
tively reduced IV due to processing reasons, for example, the pressure along the
die and therefore the evenness of thickness as well as the generation of structure,
particularly with respect to crystallinity, will need to be considered. As usual, a
compromise between intrinsic physical properties and processing has to be found.

The homogenous distribution of the melt improves the smoothness of the film
owing to the uniform formation of structure and is therefore the aim of any film-
casting process. The assumed distribution functions available in the literature do
not explain satisfactorily the orientation phenomena of biaxially oriented films.
The mechanism of structure formation and orientation of biaxial processing is
very complicated and completely different in comparison to that of fiber spin-
ning. From a theoretical point of view, six types of orientation during stretching
are possible, which underlines the complexity of this processing step. Three main
factors govern the resultant structure of the film, namely the kind and perfec-
tion of oriented crystallites, the overall degree of crystallinity and the ratio of
trans/gauche conformations in the amorphous regions. In analogy to fiber pro-
cessing experiences, a strong influence of highly oriented amorphous regions,
caused by extreme extension, could be observed.

The ratio of trans/gauche structures, as determined by infrared (IR) spec-
troscopy is increasingly gaining importance. The amorphous, cast film commonly
contains about 13 % trans and 87 % gauche conformer. The gauche structure is
converted to the trans conformer by uniaxial stretching, while the trans con-
tent increases with increasing stretching ratio. The amount of trans conformer
at a certain degree of crystallinity determines the mechanical properties of the
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film. Transverse stretching induces movement of the crystallites from the lon-
gitudinal to the transverse direction, which is associated by a more balanced
orientation [32].

A higher molecular weight improves the mechanical properties of the film,
but reduces the control of the film thickness. Therefore, the drawability of the
longitudinally oriented film in the transverse direction is one of the most important
requirements of the polymer. Branched and more flexible polymers tend to show
improved biaxial stretchability and therefore reduce the tendency to splitting
or breaking during processing. Plasticizers have a similar effect, but they may
influence the surface properties and have an effect on the later coating processes.

During stretching in one direction, about 20 % crystallinity can be reached
depending on the draw ratio. Subsequent transverse stretching causes an increase
of crystallinity by 5 %. The degree of crystallinity increases to 45–50 % dur-
ing heat setting, which is a consequence of a crystallite melting–reorganization
mechanism and crystal growth.

The structure of films has been studied by several methods, such as X-ray
diffraction, IR spectroscopy and nuclear magnetic resonance (NMR) spectroscopy,
although the simplest and least expensive technique is that of optical diffraction
measurements.

4.1 SURFACE PROPERTIES

The necessity to make articles such as video or magnetic tapes more compact,
urges manufacturers to reduce the thickness of the base film with all the prob-
lems of compromising the advantageous surface properties of thin films. Apart
from the basic requirements of mechanical and optical properties, the variety of
applications requires more custom-made products regarding smoothness, rough-
ness, abrasion resistance of the additives at the surface, and generally improved
processability in the different conditions of subsequent processing. Poor smooth-
ness of the base film leads to the appearance of ‘drop-out’, which is caused by
the phenomenon of inhomogeneities of the back surface of the base film being
transferred to the coating layer, thus resulting in poor recording of informa-
tion by the magnetic coating. Any kind of uneven film surface, including that
caused by polymer, dust or debris of abraded material, etc., induces such drop-
out. Compromises have to be found between surface smoothness (roughness) and
‘slippiness’. Polyester films have to satisfy two principal requirements, which in
practice, are often counterproductive. The films should have a good slip, thus
enabling handling in processing, particularly in rolling up, and a smooth surface
as a prerequisite for coating. Slip of the film, as determined by the coefficient
of friction, can be controlled by adding fillers during polymer processing. Their
particle size and particle size distribution, as well as their hardness (Mohs scale
of hardness) influence the surface properties. Highly sophisticated applications,
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such as video or magnetic tapes, require perfect surface properties, most notably
a low degree of roughness as well as abrasion and scratch resistance of the filler
particles. The coefficient of dynamic friction is therefore the main indicator of
the roll-up properties. Its value provides information on the slip behavior and
therefore allows predictions regarding the roll-up properties. Another property
related to the surfaces of the films is the height and distribution of protrusions.
This can be measured via interferometry, which is based on counting the amount
and the height of the particles, as well as defects at the surface. The presence of
defects in connection with the height of the incorporated particles diminishes the
quality of magnetic tapes by deteriorating the magnetic properties.

Roughness can be promoted by heat treatment during setting, which causes
different growth rates of the spherulites and additionally agglomeration of filler
particles. Many small spherulites can be found at lower temperature, while fewer,
but bigger particles occur at high temperatures (Ostwald ripening). The maximum
growth rate is commonly observed at 180 ◦C. In addition, the formation of porous
surfaces also can be caused by the migration of oligomers. It should be noted
that the migration of additives affects the surface properties, in particular due to
the different thermal histories, for example, quenching or contact with cold rolls.

Commonly, roughness can be tailored by using additives. These are mainly
based on combinations of inert, inorganic particles of different sizes and the
weight ratio of large to small particle sizes. These particles should be well dis-
persed in the base film to prevent abrasion, which is influenced by the particle
shape and the kind of embedding in the polymer matrix. The affinity of these
particles to the solid polymer seems to be based on adhesion of the melt to the
solids and to cohesive forces in the solid state. This phenomenon, however, has
not yet been explored in sufficient detail.

Scratch resistance depends on the hardness of the added particles. The problem
of a lack of this property can be addressed by adding chemically identical particles
of different crystal modification and Mohs hardness. The preferred additives are
silica, alumina, layered silicates such as kaolin, titania, barium sulfate and calcium
carbonate. The latter is only suitable for the DMT process owing to side reaction
caused by acidity during the terephthalic acid (TPA) route.

Insufficient abrasion resistance can become a severe problem in film man-
ufacturing. This problem has to be viewed to a certain extent in relation to
‘slipperiness’ or roughness of the film. Slipperiness is commonly improved by the
addition of solid particles. In this way, the formation of protrusions and depres-
sions in the film surface reduces the contact between the latter and the guide
rollers. Large particles in the raw polymer cause a more significant slipperiness-
improving effect than smaller ones. In precision applications such as video
or magnetic tapes, large particles induce a higher degree of drop-out due to
increasing abrasion. The smoothest possible surface consisting of fine particles
is required for such applications. It has been recognized that the incorporated
filler particles of the film can be surrounded by voids. Peeling of the particles
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occurs during biaxial stretching at elevated temperatures. The fine particles resist
the stress of deformation to a greater extent than the coarser ones owing to their
state of fixing, and therefore the surrounding voids of the large particles are rel-
atively larger. The extent of the protrusions becomes smaller during stretching
with increasing size of the voids, which is accompanied by increased friction.
Consequently, damage to the surface is likely to occur. The requirement for a
suitable and uniform size of the protrusions at the surface becomes understand-
able in view of these aspects. Frictional abrasion occurs during passing of the
film over rolls rotating at different speeds, and more seriously, by passing the
film over stationary guides, rolls and the like. The fixing of the embedded filler
particles in the film is therefore of great importance and seems to be related
to viscosity and/or the content of carboxylic end groups (CEGs) in the starting
polymer. In the case of lower-viscosity polymers and a higher CEG content, the
abrasion is significantly reduced [33].

4.2 STREAKS

The performance of films and their subsequent processing are determined by the
homogeneity of the film thickness. Uniform thickness across the width of the
film is a fundamental requirement for film production. The problem of thickness
variations can be caused by an increased width of the machinery up to 6 m (and
higher), as well as a decreasing thickness of the product. Therefore, a homoge-
nous melt flow is the main prerequisite of any film manufacturing process. This
is also the reason for reducing the IV for film production, because this stabilizes
the distribution of the melt along the die. Any deviation of melt viscosity dimin-
ishes the uniformity of thickness and favors the appearance of streaks. The flow
properties, and therefore the melt viscosity, have to be kept constant. Deviations
of the IV cause visible streaks in the manufacturing direction, due to a varying
flow behavior of the melt, which is dependent on its viscosity. Besides this, vari-
ations of the IV can also influence the shrinkage behavior and crystallization in
processing.

All factors affecting the constancy of the IV – as there are non-uniform IVs
of the heated chips or non-constant heating conditions during extrusion, and
inappropriate conditions regarding residence time, temperature and particularly
the variable water content of the dried chips – are additional reasons for streaks.
Hydrolytic degradation caused by insufficient drying is still a problem of film
manufacturing, usually manifested in the formation of streaks. Streaks can also
be observed in cases of particle separation during extrusion. In the molten state,
the solid additive often tends to aggregate and forms streaks via separation after
quenching. Streaks can also appear by insufficient ‘pinning’. This latter term
means pressing the molten film against the chill roll by electrostatic forces to
improve the efficiency of quenching. The functioning of pinning equipment can
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be drastically reduced by a high content of oligomers in the polymer. Layers
of oligomers are built up at the pinning wire, which is accompanied by a loss
of efficiency. This leads to non-uniform cooling and therefore to heterogeneous
degrees of crystallinity, associated with the appearance of streaks. The formation
of droplets at the lip of the die, mostly consisting of degraded polymer and
oligomers, is also responsible for the formation of streaks.

4.3 PROCESSABILITY

Interruptions of the film process are mainly caused by breaks, particularly by
splitting during transverse stretching. Restarting of the process takes time and
leads to tremendous losses. Polymers characterized by an increased melt strength
exhibit a lower tendency to splitting and therefore improve the processability.
Inhomogenous distribution of additives, plus their shape and hardness, agglom-
eration and contamination impair quality, performance and the utility value of
the final products. The structure of the film and the conditions of its production
determine its qualification for subsequent processing. Therefore, high standards
are demanded regarding the suspending technology of the additives and the con-
ditions, kind and location, as well as the time of adding during the polymer
process.

The influence of oligomers on the surface properties and processing is very
similar to that mentioned above for the case of fiber spinning. The deposition of
oligomers at the surface of the film diminishes the homogeneity of surface prop-
erties and causes crater-like holes with different coating behavior and roughness.
Certainly, the formation of a homogenous structure and the drawability of the
film, particularly with thinning diameter, becomes more and more problematic.

The recovery of the separated, as-made (not drawn) film from the stenter
influences the quality and economy as well. About 30 % of the employed polymer
has to be recovered in modern film manufacturing. These strips are chopped and
refed into the extruder, together with the raw polymer. The purity, water content
and IV of this waste control the quality of the resultant film to a certain extent.
The degree of blending between raw polymer and waste polymer depends on the
final application and can vary. In practice, the addition of more waste is allowable
in the manufacturing of packaging film. The importance of appropriate drying,
in context with waste recovery, has to be underlined again.

5 BOTTLES

The demand of PET for packaging applications is growing fast. This fact is
based on the outstanding and versatile properties of PET, such as tensile strength,
toughness, dimensional stability, transparency and chemical resistance. The need
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to reduce the crystallinity of PET bottle polymer by chemical modification was
revealed at an early stage of the development. In this way, the advantage of
the crystallinity of PET could be combined with an improved processability
in blow molding. The polymer becomes more flexible and mobile, while still
maintaining a necessary toughness. Chemical modification of PET is focused
on a reduction of the cycle time at lower temperatures and the reduction of
AA formation as a consequence of thermal decomposition. In addition, good
physical properties, such as high tensile strength, low creep at low weight/volume
ratios, high impact resistance (toughness) and good barrier properties, as well as
transparency and color, are required. For bottle manufacturing, the crystallization
rate of the polymer should be suppressed.

These desired mechanical properties of bottle material mainly depend on molec-
ular weight, crystallinity and orientation and can be achieved by using a modified
polymer in combination with biaxial orientation and a maximum degree of crys-
tallinity. The necessary increased molecular weight responsible for the tensile
stress can commonly be obtained by solid-state polycondensation (SSP) pro-
cesses. In addition, the procedure requires careful drying of the polymer before
processing to prevent hydrolytic degradation. The higher the crystallinity, then
the better will be the mechanical properties of the product. This application needs
therefore a tough and more flexible polymer to resist ‘top-loading’.

Thermoplastic polyester resins for the manufacturing of bottles are commonly
based on at least 97 % PET modified by components, which suppress crystalliza-
tion. Useful modifying chemicals are isophthalic acid (IPA), diethylene glycol
(DEG), cyclohexane dimethanol (CHDM) and other comonomers that can be
expected to modify the polymer chains to a certain extent, hence hindering the
packing into a crystalline lattice. The degree of modification represents a compro-
mise between melting point, flow behavior and crystallization rate. The limiting
factor of modification is the Tg of the final modified polymer, which should
be high enough to withstand higher temperatures than required for the ultimate
application, i.e. the bottle.

The flow behavior of the polymer preferentially influences the uniform shell
thickness and is related directly to the molecular structure of the modifying
comonomer. Modifications of PET, particularly with CHDM, improve the flow
behavior during injection molding and significantly reduce the melting point
of the polymer. The decreased melting point of the copolymer allows reduced
processing temperatures and therefore correlates with a reduced formation of
unwanted AA at shortened cycle times.

The optical properties of bottles are a matter of crystallinity affected by nucle-
ation, depending on the content and size of light-scattering polymer solids. The
purity of the raw materials and the cleanness of the reactors are prerequisites
for satisfactory quality. Bottle polymer should display as little contaminations as
possible. The detection of impurities is carried out by the same methods as men-
tioned above. Thorough filtration of the polymer is therefore mandatory. It should
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be noted that the quality of TPA has a significant influence on the quality of the
polymer. The size and hardness of the TPA particles affects the conversion during
the esterification reaction due to its poor solubility in the monomer. Chemical
impurities in the raw materials, such as heavy metals, carboxybenzaldehyde, tolu-
enic acid and other aldehydes, and the quality of the recovered EG, influence the
color of the polymer, as well as its thermal stability.

Apart from the physical properties mentioned above, some special properties
are desired with respect to gas permeation of oxygen, carbon dioxide and water, as
well as a minimum content of AA. The high processing temperatures (exceeding
270 ◦C) give rise to the formation of AA, which, even in very low concentrations,
imparts a disagreeable aftertaste to food and drinks. The AA content can be
lowered significantly by the use of appropriate conditions for the melt-phase
and SSP reactions, in connection with careful drying and gentle processing. The
residual AA levels can be reduced to less than 0.5 ppm via efficient drying. When
PET degrades and the preform is cooled, the AA is trapped in the molten matrix
and will later diffuse slowly into the liquid contained in the bottle. This low
AA level increases during blow molding. The amount generated in the preform
increases with temperature, residence time in the molten state, and the shear
rate, as well as the injection pressure, and decreases with efficient cooling of the
preform. The optimum of these conditions keeps the AA in the preform in the
range of less than 6 ppm. Methods of suppressing the formation of AA will be
discussed below.

One impediment of universally applying PET in the area of packaging is its
gas-barrier properties. These can be slightly improved by measures to increase
the density (crystallinity) during blow molding, for example, by treatment with
ultrasound. Ultrasonic treatment during injection reduces the gas permeability to
a certain extent [34].

The modification of PET with naphthalene-2,6-dicarboxylic acid and other
additional comonomers is a common measure in bottle manufacturing. Copol-
yesters based on this compound show excellent barrier properties. Such materials
can be produced by addition of the desired amount of comonomer during polymer
processing or by blending PET with poly(ethylene naphthalate) (PEN). Addition-
ally, PEN can also be modified by other comonomers such as isophthalic acid
(IPA) to improve the flow properties and reduce the melting point. The high
price of naphthalene dicarboxylic acid is the reason for its limited application.
The overall cost may be reduced by using TPA or IPA as comonomers.

The other severe problem in the application of PET regarding food con-
tainers or bottles is that these products cannot be hot-filled. This limitation is
caused by the low Tg of PET, which causes shrinkage during hot-filling. Alter-
natively, multilayer containers can overcome the problems, but, however, at
higher manufacturing costs. PET in combination with an intermediate layer of
poly(ethylene-co-vinyl alcohol) (PEVOH) or polybutylene has been used in such
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applications. The manufacturing of these bottles, preferentially by co-injection,
and their recycling is, however, complicated and expensive.

Again, polyesters based on naphthalene-2,6-dicarboxylic acid can meet the
desired properties, plus have other additional advantages. Food components con-
taining double bonds or conjugated double bonds are extremely sensitive to
light-induced reactions, such as photo-oxidation. The addition of UV stabilizers is
therefore necessary to protect the content of PET bottles against UV irradiation.
PET, in contrast to PEN, does not show intrinsic UV protection properties.

The production of bottles are based on a two-step process. Preforms are pro-
duced by injection molding, followed by blowing, which results in orientation and
the desired final properties. The latter process is carried out under infrared (IR)
heating. Due to economic reasons, the cycle time should be reduced by acceler-
ated heating, which can be achieved by enhanced IR absorption properties of the
polymeric material.

The addition of finely dispersed solid particles improves the IR absorption
of the polymer and positively influences blowing of the preforms. Such solid
particles can be obtained by the reduction of Sb3+ to metallic antimony during
polycondensation by the addition of trivalent phosphorous compounds such as
phosphonic acid or its esters (phosphites). However, only a slight improvement
in properties could be achieved by this approach [35].

IR absorption can also be achieved by the addition of fine carbon parti-
cles (3–60 ppm) to the polymer. These particles have to be small enough to
be invisible to the naked eye [36].

5.1 PROCESSING

Generally, the processing conditions in blow molding seem to have more influ-
ence on the final product quality when compared with other technologies of
polyester processing. The effects of many types of unsuitable processing con-
ditions, such as temperature and humidity caused by insufficient drying, can
be attributed to the more sensitive state of bottle polymer material. Insufficient
drying of the polymer prior to processing impairs the tensile strength. In addi-
tion, fine voids can be observed at the fracture surface. These voids are caused by
hydrolytic degradation. Mold temperature promotes crystallization but also affects
color, surface gloss and thermal stability. Depending on the shell thickness, low
mold temperatures afford a more pronounced difference of the crystallinities in
the skin and the core regions. The kind and the degree of modification of the
polymer influences the crystallinity of the bottles in relation to shell thickness.
The interplay between shell thickness and mold temperature, as well as the cool-
ing rate, is responsible for the properties of the final parts. A decreased shell
thickness requires an increased mold temperature to achieve high crystallinity.
Due to the importance of crystallinity with respect to the physical properties, dif-
ferential scanning calorimetry (DSC) provides vital information on the degree of
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crystallization. The ratio, �Hcc/�Hf, calculated from DSC data is a good indica-
tor of crystallinity (�Hcc = heat of cold crystallization; �Hf = heat of fusion).
The parameter, the temperature of cold crystallization (Tcc) is easy to measure,
and its value characterizes the crystallization rate very well. The higher the value
of the ratio �Hcc/�Hf, then the lower is the crystallinity of the analyzed polymer.
High temperatures cause increased crystallinities, dense packing of the molecules
in the crystalline lattice, bigger crystallites and a higher degree of disorder in the
amorphous domains.

The production of bottle polymer is commonly based on the SSP process. Due
to the sensitivity of the blow molding process, the bottle polymer is characterized
by a constant IV, which should not deviate by more than 0.02 dL/g. Like film
polymer, the chips should have a good gloss and a high degree of transparency.
The required good color of the polymer is influenced by the catalyst system,
its content and the conditions of polymer processing. The use of the extremely
expensive GeO2 provides by far the best color, as well as gloss. So-called ‘blue
toners’ are added to the process of prepolymer production to reduce the yellowish
tinge. The most preferential additive is cobalt acetate, although thermally stable,
blue organic dyestuffs dispersed as pigment or soluble in the polymer, can also
be used. Their content significantly reduces the transparency, depending on the
molecular structure and concentration of the added dye.

Bottle polymer should have a minimum of contaminants, the determination of
which is carried out by the same methods as mentioned above for fiber poly-
mers. It should be noted that the quality of the TPA as a starting material has a
significant influence on that of the polymer. The color is affected by the content
of chemical impurities in the raw material, such as heavy metals, carboxyben-
zaldehyde and toluenic acid.

A very important factor of bottle polymer is its thermal stability, which depends
on the conditions of its manufacture and the thermal history of the polymer. The
amount of carboxylic end groups (CEGs) is a good indicator of the qualifica-
tion of the chips. Continuously produced polymer should contain no more than
25 eq/kg CEG. Little differences between the TPA and DMT routes towards bot-
tle polymers are observed. Chips from batch processes show higher CEG values
(30 meq/kg and more). The thermal stability depends on the use and efficiency,
i.e. mainly the concentration, of stabilizers.

Oligomers influence the optical properties of the final bottle material and the
efficiency of the blow molding process. Like in film production, oligomers affect
the surface and therefore the clarity (haze) of the bottle. They additionally con-
taminate the equipment used for bottle processing. Interruptions of the process for
cleaning operations are the undesired, but unavoidable consequence [37]. Accord-
ing to this patent, the content of the cyclic trimer should not exceed 0.40 wt%.
The formation of oligomers is controlled by the concentration of the different
end groups. The higher the content of hydroxyl groups, then the lower will be
the tendency to form oligomers. The content of oligomers in the prepolymer is
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Table 13.4 Variation of the acetaldehyde
content in PET depending on the processing
stage

Polymer material (IVa ) Content (ppm)

Prepolymer (0.662) >25
SSP polymer (>0.80) <3
Preform (>0.80) <6
Bottle (∼0.80) <8

a In units of dL/g.

usually in the range between 1.0 and 2.0 wt% and can be reduced to 0.5–1.0 wt%
and less via SSP. The reduction of the CEG content assists in reducing the for-
mation of oligomers. It should be noted that remelting of the polymer during
processing induces the regeneration of oligomers, depending on temperature and
residence time in the molten state, as can be seen above in Figure 13.9 [38].
In addition, remelting of the chips in bottle processing influences the formation
of AA, which increases from a level of <3 ppm to values up to ∼8 ppm in
the final bottle material (Table 13.4). The deterioration of quality by remelting
is illustrated above in Figures 13.8 and 13.9. The extent of degradation can be
minimized by employing gentle processing temperatures.

5.2 THE QUALITY OF POLYESTER BOTTLE POLYMER

Some additional aspects regarding the quality of polyester for bottle application
are reviewed at this stage, as the polymer quality is of utmost importance to
bottle manufacturing.

5.2.1 Definitions of Color, Haze and Clarity

The optical behavior of a polymer indicates the purity of its ingredients, such
as the raw materials, the kind of additives and the conditions of production.
Therefore, the optical properties are of importance, in particular for judging bottle
grade polymer.

Color is determined by reflectance and can be determined by using a col-
orimeter based on the CIE color system. This method expresses the brightness as
Color L∗, the absorption at the green–red axis as Color a∗ and the yellowness
as Color b∗ along the blue–yellow axis of this color coordination system.

Haze is generally caused by the scattering of light in crystalline polymers.
Optical inhomogenities with dimensions in the wavelength range of visible
light cause haze. The latter often corresponds to the spherulite volume fraction,
spherulite size and crystallinity. An increased size of spherulites results in
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enhanced haze owing to the light scattering of these crystalline ‘particles’.
Optical clarity is extremely important for film, bottle or container applications,
as mentioned above. The polymer begins to crystallize by the formation of
spherulites in the case of insufficient cooling, associated with the appearance of
haze or opacity. Just small concentrations of spherulites can cause a high degree
of haze, even at low crystallinity. Thus, quantification of the contributions from
spherulites and crystallinity is very difficult.

In the context of crystallinity as a crucial factor with respect to haze, it has
to be pointed out that PET and PBT as the most industrially used polyesters are
both crystallizable depending on the conditions of subsequent processing. The
amorphous state can be obtained by a rapid quenching of the melt below the Tg.
Heating above the Tg induces fast crystallization. PBT exhibits a significantly
increased crystallization rate when compared with PET.

The content of heterogenous particles, including contaminates determines the
crystallization rate via a nucleating mechanism. Every type of solid, such as
catalyst residues, additives, gels or degraded polymer, can function as a nucle-
ant [38]. Therefore, haze or transparency depends largely on the concentration of
these particles. As a result, all of the known parameters influencing crystallinity,
such as a modification of the polymer, molecular weight, presence of nucleants,
cooling rate and stress, affect the transparency.

5.2.2 Color

The color of the final product primarily depends on the qualification of the raw
materials, TPA, DMT and EG. The content of heavy metals in TPA, residues
of catalysts employed during oxidation of p-xylene, and polymer processing
affect the final color of the polymer. The tendency of certain catalysts, such
as titanium or tin derivatives, to make the polyester yellowish in color is well
established. The conversion during esterification is prolonged due to larger TPA
particles or their hardness. Color can be influenced by these factors, as well as by
chemical impurities in the raw materials, such as water, aldehydes or the quality
of insufficiently recovered EG. Similar effects on color can be observed as a
result of impurities caused by additives, particularly from less purified Sb2O3.
The quality of the latter can be assessed simply by the color of its solution in EG.

The color of the polymer can also be affected by inappropriate reaction
conditions in the polymerization process, such as temperature, residence time,
deposits of degraded polymer or the presence of oxygen. Degradation of
polyesters and the generation of chromophores are thermally effected [29b, 29c,
39]. The mechanism of thermal decomposition is based on the pyrolysis of
esters and the formation of unsaturated compounds, which can then polymerize
into colored products. It can be assumed that the discoloration takes place via
polymerization of the vinyl ester end groups or by further reaction of AA to
polyene aldehydes.
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The use of so-called ‘toners’ to improve the color has been described above. It
should be remarked that all measures to overcome defects of a polymer caused
by disregarding the ‘basic principles of chemistry’ are rarely of durable suc-
cess, because any additive will complicate or affect the polymeric system in an
undesired way.

5.2.3 Stability

The thermal stability and lightfastness of polyesters is particularly necessary for
technical and high-performance applications. The modification of the polymer
causes disorder and affects the stability as well as some other properties. PET
modified by DEG suffers particularly from photo-oxidative reactions due to the
presence of the sensitive ether bonds. These copolymers need special stabilization
depending on the kind and degree of modification. The UV stability can also be
influenced by the technology of the process, whereby slight improvements of
DMT-based polymer are observed [29].

Polymer degradation can be investigated by detecting the degree of decomposi-
tion via (a) the rate of change of IV, (b) melt viscosity, or (c) the rate of changed
end groups, as CEG or vinyl ester groups. The rate constants and activation ener-
gies for the thermal degradation of PET are presented in Table 13.5. The temper-
ature dependence of this degradation reaction is illustrated in Figure 13.20 [29b,
29c, 39]. This methodology is additionally recommended for stability tests. The
reaction is accompanied by the generation of volatile products such as aldehydes,
CO2, water, etc. The rate of degradation is accelerated in the presence of oxygen.

Table 13.5 Reaction rate constanta and activation energy data for the thermal degra-
dation of PET [29b, 29c, 39]. From ‘Thermal degradation of PET. A kinetic analysis of
gravimetric data’, Covney, J. D., Day, M. and Wiles, D. M., J. Appl. Polym. Sci., 28,
2887 (1983), copyright  (1983 John Wiley & Sons, Inc.). Reprinted by permission of
John Wiley & Sons, Inc.

k (103 h−1) Ea (kcal mol−1)

Reference Reference

Source of calculation [7] [12] [14] [7] [12] [14] [17]

Intrinsic viscosity 1.3 2.3 1.4 62.3 – – –
Melt viscosity 1.7b – – – 32.0 48.0 –
Total gas – – – – – – 38.0
–COOH 3.5 – – 41.7 – – –
–OH 2.4 – – – – – –
–CHO 0.2 – – – – – –
Total end groups 1.2 – – 58.7 – – –

a Measurements carried out at 282 ◦C.
b Determined at 290 ◦C.
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Figure 13.20 The rate of thermal degradation of PET as a function of the
intrinsic viscosity measured at different temperatures: 1, 280 ◦C; 2, 290 ◦C; 3,
300 ◦C; 4, 310 ◦C [29b, 29c, 39]. From ‘Thermal degradation of PET. A kinetic
analysis of gravimetric data’, Covney, J. D., Day, M. and Wiles, D. M., J. Appl.
Polym. Sci., 28, 2887 (1983), copyright  (1983 John Wiley & Sons, Inc.).
Reprinted by permission of John Wiley & Sons, Inc.

An easy method for investigating the thermal-oxidative degradation of PET is
differential thermal analysis (DTA), which indicates thermal degradation by the
appearance of an exothermic peak in the range of the melting temperature. This
approach also can be used to assess the efficiency of stabilizers [40].

5.2.4 Acetaldehyde

The generation of acetaldehyde (AA) as a decomposition product in PET pro-
cessing plays an important role in bottle manufacturing. This depends on the
‘vicious circle’ of the polymer stability, the AA content of the chips prior to
processing, and the processing conditions. The basis of stability is a qualified
polymer produced under appropriate conditions. This argument also includes the
SSP process which can drastically reduce the AA content of the chips, as shown
in Figure 13.21.

Decreased chips sizes favor the removal of AA due to improved diffusion con-
ditions during the SSP process. Nowadays, solid-state produced polymers contain
less than 2 ppm of AA. Formation of the latter is more pronounced with increasing
temperature and prolonged residence time in the molten state during processing.
The presence of water due to insufficient drying of the polymer reduces the gen-
eration of AA but enhances hydrolytic degradation. The generation of AA during
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Figure 13.21 Regeneration of acetaldehyde in a closed system at different
melting temperatures: 1, 290 ◦C; 2, 280 ◦C; 3, 270 ◦C: ( ) in air; (- - - - - - )
in helium [38]. From Wick, G., ‘Characterization of PET Polymer for Bottle Man-
ufacturing’, presentation given at the Society of Plastics Engineers, Benelux
Seminar, May 20–21, 1980, Amsterdam, and reproduced with permission of
KoSa GmbH & Co. KG

processing can be suppressed by certain additives. The latter are selected from the
groups of polyamides or polyesteramides, although ethylenediamine tetraacetic
acid, zeolites and protonic acids are also effective [41]. The addition of these
components is preferentially conducted during extrusion.

5.2.5 Barrier Properties

The barrier properties are of the highest importance in the packaging of food and
beverages. The loss of aroma, water and carbon dioxide, and the diffusion of
oxygen into the bottle, by migration depends on the barrier properties, which is
therefore a decisive factor in bottle manufacturing. The mechanism of migration
is based on the absorption of the gas in the shell on the inside of the bottle, as well
as the diffusion of the primarily absorbed gas to the surrounding polymer matrix
(bottle material). This type of migration therefore follows the laws of diffusion.
The barrier properties are therefore influenced by the crystallinity, the degree of
orientation after stretching, and the content of amorphous regions. The latter is
the main reason for increased permeability. All attempts to increase the den-
sity (i.e. increase the crystallinity) in bottle manufacturing are therefore aimed
at improving the barrier properties. It can be assumed that the crystallinity of a
conventional bottle is in the range of 15 to 20 %. This value can be increased
under certain conditions to values of up to 35 %, which is accompanied with
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a significant reduction of the permeability. Blending of PET with PEN results
in additional improvement and seems to be the optimum solution of the prob-
lem at present. In addition, it is known that an increase of the isophthalic acid
(IPA) content of the polymer up to 10 % enhances the gas barrier properties for
oxygen by 25 % without adversely affecting the processability. The crystallinity
achievable for these modified polymers lies in the range of standard bottle poly-
mer [42]. There may also be other possibilities for improving the barrier behavior
of polyester bottles via the modification of PET with suitable components. The
cost of these components and other aspects of consideration, particularly the
recycling of bottles, plus health and environmental reasons, will restrict such
development to a minimum effort.

6 OTHER POLYESTERS

It should be taken into account that all of the aspects described above are of a
general nature and therefore more or less valid for any kind of industrially relevant
polyester resin. Upon closer examination, the experiences gained with PET are
particularly applicable to poly(butylene terephthalate) (PBT), poly(trimethylene
terephthalate) (PTT) and poly(ethylene naphthalate) (PEN). These polymers have
gained major industrial importance as a result of a number of different properties
in comparison with PET.

PBT is used for textile applications due to its stretchability, increased crys-
tallinity and improved dyeability. It is introduced in the production of carpets
and stretchable fabrics, where a certain degree of elasticity is desired. PBT is
used preferably for the production of engineering plastics due to its combination
of dimensional stability, tensile strength, increased flexibility and fast crystalliza-
tion rate.

PTT has been the basis for textile purposes such as elastic, well dyeable fabrics,
and particularly carpets, for many years. Both PBT and PTT are used unmodified
due to their low Tgs (<45 ◦C).

The production of these three polyesters and their processing can be carried
out principally in the same equipment as that used for PET processing. It is easy
to understand that the methods considering the quality and processability of PET
are directly applicable to these materials, with the exception of PEN. Only this
polymer causes analytical problems due to its poor solubility in common organic
solvents. Much attention has been paid to PEN. This polyester exhibits very
interesting properties, which make it applicable for high-performance filaments
and packaging materials. Tyrecord yarns based on PEN are characterized by high
mechanical strength, associated with a high modulus, low shrinkage and signifi-
cantly increased stability. In addition, this material is currently being introduced
as a polymer for bottles and medical instruments, which require hot-filling and
hot-sterilizing, respectively. PEN bottles have extremely reduced gas permeation
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properties due to the excellent barrier properties of this polymer. Its stiffness
can be reduced by modification with PET. PEN fluoresces strongly and tends
to yellow upon exposure to UV light. This behavior can become a limiting fac-
tor with respect to film and fiber applications. Developments in its use in food
packaging is therefore focused on fluorescence quenching. The high cost of naph-
thalene dicarboxylic acid as a starting material is the reason for focusing activities
towards finding copolymers of similar quality and acceptable cost. PEN shows
outstanding properties with respect to tensile strength, gas barrier properties, a
high Tg and the capability of absorbing UV radiation. The high thermal stability
has upgraded this material for high-performance applications. The drawbacks of
PEN are its relatively high melt viscosity and its overall performance. Compro-
mises could be found to improve the processability in connection with economic
considerations. Po’ et al. have reported the possibilities of these materials in an
excellent article [43].

The synthesis of copolyesters containing PET is difficult due to the problems
arising from the different melting temperatures of the homopolymers and their
mutual incompatibilities. Reactive blending of homopolymers seems therefore to
be the best way to obtain copolymers of the desired composition. The polycon-
densation of PEN is carried out at higher temperatures than that of PET. Reactive
blending can be carried out during extrusion, before the SSP stage. The struc-
ture of the resulting materials is determined by the degree of ‘randomness’ (RD)
and is related to the sequence length of the PEN and PET blocks, which can be
determined by 1H NMR spectroscopy.

According to these authors [43], the RD is influenced by temperature and
mixing time and is limited by the length of the extruder in commercial-scale
production. Long mixing times result in thermal degradation and discoloration.
Each melting or cooling step of these copolymers increases the RD by about
0.05 of its value. The degree of randomness can be expressed by the following
equations:

RD = 1/LT + 1/LN (13.1)

LT = 1/(1 − XT)RD (13.2)

LN = 1/(1 − XN)RD (13.3)

where LT and LN are the lengths of the PET and the PEN segment, respectively,
and XT and XN the molar monomer fractions. The RD influences the crystalliza-
tion kinetics of a given copolymer composition. At high values of the RD, slower
cooling rates are required to obtain an optimum of transparency. The crystalliza-
tion of random copolymers (RD(1)) is only possible at a PET unit content of less
than 20 % and more than 80 % with a monomer sequence length of 5–6.

The admixing of additional catalysts during blending increases the transesteri-
fication reaction but seems to affect the color of the final product. Conventional
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catalysts such as the oxides of antimony and germanium are used in this appli-
cation. The randomization of the blends requires long reaction times. The SSP
process seems to increase the RD to a certain extent.

Because of the widespread use of plastic films in packaging applications, a
need for films with different combinations of properties has been recognized.
For example, films are required to exhibit the combination of good flexibility
and a relatively high melting point. To achieve this, TPA is partly replaced by
a certain amount of cyclohexane dicarboxylic acid or other aromatic or aliphatic
diacids [44]. The replacement of ethylene glycol by CHDM leads to interesting
products for engineering plastics. At a degree of modification of 25–30 mol%,
amorphous copolyesters can be produced that are suitable for sheet applications.
It should be noted that the processing of these materials is problematic owing
to the lack of drying. It is well known that the type and amount of comonomer
influence the Tg and the crystallinity of the polymer and increase the tendency to
sticking in the drying process. Therefore, amorphous polyesters cannot be dried
via conventional methods.

Finally, the use of low-melting polyesters for low-melt fibers (melting point,
110–180 ◦C) should be pointed out, where TPA is replaced partly by IPA or
adipic acid for bond fiber application.

Copoly(ether ester)s consisting of short-chain crystalline segments of PBT
and amorphous poly(ether ester) of poly(tetramethylene terephthalate) exhibit a
two-phase structure and can be used for the production of high-impact-strength
engineering plastics. These very interesting materials with their outstanding prop-
erties understandably require stabilization to heat and UV exposure [45].

7 CONCLUSIONS

The rapid development of polyester resins, beginning with those for textile and
film, and later for packaging purposes, is based on the variety of potential appli-
cations resulting from the outstanding properties of this class of polymer. The
adjustment to special applications can be achieved via chemical modification
by copolycondensation or by adding additives to the polyester during processing.
Considerable advances could be achieved by technological improvements and the
use of more qualified ingredients, particularly with respect to the raw materials.

This review is based on the principles of structure formation and tries to
bridge the gaps between polymer quality, industrial processing and the resultant
properties. The formation of an optimum structure is commonly the decisive
step in processing. It can be significantly influenced by disruptive factors, such
as imperfect polymer quality and inappropriate processing conditions or tech-
nology. A knowledge of these correlations is the key to progress and recalls the
experiences gained from laboratory-scale chemical syntheses. Success is ruled by
the use of highly qualified chemicals, gentle reaction conditions and appropriate
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equipment. This chapter also touches on practically applicable analytical methods
of industrial production control and the importance of quality management.

Finally, it needs to be noted that the final answers to questions concerning the
processability and the qualification of a polymer reflect its behavior only in the
individual circumstances of the commercial processing. The analytical methods
described are only a tool for understanding special sectors of materials properties
and how to solve problems in industrial polymer processing.
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Additives for the Modification
of Poly(Ethylene Terephthalate)
to Produce Engineering-Grade
Polymers
J. SCHEIRS
ExcelPlas Polymer Technology, Edithvale, VIC 3196, Australia

1 INTRODUCTION

Glass-filled, toughened poly(ethylene terephthalate) (PET) resins can be readily
moulded into highly impact-resistant structural parts for appliances and automo-
tive components. The PET-based compounds are also suitable for construction
(e.g. as structural members), equipment housings (e.g. printer and copier parts),
agricultural applications (e.g. mower and tractor engine covers), materials han-
dling (e.g. pallets and trays), furniture (e.g. office chair bases), as well as electrical
and electronic applications.

PET may be considered a low-cost raw material for the production of engineer-
ing compounds due to its widespread availability from recycled beverage bottles.
Its abundant availability and good molecular weight make it an excellent precur-
sor for the production of toughened compounds that can in many cases compete
directly with toughened and glass-filled nylons at a considerable cost advantage.

PET however, has numerous shortcomings from the perspective of an injec-
tion moulding compound. Unmodified PET is generally not useful as an injec-
tion moulding resin because of its slow crystallization rate and the tendency
to embrittle upon crystallization. For these reasons, PET has not traditionally
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found application in injection moulding processes. Unmodified PET can be injec-
tion moulded without difficulty only when relatively low mould temperatures
(15–40 ◦C) are employed. Furthermore, the amorphous parts so formed tend to
crystallize during heat treatment (annealing) and the resultant polymer is quite
brittle. However, the abundant supply of both virgin and recycled PET has led to
the development of strategies designed to overcome specific deficiencies through
proper formulation. A variety of formulants can be added to PET resin to produce
a formulated, engineering-grade thermoplastic. PET was not originally consid-
ered as an injection moulding material because of high moisture sensitivity, poor
impact strength, excessive warpage when glass-fibre filled and slow rate of crys-
tallization which slows the moulding cycle. However, it has a higher modulus,
heat distortion temperature and gloss than poly(butylene terephthalate) (PBT).
Such properties can only be fully realized if mouldings are crystalline.

As can be seen from Table 14.1, the primary drawbacks of PET apart from
its hygroscopicity are its slow crystallization rate, the low glass transition tem-
perature and relatively low impact strength. Formulation and compounding of
PET can correct these shortcomings, enhance other properties, and tailor perfor-
mance properties to meet specifications. The properties of PET can be modified
and enhanced to such an extent that it can then be used in durable products
such as appliance housings, electronics, furniture, transportation, and building
and construction. Such PET resins have superior mechanical, thermal, electrical,
chemical and environmental properties to conventional bottle-grade PET resins.
These so-called engineering resins possess a balance of properties tailored to
each durable application.

Unmodified, bottle-grade PET resin begins to soften and become rubbery at
80 ◦C. This makes the direct use of unmodified PET in engineered applications
not feasible. For PET to be used in durable products it must be made highly
crystalline and needs to be reinforced with glass fibres or mineral reinforcements.

Table 14.1 Additives used in engineering-grade PET to overcome specific
shortcoming of the base resin

Property deficiency Remedy

Hygroscopicity Internal desiccants
Slow to crystallize Nucleating agents, plasticizers
Uneven crystal size Nucleating agents
Low glass transition temperature Glass fibres
Brittle fracture behaviour Impact modifiers
Notch sensitivity Impact modifiers
Drop in IV during extrusion Chain extenders
Oxidation during extrusion Stabilizers
Hydrolysis Hydrolysis repair additives
Autocatalytic acid-catalyzed hydrolysis Carboxyl scavengers
Warpage Mineral fillers
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Glass-filled PET has good load-bearing characteristics and low creep, with a
coefficient of thermal expansion being similar to that of brass or aluminium.

PET is a semicrystalline polymer which, depending on fabrication conditions,
can have a molecular structure that is amorphous, crystalline or semicrystalline.
High crystallinity is desirable in products that require high temperature stability,
dimensional stability and stiffness. Crystallinity can be induced in strapping,
sheet and stretch blow moulded bottles by mechanical orientation. In the case
of injection mouldings, however, crystallinity needs to be induced by chemical
crystallization and precisely controlled to develop certain targeted properties in
the finished product. Crystallinity in PET can be induced by using nucleating
agents on which crystals can grow, in combination with a crystal growth promoter
or accelerator.

Unmodified PET is too slow to crystallize to allow practical moulding cycles.
Relatively recent advances in nucleation chemistry have allowed the develop-
ment of specific PET moulding grades such as Rynite and Petra (by DuPont
and Honeywell, respectively). Such PET engineering resins are high molecular
weight, high performance materials used for a wide range of engineering applica-
tions. Their high crystallinity and low melt viscosity means that they are ideally
suited for injection moulding of complex parts which require high strength, good
dimensional stability, and insulation properties.

The rheological properties of conventional PET resins are also not particularly
well suited for extrusion foaming with physical blowing agents and as a result
modified resins with higher melt viscosity and melt strength/‘elasticity’ are often
used. In contrast to the commonly used polystyrene and low-density polyethylene
(LDPE) resins, extrusion foaming of PET is quite challenging. Most commer-
cial PET resins of relatively low molecular weight (MW) and narrow molecular
weight distribution (MWD) have rheological properties at processing tempera-
tures that are not conducive to foaming. Modified PET resins with improved
rheology and melt strength for applications such as foaming, extrusion blow
moulding, or simply for upgrading low-intrinsic-viscosity materials, can be pro-
duced through chain extension/branching reactions with di- or polyfunctional
reagents such as chain extenders.

2 CHAIN EXTENDERS

Chain extenders (or coupling agents) can serve to reverse the MW damage caused
by hydrolysis of polyesters or can modify the rheology of the polymer to increase
its melt strength. Chain extenders have at least two functional groups capable of
addition reactions with the terminal hydroxyl (OH) or carboxyl (COOH) groups of
the polyester resin. In principle, any bifunctional (or higher functionality) chemi-
cal that reacts fast with the end groups of polycondensates may be used for chain
extension or coupling. However, in practice most compounds suffer from severe
side reactions or produce undesirable byproducts which limit their applicability.
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Raising the molecular weight (or intrinsic viscosity or IV) of PET is usu-
ally performed by solid-state polycondensation (‘solid-stating’). Conventional
solid-stating is generally performed in tumble driers under high vacuum and
high temperatures for extended periods of time (12–20 h). Solid-stating is char-
acterized by very high capital costs and high production costs (since it is a
time-intensive batch process). Chain extenders, on the other hand, can be sim-
ply added to the polymer during extrusion (single- or twin screw-extrusion or
compounding). Furthermore, chain extenders enable the production of a whole
range of viscosities, starting with only one single base resin. The chain extender
couples two equal end groups in a statistical manner, in a similar process to
what happens during post-condensation. However, the reaction occurs in minutes
rather than hours and also chain extension does not change the MWD compared
with solid-stated polyesters. Thus the main advantages of chain extension com-
pared with a post-condensation process are lower system costs, faster reaction
and more flexibility, without the need for any extra investments.

‘Traditional’ chain extenders for PET are compounds such as bisanhydrides,
bisoxazolines, bisepoxides, etc., which react with either –OH or –COOH end
groups, or both. Careful use of the correct concentrations of chain extender can
allow one to tailor the IV of PET without the need for solid-stating. Chain exten-
ders are thus very useful for building molecular weight during melt processing.
Terms such as ‘reactive extrusion’ and ‘reactive chain coupling’ are used to
describe the processing of polyesters such as PET with chain extenders. The
latter can upgrade PET by increasing the intrinsic viscosity of bottle-grade PET,
for example, from ∼0.8 dL/g to greater than 1.0 dL/g. The use of chain extenders
during PET compounding with modifiers and glass fibres needs to be carefully
controlled since as the molecular weight of PET increases, the extent of fibre
breakage and shear-induced heating during extrusion also increase.

There is a wide range of chain extenders commercially available for PET
(Table 14.2). Bifunctional chain extenders promote linear chain extension while
tri- and tetra-functional chain extenders promote chain branching. Such reac-
tive compounds are also known as ‘repair additives’ since they can reverse the
molecular weight loss of hydrolytically damaged PET.

Bifunctional molecules such as diepoxides, diisocyanates, dianhydrides or
bis(oxazoline)s have been shown to increase the molecular weight of PET [1, 2]
by reacting with its terminal groups. Triphenyl phosphite [3, 4], as well as
diimidodiepoxides [5], have also proved to react efficiently with PET while
promoting molecular weight enhancement.

The most common chain extenders are the dianhydrides (also known as tetracar-
boxylic dianhydrides). The most common of these is pyromellitic dianhydride
(PMDA). The latter can be used in synergistic combinations with hindered phe-
nolic aromatic phosphates such as IRGANOX 1425 manufactured by Ciba Geigy
[6–8]. The hindered phenolic aromatic phosphate is used at levels of 0.1–2.5 wt%.
The hindered phenolic aromatic phosphate is an advantageous co-synergist since it
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Table 14.2 Chain extenders used to couple PET chains via reactive extension of end
groups

Compound Tradename Manufacturer
Addition rate

(wt%)

Pyromellitic
dianhydride

PMDA Nippon Shokubai
Allco Chemical

0.05–2 % and
preferably
around
0.15 %–0.25 %a

Trimellitic anhydride TMA – –
Phenylenebisoxazoline PBO Mikuni (Japan) 0.4–1.5, and

preferably
0.4–0.6

Carbonyl
bis(1-caprolactam)

Allinco CBC DSM –

Diepoxide bisphenol
A-diglycidyl ether

Epon 1009b Shell 0.6

Diepoxide bisphenol
A-diglycidyl ether

Epon 828b Shell 0.6

Tetraepoxide
tetraglycidyldi-
aminodiphenylmethane
resins (TGDDM)

MY721 Ciba SC 0.4–0.6

Triphenylphosphite TPP Various 0.2–0.8

a Note: Excess can lead to undesirable molecular branching and cross-linking. Chain branching
can severely hamper the crystallization capability of PET and this may lead to a loss in perfor-
mance properties.
b Bisphenol A diglycidyl ether – prepared by a condensation reaction between epichlorohydrin and
bisphenol A.

serves both as a solid-state-polymerization catalyst and a heat stabilizer to protect
the PET from oxidation during solid-state polymerization.

Another highly effect chain extender is trimellitic anhydride (TMA) which
gives rise to branching of the PET structure. Note that the multifunctional epoxies
(see Table 14.2) react quickly with the terminal carboxylic acid groups of PET
but can also react with the film former and the silane coupling agent on glass
fibre reinforcements.

2.1 PYROMELLITIC DIANHYDRIDE

Pyromellitic dianhydride (PMDA) is generally used in PET at concentrations
ranging from 0.05 to 2 %. Reactive extrusion of PET with PMDA has been
reported by Incarnato et al. [9]. These authors used PMDA to increase the molec-
ular weight of PET industrial scraps sourced from a PET processing plant. They
found that concentrations of PMDA between 0.50 and 0.75 % promote chain
extension reactions that lead to an increase of MW, a broadening of the MWD
and branching phenomena which modify the PET scrap in such a way that makes
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Figure 14.1 Reaction of pyromellitic dianhydride (PMDA) chain extender with
PET end groups (hydroxyl and carboxylic acid groups) to give chain extension
and branching of PET

it suitable for film blowing and blow moulding processes. The reaction between
PMDA and PET is shown in Figure 14.1. Pentaerythritol can be added as a
synergist.

A dramatic improvement in the performance of PMDA in chain extension of
PET is possible if the PMDA is added to the extruder in a concentrate using a
polycarbonate (PC) carrier [10]. The reason being that if PMDA is compounded
in a PET carrier resin then a premature reaction results leading to ultra-high MW
PET and gel problems. Alternatively, if PMDA is compounded in a polyolefin
carrier then degradation of the polyolefin occurs; whereas, when PMDA is com-
pounded in a polycarbonate carrier there is no premature reaction because PC
contains no acid end groups (rather, –OH end groups instead). Furthermore, PC
is quite miscible with PET.

Aromatic carboxylic dianhydride chain extenders (e.g. PMDA) are a low-cost
way of converting recycled PET flakes into high-IV crystalline pellets that can
be used in high-value applications (e.g. bottles, strapping, foam, engineering
alloys/compounds, etc.) (see Figure 14.2). PMDA is an effective chain extension
additive for thermoplastic polyesters such as PET and PBT. It is suitable for the
following applications:

• Enhancement of the intrinsic viscosity of PET and PBT
• Reactive extrusion of PET and PBT
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Figure 14.2 Effect of PMDA addition on the IV of PET bottle flake after extrusion
at 280 ◦C

• Melt strength enhancement of PET and PBT for the production of blown
polyester foams

• As a melt viscosity and melt-strength-enhancing additive for modifying PET
for film blowing and extrusion blow moulding applications

• Tensile strength enhancement of PET and PBT for strapping applications
without the need for solid-state polycondensation

• Upgrading of recycled PET flake to resin suitable for bottling applications
(>0.80 dL/g)

• As an additive to reduce the time necessary for solid-phase polymerization
of PET and PBT resins

• To increase the elongational viscosity of PET and PBT resins by facilitating
extended and branched architectures

One of the main commercial uses of PMDA is to improve the melt strength
of PET to allow it to be foamed. Unmodified PET cannot be foamed prop-
erly because its inherently low melt strength causes the cells to collapse and
coalesce.
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2.2 PHENYLENEBISOXAZOLINE

Both 1,3-phenylenebisoxazoline (1,3-PBO) and 1,4-phenylenebisoxazoline (1,4-
PBO) are effective chain extenders for PET via the mechanism shown
in Figure 14.3. PBO chain-extends PET by coupling together two terminal
carboxylic acid groups. Effective use concentrations of PBO for PET are in
the range 0.5–1.5 wt% and these can give an IV increase for PET of 0.2 IV
units – that is, from 0.7 to 0.9 dL/g. The precise IV enhancement will depend on
the carboxyl equivalent of the PET. Typical reaction conditions are 240 ◦C for
3 min. PBO also acts as a carboxyl group scavenger and in doing so increases
the hydrolytic stability of the resultant PET. A concentration of 0.5 % PBO in
PET can reduce the carboxyl content from 45 to 20 mmol/kg.

The product of the coupling reaction is an esteramide and no volatiles are
emitted during the ring-opening reaction. The reaction is largely completed within
the processing time (i.e. 3–5 min). The increase in viscosity can be adjusted by
the amount of PBO. In practice, about 0.5 wt% is used. A 0.5 parts per hundred
(phr) addition level of PBO in PET generally gives an intrinsic viscosity increase
of about 0.2 dL/g. PBO can be used in combination with other chain extenders
such as carbonyl bis(1-caprolactam) (CBC).

PBO is a very reactive compound towards PET containing carboxyl end groups
but not hydroxyl end groups. Karayannidis [11] studied the effect of a PBO
chain extender on the IV increase of PET during extrusion. Interestingly, these
authors observed enhanced results when phthalic anhydride was added to the
initial sample, before the addition of PBO. This technique succeeded in increasing
the carboxyl groups by reacting phthalic anhydride with the terminal hydroxyl
groups of the PET. After this initial modification of the PET sample, PBO was
proved to be an even more effective chain extender. It was found that when using
recycled PET with an IV of 0.78, a PET grade could be prepared having an IV
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Figure 14.3 Reaction of 1,4-PBO chain extender with PET end groups (car-
boxylic acid groups) to give linear chain extension of PET (leading to a
polyamide–polyester); 1,4-PBO, 1,4-phenylenebisoxazoline
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of 0.85 (or number-average molecular weight (Mn) of 25 600) within about 5 min
when using PBO as the chain extender.

2.3 DIEPOXIDE CHAIN EXTENDERS

Figure 14.4(a) shows the structure for a common diepoxide chain extender.
Haralabakopoulos et al. [12] have reported that the molecular weight of PET
increases via chain extension reactions with commercially available diepoxides.
Low concentrations of extender and short reaction times generally favoured chain
extension. In addition, purging with nitrogen resulted in chain extended polymers
having the highest values of intrinsic viscosity (e.g. 0.82 dL/g).

PET chain-extended with a diepoxide as chain extender can exhibit varying
degrees of branching and cross-linking depending on the level of chain extender
used [13, 14]. The branched and cross-linked PETs exhibit significant improve-
ment in tensile properties.

Bikiaris and Karayannidis [5] have investigated the use of diimidodiepoxides
as chain extenders for PET resins. Starting with a PET having an IV of 0.60 dL/g
and a carboxyl content (CC) of 42 eq/106 g, they obtained PET with an IV of
1.16 dL/g and a CC below 5 eq/106 g. The typical reaction condition for the
coupling of PET was heating with the chain extender under an argon atmosphere
above its melting temperature (280 ◦C) for several minutes.
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Figure 14.4 Chemical structures of two common epoxy chain extenders for
PET: (a) a diepoxide, e.g. Shell Epon 828, based on bisphenol A diglycidyl ether;
(b) a tetraepoxide, e.g. Ciba MY721, based on tetraglycidyl diaminodiphenyl
methane (TGDDM)
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2.4 TETRAEPOXIDE CHAIN EXTENDERS

Figure 14.4(b) shows the structure for a common tetraepoxide chain extender.
Reactive processing of recycled PET with a tetrafunctional epoxy additive
induces randomly branched molecules which gives rise to a corresponding
increase in elongational melt viscosity. This enables the PET to be foamed
and allows the production of closed-cell foams [15, 16]. The tetrafunctional
tetraglycidyl diamino diphenyl methane (TGDDM) (CIBA SC, MY721) is
particularly efficient [17].

The use of multifunctional epoxy-based modifiers to increase the melt strength
of PET has been investigated in detail by Japon et al. [15, 16], with the aim of
producing PET foams by an extrusion process. TGDDM resin was selected for
the investigation of the modifier concentration effect on the reaction conversion.
Using a stoichiometric concentration of TGDDM, the molecular weight distribu-
tion of modified PET, as determined by gel permeation chromatography, showed
an eightfold increase of the Z-average molecular weight and the presence of
branched molecules of very large mass. The resulting intrinsic viscosity of the
modified PET was 1.13 dL/g.

The chain extension of polyesters in the melt using a high-reactivity diepoxy,
diglycidyl tetrahydrophthalate, has been studied in detail by Guo [18]. The diepox-
ide reacts with the hydroxyl and carboxyl end groups of polyesters such as PET at a
very fast reaction rate and a relatively high temperature. The melt flow index of the
chain extended polyesters dramatically decreased as the diepoxy was added to the
polyester. In addition, the notched Izod impact strength and elongation-at-break
of the chain extended polyesters was also found to increase. The chain extended
polyesters are also more stable thermally. Compared with the conventional solid
post-polycondensation method, this approach is a simpler and cheaper technique
for obtaining high-molecular-weight polyester resins.

2.5 PHOSPHITES CHAIN EXTENSION PROMOTERS

The molecular weight and polydispersity of the recycled PET melt processed
with organic phosphites was studied by Nascimento and Dias [19]. Some of the
phosphites act as chain extending catalysts, so increasing the polymer’s molec-
ular weight. Superior chain extension results were obtained with triarylphos-
phites, while dialkyl- and trialkylphosphites promoted PET degradation. The
study showed that triphenylphosphite was the best chain extender used in this
study. The occurrence of transesterification reactions in PET/PEN blends pre-
pared in the presence of triphenylphosphite (TPP) was investigated by Dias
and Silva [20]. When PEN was processed with TPP, which is a known chain
extender for PET, chain extension reactions also took place. Although trans-
esterification inhibition was expected, this type of reaction was not suppressed
by TPP.
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2.6 CARBONYL BIS(1-CAPROLACTAM)

One of the newest chain extenders for PET is carbonyl bis(1-caprolactam) (CBC).
The latter is a free-flowing white powder with a melting point of approximately
115 ◦C. CBC reacts with terminal hydroxyl functional groups on the PET chains
during the processing of polyesters forming carbonate, urethane and urea linkages,
according to the following reaction [21]:

2ROH +
N N

O OO

RO OR

O

2 Caprolactam+

(14.1)

where R is the PET molecular chain.
During this reaction, some caprolactam is also liberated. The reaction is largely

completed within the processing time (typically 3–5 min). The increase in intrin-
sic viscosity of PET can be adjusted by the amount of CBC. In practice, about
0.5 wt% of CBC is typically used. CBC is commercially available under the trade-
name ALLINCO (DSM, Geleen, The Netherlands). ALLINCO is one of the
most effective chain extender systems available for PET [21, 22]. CBC is often
used in combination with PBO for an enhanced chain extension effect. Typically,
the relative viscosity of PET is increased from 1.6 to 2.0 with a stoichiometric
amount of CBC + PBO (ca. 1.2 wt%) in a single-screw extruder at 300 ◦C.

3 SOLID-STATING ACCELERATORS

PET is a material that finds widespread use for soft drink and beverage bottle
applications. For injection or blow moulding applications, high-molecular-weight
PET Mn > 30 000 is required. While PET with Mn of 15 000 − ∼25 000 can be
achieved by a standard melt-polymerization process, the high-molecular-weight
PET grades require a solid-state polymerization process. Commercial solid-state
polymerization process systems are usually composed of a crystallizer and a
polymerization reactor. First, melt-polymerized chips are fed into the crystallizer
unit and crystallized to the extent of about 40 %. In a second step, the crystallized
chips are fed into a polymerization reactor vessel and then polymerized in the
solid state at a temperature of around 220 ◦C.

Solid-state polycondensation (SSP) is thus a technique applied to thermoplastic
polyesters to raise their molecular weight or IV. During solid-state polyconden-
sation, the polymer is heated above the glass transition temperature and below
the melt temperature of the polymer either under an inert gas or under vacuum.
Increasing the intrinsic viscosity requires a residence time of up to 12 h under
vacuum or under inert gas, at temperatures from 180 to 240 ◦C.
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Figure 14.5 Effect of a commercial solid-stating accelerator (Irgamod 1425) on
the rate of intrinsic viscosity enhancement of PET (data obtained from Ciba
Specialty Chemicals)

Solid-state polycondensation of thermoplastic polyesters such as PET is there-
fore both time-consuming and energy-intensive. Recently, additives have been
developed to accelerate this process [23, 24]. Such additives enable PET with
a very high IV to be produced at reduced residence times in the solid-state
reactor, with enhanced outputs and at a reduced cost. Such additives accelerate
the IV enhancement of PET at low cost. One such SSP accelerator is Irgamod
1425 which when used in PET at levels of between 0.1–0.5 wt% gives an SSP
acceleration of approximately 50 % (see Figure 14.5).

Typically, an IV enhancement of 0.10 dL/g requires 10 h of solid-stating. In the
presence of an SSP accelerator, this time is reduced to just 5 h. Irgamod 1425 also
contributes to reduced yellowing of the PET resin. For instance, 0.1 wt% can lead
to a drop in b value (yellowness) from 1.1. to −2.9. Such SSP accelerators are
based on sterically hindered hydroxyphenylalkylphosphonates such as calcium
bis-ethyl-3,5-di-t-butyl-4-hydroxyphosphonate. Pfaendner et al. [24] details the
use of Irganox 1425 (CAS 65140-91-2)1 to accelerate the solid-stating of PET.

4 IMPACT MODIFIERS (TOUGHENERS)

Impact modifiers for PET are generally elastomeric compounds that increase
impact strength and elongation while usually decreasing modulus. An effective
way to enhance the impact strength and to induce a brittle/ductile transition of the
fracture mode, is by the dispersion of a rubber phase within the PET matrix. The

1 Chemical Abstracts Service (CAS) Registry Number.
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main role of the rubber particles is to induce an overall deformation mechanism
rather than a localized phenomenon, thereby strongly increasing the amount of
dissipated fracture energy. The effectiveness of rubber modification is found to
be highly dependent on the following:

• the rubber and compatibilizer type
• the rubber content
• the rubber particle size
• the interparticle distance

The basic mechanism of toughening is one of void formation and shear band
formation (cavitation) when stress is applied.

4.1 REACTIVE IMPACT MODIFIERS

In order to obtain a finely sized dispersed phase in the PET matrix, the use
of reactive compatibilization has been found to be important. Small dispersed
rubber particles and a small interparticle distance are necessary to induce high
toughness. For effective rubber toughening of PET, it is important that the rubber
domains be less than 3 µm in diameter (and preferably less than 1 µm) and that
the interparticle distance be between 50–300 nm.

Reactive impact modifiers are preferred for toughening of PET since these
form a stable dispersed phase by grafting to the PET matrix. Non-reactive elas-
tomers can be dispersed into PET by intensive compounding but may coalesce
downstream in the compounder. Reactive impact modifiers have functionalized
end groups. Functionalization serves two purposes – first, to bond the impact
modifier to the polymer matrix, and secondly to modify the interfacial energy
between the polymer matrix and the impact modifier for enhanced dispersion.
Some examples of commercially available reactive impact modifiers for PET are
shown in Table 14.3. An example of a non-reactive elastomer that can be used in
combination with reactive impact modifiers is ethylene methyl acrylate (EMA),
such as the Optema EMA range of ethylene methyl acrylates manufactured by
the Exxon-Mobil Chemical Company (see Section 4.2).

Functionalized (reactive) elastomers such as Lotader AX8900 (see Figure 14.6)
are excellent toughening agents for PET as they improve interfacial adhesion and
importantly, reduce interfacial tension, thus allowing the formation of smaller
rubber particles (Figure 14.7). Furthermore, a grafting of the elastomer to the
PET matrix occurs according to the following reaction:

PET–COOH + Lotader AX8900 −−−→ Polyester-g-Lotader (14.2)

The chemical reaction between glycidyl methacrylate (GMA) end groups on
the reactive elastomer and the carboxylic acid end groups of PET is shown in
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Table 14.3 Commercial reactive impact modifiers for PET

Elastomeric toughenera Tradename Manufacturer

E–EA–GMA (67:25:8)
(ethylene–ethyl acrylate–glycidyl
methacrylate terpolymer)

Lotader AX8900b Atofina

E–EA–GMA (68:24:8)
(ethylene–ethyl acrylate–glycidyl
methacrylate terpolymer)

Lotader 8860
Lotader 8840

Atofina

E–BA–GMA (63:31:6)
(ethylene–butyl acrylate–glycidyl
methacrylate terpolymer)

Elvaloy PTW DuPont

E–VA–MA (ethylene–vinyl acetate
copolymer, functionalized with
maleic anhydride)

Exxelor VA1803 Exxon

SEBS–MA (styrene–ethylene
butylene–styrene terpolymer,
functionalized with maleic
anhydride)

Tuftec M1943
Kraton G1652
Kraton FG1921X

Asahi Kasei Company
Kraton

a Note: GMA is essentially an epoxy functionality.
b Lotader AX8900 is often used in combination with a non-reactive elastomeric toughener such as
Lotryl (ethylene ethyl acrylate (EEA)). For example, a 30:70 blend of these two tougheners is a
highly effective impact modifying system for PET.
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Figure 14.6 Simplified structure for random ethylene–acrylic ester–glycidyl
methacrylate terpolymers which are effective rubber tougheners for PET com-
pounds. The ethylene–acrylic ester segments provide elastomeric properties
while the glycidyl methacrylate functionalities enable reactive grafting to the
PET matrix via the hydroxyl and carboxyl chain ends of the latter
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+ functionalized reactive
elastomeric compatibilizer,
e.g. E–EA–GMA or
E–BA–GMA
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elastomeric
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Figure 14.7 Schematic highlighting the microstructure of rubber-toughened
PET and performance improvements when non-reactive elastomers are blended
with reactive elastomers (adapted from Atofina literature entitled ‘Lotader and
Lotryl’)

Figure 14.8. This reaction is critical in ensuring the reactive elastomeric tough-
ener becomes grafted to the PET matrix and forms smaller, uniform domains of
a rubber dispersed phase.

Reactive tougheners such as Lotader GMA AX8900, AX8920 and AX8930
exhibit high reactivity with PET and induce a fine and homogeneous dispersion
of rubber domains throughout the PET matrix. Figure 14.9 clearly illustrates
the superior toughening effect afforded by reactive tougheners as opposed to
non-reactive tougheners.

Figure 14.10 shows the microstructure of PET containing 20 % of a reactive
toughener (Lotader AX8900). The rubber domains have been selectively removed
by solvent to provide contrast enhancement. Note that the scale bar is 5 µm long
and that the rubber domains are consistently smaller than 1 µm. This fine mor-
phology enables the production of ‘supertough’ PET with notched Izod impact
strengths exceeding 700 J/m.

Elastomers with reactive end groups such as maleic anhydride (MA) or glycidyl
methacrylate (GMA) are preferred for toughening PET. The reason that they
are so effective is that they form a graft copolymer by reaction with the PET
hydroxyl and carboxyl end groups (as shown below). The graft copolymer then
acts as an emulsifier to decrease the interfacial tension and reduce the tendency
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Figure 14.8 Grafting reactions between PET end groups and glycidyl-
methacrylate-containing rubber tougheners. This reaction is critical in ensuring
that the reactive elastomeric toughener becomes grafted to the PET matrix and
forms smaller, uniform domains of a rubber dispersed phase

of the dispersed rubber particles to coalesce during processing. Furthermore in
the solid state the graft copolymer promotes adhesion between the phases and
facilitates cavitation in a triaxial stress state.

The use of maleic-anhydride-functionalized styrene–ethylene butylene–
styrene (SEBS) elastomers (e.g. Kraton G1652 and Kraton FG1921X) to toughen
PET has been reported by Tanrattanakul et al. [25]. Interestingly, particles of
functionalized SEBS were primarily spherical in injection moulded blends, while
in the unfunctionalized SBS blends the particles were highly elongated. The func-
tionalized SEBS–PET blends exhibit far superior impact strengths compared to
the unfunctionalized blends. It was found that the improvement in impact strength
with the functionalized elastomers was related to a decrease in the rubber domain
particle size. As little as 1 % SEBS-g-MA in PET can increase the fracture strain
by more than ten times. The graft copolymer acts as an emulsifier to decrease
interfacial tension and reduce the tendency of dispersed particles to coalesce, and
also importantly promotes adhesion between the phases in the blend.

4.2 NON-REACTIVE IMPACT MODIFIERS (CO-MODIFIERS)

Most non-reactive (unfunctionalized) elastomeric impact modifiers such as gen-
eral purpose rubbers, are not highly effective at toughening polyesters because
they are unable to adequately interact with the polyester matrix so as to achieve
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Figure 14.9 Effect of various impact modifiers (25 wt%) on the notched
Izod impact strength of recycled PET (as moulded and annealed
at 150 ◦C for 16 h): E–GMA, glycidyl-methacrylate-functionalized ethylene
copolymer; E–EA–GMA, ethylene–ethyl acrylate–glycidyl methacrylate
(72/20/8) terpolymer; E–EA, ethylene–ethyl acrylate; EPR, ethylene propylene
rubber; MA–GPR, maleic anhydride grafted ethylene propylene rubber;
MBS, poly(methyl methacrylate)-g-poly(butadiene/styrene); BuA-C/S, poly(butyl
acrylate-g-poly(methyl methacrylate) core/shell rubber. Data taken from
Akkapeddi et al. [26]

optimally sized dispersed phases and strong interfacial bonding. Non-reactive
elastomeric tougheners based on random ethylene–acrylic ester copolymers are
effective impact modifiers for PET compounds however, if appropriate com-
patibilizing polymers are used. Some examples of these systems are shown in
Table 14.4. Figure 14.11 shows the effect of blending a mixture of reactive and
non-reactive ethylene copolymers (E–EA–GMA + EEA = 20 %) on the notched
Izod impact strength of PET.

4.2.1 Core–Shell Elastomers

MBS (methyl methacrylate–butadiene-styrene) graft copolymers are known as one
of the most efficient non-reactive impact modifiers for PET and also poly(vinyl
chloride) (PVC). MBS is used commercially as an effective impact modifier for
PET recyclate [27]. Typical MBS rubber particles contain an elastomeric core of
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5 µm

Figure 14.10 Electron micrograph of PET + 20 % E–EA–GMA (reactive tough-
ener – Lotader AX8900) showing the size and distribution of the rubber particles
(note the 5 µm scale bar). The rubber domains have been selectively etched out
by solvent to provide contrast enhancement

Table 14.4 Commercial non-reactive impact modifiers for PET

Compound Tradename Supplier

EMA (ethylene–methyl acrylate
copolymer)

Optema EMA Atofina Exxon-Mobil

EEA (ethylene–ethyl acrylate
copolymer)a

Lotryl EEA Union Carbide

EBA (ethylene–butyl acrylate
copolymer)

Lotryl Atofina

MBS (poly(methyl methacrylate)-
g-poly(butadiene/styrene) graft
copolymer)

Paraloid EXL Rohm & Haas

Core/shell acrylate Durastrength 400 Atofina

a E–EA–GMA (see Table 14.3) and EEA are often used in combination as a toughening system.
The optimum blend ratio of reactive elastomers:non-reactive elastomers (e.g. Lotader:Lotryl) is
30/70. Since the E–EA–GMA terpolymer and EEA copolymer are mutually miscible, when blended
together with PET the mixture acts as a single elastomeric phase, which is interfacially grafted to
the PET continuous phase.
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Figure 14.11 Variation of the notched Izod impact strength of PET containing
20 % of an elastomeric toughening system as a function of the ratio of reactive
to non-reactive modifier. It can be seen that the 30:70 reactive:non-reactive
mixture provides the optimum balance. The reactive modifier acts more as a
compatibilizer in this system. Note: units for impact strength (kJ m−2) can be
converted to J m−1 by multiplying by 10

styrene-co-butadiene random copolymer and a glassy shell composed of styrene
and methyl methacrylate. MBS impact modifiers such as Paraloid EXL (Rohm &
Haas) are effective tougheners for PET resins, especially those used for crystalline
PET (CPET) applications which require low-temperature impact. The dispersion
of small rubber ‘core–shell’ particles afforded by MBS tougheners provides PET
with an excellent level of toughness, without strongly affecting other mechanical
or thermal properties. The unique core–shell structure is obtained by copolymer-
ization of a hard shell around a soft rubber core. This structure provides excellent
impact properties to the PET due to the presence of the soft rubber core, without
strongly affecting the matrix rigidity by virtue of the hard outer shell. In addition,
since the core–shell structure is produced by emulsion copolymerization it provides
a well-defined particle size which in turn leads to a well-controlled blend morphol-
ogy. Grades of Paraloid EXL intended for PET modification include EXL 3300
and EXL 5375. Another impact modifier for PET is the core–shell modifier mar-
keted under the trademark EXL 2330. Such impact modifiers are generally added
at levels of around 10 wt%.
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The PARALOID EXL range also includes PARALOID EXL 2314, an acrylic
impact modifier with reactive functionality for PET impact modification.

4.3 THEORY OF IMPACT MODIFICATION OF PET

The following equation relates the interparticle distance (ID) to the volume frac-
tion of the impact modifier (φ) and the weight-average particle size (dW ) [28]:

•ID = [(π/6φ)1/3 − 1] dW (14.2)

Figure 14.12 shows that the impact strength increases sharply as the interpar-
ticle distance is reduced. The toughness increases as the interparticle distance
decreases to a critical size, but becomes lower again as the distance becomes too
small. It can be seen that the critical interparticle distance for PET is 50 nm.

Pecorini and Calvert [28] attribute the role of small particles and a small inter-
particle distance to inducing high toughness in PET by promoting massive shear
yielding in the matrix. Their study showed that the non-reactive impact modifier
gives a system in which the rubber phase is not well dispersed. It was shown
that this is not effective in toughening PET at levels of either 10 or 20 %. The
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Figure 14.12 Notched Izod impact strength data (on crystallized PET) for sam-
ples of toughened polymer as a function of the ratio of interparticle distance: O,
amorphous; ×, crystalline [28]. Reprinted with permission from Pecorini, T. J.
and Calvert, D., in Toughening of Plastics – Advances in Modelling and Experi-
ments, Pearson, R. A., Sue, H.-J. and Yee, A. F. (Eds), ACS Symposium Series,
759, American Chemical Society, Washington, DC, 2000, Ch. 9, pp. 141–158.
Copyright (2000) American Chemical Society
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Table 14.5 Effect of impact modifier type, particle size and interparticle distance on
the impact strength and elongation of PET

Property
Non-reactive

modifiera
Non-reactive

modifiera
Reactive
modifierb

Reactive
modifierb

Content (wt%) 10 20 10 20
Particle size (µm) 0.45 0.53 0.16 0.13
IDc (µm) 0.25 0.14 0.09 0.03
Izod impact strength (J/m) 35 45 118 659
Elongation at break (%) 8 7 16 65

a Non-reactive impact modifier (copolymer of ethylene and methyl acrylate).
b Reactive impact modifier (terpolymer of ethylene, methyl acrylate and glycidyl methacrylate).
c Interparticle distance, i.e. the average distance between particles of impact modifier in the PET
matrix.

reactive impact modifier, on the other hand, gives far superior impact strengths
and can produce a material with ‘supertoughness’ (Table 14.5).

5 NUCLEATING AGENTS

One of the primary limitations of PET is related to its slow rate of crystalliza-
tion from the melt. A consequence of this is that relatively long cycle times
are required to provide crystallinity in PET. When this is achieved, it is often
accompanied by opacity and brittleness, due to the relatively large size of crys-
tallites formed by thermal crystallization. Crystallinity itself is often desirable in
moulded parts, due to the higher thermal and mechanical stability associated with
it. Crystallinity is especially desirable when parts are intended to be subjected
to elevated temperatures since if the PET components are amorphous they will
anneal at temperatures above 80 ◦C.

It is well known that PBT crystallizes much faster than PET and hence PBT is
the preferred polyester resin for injection moulding. Unmodified PET cannot be
injection moulded to give crystalline parts with economical cycle times. Because
PET is an intrinsically slow-crystallizing polymer, nucleating agents are often
used to increase the rate of crystallization. In fact, in order to use PET in injection
moulding applications, nucleating agents are essential.

Quick cooling of the PET melt results in the formation of small spherulites but
the crystallinity, however, remains low because the polymer is practically ‘frozen’
in its amorphous state. Slow cooling of the PET, on the other hand, leads to a
high degree of crystallinity; however, the spherulites grow to a large size at
which optimum mechanical properties are not attained. In addition, an uneven
spherulite size distribution results. Achieving a high degree of crystallinity and
small spherulites in PET simultaneously requires the use of nucleating agents
and crystallization promoters. While inorganic nucleating agents such as talc are
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somewhat effective in nucleating PET, it has been found that alkali metal salts
of high-molecular-weight carboxylic acids are far more effective. The reason for
this is that compared to inorganic nucleating agents which reside in the PET as
discrete particles, the organic salts can be distributed throughout the PET matrix
at a smaller scale and more homogeneously.

Nucleating agents in PET serve two main functions, as follows:

• To induce a small and regular crystalline structure (Figure 14.13).
• To suppress large crystal growth which causes brittleness.

Additional functions of the nucleating system include the following:

• To decrease demoulding time (i.e. decrease cycle time for the part).
• To allow the material to crystallize at a uniform rate in the mould which

tends to result in lower moulded-in stresses.

(a)

(b)

Figure 14.13 Effect of a nucleating agent on the spherulitic morphology of PET.
(a) Without a nucleator, PET forms large and irregular crystallites. Mouldings
are brittle since low-molecular-weight material are concentrated at the crystal
boundaries. (b) With a chemical nucleating agent, PET gives a much more
regular spherulitic microstructure and this translates to improved mechanical
properties
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• To override any effect that particulate impurities or polyolefin contamination
would have in modifying the crystallization behaviour of recycled PET.

As mentioned above, PET can be nucleated physically (by heterogeneous
particulates, e.g. talc particles) and chemically (by a chemical reaction). PET
grades for injection moulding are usually chemically nucleated – that is, nucle-
ating agents take part in a chemical reaction with the polymer which leads to the
formation of an in situ nucleating species. PET is generally chemically nucleated
by certain sodium salts such as sodium stearate. The high nucleation efficiency
of sodium stearate is not due to the additive itself, but to the products created by
reaction with PET. The precise mechanism of this type of nucleation in PET has
been identified by Legras et al. [29–31]. Sodium stearate reacts with the ester
linkages of the PET, creating sodium carboxylate chain ends (Figure 14.14).
These have been shown to be effective nucleating species.

While this is an effective nucleation mechanism for PET, the efficiency of
this system is not stable and decreases significantly with melt mixing (com-
pounding) time. This instability is due to a disproportion reaction in which the
sodium chain ends react with each other to give disodium terephthalate. The sub-
sequent decrease in ionic chain end concentration is directly linked to the loss in
nucleation efficiency.

The main factors determining the efficiency of sodium salts of organic acids as
nucleating agents for PET are alkalinity, solubility and thermal stability. These
are widely varying for different families of products and a compromise has to be
made between these properties. The more soluble and the more stable, then the

CO

O

C

O

OCH2CH2O

PET

NaC18H35O2

Sodium stearateSodium stearate
attacks ester bond
in PET backbone

n

COO− Na+

PET chain

Active nucleation species

Figure 14.14 Sodium stearate is an efficient nucleating agent for PET since it
scissions an ester bond and creates an ionic chain end which acts as the primary
nucleation site. The disadvantage of this form of nucleation is that it leads to a
reduction in the molecular weight of the polymer
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more salt will react with PET. The counterion also has an influence but sodium
usually offers the best compromise between reactivity for the nucleophilic attack
of PET and thermal stability of the nucleating agent. The active nuclei are the
platelet-like ionic chain ends. The size (and probably the crystal habit) of the
nucleating molecules may also be considered as there seems to be an optimum
corresponding to an optimal size of the platelet-like ionic chain ends aggregates
which are thought to be the active nuclei [32].

It is not only sodium salts of monocarboxylic acids that are effective nucleating
agents for PET; lithium, calcium and barium salts of monocarboxylic acids have
also been found to impart nucleation ability [33].

Since chemical nucleating agents actively scission PET chains as part of their
action, a drop in PET intrinsic viscosity can result. One strategy to offset this
accompanying molecular weight reduction is to use both a nucleating agent and
a chain extender in combination.

Due to both the limited thermal stability of sodium stearate during melt mixing
and the molecular weight reduction accompanying chemical nucleation, another
type of nucleating action is also employed. This is based on incorporating into
the polymer a small percentage of melt-compatible resin which already con-
tains sodium carboxylate chain ends rather than creating them in situ. Such
ionomers have negatively charged acid groups which have been partially neutral-
ized with sodium ions (see Figure 14.15). The nucleating system for commercial
PET injection moulding compounds is thus typically based on a three-component
package comprising the following:

(i) sodium stearate (chemical nucleating agent)
(ii) sodium ionomer (melt-miscible nucleating agent)

(iii) poly(ether ester) (plasticizer to facilitate chain folding)

The use of nucleating agents in PET is not only intended for increasing the
rate of crystallization and the crystallization temperature but also for forming a
more homogeneous morphology, that is, a more uniform spherulite distribution.

Nucleating agents in PET also allow faster demoulding times, that is, the
injection moulded part can be ejected from the mould more quickly or at a
higher temperature.

Sodium ionomers are commercially recognized as the most effective nucleat-
ing agents for PET compounds. The typical use rate of sodium ionomer-based
nucleating agents is 3–4 wt%. The sodium salt of poly(ethylene-co-methacrylic
acid) is a particularly effective nucleating agent for PET.

Some examples of common nucleating agents used for PET are shown in
Table 14.6. Aclyn ionomers (by Honeywell – formally Allied Signal) have proven
to be highly efficient nucleating agents for PET and do not cause loss of MW.
Use levels as low as 0.25 % promote rapid crystallization of PET. Such nucleators
are particularly suited to thermoforming of PET trays where increased produc-
tion rates can be achieved. Specifically, Aclyn 285 is particularly effective for
lowering the crystallization onset temperature for PET, as shown in Table 14.7.
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Figure 14.15 Mechanism of PET nucleation by sodium ionomers. A particular
advantage of such compounds is that they provide active nucleation sites
without molecular chain scission

Sodium-neutralized salts of montanic acid (e.g. Licomont NaV) are also effective
nucleators for PET. Montanic wax consists of a mixture of straight-chain, satu-
rated carboxylic acids with chain lengths in the range of 26 to 34 carbon atoms.
The low volatility and high thermal stability of montanic acid waxes makes them
a suitable nucleating agent for engineering plastics such as PET and PBT.

Phyllosilicates are clay-related compounds with a sheet structure such as talc,
mica, kaolin, etc. for which the nucleation mechanism of PET is known to be
heterogeneous, although still uncertain.

Nanoclay particles by virtue of their particulate nature are emerging as effec-
tive heterogeneous nucleating agents for polyesters. The nanoclay particles in
PET/montmorillonite nanocomposites impart to PET a higher crystallization rate
without the need for expensive nucleating agents.
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Table 14.6 Commercial nucleating agents for PET

Nucleating agent Tradename Manufacturer

E–AA–Na+ (ethylene–acrylic acid
sodium ionomer)

Aclyn 285 Honeywell

E–MAA–Na+ (ethylene-methacrylic
acid sodium ionomer)

Surlyn 8920a DuPont

Sodium-neutralized salt of montanic
acid wax

Licomont NaV101 Clariant

Sodium carboxylate salts (e.g. sodium
stearate)b

– SunAce

Sodium benzoate – Various
Sodium chlorobenzoatec – Aldrich

a Copolymer of ethylene and 15 wt% of methacrylic acid neutralized with 60 % sodium cations.
b Typical use rate is 1.2 % (can cause chain scission of PET chains).
c Sodium chlorobenzoate reacts with PET and leads to a loss of molecular weight. Furthermore, the
effectiveness of sodium chlorobenzoate is time-dependent, i.e. the effectiveness of a given amount
of sodium chlorobenzoate is dependent on the processing time in the polymer melt.

Table 14.7 PET crystallization data (after 10 s exposure at 177 ◦C)

Nucleating
agent

Nucleating agent
concentration

(%)
Tch

a

(◦C)
Tcc

b

(◦C)
Crystallinity

(%)

None 0 144 179 9
Aclyn 285 0.25 132 201 33
Aclyn 285 0.50 130 204 33
Aclyn 285 1.00 129 204 30

a Temperature of hot crystallization.
b Temperature of cold crystallization.

Newer nucleators include pyrrole-based salts which seem to produce chemical
nucleation with a minimal molecular weight reduction.

6 NUCLEATION/CRYSTALLIZATION PROMOTERS

To facilitate and accelerate folding and crystallization of polymer chains, internal
plasticizers are often added to PET to serve as crystallation promoters. Such
additives are usually based on poly(ether ester)s. These plasticizers are liquids
that are typically added at levels of 2–4 wt%. They reduce cycle time in injection
moulding operations by increasing the rate of crystalline formation. They also
plasticize the resin and act as processing aids by virtue of their lubricating action
in the melt. On a molecular level, these plasticizers reduce the intermolecular
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Figure 14.16 Mechanism by which poly(ether ester)s function as crystallization
promoters. Such materials internally lubricate and plasticize the PET molecular
chains, thus allowing reptation (i.e. chain folding) to occur more quickly

forces between the PET chains and allow the latter to slip past one another more
easily (Figure 14.16).

Nucleation promoters are essentially plasticizers that have a high MW and
low volatility which are compatible with polyesters and internally lubricate the
polymer chains. They act by increasing the rate of crystallite formation once
the nucleation agent has provided a nucleation site. Generally, these nucleation
promoters/plasticizers belong to the poly(ether ester) family. These compounds
provide the free volume in the PET molecules for essentially complete crystal-
lization during the short mould-dwell time and at acceptably low mould temper-
atures. Such compounds reside between adjacent polymer chains and thereby aid
crystal growth during nucleation. Some examples of common nucleation promot-
ers/plasticizers for PET are shown in Table 14.8.
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Table 14.8 Commercial nucleation promoters/plasticizers for PET

Promoter Plasticizer Tradename Manufacturer

PEG-400-diethylhexanoate Tegmer 809 CP Hall
PEG-4-dilaurate Uniplex 810 Unitex Chemical
Neopentyl glycol dibenzoate Uniplex 512 Unitex Chemical
Triethylene glycol dibenzoatea Benzoflex S-358 Velsicol Chemical

Corporation

a Further details given in Iida et al. [33].

Other less common nucleation promoters/plasticizers for PET include N -ethyl-
toluenesulfonamide and trioctyl trimellitate.

An important requirement for liquid plasticizers intended for use in PET is
that they have good high temperature stability and low volatility on account
of PET’s relatively high processing temperature (i.e. 280–300 ◦C). Furthermore,
temperature stability is important since some additives that are stable during the
processing of PBT may degrade in PET. Another important characteristic for
additives for PET is that they have low acid and hydroxyl values since PET is
susceptible to both acid- and alkali-catalyzed degradation.

7 ANTI-HYDROLYSIS ADDITIVES

PET resin contains ester bonds which are susceptible to hydrolysis at elevated
temperatures in the presence of moisture. The hydrolysis reaction leads to molec-
ular chain scission at the ester bond. As the polymer chains shorten, the molecular
weight decreases such that the melt viscosity and intrinsic viscosity also drop.
The concentration of carboxyl end groups also increases. The hydrolysis reaction
rate begins to become significant at temperatures of 160 ◦C and above. Since
PET is generally processed at temperatures of between 270 and 300 ◦C, it is
apparent that the rate of hydrolysis can become appreciable. At 250 ◦C the rate
of hydrolysis of PET is some 10,000 × that which occurs at 115 ◦C. Suppressing
hydrolysis is especially critical for reprocessing of recycled PET. The effect of
residual moisture on the notched Izod impact strengths of PET compounds is
shown in Figure 14.17.

Anti-hydrolysis additives for PET are moisture scavengers that sacrificially
react with moisture during melt processing or in service, thereby minimizing
hydrolysis of the polyester. Anti-hydrolysis additives for PET and PBT chemi-
cally react with free moisture during extrusion. These additives can be based on
carbodiimide (HN–C–NH). Commercially available polycarbodiimide additives
include Stabaxol P (Rhein Chemie Rheinau GmbH, Mannheim, Germany) and
Carbodilite (Nisshinbo Industries, Inc., Chiba-Shi Chiba, Japan).

Hydrolysis during melt processing can be suppressed significantly by the addi-
tion of such anti-hydrolysis additives. This enables the IV to be maintained across
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Figure 14.17 Relationship between notched impact strength of PET com-
pounds and their moisture content. The plot emphasizes the need for proper
drying of PET resin to reduce the moisture content to below 200 ppm before
melt processing. Intensive drying procedures are time-consuming and costly
and therefore internal desiccants are often used

melt processing operations. Improvements in tensile strength and impact strength
have also been reported with the carbodiimide-mediated coupling of PET.

Such hydrolysis stabilizers act as acid- and water-scavengers, converting and
neutralizing both water and acids into non-reactive urea structures. Addition rates
of 0.5 wt% polycarbodiimide to PET can maintain its IV across melt processing
even with only partial pre-drying of the PET. Polycarbodiimides also react with
the terminal acid groups of PET and decrease the initial acid value of the polyester
resin. Imashiro et al. [34] have described adding a carbodiimide compound to
recycled PET such that the intrinsic viscosity and strength of the polyester resin
during processing is maintained.

Stabaxol KE 7646 is a grade claimed for maintaining the intrinsic viscosity of
recycled PET during melt processing. Such additives expand the possibilities for
applications of recycled PET resin into new fields.

Polycarbodiimides are also used as additives to provide long-term hydrolytic
stability to polyester components in service in moist and humid environments
(e.g. glass-filled PET in dishwasher applications).

Heitz et al. [35] (BASF) describe the use of polycarbodiimide as an additive to
produce hydrolysis-resistant PBT. Further patents describe glass-fiber-reinforced
mixtures of PBT with an aromatic polycarbodiimide having improved impact
strength [36], and mixtures of PBT with an aromatic polycarbodiimide having
improved melt strength and intrinsic viscosity [37].
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Stabaxol P is used normally as a hydrolysis stabilizer in non-food polyester
applications. One of the main applications is the stabilization of monofilament.
An additional advantage of Stabaxol P is that it also works as a viscosity
modifier. Stabaxol P has no FDA approval, and this means that it can be used
only for technical applications.

Some examples of common anti-hydrolysis agents for PET are presented in
Table 14.9. Desiccant additives can be used in PET and PBT to control mois-
ture evolution during melt processing of polyesters. Such additives are generally
based on a treated calcium oxide which reacts chemically with any moisture
present in the polymer during extrusion. The moisture scavenging process results
in a calcium hydroxide residue that remains as uniformly distributed, inert parti-
cles (5 µm diameter) in the polymer (essentially it becomes a chalk filler). These
additives are available as a masterbatch (e.g. Colloids Ltd, Merseyside, UK).
This masterbatch is based on a selected grade of calcium oxide (60 wt%) in a
low-density polyethylene carrier (melt flow index (MFI) of 5 g/10 min).

The addition rate of the Dessicante masterbatch is typically 1.0–3.0 %.
Approximately 1 % addition of the PE 48/10/96 masterbatch will remove 0.1 %
of water from the polymer during the extrusion or compounding process.

8 REINFORCEMENTS

The reinforcing nature of inorganic fillers is dependant on both their aspect ratio
(length to thickness ratio) and the interfacial shear strength that they develop
in the PET matrix (a function of the type of surface treatment) (Table 14.10).
Glass fibre reinforcement increases the flexural modulus, tensile strength and
heat distortion temperature (HDT), while reducing the elongation at break. Bottle-
grade recycled PET can be upgraded into engineering-grade PET for injection
moulding through the addition of glass fibre reinforcement. The addition of glass
fibre is used to upgrade the properties of PET recyclate from soft-drink bottles
into injection moulding applications [38].

Table 14.9 Commercial anti-hydrolysis agents for PET

Compound Tradename Manufacturer

Polycarbodiimide Stabaxol KE 7646a Rhein Chemie
Carbodiimide Carbodilite Eb Nisshinbo Industries
Treated calcium oxide

(Caloxol)
Dessicante PE

48/10/96
Colloids Ltd

a Stabaxol KE 7646 (Rhein Chemie, Mannheim, Germany) is a masterbatch based on PET
plus an aromatic polycarbodiimide.
b Carbodilite E is a masterbatch of 10 wt% carbodiimide in a PET carrier resin.
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Table 14.10 Commercial reinforcing agents for PET

Reinforcement Aspect ratio Tradenames

Glass fibre (chopped
strand)

300:1 (typical dimensions,
10 µm × 3 mm)

PPG 3540a

Vetrotex 952 Saint Gobain
Owens Corning 183F

Wollastonite (calcium
silicate)

16:1 Nyco

Montmorilloniteb

(layered silicate
nanoclay)

1000:1 Cloisite 93A
Cloisite 30B
(Southern Clay Products)

Mica 30:1 Muscovite-type mica (supplied
by KMG); phlogopite-type
mica (supplied by Suzorite,
Inc.)

Talc 30:1 Various

a The glass fibre, PPG 3540, is a polyurethane-sized glass fibre manufactured by PPG Industries, Inc.
The surface treatment on the glass fibre promotes good adhesion between the fibre and the polymer.
b Note: montmorillonite is surface treated with octadecylammonium or dioctadecyldimethylammo-
nium ions.

Wollastonite is a relatively inexpensive reinforcing filler and extending agent
for thermoplastic polyesters. This material can be used to give PET some ‘body’
in profile extrusion and to prevent sagging. Certain grades of wollastonite (such
as that supplied by Wolkem India Limited from the Wolkem’s mines in Rajasthan,
India) have an aspect ratio of up to 20:1. Wollastonite reinforcing agents are an
ideal partial replacement for glass fibres for the reinforcement of polyesters such
as PBT. With a loading of 30 % wollastonite, PBT attains a HDT (at 18.5 kg/cm2)
of 180 ◦C. Improvements in other mechanical properties, such as tensile strength,
flexural strength, flexural modulus, and notched and un-notched impact strengths,
are also achieved.

Nanoclays (nanophase layered silicates) give improvements in tensile modulus
and tensile strength of PET at levels of only 1 wt% compared with say 10 % con-
ventional fillers or analogously at loadings of 3 wt% compared with 30 % glass
fibre (Table 14.11). The major benefit of nanoclay reinforcements is mechanical
property improvement with minimal density (i.e. weight) increase. This is partic-
ularly advantageous for plastic components for automotive applications. Another
benefit conferred by nanoclays is flame retardancy due to the tortuous path that
hot combustion gases evolving from the polymer must take to reach the flame
zone. Nanoclay particles in PET also increase the onset temperature for thermal
degradation, decrease the heat output during burning, form protective char layers,
and overall, impart self-extinguishing characteristics.
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Table 14.11 Property improvements of PET that are
observed after the addition of 3 % nanoclay

Property
Improvement with

nanoclay (%)

Elastic modulus 90 % higher
Tensile strength 55 % higher
Impact strength 22 % higher
Thermal expansion coefficient 52 % lower
Heat distortion temperature 123 % higher
Water uptake 41 % lower

9 FLAME RETARDANTS

Approximately 40 % of the thermoplastic polyester resin that is sold (excluding
PET packaging resins) is flame-retarded. PET used for switches, sockets and other
applications where the material is in direct contact with live parts of electronic
and electrical appliances are required to be flame retardant.

PET can be made flame retardant (FR-PET) by halogenated additives in com-
bination with synergists such as antimony compounds (which impart no flame
inhibition by themselves). During combustion, volatile antimony trihalide is
formed in the condensed phase and transported to the gas phase. Failure of
this flame retardant in PET compounds can occur, however, due to the formation
of stable metal halides such as the following:

• in the presence of calcium carbonate–stable calcium bromide forms
• in the presence of fumed silica–stable silicon bromide forms

This renders the halogen unavailable for reaction with the antimony compound,
and therefore neither the halogen nor the antimony are transported into the flame
zone during combustion.

The following examples demonstrate common pitfalls encountered when flame-
retarding PET compounds:

• An antagonism can occur between phosphorus flame retardants and antimony
compounds when used in combination.

• Phosphate esters hydrolyze easily, thus precluding their use in PET.
• Aluminium trihydrate (ATH) decomposes, absorbing energy from the flame

and evolving water vapour which blankets and smothers the flame. The result-
ing water vapour at 230 ◦C can cause ‘massive’ hydrolysis of PET.

• Antimony oxide flame retardants act as depolymerization agents for PET.
Instead, sodium antimonate is the synergist of choice.

• Brominated flame retardants can induce degradation namely, acid-catalyzed
hydrolysis of PET.



ADDITIVES FOR THE MODIFICATION OF PET 527

• Magnesium hydroxide is very basic (high pH) and will degrade PET and PBT
if it is used as a flame retardant [39].

Generally, flame retardants for engineering PET compositions are based on
bromine-containing compounds (such as brominated polycarbonate, decabro-
modiphenyl oxide, brominated acrylic, brominated polystyrene, etc.). Such com-
pounds are available commercially (such as from the Ethyl Chemical Corporation,
Great Lakes Chemical Corporation, Dead Sea Bromine Company, etc.) In addi-
tion, the flame-retardant package generally contains a synergist, typically sodium
antimonate. PET may also be flame-retarded with diarylphosphonate, melamine
cyanurate or red phosphorus.

The two main brominated flame retardants used commercially in PET are
PyroChek 68PB (see Figure 14.18) and Saytex HP-7010 (Albemarle). Both of
these flame retardants are based on brominated polystyrene. While there are simi-
larities between these flame retardants, they are not equivalents. There are quality
and performance differences between these two products as they use different raw
materials (i.e. polystyrenes) and the process for bromination is different. Saytex
HP-7010 has better thermal stability and colour control than does PyroCheck
68 PB. However, if higher flow characteristics are a necessary property of the
FR-PET, then Pyrocheck 68 PB would be the product of choice. Sodium anti-
monate is the appropriate synergist in PET since it is more stable at the higher
processing temperatures required of PET and does not cause depolymerization
of this polyesters.

The loading level required of these flame retardants for a 30 % glass-filled
PET is in the range of 12 to 13 % for a 94V-0 rating. The antimony synergist
should be used at the 4 to 6 % range. The quality differences of Saytex 7010
and Pyrocheck 68 P B are such that an acid neutralizer should also be a part of
the formulation, e.g. an inorganic-type stabilizer (e.g. talcite or DHT-4C). Saytex
7010 would require about 300 ppm, while Pyrocheck 68PB would need about

H H

H

Bry x

x = 1800
y = 2.6

66 % Br

Figure 14.18 The chemical structure of PyroChek 68PB (Albermarle Corpora-
tion), a highly effective flame retardant for PET
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Table 14.12 Commercial flame retardants for PET

Flame retardant Tradename Manufacturer

Brominated polystyrene PyroChek 68PB Albemarle Corporation
Brominated polystyrene Saytex HP-7010 Albemarle Corporation
Sodium antimonate Thermoguard FR

sodium antimonate
OxyChem

Melamine polyphosphate Melapur 200 DSM
Antidripping PTFE Teflon 60

Hostaflon 9202
DuPont Hoechst

2000 ppm of such a stabilizer. The acid neutralizer helps with colour control,
melt viscosity control and reduced equipment corrosion [40].

PET requires special flame-retardant chemistry since the antimony oxide syner-
gist that is normally used in combination with brominated flame retardants causes
de-esterification of the PET chain and concomitant molecular weight loss. In place
of antimony oxide, PET requires a sodium antimonate synergist. Another problem
with antimony trioxide is that it decreases the thermal stability of the brominated
flame retardant which then produces hydrobromic acid which degrades the PET.

PET can achieve a UL94 V-0 rating at 0.8 mm when using 13–15 % Pyrocheck
68PB and 4–7 % sodium antimonate. For example, Pyrocheck 68PB is used in
Rynite by DuPont. Sodium antimonate (NaSbO3) (Thermoguard FR) is a fine
white powder used as the antimony source to flame-retard selected polymers as
well as for pigment applications. Since Thermoguard FR has a basic pH, it is
the antimony synergist recommended to flame-retard acid-sensitive polymers and
polyesters such as PET and PBT.

As the glass content of PET goes down, the polymer content goes up and
therefore the requirement will be for additional flame retardant. In addition to
the required flame-retardant loading with reduced filler, there will generally be
an increase in the dripping during the burn test, such as UL94. This generally
is controlled by the addition of an anti-drip agent such as Teflon at loadings of
0.5 to 1.0 wt%. The addition of 1 % of anti-drip Teflon 60, or Hostaflon 9202
or 1665, is usually used. Control of dripping will be necessary to obtain the
94V-0 rating.

Some examples of common flame retardants used for PET are shown in
Table 14.12.

10 POLYMERIC MODIFIERS FOR PET

PET can be blended with PBT or polycarbonate (PC) to make blends or alloys.
Polycarbonate is a high Tg (150 ◦C) ductile, high-impact-strength polymer but has
rather poor solvent resistance because of its amorphous nature. PET/PC blends
have therefore proved advantageous because they combine the solvent-resistance
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Table 14.13 Common polymeric modifiers for PET

Polymer Effect on PET properties

PC Better impact strength
PBT Better crystallization
Phenoxy resin Improve impact strength and

heat distortion temperature

advantages of PET with the high Tg and toughness advantages of PC. Blends of
PET and PC are phase-separated systems that exhibit partial miscibility in the
absence of significant ester interchange. In blends containing >40 % PET, the
continuous phase (matrix) is PET-rich, while the dispersed phase (domains) is
PC-rich. This partial miscibility is responsible for the self-compatibilizing nature
of the blend, hence resulting in good delaminating resistance and tensile strength.
However, despite the good ductility of this blend and drop-weight impact strength,
the notched Izod impact strength of this blend is still quite low (<60 J/m). For
this reason, an elastomeric toughener is invariably needed to improve the notch
sensitivity of PET/PC blends [26].

Phenoxy resins can also be used for the modification of PET and PBT. Phe-
noxy resins such as Paphen PKFE (Inchem Corporation) are polyhydroxyether
materials with pendant hydroxyl groups that can react with the PET. Paphen

phenoxy resins are reactive modifiers that can modify and upgrade brittle poly-
mers. Such resins contain 6 % of secondary hydroxyl groups. The latter serve as
reactive sites for reaction with polyesters, polyamides, polycarbonates, epoxies
and phenolics.

PET undergoes transesterification with the phenoxy polymer (actually it is
an oligomer). The transesterification is a bonding reaction between the pendant
hydroxyl (OH) groups on the phenoxy resin repeat unit and the terminal acid
(COOH) groups on the polyester chains. The result is that individual PET polymer
chains become coupled together (thus increasing the molecular weight) and also
that the thermally stable phenoxy backbone is inserted into the PET structure.
This is claimed to upgrade the mechanical properties of polyesters and to enhance
their structural integrity.

The effects that the most commonly used polymeric modifiers have on the
properties of PET are shown in Table 14.13.

11 SPECIALTY ADDITIVES

11.1 MELT STRENGTH ENHANCERS

Polycondensation polymers such as PET are characterized by low melt viscosities
and low melt strengths. Furthermore, with PET there is a marked shear liquefaction
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during the processing of the polymer melt – accordingly, PET exhibits low melt
elasticity. These attributes are the opposite of those required for good foamability
of polymers. Therefore, the production of foam from PET can only be achieved
by structural modification of the polymer to improve its melt strength and melt
elasticity. Melt strength enhancers are generally based on chain extenders (see
Section 2).

The Eastman Chemical Company (Kingsport, TN) produces a reactive additive
masterbatch, Eastolite E3031-92AA, which increases the melt strength of PET
to help facilitate foaming. The pyromellitic dianhydride additive attaches itself
to the ends of the PET molecules, forming ‘pseudo-star molecules’ by adding
chain length and branches. Starting with PET resin with an intrinsic viscosity of
0.80 dl/g, the addition of the melt-strength-enhancing additive raises the intrinsic
viscosity to 1.2 dl/g and significantly increases the melt strength so that stable
PET foaming can occur. Another melt strength enhancer is Eastapak MSE 14438
which is based on a PETG copolyester.

11.2 CARBOXYL ACID SCAVENGERS

The carboxyl end group (CEG) content of PET is an indicator of the number of
acid groups on the ends of the PET chain. The CEG content of the PET has an
influence on the hydrolysis resistance of the polymer. The lower the value, then
the higher the hydrolysis resistance. Phenylenebisoxazoline (PBO) is an effective
carboxyl acid scavenger for PET where it reacts with acid end groups and in
doing so couples the PET chains, thus increasing the polymer molecular weight.
Polycarbodiimides also react with terminal acid groups of PBT and lowers its
acid value.

11.3 TRANSESTERIFICATION INHIBITORS

Transesterification of PET/PC blends can lead to copious gas evolution (carbon
dioxide). To suppress transesterification of binary polyesters, inhibitors such as
inorganic phosphates can be added.

11.4 GLOSS ENHANCERS

Gloss enhancers are additives that when added to PET or PBT produce a glossy
surface finish that is similar to that of acrylonitrile–butadiene–styrene (ABS) ter-
polymer. Such additives include AC wax, such as AC316 (Honeywell).1 These
waxes have limited compatibility with PET and ‘bloom’ to the surface to give a

1 AC waxes are a range of low-molecular-weight polyethylene performance products available
from Honeywell (formerly from Allied Chemicals). Further details are available on the web site:
[http://www.acperformanceproducts.com/index.html].
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high gloss surface. These wax-based additives also function as a mould release
and external lubricant. AC316 can also nucleate PET in applications such as
thermoformed PET trays where they enable faster processing speeds. AC400A
wax, based on an ethylene–vinyl acetate copolymer, is effective as a gloss
enhancer for PET resins at dosages of 0.3–1.0 %. The vinyl acetate portion gives
some compatibility with PET while still providing external lubrication.

11.5 ALLOYING (COUPLING) AGENTS

Alloying agents can compatibilize polyester blends, thus producing alloys with
enhanced mechanical properties. Such alloying agents can be based on titanate
or zirconate compounds (e.g. Kenreact Lica-12 by Kenrich). For example, a
titanate alloying agent can compatibilize an unusual mix of 80 % continuous-
phase recycled PET with 20 % recycled polycarbonate (see Table 14.14). Such an
organotitanate (manufactured by Kenrich Petrochemicals Inc.) at a concentration
of 1 % can improve the elongation to break and impact strength of polyesters.

11.6 PROCESSING STABILIZERS

Phosphite processing stabilizers are used in PET to maintain the IV, suppress
yellowing and overall to reduce thermo-oxidative degradation.

For processing and thermal stabilization of PET the following stabilizers are
recommended – Irganox HP 2215, Irganox B 561, Irganox 1425, and in selected
cases, Irganox 1222 (Irganox is a trademark of Ciba Specialty Chemicals).

Certain organophosphorus compounds can be used to melt-stabilize PET. Sta-
bilizers such as 3,5-di-t-butyl-4-hydroxybenzyl diethyl phosphate (Irganox 1222)
and triphenylphosphate lead to a reduction in the concentration of terminal car-
boxyl groups of PET, thus giving improved hydrolytic stability.

Table 14.14 Effect of a titanate alloying agent (Kenrich Lica-12) on a 80/20 PET/PC
blend (data obtained from Kenrich Petrochemicals Ltd)

Property
Unmodified

PET/PC

PET/PC
+0.2 %

alloying agent

PET/PC
+0.5 %

alloying agent

Notched Izod impact
(lb ft/in)

0.832 0.819 0.80

Deflection temperature (◦C) 151 165 172
Melt flow rate (285 ◦C,

2.16 kg) (g/10 min)
37 48 84

Tensile strength (psi) 7 085 8 137 8 405
Elongation (%) 10 93 68
Tensile modulus (psi) 189 140 348 800 330 449
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12 TECHNOLOGY OF COMMERCIAL PET
ENGINEERING POLYMERS

Engineering-grade PET finds widespread use in numerous load-bearing applica-
tions, as demonstrated in Table 14.15.

The principal commercial grades of engineering-grade PET are shown in
Table 14.16.

12.1 RYNITE

Rynite by DuPont is a toughened PET based on Elvaloy PTW as the impact mod-
ifier [42]. Elvaloy PTW is an ethylene terpolymer containing epoxy functional
groups based on glycidyl methacrylate (GMA). This terpolymer exhibits excel-
lent adhesion to the PET matrix because of its epoxy functionality. In addition, it
confers excellent low-temperature properties due to its low glass transition tem-
perature which is a function of the n-butyl acrylate component. While Elvaloy
PTW markedly improves the notched impact strength of PET it does detract from
PET’s flexural modulus (i.e. stiffness), tensile strength and extruder residence
time (due to the higher viscosity).

The formulation for Rynite from DuPont is described in United States Patent
4 753 980 [41]. This disclosure discusses the use of an ethylene terpolymer such

Table 14.15 Typical applications for engineering-grade PET

Sector Specific applications

Automotive Distributor housings, coil housings, rotors, ignition system
components, electrical system components, grill opening
retainers, mirror housings, windshield wiper components,
headlight bezels, HVACa vent doors, cowl vents

Consumer electronics
and appliances

Motor housings and internal components, corn poppers,
coffee makers, hair curlers and dryers

Furniture Arm rests, seat shells and bases

a Heating, ventilating and air-conditioning.

Table 14.16 Commercially available
engineering-grade PET resins

Tradename Manufacturer

Rynite DuPont
Petra Honeywell
Impet Ticona GmbH
Eco Vylopet Toyoda Gosei

Company
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as ethylene–methylacrylate–glycidyl methacrylate to toughen PET. The critical
point highlighted in this patent is that the dispersed elastomeric phase must have
an average particle size of less than 3 µm to confer effective toughening. A
typical toughened PET composition claimed in this DuPont patent is as follows:

(a) 20 % of E–BA–GMA (Elvaloy with 63 % of ethylene, 31 % of n-butyl acry-
late (BA) and 6 % of glycidyl methacrylate (GMA)) was first compounded
with 80 % of PET.

(b) 60 % of this compounded blend was then mixed with 30 % of coupled glass
fibre, 3.8 % of Surlyn 8920 (sodium-neutralized ethylene–methacrylic acid
copolymer), 0.6 % of an epoxy compound (e.g. Epon 1009 by Shell – a
condensation product of epichlorohydrin and bisphenol A), 4 % of Uni-
plex 512 (by Unitex Chemical – the dibenzoate of neopentyl glycol) and
0.4 % of a phenolic antioxidant. This blend is then extruded through a single
screw extruder.

12.2 PETRA

The formulation for Petra from Honeywell (formerly Allied Signal) is described
in United States Patent 5 723 520 [42]. This disclosure concerns the preparation
of toughened PET composites by first pre-reacting the PET with a copolymer of
ethylene and a glycidyl acrylate or methacrylate and then subsequently blending
with a nucleating agent (such as the sodium salt of a carboxylic acid, e.g. sodium
stearate) to increase the crystallization rate of the polyester. Glass fibers or rein-
forcing fillers are then added to provide rigidity and heat distortion resistance.
The compositions exhibit a good balance of toughness, rigidity and gasoline
resistance, and are particularly useful for automotive structural parts such as
inner door frames, panels, reinforcements, bumper beams, window surrounds,
and other metal-replacement applications. These glass-filled PET (GF-PET) com-
pounds possess flexural modulus values from about 1000 to about 15 000 MPa
(in accordance with ASTM D-790) and a notched Izod impact strength of at least
about 70 J/m (in accordance with ASTM D-256).

12.3 IMPET

The formulation for Impet from Ticona (a Division of the Hoechst Celanese Cor-
poration) is described in United States Patent 6 020 414 [43]. The latter discloses
toughened PET formulations based on an ethylene–alkyl acrylate copolymer and
an ethylene–alkyl methacrylate copolymer. The crux of this patent is to use a
combination of an elastomeric terpolymer functionalized with glycidyl acrylate
or glycidyl methacrylate and an alkyl acrylate or alkyl methacrylate (the lat-
ter forming the major part of the combination – up to 40 wt%). For instance,
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a typical formulation is based on PET plus 4 wt% of the terpolymer ethy-
lene–methyl acrylate–glycidyl methacrylate (E–MA–GMA) plus about 16 wt%
of the total composition of ethylene–methyl acrylate (EMA) and 15 % of glass
fibre. Suitable commercially available terpolymers include ethylene–methyl acry-
late–glycidyl methacrylate formulations sold under the tradenames of Lotader

AX8900, AX8920, AX8660, AX8850 and AX8870 (from Atofina).

13 COMPOUNDING PRINCIPLES FOR PREPARING
ENGINEERING-GRADE PET RESINS

The compounding of toughened PET formulations is generally carried out on a
twin-screw extruder with down-stream glass feeding capability. Many such com-
pounders are commercially available (such as, for example, the Werner Pfleiderer
twin-screw extruder). The extruder may be fed with the resin and additives at the
main hopper while the glass is fed downstream. The melt temperature is main-
tained in the range 260–300 ◦C. The material is compounded and then pelletized.
Vacuum venting is generally performed at the first two vents to remove volatiles
such as moisture, carbon dioxide, ethylene glycol, etc. The compounder should
be configured with at least two sets of kneading blocks and reverse bushings to
give adequate high-shear regions for effective dispersion of the rubber toughener.
The geometry of the screws should be set up to give the best combination of
dispersive and distributive mixing. The reason for this being that for effective
rubber toughening of PET, the rubber domains must have a particle size of less
than 3 µm.

A twin-screw extruder is generally preferred for producing rubber-toughened,
glass-filled PET compounds for injection moulding applications. The PET and
impact modifier are added at the throat while the glass reinforcement is added
downstream. The size of the rubber domains will depend on the amount of energy
and the capability of the equipment used for dispersion.

It is important to avoid a potential interaction between the reactive impact
modifiers (i.e. those with GMA end group functionalities) and the coupling agent
on the glass fibre reinforcement. For this reason, it is important to add the glass
fibre to the compounder downstream, by which time the reactive toughener will
have grafted to the PET matrix. It is believed that the reactive toughener can
inhibit the silane reaction with the PET.

14 COMMERCIAL GLASS-FILLED AND TOUGHENED
PET GRADES

Literature citations report that untoughened, crystallized PET mouldings are quite
brittle, particularly under conditions of stress concentration such as when sharply
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Table 14.17 Commercial grades of glass-filled PET

Grade
Izod impact

strength (J/m) Comments

Petra 110 BK-112 55 15 % GF
Petra 110 70 15 % GF
Rynite 520 70 20 % GF
Rynite 530 85 30 % GF
Petra 140 BK-112 90 45 % GF
Petra 130 95 30 % GF
Petra 130 BK-112 95 30 % GF
Petra 7030 95 30 % GF
Rynite 545 106 45 % GF
Petra 140 110 45 % GF
Petra 132 BK-112 120 Impact-modified;

30 % GF
Rynite 408 120 Impact-modified;

30 % GF
Rynite 415HP 130 Impact-modified;

15 % GF

notched. Such mouldings have low notched Izod impact strengths (30–50 J/m)
[26]; whereas toughened PET has Izod values of 70–120 J/m, while ‘supertough-
ened’ PET exhibits Izod impact values of 300–1000 J/m. Indeed, PET with 20 %
reactive impact modifier can give NB (no break) results in the ASTM D-256
Izod impact test.

Table 14.17 summarizes the impact strength of commercial GF-PET resins for
comparative purposes.

15 ‘SUPERTOUGH’ PET

The notched Izod impact strength of PET at room temperature is only 45 J/m.
‘Supertough’ PET with notched impact strengths up to 1000 J/m can be prepared
by melt blending PET with 20 wt% of a reactive elastomeric terpolymer (e.g.
E–MA–GMA). Pecorini and Calvert [28] have attributed this supertoughness
phenomenon to two distinct toughening mechanisms, as follows:

• Massive shear yielding in the matrix when the dispersed particles are less
than 200 µm in size.

• Multiple crazing in the matrix when the particle size of the dispersed particles
is larger.

These authors found that to achieve supertoughness in PET by shear yielding,
a reactive modifier is superior to a non-reactive rubber modifier and that a dis-
persed particle size and interparticle distance of 200 and 50 nm, respectively, are
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required. Alternatively, supertoughness can also be achieved through a mecha-
nism of multiple crazing when a dispersed particle size of 1 µm is achieved.

16 AUTOMOTIVE APPLICATIONS FOR MODIFIED PET

Some typical automotive applications for reinforced and toughened PET are illus-
trated in Figure 14.19.

Recently, Mitsubishi Motors have produced a 1900 cm2 engine cover injec-
tion moulded from glass-fibre-reinforced recycled PET. This polymer material is
said to have properties similar to the polyamide normally used for engine cov-
ers. Recycled PET in its conventional form has low impact strength, and so a
‘strength-enhancing additive’ (a rubber toughener) is employed in a design that
is 10 to 30 % thicker in cross-section than conventional polyamide. The result-
ing component has an Izod impact strength superior to polyamide. The material,
called ECO VYLOPET is based on recycled PET and was developed jointly by
the Toyoda Gosei Company, Ltd and the Mitsubishi Motors Corporation. Both

(a)

(c)

(b)

(d)

Figure 14.19 Typical automotive applications made from glass-filled recycled
PET compounds: (a) heating and air conditioning door duct vents for Ford’s Tau-
rus, Mercury Sable and Lincoln Continental models; (b) engine covers for Ford
vehicles; (c) fixed window surround for the Ford Excursion model; (d) headlamp
retainer for GM’s Montana, Yukon and Sierra trucks
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the latter and the Toyota Motors Corporation use this material to produce their
automobile engine covers.

A variant of the Impet Hi 430 PET grade (Ticona, USA) is being used in the
Chrysler Corporation Composite Concept Vehicle (CCV). The polyester parts
for the CCV body are the largest components ever moulded in an engineering
thermoplastic. The new Plymouth Pronto Spyder concept sports car uses another
variant of the new PET formulation in its moulded car body. Impet Hi 430 PET
resin contains only 15 % glass and is easy to injection mould. At −20 ◦C, for
example, the material exhibits a 40 % higher notched impact strength (8.8 kJ/m2)
than conventional glass-reinforced PET resins. Ticona’s compounding technology
has given traditionally brittle PET more ductile failure modes and greater impact
strength for these demanding structural applications.
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1 INTRODUCTION

Thermoplastic polyester composites span a wide range of properties, and are
consequently utilized in a diverse array of applications including automotive,
appliance, cookware, electronics, and recreation (Figure 15.1) [1]. This has been,
and is predicted to be, a growth area for composites with annual growth rates
of 4–7 %. This growth is driven by many factors such as weight reduction,
parts consolidation and metal replacement. The largest volume thermoplastic
polyester resins include poly(ethylene terephthalate) (PET), poly(butylene tereph-
thalate) (PBT) and poly(1,4-cyclohexylenedimethylene terephthalate) (PCT), as
well as several liquid crystalline compositions that will not be included in this
discussion. In addition, new to the market place is poly(trimethylene terephtha-
late) (PTT). This product has only recently been commercialized because the
monomer, 1,3-propane diol, had not been available in large quantities. In the
market place, these polyesters compete against each other as well as against
metal and other resins such as polypropylene, nylon, poly(phenylene sulfide)
and polycarbonate. In 2000, there was an estimated 455 MM kg (1000 MM lb)
of glass fiber sold for thermoplastic composites, 29 % of which was used in
polyesters (Figure 15.2) [1]. There are many factors that have to be evaluated
when determining which resin is best for a specific application. These include
‘fitness-for-use’ criteria such as tensile strength, impact strength, thermal stabil-
ity and heat distortion temperature. Also to be considered are process variables
such as drying requirements, mold temperature and cycle time. Depending on the

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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Figure 15.1 Glass-fiber-reinforced thermoplastic polyesters applications (num-
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Figure 15.2 Glass-fiber-reinforced thermoplastic market data (numbers repre-
sent MM kg) [1]

particular application, cosmetic properties, such as surface appearance, are also
critical. Of course, cost is always a top concern in any application. This discus-
sion will focus on the features and benefits of the major thermoplastic polyester
resins as well as what affects the mechanical properties of the final composite.
Finally, some of the latest trends in thermoplastic polyester composites will be
introduced.

2 POLY(ETHYLENE TEREPHTHALATE)

PET is by far the largest-volume thermoplastic polyester in production today.
It was first synthesized by J. R. Winfield in the UK in the 1940s and its first
commercial application was as a textile fiber. PET was also produced as a film
for packaging and blow molded into bottles for beverages long before it had any
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significant volume as a thermoplastic composite [2]. Even today, PET ‘takes a
back seat’ to PBT in volume usage in the thermoplastic composite market, largely
because of a slower crystallization rate and relative sensitivity to drying condi-
tions. A large majority of commercial injection molding machines are equipped
with water-heated molds with a maximum mold temperature of 100–110 ◦C. The
original PET formulations that were commercialized by Akzo Chemie and Tei-
jin would not crystallize sufficiently unless mold temperatures of at least 130 ◦C
were utilized. In 1971, Celanese introduced PBT as a molding resin and was
followed by General Electric. PBT, although more expensive than PET, crystal-
lizes in a rapid cycle time in water-heated molds and was rapidly accepted in
the market place. Since its original introduction, PET formulations enabling fast
crystallization in traditional water-heated molds have been introduced and have
allowed PET to make significant inroads with regard to commercial acceptance;
however, it still lags behind PBT.

2.1 CRYSTALLIZATION OF POLY(ETHYLENE TEREPHTHALATE)

These newer PET formulations utilize not only a nucleating agent, but also a
plasticizing agent [3–9]. The crystallization rate of polymeric materials can be
broken down into two different regions, i.e. nucleation-controlled and diffusion-
controlled (Figure 15.3). In the injection molding process, hot polymer is injected
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G
ro
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Figure 15.3 Spherulitic growth as a function of temperature
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rapidly into the cooler mold. As the polymer cools from the melt, it first transi-
tions into the nucleation-controlled regime and the crystallization process begins.
The initiation of crystallization is often referred to as ‘crystallization on cooling’
(Tcc). From each nucleation site the crystal lamellae structure grows, often in a
spherulitic microstructure. It is critical that as many spherulites are initiated as
possible. A high level of nuclei will allow for a more rapid crystallization and
will also actually improve the mechanical properties. As the spherulites grow
and impinge on one another, some polymer chains will be incorporated into
more than one lamellae – these are called ‘tie chains’. These chains concen-
trate and distribute stresses throughout the material, effectively increasing the
toughness of the resin [10]. The more rapidly a polymer is crystallized, then
the less perfect the crystal structure – this leads to an increase in tie chains.
The most effective way to increase the number of nucleation sites is to add
a nucleating agent. Addition of the latter not only increases the number of
nuclei, but also increases the Tcc. Nucleating agents can be either heteroge-
neous or reactive. Heterogeneous nucleating agents include non-reactive, non-
melting nucleants, such as mica or talc. Chemical nucleation is performed by
the reaction of the nucleating agent with the polymer chain to produce ionic
end groups. Alkali metal salts of organic acids, such as sodium benzoate, have
been shown to be very effective chemical nucleating agents in thermoplas-
tic polyesters [11]. Chemical nucleating agents can also degrade the molecular
weight of the polyester. Typically, the heterogeneous type, particularly talc, pro-
vides sufficient nucleation without molecular weight degradation and is widely
utilized in PET.

As the polyester continues to cool in the mold, it passes through the nucleation-
controlled region and into the diffusion-controlled regime. In this region, the
lamellar growth rate is the slow step in crystallization, limited by polymer repta-
tion. If the glass transition temperature of the polyester is significantly below the
mold temperature, then the polymer chains never cool beyond the Tg and crystal-
lization can occur rapidly and completely in a short cycle time. If, however,
the mold temperature is below, or too close to the glass transition temper-
ature, then the polymer chain mobility decreases and the crystallization rate
slows significantly and the molded part will not be fully crystallized. In this
case, a distinct skin–core morphology is formed, with the surface region of
the molded part being amorphous or at least less crystalline than the center.
The glass transition temperature of PBT has been reported as lying between 30
and 50 ◦C, while the crystallization temperature of quenched PBT can occur as
low as 20 ◦C [12]. The glass transition temperature of completely amorphous
PBT has been estimated as 15 ◦C by extrapolation. If the mold surface temper-
ature is 100 ◦C, then this is 85 ◦C above the Tg and a sufficient window for
rapid crystallization is achieved. The glass transition temperature of amorphous
PET, in contrast, is 75–85 ◦C and a mold temperature of about 120–140 ◦C is
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needed in most injection molding processes. In order to achieve the full crys-
tallization of PET in a water-heated mold, the glass transition temperature has
to be lowered. Plasticizers do exactly that. Effective plasticizers in PET need
to be miscible with the resin and have a glass transition temperature signifi-
cantly lower than PET. Small molecules, such as benzoate esters, or extremely
flexible, low-Tg, polymers such as poly(alkylene ether)s can be effective plasticiz-
ers in thermoplastic polyesters [13]. In a patent assigned to DuPont, Deyrup [3]
describes a family of effective plasticizers as low-molecular-weight organic esters
produced from aliphatic carboxylic acids with 1–20 carbon atoms and 1–3 car-
boxyl groups and an alcohol of the formula HO ( R′′ –O )y R′′ wherein R′ is a
hydrocarbon radical of 2–15 carbon atoms and R” is hydrogen or a hydrocar-
bon radical of 2–20 carbon atoms, while y is a cardinal number between 1
and 15. An example of such a plasticizer would be an ester end-capped low-
molecular-weight poly(ethylene glycol). Another patent by Bier and Binsack
(assigned to Bayer [4]) describes a family of effective plasticizers for PET as
aliphatic acid esters formed from an aliphatic or cycloaliphatic carboxylic acid,
with between 1 and 25 carbon atoms, and an aliphatic alcohol with between
1 and 20 carbon atoms. Some of the acceptable acids and glycols that are
included in this description are presented in Table 15.1 [4]. One of the early
problems that was faced upon the addition of plasticizers to PET was volatiliza-
tion during both the drying and molding processes. As the PET was dried,
some of the plasticizer collected in the exhaust lines of the drier, causing both
cleaning and safety issues as the plasticizers tend to be flammable. This prob-
lem also occurred during molding and required frequent cleaning of the molds.
The newest easy crystallizing PET formulations have overcome this deficiency
by utilizing plasticizers with a higher molecular weight and lower volatility.
The proper choice of nucleant/plasticizer combination can allow for the injec-
tion molding of PET composites in water-heated molds in similar cycle times
as PBT.

Table 15.1 Preferred aliphatic acids and glycols, as described
by Bier and Binsack [4]

Acids Glycols

Adipic acid Ethylene glycol
Citric acid Propanediol
Glutaric acid Butanediol
Succinic acid Diethylene glycol
Acetic acid Neopentyl glycol
2-Ethylhexanoic acid Poly(ethylene glycol) (Mn = 400)
Lauric acid 2-Ethylhexanol
Stearic acid Isopropanol
Oleic acid Tetrahydrofurfuryl alcohol
Palmitic acid Ethyl alcohol
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2.2 ADVANTAGES OF POLY(ETHYLENE TEREPHTHALATE)

The advantages of PET can be summarized as a lower raw material cost and a
higher strength and temperature resistance. This is stated as a lower raw material
cost because it does not always translate into a lower manufactured part cost.
When processing PET it is critical to follow the supplier’s guidelines for drying.
If these are not strictly followed, PET will suffer hydrolytic degradation during
molding and mechanical properties will suffer. This can lead to a high level
of rejected parts and thus increase the average manufacturing cost. However,
if proper care is taken, PET can be molded without mishap and a composite
part with higher strength and temperature performance can be achieved for a
lower cost than with PBT. Another advantage in the PET supply comes from
the availability of recycled polymer. PET is one of the few materials that has a
steady supply of recycled grades, due to the widespread recycling of beverage
bottles. Bottle polymer grade PET is made to a higher molecular weight than is
desirable for fiber-reinforced injection-molding grades. Thus, even after cleaning
and compounding the molecular weight is more than adequate for composite
applications.

3 COMPARISON OF THERMOPLASTIC POLYESTERS

3.1 POLY(BUTYLENE TEREPHTHALATE)

In addition to inherently faster crystallization kinetics in a water-heated mold,
PBT offers several other benefits compared to PET. First of all, the lower pro-
cessing temperatures required for PBT make it less susceptible to hydrolytic
degradation and thus drying is not as critical as in the case of PET. Thermo-
plastic composites made from PBT also tend to have a higher % elongation to
break (Table 15.2) [14, 15]. Although this attribute does not necessarily show

Table 15.2 Selected properties of 30 % glass-fiber-reinforced (GFR) thermoplastic
polyester composites [15–17]

Selected property Units GFR PBT GFR PPTa GFR PET GFR PCTb

Tensile strength MPa 138 158 155 117
Tensile elongation % 4 2–3 2–3 2–3
Flexural strength MPa 193 234 248 180
Flexural modulus MPa 8275 10 335 8965 8500
Notched Izod impact

strength
J/m 94 80 99 75

Deflection temperaturec ◦C 213 210 224 262

a PTT, poly(trimethylene terephthalate).
b PCT, poly(1,4-cyclohexylenedimethylene terephthalate).
c At 1.82 MPa.
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up in impact data such as notched Izod, it does typically translate into better
‘toughness’ in real-world applications.

3.2 POLY(1,4-CYCLOHEXYLENEDIMETHYLENE TEREPHTHALATE)

Poly(1,4-cyclohexylenedimethylene terephthalate) (PCT) is a high-heat thermo-
plastic polyester produced from 1,4-cyclohexanedimethanol and terephthalic acid.
The former is produced as a combination of both the cis- and trans-isomers.
The melting point of PCT is 285 ◦C, roughly 30 ◦C above PET. As shown in
Table 15.2 the higher melting point translates into a heat deflection temperature
HDT of 262 ◦C. This higher HDT has allowed PCT to carve out a niche mar-
ket in surface mount components, electrical connectors, sensors and switches,
especially those which require IR oven compatibility [18]. In addition, due to
the higher melting temperature, a higher processing temperature is required for
PCT. Typically, a melt processing temperature of 290–310 ◦C, with a mold tem-
perature of 80–120 ◦C is recommended. The higher processing temperature has
been a challenge for PCT, because it is near the limit of PCT’s thermal stability.
Significant effort was made by the Eastman Chemical Company regarding stabi-
lizing formulations resulting in numerous patents [19–21]. In addition to thermal
stability, initial PCT formulations also suffered from the same problems as PET
regarding slow crystallization during molding. The original formulas required an
oil-heated mold with a mold temperature above 120 ◦C. New plasticization tech-
nology has solved this deficiency and now mold temperatures as low as 80 ◦C
can be used with excellent results [13, 22–25].

3.3 POLY(TRIMETHYLENE TEREPHTHALATE)

The newest addition to the thermoplastic polyester family is poly(trimethylene
terephthalate) (PTT). This polyester falls between PBT and PET and, if it grows
in volume, has the potential of being lower cost than PBT based on raw materials.
Examination of Table 15.2 shows that PTT [16] has similar mechanical properties
to PET, but a lower HDT (similar to PBT). Initial molding trials also indicate
that PTT’s crystallization kinetics are slower than PBT and will pose problems
in a water-heated mold [26]. Initial marketing of this product has targeted it as
an ‘easier-molding PET’ or a ‘less-expensive PBT’. It is not exactly either and it
remains to be seen if it can establish a significant market share. With the proper
formulation, a faster crystallization rate can be achieved, and furthermore PTT
offers improved hydrolytic stability over PET and thus the drying step is not
as critical.

A relative comparison of the four main thermoplastic polyesters is shown in
Table 15.3. Each resin has a different set of strengths, and depending on the
application and the individual molder’s requirements, the right polyester for the
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Table 15.3 Performance traits of GFR thermoplastic polyesters

Property PBT PTT PET PCT

Processability +++ ++ + ++
Strength ++ +++ +++ +
Toughness +++ ++ ++ ++
Heat deflection + + ++ +++
Cost ++ ++ +++ +

job can be chosen. Once the best polyester has been chosen, there are still many
factors which effect the final mechanical properties that will be obtained. These
factors are often interrelated and it is difficult to increase one without effecting
others. The most obvious factor is fiber content. As the level of reinforcement
increases, the strength and modulus of the composite also increase. This relation-
ship is not necessarily linear, however, because other variables also effect the
properties. For example, as the level of reinforcement increases the compounding
process typically results in more fiber damage and a shorter average fiber length.
Decreasing the fiber length results in a lower strength and a lower modulus which
partially counters the benefit of increasing the fiber content. Tables 15.4 and 15.5

Table 15.4 The mechanical properties of glass-fiber-reinforced PBT [15]

Selected property Units PBT
15 % GFR

PBT
30 % GFR

PBT
40 % GFR

PBT

Tensile strength MPa 55 93 138 152
Tensile elongation % 20 5 4 4
Flexural strength MPa 75 145 193 220
Flexural modulus MPa 2690 4830 8275 9655
Notched Izod impact

strength
J/m 42 52 94 115

Deflection temperaturea ◦C 54 190 213 216

a At 1.82 MPa.

Table 15.5 The mechanical properties of glass-fiber-reinforced PET [15]

Selected property Units PET
15 % GFR

PET
30 % GFR

PET
45 % GFR

PET
55 % GFR

PET

Tensile strength MPa 62 80 155 190 193
Tensile elongation % 100 6 2–3 2 1–2
Flexural strength MPa 93 97 248 282 303
Flexural modulus MPa 2410 3620 8965 13 790 17 240
Notched Izod impact

strength
J/m 625 104 99 110 110

Deflection temperaturea ◦C 115 207 224 226 229

a At 1.82 MPa.
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provide, respectively, the mechanical properties of PBT [15] and PET [15] at
several different levels of glass fiber reinforcement.

4 COMPOSITE PROPERTIES

4.1 KELLY–TYSON EQUATION

One of the best ways to thoroughly examine the variable effecting the compos-
ite properties is to examine the Kelly–Tyson equation for tensile strength, as
follows [27–31]:

σc = τi
L

d
vfC0 + σmvm (15.1)

where σc is the tensile strength of the composite, τi the interfacial shear strength,
L the fiber length, d the fiber diameter, vf the volume fraction of the fiber, C0

the orientation function of the fiber, σm the tensile strength of the matrix resin
and vm the volume fraction of the matrix resin.

The interfacial shear strength can be further defined as follows:

τi = σf
d

2Lc
(15.2)

where σf is the tensile strength of the fiber and Lc the critical fiber length.
The critical fiber length (Lc) is defined as the length of fiber where the stress

buildup from the two ends yields a stress exactly equal to the fiber fracture stress
at the center [32]. As the interfacial shear strength increases, the critical fiber
length decreases. It should be noted that Equation (15.1) only applies when the
average fiber length is less than the critical fiber length, which is almost always
the case in injection molded glass-fiber-reinforced polyester. If the average fiber
length, or a significant portion of the fibers, are longer than the critical fiber
length, then this equation should be expanded as described by Fu and Lauke [33]
and Fukuda and Chou [34]. Another variable needs more attention as well, and
that is the tensile strength of the matrix (σm). In continuous fiber composites,
the tensile strength of the matrix can almost be ignored because it is small when
compared to the contribution from the fiber. In short fiber composites it is signif-
icant and can account for as much as 30–40 % of the total composite strength. In
most thermoplastic composite systems, once the resin is chosen, the matrix ten-
sile strength can be considered a constant. However, thermoplastic polyesters are
extremely susceptible to hydrolysis and thermal degradation and the molecular
weight typically changes (decreases) with each processing step. Another impor-
tant factor is that the molecular weights typically utilized in polyesters are either
very close to or less than the critical molecular weight (Mc). In polyolefins, for
example, it has been shown that the molecular weight does not have a significant
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effect on the composite properties [35]. This is because the molecular weights
are all very high, significantly above the Mc, and thus the differences are neg-
ligible. The dependence of the tensile strength on molecular weight is given as
follows [36].

σm = σm0 − σm0Mc

Mn
(15.3)

where σm is the tensile strength of the matrix, σm0 the ultimate tensile strength
of the matrix, Mn the number-average molecular weight and Mc the critical
molecular weight.

There are numerous literature values for the ultimate tensile strength and the
critical molecular weight of thermoplastic polyesters. These are dependent on
the method of analysis and can also be affected by the additive package being
used, especially the plasticizer. It is best to determine the ultimate tensile strength
experimentally for each system. One suitable method is to injection mold and
test several different-molecular-weight polyesters that have been fully formu-
lated except for the fiber. The tensile strength can be plotted as a function of
the measured molecular weight (Mn) after compounding. The intercept will be
the ultimate tensile strength and the slope the product of the ultimate tensile
strength and the critical molecular weight. As an example, a formulated, plas-
ticized PET was found to have an ultimate tensile strength of 116 MPa and a
critical molecular weight of 6400 Da [37]. Another method that has been per-
formed with reasonable success is to mold one high-molecular-weight sample,
again without the glass. Different-molecular-weight samples can be obtained by
controlled hydrolytic degradation in boiling water. An example of such a pro-
cedure would be to place 20 tensile bars in boiling water and remove 5 bars
every 5 h. Each bar can then be tested for molecular weight and tensile strength.
Once again, the measured tensile strength can be plotted vs. the number-average
molecular weight to estimate the σ0 and Mc.

Once the relationship between the matrix molecular weight and the compos-
ite properties is defined, the next set of properties to consider are those of the
fiber. There are numerous types of fiber reinforcements to consider, including
carbon, glass, steel, aramid, and even natural fibers. The actual properties for the
specific fiber to be utilized can usually be obtained from the fiber supplier. The
most commonly used fiber is ‘E-glass’. Because the composition of this fiber
is consistent, the properties are also essentially identical, regardless of the ven-
dor. This does not mean that the composite properties will be equal, however.
The fiber manufacturers differentiate their products with the sizing formulation,
which has a tremendous impact on the interfacial shear strength [38, 39]. This
topic will be discussed later, as for now only the physical properties of the fiber
are being considered. The ultimate tensile strength of an E-glass fiber (Table 15.6)
is reported as 3448 MPa [40]. Any flaw in the fiber decreases this value consid-
erably. Because the fiber properties are reduced by flaws, and as the fiber length
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Table 15.6 Properties of E-glass fibers [40]

Property Value

Diameter (µm)a 9–14
Density (g/mL) 2.58
Tensile strength (MPa) 3448
Tensile modulus (MPa) 7.24 × 1010

a Typical values are in this range – the actual value
is dependant on the fiber grade chosen.

decreases the likelihood of a flaw decreases, the shorter the fiber length, then
the closer the properties become to their ultimate values. A Weibull distribu-
tion has been used to determine the in situ fiber strength as a function of fiber
length [41–43]. In typical short fiber composites produced by twin-screw com-
pounding and injection molding, the fiber length is short enough that the ultimate
fiber properties are a reasonable approximation to the actual.

Another important variable to consider is the fiber orientation. This is affected
by many variables such as the injection molding conditions, fiber length, resin
viscosity and part thickness. The fiber orientation can be determined experimen-
tally by optical methods [44], or it can be estimated from the modulus of the
molded part as follows [45–47]:

Ec = C0ηLEfvf + Emvm (15.4)

where Ec is the modulus of the composite, Ef the modulus of the fiber, vf the
volume fraction of the fiber, Em the modulus of the matrix resin and vm the
volume fraction of the matrix resin. The variable ηL is defined by the following
equation:

ηL = 1 − tanh( 1
2βl)/ 1

2βl (15.5)

where l is the fiber length and β is a geometric factor given by the following
equation:

β =
(

2Gm

Efr
2 ln(R/r)

)1/2

(15.6)

In the above, the variable R is the radius between center to center fiber spacing,
while r is the fiber radius. The shear modulus (Gm) can be approximated as Em/3.
The matrix modulus is effected by the level of crystallinity and it is important
that the samples are fully crystallized to ensure reproducibility. The value of β

for 30 wt% glass-fiber-reinforced PET has been calculated as 3.15 × 104. Using
the mathematical analysis shown above, the orientation function of the glass fiber
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in standard tensile bars was calculated to be ≈0.7 in a 30 % GFR PET [37]. This
value has been obtained by utilizing optical experimental methods as well.

The understanding of Equations (15.1) to (15.6) indicates that once the fiber
type and matrix resin are chosen the most significant variables impacting the
tensile strength of the composite are the following: fiber length, fiber orientation,
interfacial shear strength and molecular weight. The fiber length and the resin
molecular weight are interrelated. As the molecular weight increases, the melt
viscosity increases, which results in more fiber breakage and a lower average fiber
length. Attempting to increase the mechanical properties by increasing molecular
weight can also result in molding difficulties due to the increase in viscosity.
Another problem encountered by increasing the molecular weight is degradation.
In one study, a higher starting-molecular-weight PCT resulted in a higher melt
temperature, due to an increase in shear heating from the higher viscosity. The net
result was an equal molecular weight after molding (Table 15.7). It is important
to control the resin molecular weight for optimum properties, but this represents
a classic case where more is not better, and in fact can be detrimental.

One unique twist in processing thermoplastic polyesters comes from under-
standing how PET is produced commercially. Typically, PET is made to a
moderate molecular weight in the melt phase. The resin is then pelletized, crystal-
lized and then ‘solid-stated’ [12]. The solid-state process builds molecular weight,
but the temperature is below the melting point of PET, and thus the polymeriza-
tion is performed in the “solid state”. The kinetics of solid-state polymerization
are diffusion controlled. After solid-stating, the resin is compounded with glass
fiber to produce the reinforced pellet that is supplied for injection molding. Simply
changing the order of these processes can provide some very beneficial results.
If the ‘un-solid-stated’, low-molecular-weight polyester is compounded with the

Table 15.7 Effect of solid-stating on the properties of 30 % GFR PCT

Property Example 1 Example 2 Example 3 Example 4 Example 5

Mn prior to compounding 11 750 15 050 11 750 11 750 11 750
Solid State prior to

compounding
No Yes No No No

Solid State after
compounding

No No Yes Yes No

Compounding temperature
(◦C)

300 300 300 350 350

Mn prior to molding 10 730 10 150 15 300 10 600 6 260
Tensile strength (MPa) 103 104 126 114 80
Tensile elongation (%) 1.9 1.9 1.8 1.6 1.3
Flexural strength (MPa) 155 156 186 162 124
Flexural modulus (MPa) 7 630 7 840 7 370 8 260 7 870
Notched Izod impact

strength (J/m)
67.2 68.2 87.9 95.1 89.7

Unnotched Izod impact
strength (J/m)

488 563 650 500 280

Fiber length (µm) 403 423 413 504 503
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glass fiber first and then the solid-stating is performed, several things happen.
First, the lower molecular weight during compounding provides a lower melt
viscosity and less fiber breakage occurs. Secondly, the molecular weight prior
to injection molding is controlled by the solid-stating and can be increased by
lengthening the solid-stating time. The addition of glass fiber into the pellet pro-
vides a shorter diffusion path for volatiles and the kinetics of solid-stating are
actually improved. The final advantage of solid-stating after the glass addition is
that it allows reactions to occur at the glass surface and can increase the interfa-
cial shear strength if the proper glass sizing chemistry is utilized. In an example
with PCT, a 22 % increase in tensile strength was achieved by implementing this
process (see Table 15.7) [48]. Another interesting result is shown by Example 4.
In this sample, the processing temperature was increased to 350 ◦C, 50 ◦C above
normal. This resulted in severe molecular weight degradation. This sample was
solid-stated until the molecular weight was equal to the sample prepared in the
more conventional manner (Example 1). The net result was a longer fiber length
due to the lower viscosity provided by the higher processing temperature, and
the mechanical properties increased.

The contribution of the fiber length and molecular weight to the composite
properties are readily characterized. The interfacial shear strength, however, is
more difficult to quantify. There are numerous examples in the literature of mea-
suring this important property. For example, single fiber pull-out, fiber debond,
or microindentation studies can be performed [49–54]. One significant problem
with these methods when trying to investigate short-fiber thermoplastic compos-
ites is that the interfacial shear strength is extremely dependent on the method of
processing [55]. In the previously mentioned test methods, laboratory samples are
generated that have no relation to commercial processing methods. One method
of quantifying the critical fiber length and thus the interfacial shear strength was
reported by Templeton [56]. In this method, the fracture surface of an injection
molded sample broken in tension is examined by microscopy. The longest fiber
length protruding from the fracture surface is taken as one half of the critical
fiber length. At fracture of the composite, a fiber having lengths of X1 and X2,
on either side of the fracture plane, will either be pulled our of one side or the
other, or break. To break, both X1 and X2 must exceed Xc where Xc is defined
as Lc/2.

Another way to obtain the critical fiber length is to rearrange Equation (15.1)
to give the following:

τi = (σc − σmvm)

(
d

LvfC0

)
(15.7)

All of the variables except τi can be readily determined experimentally and thus
the interfacial shear strength can be calculated. This was calculated for seven
different PET formulations and the optically measured interfacial shear strength
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was compared to the calculated value. In all seven cases, the measured value was
within 10 % of the calculated [37].

4.2 INTERFACIAL SHEAR STRENGTH – THE IMPORTANCE OF SIZING

The interfacial shear strength in short-fiber-reinforced composites holds a unique
importance. It is the only variable that can improve the composite properties
without impacting other important properties in a negative way. For example, if
the molecular weight is increased the mechanical properties increase but so does
the melt viscosity, which can cause mold-filling problems. It has been shown
that increasing the interfacial shear strength can increase viscosity as well, but
only at a low shear rate. Under the high-shear-rate conditions of injection mold-
ing, the quality of the interface has no effect on flow. The maximum interfacial
shear strength is achieved when it equals the matrix shear strength. This has
been estimated to be 30 MPa for PET. Interfacial shear strength values obtained
by utilizing three commercially available glass fibers marketed for PET ranged
from a low of 20 to a high of 25, hence indicating that there is still signifi-
cant room for improvement. There are several strategies that can be employed
to increase this important property. Glass fiber suppliers apply a sizing to the
glass surface immediately after it is formed from platinum bushing. The sizing
consists of several components including a lubricant, antistatic agent, film for-
mer and coupling agent [38, 39]. The film former and coupling agent are the
most significant in affecting the interfacial shear strength. The coupling agent,
usually a silane, reacts with the silanol groups on the glass surface and pro-
vides a reactive moiety that can later react with the matrix resin. Typical silanes
include 3-aminopropyltriethoxysilane, 3-glycidoxypropyltrimethoxysilane and 3-
methacryloxypropyltrimethoxysilane. The choice of the silane is controlled by the
glass supplier and is often kept confidential. The other sizing component that has
been shown to affect the interfacial shear strength is the film former. The primary
reason for the film former is to protect the glass and improve processability. The
film former, often a polyurethane, epoxy, or other water-dispersible polymer, pro-
vides a protective coating to prevent fiber–fiber contact during processing which
can lead to scratches and imperfections on the glass surface and decrease the
glass fiber properties. The film former also prevents fiber fuzzing and is respon-
sible for bundle integrity. This keeps the chopped fiber in a form that is easy
to feed into the extruder and aid in processing. With continuous fiber, the film
former keeps the individual glass filaments together in a processable strand, easy
to feed into a pultrusion machine, fiber chopper or other downstream process. In
most thermoset applications, the film former is designed to readily dissolve in
the matrix resin and thus does not often contribute significantly to the quality of
the fiber–matrix interface, although it does effect the wet-out of the fiber. In con-
trast, with thermoplastic composites the film former often plays a critical role in
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Table 15.8 Effect of the film former on the properties of 30 % GFR PCT [37]

Selected property Example 1 Example 2 Example 3 Example 4 Example 5 Example 6

Glass type A A B C D E
Matrix tensile

strength (MPa)
45.5 50.4 48.5 47.0 47.0 47.8

Fiber length (µm) 476 440 473 472 453 437
Calculated

orientation
function

0.63 0.63 0.67 0.63 0.59 0.61

Weight fraction of
fiber

0.30 0.31 0.29 0.31 0.32 0.31

Volume fraction of
fiber

0.181 0.191 0.175 0.184 0.197 0.184

Critical fiber length
(µm)

755 766 783 943 785 702

Interfacial shear
strength (MPa)

25.1 24.8 24.2 20.1 24.2 27.0

Composite tensile
strength (MPa)

161 160 162 139 154 160

adhesion between the resin and the fiber surface. The properties can be increased
with the proper selection of film former, even with the same silane coupling
agent (Table 15.8) [37]. In this table, the only difference between Example 6
and Example 4 is the film former which is present on the glass fiber at only a
1 wt% loading; however, it changes the interfacial shear strength by 35 %.

Another method of improving the quality of the fiber–matrix interface is the
use of additives, which can be combined with the matrix and fiber during com-
pounding. Typical thermoplastic polyester composites are formulations consisting
of the resin, nucleating agent, plasticizer, reinforcing fiber, thermal and oxidative
stabilizers, coloring agents and fillers. Many of the ‘stabilizers’ are not truly stabi-
lizers but actually reactive compounds that can chain-extend the polyester during
processing, such as multifunctional epoxies [19, 57]. These additives react with
the polyester; however, they can also react with the film former and the silane
coupling agent. Thus to truly optimize the interfacial shear strength, the interac-
tions between the resin, additives, film former and silane coupling agents need to
be accounted for. Table 15.9 shows three different commercially available glass
fibers marketed for thermoplastic polyesters evaluated in PCT [37]. The exact
sizing chemistry was kept confidential; however, all three utilized an aminosi-
lane coupling agent, but different film formers. Two different proprietary reactive
additives were also evaluated. Glass sizing No. 1, without any reactive additives,
provided an interfacial shear strength of 16.5 MPa. This was increased to 19.3
and 20.1 respectively when combined with reactive additives A and B. By com-
bining glass fiber No. 2 with additive B, the interfacial shear strength can be
increased to 21.4, while the maximum value was obtained with glass fiber No. 3
with additive B. Optimizing the combination of glass sizing and additive led to
a 28 % increase in tensile strength at essentially no added cost.
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Table 15.9 Effect of additives and film former on the properties of 30 % GFR PCT [37]

Selected property Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 Example 7

Glass type C C C B B A A
Matrix tensile

strength (MPa)
25.6 25.2 23.1 34.5 42.2 36.8 41.5

Fiber length (µm) 510 460 470 430 427 404 417
Calculated

orientation
function

0.64 0.67 0.66 0.7 0.69 0.69 0.69

Weight fraction of
fiber

0.30 0.30 0.30 0.30 0.30 0.30 0.30

Volume fraction of
fiber

0.83 0.83 0.83 0.83 0.83 0.83 0.83

Critical fiber length
(µm)

1146 982 942 1006 887 898 844

Interfacial shear
strength (MPa)

16.5 19.3 20.1 18.9 21.4 21.1 22.5

Composite tensile
strength (MPa)

105 112 115 116 132 121 135

4.3 CARBON FIBER REINFORCEMENTS

Carbon fiber reinforcements are also coated with a fiber sizing; however, coupling
agents have not been found to be very effective. Carbon fibers are commonly
surface-treated by an electrolytic process to provide a more reactive surface in
place of a coupling agent. Traditionally, the film former in carbon fiber com-
posites has been an epoxy. The most commonly utilized matrix resin for carbon
fiber composites is also epoxy. In the early years of carbon fiber development,
it was found that the best interfacial shear strength between carbon fiber and an
epoxy matrix resin was obtained by using unsized fiber; however, unsized fiber is
very difficult to process. This led to the next best alternative, i.e. an uncured rel-
atively low-molecular-weight epoxy sizing. This aided in processability and did
not detract significantly from the mechanical properties. As the use of carbon fiber
expands into non-epoxy matrix applications, the carbon fiber manufacturers and
academia are researching sizings that will provide improved properties in a wide
range of resins, both thermoplastic and thermoset. Currently, Fortafil Fibers [58]
offers a pelletized, chopped carbon fiber, F219, for thermoplastic polyester com-
posites. This product evolved from research evaluating the fiber surface treatment
vs. composite properties in PBT (Figure 15.4). The optimization of the surface
treatment provides an increase in all key mechanical properties, including tensile
strength, flexural strength and notched Izod impact strength. Again, this shows
the importance of the interface in the final composite properties. The fiber length
is also a very critical value in determining the composite properties. In standard
twin-screw compounded, injection molded composites this is a very difficult vari-
able to improve. However, an exciting growth area in thermoplastic composites
is ‘long-fiber composites’ [59–61]. In the production of such composites, the
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Figure 15.4 Mechanical properties as a function of loading for Fortafil fibers in
PBT: �, F219; �, F243; •, F201 [58]

twin-screw compounding of the fiber and the matrix is eliminated and instead
continuous fiber rovings are combined with the matrix resin in a thermoplas-
tic pultrusion process similar to wire coating. After the fiber is combined with
the resin, the strand is chopped into pellets where the fiber length is equal to
the pellet length. These specialty pellets can then be injection molded. If the
injection molding is modified to minimize fiber breakage, then composite parts
with significantly longer fiber lengths can be achieved. This method also allows
for composites with up to 60 % fiber reinforcement to be produced, significantly
higher than typical compounded short-fiber composites. These materials offer
significant improvements in modulus, strength and impact compared with their
more conventional counterparts and the market for these is rapidly expanding,
predominately as replacements for metal. Such products are readily available
in polypropylene and nylon; however, PBT, PET and PCT are all still under
investigation.

5 NEW COMPOSITE APPLICATIONS

Another exciting growth area for glass-fiber-reinforced thermoplastic polyesters
continues to be the automotive market. Although GFR PBT and PET have been
used in many ‘under-the-hood’ applications and smaller molded parts, Daimler-
Chrysler is developing a plastic-bodied car that would result in a considerable
increase in demand [62]. Currently, both GFR PET (15–20 % glass) and 35 %
GFR polypropylene are being considered. Initially, traditional short-fiber compos-
ites were investigated; however, more recent efforts have also included long-fiber
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composites. These materials are being molded on an 8800-t Husky injection mold-
ing machine featuring a two-stage injection unit and a 100 lb shot capability. The
cycle time is currently less than 3 min. The intent of this program is to mold the
vehicle structure so that only a lightweight metal frame would be required. The
largest hurdle of this program is to utilize molded-in color to eliminate costly
paint operations and still achieve an acceptable surface finish. This is a perfect
example of how to exploit the advantages of thermoplastic polyester composites.
If successful, it has the possibility of parts consolidation and weight reduction,
and could even incorporate a significant amount of post-consumer resin into the
automobile. All three of these are important drivers in the automobile industry.

Thermoplastic polyester composites are an extremely versatile and cost-
effective solution for many applications. Since the introduction of PBT as a
molding resin in 1971, there has been a tremendous increase in the body of
knowledge utilizing these resins. Improvements in formulations have increased
thermal stability and processability of such resins. Significant progress has
also been made in understanding and improving the properties of composites
made from polyesters. It has been shown that in addition to plasticizers,
nucleating agents and stabilizers, the choice of glass and the quality of the
fiber–matrix interface that results is extremely important in determining the
mechanical performance. With every improvement to the stability, processability
or mechanical properties, new applications are opened up to this important class
of materials.
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1 INTRODUCTION

Claims of perpetual motion create moments of mirth and consternation for those
knowledgeable in the laws of thermodynamics. Yet, is it only hyperbole when a
responsible journal such as the European Plastics News [1] proclaims that depoly-
merization of polyethylene terephthalate (PET) can be repeated indefinitely? The
second law of thermodynamics brings us back to reality. The depolymerization
of PET does not operate at 100 % yields, but does offer the opportunity for near-
stoichiometric recovery of the monomers used to make the polyester. With high
yields of potentially valuable monomers, the commercial potential for polyester
depolymerization to regain feedstocks must be considered.

Recovering PET monomers has a long history – about as long as the com-
mercial use of the resin. In 2001, the possibility of commercially successful
recovery of monomers from used PET packaging prompted M & G Polymers,
a major PET bottle polymer manufacturer in Europe and the United States and
a unit of Gruppo Mossi & Ghisolfi of Tortona, Italy, to initiate development of
a recent patented process, Renew, for commercial application [2]. The East-
man Chemical Company announced development trials of a patented process,
Optisys, in 1999 [3]. As the mixture of collected, used PET bottles becomes
more varied in color and additive composition, traditional mechanical recycling
technologies find a greater proportion of collected bottles not suitable for the con-
ventional recycled PET uses. It is the possible availability of sufficient amounts
of recycled PET containers and the political need to include recycled content into
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new bottles that has spurred the investigation of depolymerization commercial
possibilities.

All saturated linear polyesters can theoretically be depolymerized to recover
the starting monomers. The basic chemistry and processes are similar for
all of the commercial saturated polyesters. Polyesters such as poly(butylene
terephthalate), poly(ethylene naphthalate) and poly(cyclohexylenedimethylene
terephthalate) could all be depolymerized to recover 1,4-butanediol, 2,6-
naphthalenedicarboxylic acid or 2,6-dimethyl naphthalenedicarboxylate, and 1,4-
cyclohexanedimethanol, respectively, along with terephthalic acid or dimethyl
terephthalate and ethylene glycol. The limitation is not in the chemistry
or the process technology. The limitation to practical commercial polyester
depolymerization is securing a satisfactory quantity of polymer at a price that
permits the economical regeneration of the monomers. The choice of technology
is dependent, though, on the quality of the available feed and the desired
product slate.

While depolymerizing poly(ethylene naphthalate) could be attractive on the
small scale because of the high commercial price for the naphthalate moiety,
even this candidate resin is in too little availability to permit economical depoly-
merization. Of polyesters, only poly(ethylene terephthalate) (PET) is available
at sufficient quantities to make the commercial use of depolymerization poten-
tially attractive.

2 CHEMISTRY

Because commercial synthetic thermoplastic polymers are either addition poly-
mers or condensation polymers, depolymerization occurs by different routes.
Addition polymers, for which the synthesis reactions are essentially not reversible,
depolymerize by pyrolysis or such severe chemical attack that few useful mono-
mers can be practically recovered. With pyrolysis, a wide spectrum of species
are created, which offers little in the way of valuable reaction products with-
out costly separation processes. The overall yield to desired products can be
unattractively low.

Step-growth condensation polymers, such as polyesters and polyamides, are
formed by reversible reactions. In the case of PET, the commercial synthe-
sis is essentially carried out by two reactions. The first is the formation of
bishydroxyethyl terephthalate by esterification of a diacid with a glycol or by
transesterification of a diester with a glycol. The second is the formation of the
polymer by a polycondensation reaction.

Bishydroxyethyl terephthalate (BHET) is the monomer used to make the PET
polymer. BHET can be made either by the esterification of terephthalic acid
(TPA) with ethylene glycol (EG):
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or by the transesterification of dimethyl terephthalate (DMT) with EG:
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BHET formation is conducted at temperatures of 200 to 250 ◦C to achieve reason-
able reaction rates. The activation energies of the two reactions are of the order
of 25 000–30 000 cal/mol [4, 5]. The BHET formation is usually conducted under
pressure to keep the ethylene glycol in the liquid state. Terephthalic acid is slur-
ried with ethylene glycol for the esterification reaction. Dimethyl terephthalate is
dissolved in ethylene glycol and BHET for a liquid-phase transesterification reac-
tion. The synthesis of BHET is driven to this material by the removal of water
or methanol. The reactions are reversible at reasonable rates if the concentrations
of water or methanol reactants are held high.

The second reaction, the formation of the polyester, is commercially con-
ducted in the bulk melt phase with the removal of ethylene glycol to drive
the reaction to high molecular weight. For higher molecular weights, PET can
be solid-phase polymerized by again enhancing conditions to remove ethylene
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glycol. The reactions are as follows:
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For the polymerization, either in the melt or solid phase, the reaction is driven to
the polymer by removing ethylene glycol. The polymerization reaction is typically
catalyzed by solutions consisting of antimony trioxide or germanium oxide. Both
polycondensation catalysts also catalyze the reverse reaction, which is driven by
an excess of ethylene glycol at melt conditions, generally above 255 ◦C. The
polymerization reaction follows second-order kinetics with an activation energy
of 22 000 cal/mol [6].

In the case of the esterification of the diacid, the reaction is self-catalyzed as the
terephthalic acid acts as its own acid catalyst. The reverse reaction, the formation
of TPA and EG from BHET is catalytic with regard to the usual metal oxides
used to make PET, but is enhanced by either the presence of hydroxyl groups or
protons. In the case of transesterification of dimethyl terephthalate with ethylene
glycol, the reaction is catalytic, with a metal oxide needed to bring the reaction
rate to commercial potential. The catalysts used to produce BHET are the same as
those needed to depolymerize both the polymer to BHET and BHET to its simpler
esters. Typically, titanium, manganese and zinc oxides are used for catalysts.

Mechanistically, three reversible reactions occur [7]. First, a rapid protonation
of the carbonyl carbon in the polymer chain occurs, converting the carbonyl oxy-
gen to a second hydroxyl group. Secondly, a slow attack by a hydroxyl oxygen
from the hydroxyl-bearing added molecule occurs on the protonated carbonyl
carbon atom. Thirdly, the rapid removal of the carbonyl oxygen, now a hydroxyl
group, and a proton to form water or a simple alcohol and the catalytic proton
takes place. Catalysts play an important role in the rate of the reactions. The
slow step, the attack of, by a hydroxyl oxygen, on the carbonyl carbon atom
of the carboxyl group, figures in the plan to depolymerize. The attack could be
on the carbonyl carbon attached to the hydroxyethyl group on the end of the
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polymer chain or on any carbonyl carbon on the chain. As such, the decompo-
sition of PET by attack on carbonyl groups will result in a population of shorter
and shorter chained species. Given enough time at temperature with enough
hydroxyl material present, the PET will be reduced from a polymer to short-
chained oligomers to BHET and finally to the species consistent with the nature
of the hydroxyl group.

From this discussion, three different hydroxyl-containing species could be
introduced in excess to drive the reactions to the initial materials for depoly-
merization. The first species would be ethylene glycol. Using ethylene glycol
regenerates BHET and oligomers of degree of polymerization greater than 1 if
the time, temperature or ethylene glycol concentration is insufficient to complete
the transesterification. The polycondensation catalysts present in the PET are suf-
ficient, if active, to form BHET from the PET. The use of the first species is
referred to as glycolysis. The second species would be methanol. The latter could
attack the carbonyl carbons to form ethylene glycol and dimethyl terephthalate.
If the methanol is used to attack the carbonyl carbons of BHET, the reaction rate
will be faster than trying to attack the carbons on the polymer chain. An economic
choice must be made, or a process alternative devised, to combine the reduction
of longer-chained polymers to the attack of the hydroxyl group from methanol.
The use of the second species is referred to as ‘methanolysis’. The third species
to provide hydroxyl groups would be water. Use of water would be hydrolysis
and terephthalic acid and ethylene glycol would result. Other alcohols could be
used and are of ten employed. Diethylene glycol is used to make monomers for
use in coatings. Use of higher-molecular-weight alcohols and diols is beneficial
in making adhesives, polyols and unsaturated polyester compounds.

There are other reactions of consequence in the depolymerization of PET. The
hydroxyethyl end groups can decompose to form an epoxide and carboxyl. The
epoxide will react with free ethylene glycol to form diethylene glycol (DEG).
This reaction is catalytically driven and is favored at high concentrations of
hydroxyethyl end groups, such as when high levels of BHET are present. The
consequence is the yield loss of ethylene glycol and the formation of diethylene
glycol. Since some diethylene glycol is always present in PET from its formation
during the esterification/transesterification step, the yield loss of ethylene glycol
need not be economically serious. Patents disclose how to reduce the forma-
tion of diethylene glycol by the addition of sodium acetate [8]. More serious is
the degradation of internal ethylene esters to form acetaldehyde. The latter will
vaporize and represents a real yield loss of ethylene glycol.

The terephthalate moiety, either as the acid or ester, does not undergo similarly
significant side-reactions with loss of commercially useful material. Terephthalic
acid can sublime and dimethyl terephthalate can vaporize, and so maintenance
of the vapor stream is a must.

If PET used for making bottles were just the product of combinations of tereph-
thalate and mono- or diethylene glycol, the commercial depolymerization would
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be more straightforward. In the United States, the Code of Federal Regulations
permits the following modifiers to be used: isophthalic acid and dimethyl ester,
azelaic acid and dimethyl ester, sebacic acid and dimethyl ester, pyromellitic
anhydride, and 1,4-cyclohexane dimethanol [9]. The United States Food and Drug
Administration (USFDA) also allows up to 30 % of a specific nylon, MXD6, to
be mixed with PET for use in food and beverage bottles [10]. It is possible that
2,6-naphthalene dicarboxylate may also be used as a modifier for nominal PET
bottles [11]. The reality is that PET is likely to be modified with levels of several
percent of isophthalic acid or 1,4-cyclohexane dimethanol. The use of modifiers
makes the depolymerization decision more critical. Just which monomer con-
stituents are to be isolated, if any, must be determined based on the desired
commercial product.

In addition, polyester bottles may contain colorants in the form of pigments,
dyes or lakes. The colorants may be dispersed or dissolved in the polymer or may
be covalently bound to the polymer backbone. Polyester packaging, which may
be collected for depolymerization, may include nucleators for enhanced crystal-
lization, anti-slip agents, branching agents, anti-blocking agents and anti-stats.

3 BACKGROUND

Although linear polyesters were probably first synthesized in the 1860s, the first
polymerization of PET occurred with Whinfield in 1941 [12]. Commercial PET
was formed by using dimethyl terephthalate because the dimethyl ester could
be purified by distillation. Terephthalic acid purification was too inadequate to
prepare acid of sufficient purity to make saleable polyester until the late 1970s. As
the initial market price for dimethyl terephthalate was relatively high, converting
polymer scrap back to DMT and EG was economically attractive and provided
materials of needed purity for repolymerization purposes. Methanolysis processes
were common and continued to exist in Eastern European countries into the
1990s. In Western countries, methanolysis plants were shut down as the market
price for DMT fell with large-scale DMT production from p-xylene. By 1980,
only the X-ray film depolymerization plant at the Eastman Kodak Company was
still in regular commercial operation. This plant, built in the mid-1970s (and still
operating in 2000) to recover over 50 000 000 lb of polyester annually [13], is by
virtue of its continued operation thought to be economically viable in the context
of the photographic business.

As the environmental movement began to focus seriously on solid waste and
recycling issues, PET depolymerization received a boost. Discover Magazine
awarded its 1992 Environmental Award to the Hoechst-Celanese Corporation
and Coca Cola USA for Hoechst-Celanese’s plan and Coca Cola’s commitment
to use methanolysis to recycle used PET beverage bottles into new bottles [14].
Ominously, likely higher costs were recognized from the beginning. E. I. DuPont
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announced in 1992 its ability to recover polyester engineering resins by methanol-
ysis. DuPont depolymerized auto fenders and soft drink bottles to DMT and
EG, repolymerized the PET, spun fiber, and made sails for the recreated HMS
Rose sailing ship [15]. The same company followed up the initial methanolysis
development work with the investment of $12 000 000 to convert an existing
DMT facility at the company site in Cape Fear, NC, to be a methanolysis
plant capable of producing 100 million lb of DMT annually by mid 1995 [16].
The process, named PetretecSM, was commercialized in 1996. The Goodyear
Tire and Rubber Company commercialized its Repete glycolysis process in
1992 to supply PET with post-consumer recycled content. These four compa-
nies, i.e. Eastman Kodak, Hoechst-Celanese, DuPont and Goodyear, were the
United States companies which attempted to offer post-consumer recycled PET
content to the beverage bottle industry. Table 16.1 presents the listing of ‘let-
ters of no objection’ issued by the USFDA in response to petitions to use the
product of specific company processes to make regulated food packaging. The
USFDA opinion letters carry less liability limitations than do the Code of Fed-
eral Register regulations, but do indicate the agency’s belief that food safety will
not be jeopardized by the use of the various processes to make food packaging
materials. The USFDA opinion letters pertain only to food safety, and not to
aesthetics or economics. The opinion letters are specific to specified processes of
named companies.

Other uses for depolymerized PET bottles have been investigated. Used bottles
have been glycolized and then used to make unsaturated polyester thermosets and
polyol components in rigid polyurethane foam. Evco Research announced in 1999
its EvCote waterproof coatings and adhesives based on recycled PET [17, 18].

Table 16.1 USFDA ‘letters of no objection’ to the use of depolymerized polyester in
food packaging

Issue date Issued to Materials included

January 9, 1991 Hoechst-Celanese Company Regenerated DMT
August 20, 1991 Eastman Chemical

Company
Regenerated DMT and EG

December 16, 1991 Goodyear Tire & Rubber
Company

Glycolysis product

October 14, 1992 Dupont Company Regenerated DMT and EG
October 12, 1995 Hoechst-Celanese Company Glycolysis product
March 12, 1996 Wellman, Inc. Glycolysis product
May 1, 1996 Innovations in PET Pty Ltd Glycolysis product
October 18, 1996 Eastman Chemical

Company
Regenerated dimethyl

naphthalate and EG
June 6, 1997 Eastman Chemical

Company
Glycolysis product

August 23, 2000 Eastman Chemical
Company

Glycolysis/methanolysis product
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4 TECHNOLOGY FOR POLYESTER DEPOLYMERIZATION

Because all depolymerization processes will generate waste that may be classified
as hazardous waste or at least chemical waste, it will always be economically
preferable to separate as much non-PET material from the PET material as is
practical. Traditional bottle washing procedures can produce used bottle flake
that is clean enough to be used to make more bottles or somewhat less clean
and less expensive material. Technologies have been proposed to dissolve the
polyester scrap in appropriate solvents to separate PET from other materials such
as cotton fiber or magnetic tape components [19].

The first technology for depolymerization is glycolysis. The rate of depoly-
merization with ethylene glycol is faster with zinc acetate catalyst than with
manganese acetate catalyst [20]. For PET made from DMT, either transesterifi-
cation catalyst is likely to be present and will catalyze the formation of BHET.
Glycolysis can be conducted in stirred batch reactors by adding molten PET to
ethylene glycol under pressure, by melting PET in a slurry of PET flakes and
EG, or dissolving PET in an oligomeric solution of partly glycolized PET. Gly-
colysis can also be conducted by adding ethylene glycol to an extruder for a
reactive depolymerizing extrusion. A continuous glycolysis process is also pos-
sible [21]. One approach has been to use the distillation residue from ethylene
glycol purification to be the dissolving media for solid PET flakes [22]. Such
an approach is reasonable if the glycolysis product is to be further processed to
DMT or TPA, but not particularly attractive if the glycolysis product is to be
repolymerized directly. The glycolysis product can be reacted with methanol to
form DMT [23]. The glycolysis product can also be used to react with other
monomers to make a copolymer of PET [24].

The use of the glycolysis product, BHET and oligomers, directly for repoly-
merization requires either very closely controlled feed or a purification procedure.
Purification operations for the glycolysis product can include filtration, crystal-
lization, evaporation and adsorption [25, 26]. Flotation of impurities has also
been envisioned [27]. Besides the conventional control of feed materials to assure
glycolysis product quality, a process has been promoted and announced for com-
mercial development utilizing PET embrittlement with boiling EG, crushing and
screening, glycolysis, and purification by filtration and adsorption for glycolysis
with color filtration [28]. The economic claim of equivalence with virgin PET is
made for 10 000 annual tonne capacity [29]. This is the Renew process.

Glycolysis is also conducted to create polyols for unsaturated polyester usage.
The PET can be dissolved in DEG to create polyols with ether linkages [30].
The reaction can be carried out with propylene glycol [31] or by reacting with
an unsaturated dibasic acid [32] and needed additives and catalysts [33].

While glycolysis technologies can deal with non-PET components with vary-
ing degrees of success, methanolysis and hydrolysis produce discrete slates of
definable molecules that can be separated and purified. Methanolysis has been
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used commercially for many years. Direct hydrolysis of PET has yet to be
commercialized, although hydrolysis of DMT obtained by methanolysis to pro-
duce purified TPA is commercially carried out.

The original methanolysis technology relied on pressure to keep the methanol
as a liquid at reaction temperatures. Methanolysis can be performed either by con-
ducting a glycolysis and subsequent methanol transesterification of the oligomers
to form DMT and EG, or by subjecting the PET directly to methanol. Early
processes focused on continuous liquid-phase methanolysis of a glycolysis prod-
uct to form DMT, with purification by filtration [34]. Manganese catalysts are
commonly used [35]. The DMT and EG are often purified by distillation.

Rather than keeping the methanol always as a liquid, some technologists
suggested bubbling methanol vapor through crude BHET [36]. A process was
described by the Eastman Kodak Company based on using vapors of methanol
[37] and removing the reaction products, DMT and EG, along with excess
methanol as a vapor [38]. The process was further defined to use superheated
methanol and a rectifying distillation section to keep oligomers out of the product
[39]. Kodak was not alone in patenting this approach. DuPont also received a
process patent for methanolysis with vapor product takeoff [40].

Economically, the methanolysis reaction is less important than the purification
costs to deliver purified DMT and EG. As long as catalysts are kept out of the
reactants, EG can be boiled away from the DMT and subsequently purified by
distillation. DMT can be crystallized and washed, or distilled, or both. Separating
glycols from DMT by distillation means dealing with the DMT–EG azeotrope.
Azeotropic distillation of DMT and EG has been patented [41, 42]. Patents also
exist to separate other glycols, such as 1,4-cyclohexane dimethanol, from the
DMT product [43]. Formation of a glycol-rich phase separate from the DMT-rich
phase and then isolating the glycol has also been patented [44]. Kodak have also
disclosed a process of quenching the vapors from the vapor takeoff methanolysis
reactor/rectifier in order to recover the DMT [45]. Dimethyl isophthalate (DMI)
from an isophthalic component in PET bottle polymer exhibits similar vapor
pressure properties as DMT and is not easily separated.

With recent changes to the USFDA regulations to allow copolymers of isoph-
thalic acid, terephthalic acid, ethylene glycol, diethylene glycol, and 1,4-cyclo-
hexane dimethanol in food packaging [46], the regulatory need to isolate DMT,
DMI, EG, DEG and 1,4-cyclohexane dimethanol was removed. However, qual-
ity issues for the containers made from repolymerized materials still remain.
Methanolysis can remove valuable monomers from extraneous materials such
as fillers, colors and non-volatilizing contaminants. The USFDA has recognized
several times the efficacy of the methanolysis reaction and unit operations in puri-
fying PET monomers for subsequent reuse [47]. Because the European Union
and its Member Countries use a positive list and all of the utilized monomers for
PET are on this list, the isolation of DMT, DMI, EG, DEG and 1,4-cyclohexane
dimethanol has not been a regulatory requirement. Many countries outside of
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the European Union, other than the United States, follow the EU regulatory
methodology.

Another approach to methanolysis has been to marry the vapor removal of
volatile PET monomers with a recombination of monomers to make a copolymer
polyester. This approach produces a product of general glycolysis-like uniformity
of components, but with several plates of distillation separation [48–50]. While
the methanolysis reaction section shows no new economic breakthrough, the
recombination of monomers to form BHET and related species inexpensively
offers the potential for economic overall operation by avoiding the expensive
separation equipment. In addition, the product is BHET and related monomers,
fully suitable to be added to a modern PET reactor train which is based on
using purified terephthalic acid. Traditional methanolysis processes produce DMT
and EG. Virtually no new PET production facilities based on DMT feeds have
been built since the early 1980s, hence making methanolysis an interesting but
obsolete process because the DMT product is not directly useful in a TPA-based
PET manufacturing operation. The Eastman Chemical Company has patented
a hybrid methanolysis/BHET depolymerization process [51] and announced a
process called Optisys [52].

One approach to utilizing methanolysis in TPA-based PET production is to
hydrolyze the DMT with water [53]. Rather than hydrolyzing DMT, technol-
ogists have proposed processes to hydrolyze PET in concentrated sulfuric acid
[54], at neutral pH in water [55], at neutral pH with subsequent hydrogenation for
purification [56], or via saponification with sodium hydroxide [57, 58]. The acid
hydrolysis produces product of low quality. Neutral hydrolysis requires long reac-
tion times at high temperatures and pressures, thus increasing the capital costs.
Saponification reactions are quick and occur at commercially attractive rates at
low temperatures and pressures. The terephthalate salt formed must be converted
to the acid to be useful. Several commercial processes have been proposed to
make terephthalic acid with a sodium sulfate co-product, e.g. Recopet in Europe
and Unpet in the United States [59]. A process cited earlier, Renew, can be
extended from producing a glycolysis product to making TPA [60]. All pro-
cesses that would make terephthalic acid must deal with the difficulty of further
purifying TPA and growing large crystals. As PET esterifications are conducted
with a minimum of ethylene glycol, small TPA crystals mixed with ethylene
glycol result in an excessively thick paste. Purification of TPA can be carried out
by oxidation and hydrogenation [61], which may or may not remove the vari-
able contaminants found in post-consumer plastics. TPA can be sublimed and
recovered after neutral hydrolysis [62], or it can be recovered by a combination
of vaporization of TPA with condensation and hydrogenation [63]. All of the
terephthalic acid purification processes are inherently capital-intensive due to the
intractable nature of TPA.

One other process has been suggested for depolymerizing PET to TPA, i.e.
ammonolysis. The process proposal would react PET with ammonia, form a
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water-soluble salt and filter out non-PET materials, acidify to precipitate TPA,
and recovery of ammonia and EG [64]. This process has not yet been offered
commercially.

Depolymerization processes have been proposed for poly(butylene terephtha-
late) by the glycolysis of PBT with 1,4-butanediol and a titanium catalyst [65].
Methanolysis of poly(ethylene naphthalate) to dimethyl naphthalate and ethylene
glycol has also been proposed [66, 67], but not implemented. The lack of com-
mercial depolymerization of PEN is probably due not to technical limitations,
but to insufficient supplies of PEN polymer feedstock to meet the minimum
quantities needed for economical operations.

5 COMMERCIAL APPLICATION

PET producers have had to deal with recovery of scrap polymer since the 1950s,
particularly when raw materials were rather expensive. Glycolysis has been and
is practiced within the production setting on material of known composition and
acceptable purity. Methanolysis was practiced in the United States and Europe
until about 1980 as most PET production was then based on DMT and EG.
Methanolysis is still practiced on post-consumer and pre-consumer X-ray film
by the Eastman Kodak Company which uses the DMT and EG to make more
film. Other than an occasional use of glycolysis, no other large-scale, on-going
commercial use of post-consumer PET is made in developed countries.

From any lack of contra-indicating legislation, depolymerization of PET has
been accepted as a legitimate recycling process in the United States, and this
also appears to be the case in Japan. The European Union has not fully accepted
polyester depolymerization as a recycling process as legitimate as mechanical
recycling. Rather, depolymerization of step-growth, condensation polymers has
been categorized with pyrolysis and seen, politically, as a variant of depolymer-
ization to produce fuel, which is akin to incineration. This will likely change
as legislators and regulators more fully understand the technology. Polyester
depolymerization, as we will see, must be justified economically. Either as a
stand-alone investment or a necessary provision to sell polyester for packaging,
depolymerization capital recovery must be recognized. The political circum-
stances in the United States make PET depolymerization an unsubsidized business
venture. In Europe, monies can be made available via ‘green dot’ fees to under-
write some portion of the overall cost. Because PET trades internationally, the
basic economics developed in this chapter will apply generally in all countries.
What will be country-specific and may determine actual implementation are the
requirements for recycled content to sell any PET for bottle packaging and the
availability of additional funds to make investments attractive.

Among potential commercial processes, the Renew process is proposed to
filter color from a glycolysis product, while the Recopet process creates TPA
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by saponification and precipitation. The Unpet process etches PET with sodium
hydroxide to remove stained polymer. The latter process originally was intended
to produce sodium terephthalate which would be roasted for purification. The
current Unpet process is not a complete depolymerization. The Optisys process
apparently employs the methanolysis reaction to make a BHET-like product.

6 CRITERIA FOR COMMERCIAL SUCCESS

Simply possessing a promising technology does not guarantee commercial suc-
cess. The choice of technology depends on cost, the desired products, and the
quality and quantity of the feed material. Methanolysis produces DMT and EG
and possession of DMT may not be useful for subsequent use without conversion
to TPA. Simple glycolysis requires clean, clear PET feed as no change in com-
position or color will occur in the processing. Hydrolysis is capital-intensive and
requires a large scale to offset capital costs. The feedstock must be available at
the desired quantity with the desired minimum quality and at a stable and accept-
able price long-term to allow for evaluation of risk. The capital and operating
costs must be acceptable and environmental and safety hazards minimal.

One critical issue is the evaluation alternative. In the case of methanolysis, the
alternatives are to make DMT and EG by depolymerization or secure materials
from traditional petrochemical sources. For hydrolysis, the alternatives are TPA
and EG by depolymerization or from traditional sources. For both technologies,
the amount of copolymerizing isophthalate and/or 1,4-cyclohexane dimethanol is
likely to be too little to justify the cost of recovery. For the various forms of
glycolysis and the methanolysis/BHET hybrid, the alternative is the BHET and
BHET-like materials made by the combination of a terephthalate and isophthalate
plus EG and various glycols. Market prices exist for TPA and EG. BHET is not
an item of commerce, and so the value must be imputed from the market price
for TPA (the modern terephthaloyl) and EG, plus a conversion cost.

Other than for simple glycolysis, a substantial capital investment must be made
to conduct commercial depolymerization of PET to regain PET monomers for
repolymerization of PET. As the capital costs rise at roughly the 0.6 power
of the relative volume [68], larger facilities are more economically attractive
than smaller facilities. Besides the availability of capital to build very large
depolymerization facilities, the limiting criterion has been and is likely to continue
to be the sure supply of adequate PET feedstock at acceptable prices.

7 EVALUATION OF TECHNOLOGIES

This section will look at seven processes to convert post-consumer PET bottles
to raw materials suitable for use to make new food and beverage bottles. The
processes are as follows:
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1. Liquid-phase methanolysis
2. Vapor-phase methanolysis
3. Simple glycolysis
4. Caustic hydrolysis
5. Aqueous hydrolysis
6. Methanolysis/BHET hybrid
7. Glycolysis with color filtering

All estimates are based on this author’s interpretation of patent literature and
similar treatment of capital and operational costs. The comparisons of processes
are made for one throughput size, 22 700 tonnes annually or 50 000 000 annual
pounds of feed.

7.1 FEEDSTOCK

No commercial PET depolymerization facility will feed whole, unwashed PET
bottles to the process. With bottle caps, labels and occasional basecups, about
20–22 % of a PET bottle is not actually PET and should be removed before
depolymerization. The mechanical process for preparing depolymerization feed
is similar to that used to render post-consumer bottles into flake for fiber, strap-
ping, film or bottle end uses; only the intensity and costs may be different. The
first economic issue in feedstock is the price of bales of PET bottles. Prices in
Europe and the United States have fluctuated over the past ten years from ‘lows’
of $0.04/kg in 1996 to ‘highs’ of $1.05/kg in 1995. Prices of bottles are depen-
dent on not only time and location, but on the color of the PET. Clear bottles sell
for higher prices than do colored bottles. For this evaluation, we will assume that
US$ 0.132/kg is paid for mixed color bottles, FOB1 the sorting/baling facility.
The mixed color bottles are generally satisfactory for methanolysis, hydrolysis,
methanolysis/BHET hybrid and glycolysis with color filtration. For simple gly-
colysis for which little purification of product occurs, clear bottles are required
and are assumed to cost US$ 0.264/kg. The mixed color bottles must sell for
at least the cost of baling, usually taken to be about US$ 0.100/kg, while the
simple glycolysis feed bottles must compete with value-added uses such as strap-
ping and textiles. Because no market currently exists for semi-washed flake, it
is assumed that a market will develop when depolymerization can accept the
less stringently clean material. As scale counts, the semi-washed flake facility

1 FOB, ‘free on board’. This is a trade term requiring the seller to deliver ‘goods on board’ in vessels
designated by the supplier. When used in such terms, the word ‘free’ means that the seller has an
obligation to deliver goods to a named place for transfer to a carrier. In this context, the significance
is that FOB means that the buyer does not have the goods delivered at the purchase price, but must
also pay a freight charge. Some goods are sold DELIVERED, meaning that the freight expenses are
included in the purchase price. FOB tells the buyer where the goods can be picked up, usually at
the seller’s loading dock.
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Table 16.2 Summary of depolymerization feed costs

Aspect Semi-washed flake Glycolysis-grade flake

Nominal capacity (t/year) 45 000 45 000
Fixed capital cost (US$/kg) 0.20 0.43
Bottle purchase price, FOBa (US$/kg) 0.132 0.264
Product costs (US$/kg) – –

material cost 0.22 0.44
variable conversion cost 0.07 0.16
fixed conversion cost 0.09 0.14
return on capitalb 0.03 0.07
sales price 0.42 0.81

Before tax return on investment (%) 13 13

a FOB, ‘free on board’; the purchase price does not include the transportation costs (see text for
further details).
b Profit.

envisioned is taken to be 45 000 annual tonnes in capacity, large enough to
supply two depolymerization plants here presented. This is a very large mechan-
ical reclaiming facility in an industry for which the median plant size is about
20 000 annual tonnes of capacity. For fair comparison, the size of the glycolysis-
grade mechanical reclaiming facility is also taken to be 45 000 annual tonnes.
For both flake-producing facilities, the before-tax return on fixed capital invest-
ment is taken to be 13 %, a value that reflects the tight profit margin of the flake
making industry. The details of the flake making economics given in Table 16.2
are taken as being generally representative. The large-scale flake plants will tend
to set market prices for PET flake. At 22 500 annual tonnes, the before-tax return
on capital for glycolysis-grade flake sold at US$0.811/kg drops to 5.3 %.

7.2 CAPITAL

Each process evaluated is presumed to be free-standing and supplying all of its
own needed services. Tankage, distillation columns, pumps and outside battery
limits (OSBLs) costs are included, in addition to reactors and melters, centrifuges,
crystallizers and dryers, as needed. The simple glycolysis reaction vessel is the
least expensive reactor. The vapor methanolysis and caustic hydrolysis reactors
are the next most expensive, while the liquid methanolysis and glycolysis with
color filtration are more expensive still. The methanolysis/BHET hybrid has the
second most expensive reactor system, with the aqueous hydrolysis reactor being
the most expensive due to high pressures and slow reaction rate. Both methanol-
ysis processes require DMT crystallizers, DMT centrifuges, DMT melters and
filters, along with DMT and EG vacuum distillation columns, a methanol column
and a low-boilers column. Simple glycolysis requires filtration and a low-boilers
distillation column. Hydrolysis processes include filters, crystallizers, centrifuges
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and TPA dryers, along with EG vacuum distillation columns, water columns and
low-boiler columns. Caustic hydrolysis also includes equipment to handle acid
and base, and to recover salt. Methanolysis/BHET hybrid requires filters and an
EG vacuum distillation column, a methanol column and a low-boilers column.
Because the product of the methanolysis/BHET hybrid is molten ‘monomer’
which does not store well, product is processed to polymer soon after it is pro-
duced and is not shipped as monomer. Similarly, glycolysis with color filtration
produces a BHET monomer product for immediate use. This second glycolysis
process requires embrittlement, crushing and sorting equipment, in addition to
a centrifuge, extensive filtration, an EG vacuum distillation column and a low-
boilers column. A summary of the capital costs is provided in Table 16.3. In
addition, installation factors are shown along with the costs of building struc-
tures. The building sizes are estimated as what is needed to house the production
equipment. External storage and handling of incoming flake feeds are not explic-
itly included, but are part of the installed cost. The outside battery limit (OSBL)
capital is given as a percentage of the direct process equipment capital to include
environmental needs, access needs and plant general needs. Utility capital is
included in the utility per unit costs. Table 16.3 provides the total fixed capital in
US dollars and per annual kg of product. Working capital is not included here,
but is included in the economics calculation.

Not surprisingly, the simple glycolysis process has the lowest capital invest-
ment. The methanolysis/BHET hybrid and glycolysis with color filtering are
judged to be similar in investment cost and benefiting from not including expen-
sive separation equipment. Full methanolysis is a step more expensive, with
costly separation trains. Hydrolysis can be even more expensive, with costly
separation/purification trains and costly neutral hydrolysis reaction equipment.
The caustic hydrolysis process does not include an electrochemical salt breaking
process, which could lower the operating purchase cost of caustic and acid.

Capital cost range from about US$0.98/annual kg of product to US$1.41/annual
kg of product for the processes with purification, but only US$0.39/annual kg
for simple glycolysis.

8 RESULTS

Table 16.4 provides the summary of economic costs and results. The presumption
throughout is that each process can be operated with environmental and human
safety to produce a fully satisfactory product of sufficient quality to command
market prices. The processes which produce discrete products, i.e. methanolysis
and hydrolysis, will have to meet commercial specifications. The mixed-species
product processes, i.e. simple glycolysis, hybrid and glycolysis with color filtra-
tion, must be able to feed adjacent polymerization facilities to make satisfactory
product. Because the simple glycolysis process has little purification capability,
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the inexpensive process is offset by fairly expensive feeds compared to the less
costly feeds useful to the other processes. The quality of product and the pro-
cess robustness for the hybrid and the glycolysis with color filtration processes
must be tested in actual trials and are not the subject of this study other than to
say both processes do provide multiple avenues to remove contamination from
the feeds.

The operating rates of each process were fixed at 22 700 annual tonnes. The
yield of gross product to Class I or prime product was estimated by this author and
is included in Table 16.4. Semi-washed PET flake will contain some extraneous
material, by definition. All processes will lose some potential ethylene glycol
due to decomposition. Hydrolysis processes are expected to lose isophthalates in
the crystallization step. The methanolysis and glycolysis with filtration processes
generally recover more materials for inclusion with product. Simple glycolysis
recovers the most, but still loses some ethylene glycol.

The cost of goods range from US$0.92/kg to US$1.10/kg, with the most expen-
sive 20 % greater than the least expensive. The hybrid process shows the lowest
factory cost. Surprisingly, the glycolysis with filtration cost is higher, primarily
because of loss of product in filtration and expense of disposed filtration media.
Caustic hydrolysis is the most costly because of consumption of commercial
acid and base. Only caustic hydrolysis produces a significant amount of useful
co-product, i.e. the salt of the acid and base used. In this study, NaOH and H2SO4

were purchased at market prices and the resultant Na2SO4 was valued at market
prices for chlorine-free salt.

For this study, an economic hurdle rate of 15 % before tax return on capital
investment was used. This rate is higher than for the flake feed preparation facility
because the depolymerization facilities cannot be as easily converted to other uses
as can the flake preparation plants, which can be converted to produce mechan-
ically cleaned PET for traditional post-consumer PET uses. Including the total
capital return component, and a 12 year economic depreciation component, the
total cost of the products are given in Table 16.4 as US$1.07/kg to US$1.32/kg.

The important question of comparative value, mentioned earlier in Section 6,
now must be considered. The material output of each process per unit of feed is
estimated and multiplied by the market price of the material to arrive at a value
of product. The output of the methanolysis processes, DMT and EG, are shown
as a methanolysis-type product value in Table 16.5. The stoichiometric ratios are
adjusted with a presumed 99 % recovery of DMT and 93 % recovery of EG.
The output of the hydrolysis processes, TPA and EG, have the stoichiometric
ratios adjusted for a presumed 99 % recovery of TPA and 93 % recovery of
EG. The glycolysis processes, including methanolysis/BHET hybrid, are valued
at 99 % recovery of terephthalic acid, 95 % recovery of ethylene glycol, and a
US$0.022/kg esterification credit for making BHET. The EG recovery is higher
for glycolysis-type products because of less loss of useful moieties. The three
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Table 16.5 Prices of raw materials and comparative products

Price

Materials and products US$/kg US$/lb

Mixed-color PET bottles 0.132 0.060
Clear PET bottles 0.264 0.120

Mixed, semi-washed PET flake, purchased bottles 0.419 0.190
Mixed, semi-washed PET flake, free bottles 0.234 0.106
Clear, washed flake, purchased bottles 0.811 0.368

PTA 0.599 0.272
DMT 0.586 0.266
EG 0.579 0.263
Methanol 0.126 0.057
NaOH 0.287 0.130
H2SO4 0.057 0.026
Na2SO4 0.143 0.065

Glycolysis-type product 0.742 0.337
Methanolysis-type product 0.799 0.363
Hydrolysis-type Product 0.724 0.328

market values range from US$0.72/kg to US$0.80/kg, decidedly less than the
product costs shown in Table 16.4.

Table 16.4 also shows the price premium required to offset the excessive costs
to depolymerize post-consumer PET bottles in order to sell resin made from
the depolymerization processes. The price premium is shown as the amount
needed when 25 % recycled content is present in sales polymer by the vari-
ous depolymerization processes when those processes achieve a 15 % before-tax
return on investment (BTROI). The smallest required premium is needed for the
methanolysis/BHET hybrid, i.e. US$0.082/kg. The two glycolysis processes, sim-
ple glycolysis and glycolysis with color filtration, and vapor phase methanolysis
require the next greater price premium, US$0.095 to US$0.097/kg. Hydrolysis
with high capital costs or acid/base expenses requires the greatest price premium.
Figure 16.1 shows the graphical presentation of the premium requirement.

The stated 25 % recycled content provision is not a limitation of the technology
or regulations, but a business choice with the economic consequences shown. For
processes that can use recycled PET more cheaply than those which use virgin
material, the percentage-recycled content may be greater than 25 %. The 25 %
content level has traditionally been seen as sufficiently high enough to represent
‘substantial’ content. Marketers who advertise recycled content considerably less
than 25 % are frequently met with scorn and derision.

The size of the depolymerization facilities was given at 22 700 tonnes annu-
ally. As depolymerization is capital-intensive, the choice of facility size can be
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Figure 16.1 Price premium required for 25 % recycled content PET: 22 700
tonnes annual capacity; bottles purchased for US$132/tonne

crucial to the overall economic success. For the methanolysis/BHET hybrid, the
most economically attractive of the processes here examined, the effect of scale
is examined in Figure 16.2. Bottles are purchased for US$132/t and processed
in the large flake preparation plant at the fixed price given in Table 16.5. The
depolymerization economics provide a 15 % return on the investment and the
required premium to match commercial costs of PET feedstocks is shown. Even
for over 90 000 annual tonnes of production, a premium of over US$0.04/kg
PET sold is needed. Not surprisingly, the needed premium rises sharply as the
depolymerization plant size decreases.

Other approaches to providing post-consumer recycled content are possible
besides depolymerization. Depending on food safety regulations, recycled content
in central sidewall layers and the use of especially cleaned, mechanically recycled,
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Figure 16.2 Price premium, hybrid process, for 25 % recycled content PET,
with US$ 132/tonne bottles and semi-washed flake: 15 % before-tax return on
investment

post-consumer PET material can be considered. The various mechanically recy-
cling processes do not, however, deal with unwanted colors or components.

In some jurisdictions, monies are available to underwrite the collection of used
bottles. As such, authorities may consider opportunities to ship bottles at no cost
to the recipient. In the 1990s, various schemes were devised in Europe not only
to provide used plastic packaging for free, but also to provide a subsidy for its
use. These were unsuccessful for economic and political reasons [69]. Even so,
it is worth investigating what would be the economic consequence of providing
bottles at no cost, FOB the baling plant. In this case, the cost of semi-washed
flake delivered to the depolymerization plant falls, as shown in Table 16.5, from
US$0.419/kg flake when bottles are purchased to US$0.234/kg flake when bottles
are provided at no cost because bottle costs are paid for by means other than
purchase. Figure 16.3 shows the impact on the needed premium for 25 % recycled
content sales of PET when the zero-cost bottles are processed through a semi-
washed flake manufacture and the methanolysis/BHET hybrid depolymerization
process. At the nominal 22 700 annual tonnes, a reduced price premium is still
needed. At less than approximately 75 000 annual tonnes, the price premium is
no longer needed. This does not suggest that there are readily 75 000 tonnes
of suitable material available for depolymerization at zero cost. It does suggest,
however, that cost equivalency is possible, but not easily achieved.

While the chance of a systemic error in the modeling is always possible, the
greatest variability, and uncertainty, is in raw material cost for depolymerization
and the valuation of the product. Roughly speaking, the variable conversion costs,



586 D. D. CORNELL

−0.0200

0.0000

0 2 4 6 8 10

0.0200

0.0400

0.0600

0.0800

0.1000

Washed flake processed annually (10−4 t)

P
E

T
 p

re
m

iu
m

 (
U

S
$ 

kg
−1

)

Figure 16.3 Price premium, hybrid process, for 25 % recycled content PET, with
free bottles and semi-washed flake: 15 % before-tax return on investment

fixed conversion costs and financial costs are about the same and individually
about 40 % of the material costs. The estimated price for mixed, colored PET
bottles, i.e. US$132/t, will likely not be much lower because of the floor price due
to baling costs. A higher price depends on other, more valuable uses for mixed
colored bottles. These bottles will continue to sell at prices less than clear bottles.
The price for simple glycolysis feed, US$264/t, will vary. Based on experience
in the 1990s, prices for baled clear PET bottles could range from US$120 to
US$400/t. The prices for TPA and EG, the bases for the valuation of product,
will also vary. Over the seven years from 1994 through 2000 in the United States,
the value of the glycolysis-type product varied from US$0.57/kg to US$1.06/kg
compared to US$0.742/kg used in this analysis. While used bottle prices do
rise and fall in general coordination with virgin PET raw material prices, the
correlation is not assured. Market forces do cause variation in the ratio of used
bottle prices to the prices of TPA and EG.

9 CONCLUSIONS

The commercial potential for recycling post-consumer PET is not limited by lack
of depolymerizing technology. Many options are available with varying degrees
of capital intensity. The technologies most probable to provide satisfactory quality
product, suitable for reuse in food packaging, are likely to cost US$1.00/kg or
more and require capacities of over 20 000 annual tonnes.
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The key to commercial success is the business plan, particularly the source
and cost of feedstock and the value of the depolymerization product. A range of
technologies, approximating the range of patented processes for full depolymer-
ization, have been modeled and all produce product of cost greater than value
when all of the transactions are conducted in a free market. In such a free market
where the raw material must be purchased away from other uses, a premium must
be charged on the produced PET product with recycled content by depolymer-
ization if the investment is to generate a return. In a free market, the break-even
facility size would be very large, larger than the available supply of raw material.

In those jurisdictions where money is specifically collected from consumers to
underwrite the costs of recycling plastic containers, funds may be available to
offset some costs of depolymerization. If bottles are provided at no cost at the
sorting/baling facility, an economically attractive venture can be contemplated,
but still at a large scale. Securing the feed on a long-term basis at a favorable
price will require significant co-operation.

The primary uncertainty in the estimation of commercial potential for depoly-
merization of PET is the value of the alternative to make polymer. For other than
the simple glycolysis process, the used bottle feed material is likely not to vary
substantially in dollars per tonne, although the percentage change could be size-
able. The selection of the data used to calculate the basis to value the products
of depolymerization can change the overall conclusion for an investment.

Depolymerization reduces inherently valuable long-chained molecules to inher-
ently less valuable smaller molecules. If mechanical recycling can utilize col-
lected plastic materials profitably, it is highly unlikely that depolymerization will
achieve greater profitability.
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The market prices used in this study represent multiple year averages for the
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Controlled Degradation
Polyesters
F. G. GALLAGHER
DuPonT Experimental Station, Wilmington, DE, USA

1 INTRODUCTION

Concerns around the environmental fate of polymers have led to increased re-
search into the area of controlled degradation polyesters. At the present time,
companies are offering many solutions to reduce the impact of polyesters in the
environment. Each strategy has its supporters and critics. Techniques to compare
the environmental benefit versus production cost and customer value are qualita-
tive and also are debated, thus making it difficult to predict which solution will
gain acceptance by government agencies and society. Instead of providing case
studies of specific products for specific applications, this chapter presents a more
holistic view of the science associated with degradable polyesters and related
technologies. The reader is encouraged to contact specific producers to obtain
current technical information on product offerings, application performance and
degradation behavior. As environmental rules and regulations vary broadly across
regions and countries in response to local socio-economic conditions, the reader
is also encouraged to contact appropriate government resources in the area of
interest to understand the current public view of this issue.

2 WHY DEGRADABLE POLYMERS?

Scientists created synthetic polymers to replace natural polymers in order to
simplify manufacturing processes, reduce product cost and extend the useful life

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4



592 F. G. GALLAGHER

of objects. These durable polymers improved the quality of life for many people
by making more items affordable to the average consumer. Beginning in the
1940s, the plastic revolution has created a world where many everyday items are
made from synthetic polymers.

In the late 1960s, we began to recognize that we live on a small planet with
limited resources. The first Earth Day in 1970 kicked off a movement of growing
concern about our use and mis-use of our limited resources. Governments and
citizens vigorously attacked air and water pollution and made significant progress
by establishing strict environmental regulations. As a result of stricter air pollution
controls, burning refuse was abandoned to reduce air emissions, hence resulting
in increased shipments of municipal solid waste to landfills.

In the mid-to-late 1980s, the US public was told that it had a landfill problem
and that if something did not change quickly it would be buried in garbage.
The popular press targeted plastic and single-use disposable products as a major
cause of the problem. Careful technical review of the situation revealed that the
primary cause of the landfill problem was a change in US solid waste regulations
that required liners and leachate treatment for all active landfills after a set date.
The regulations prompted the systematic closure of many older small landfills
that could not economically meet the new standards. Since that time, waste man-
agement companies have responded to the need for landfill space by constructing
large efficient modern landfills that can economically meet government regula-
tions. The publicity surrounding the landfill debate has renewed society’s interest
in resource conservation and recycling efforts.

Initially, source reduction was encouraged to reduce the amount of material
being directed to the landfill. Consumer product packaging was at the top of the
list. Re-use and alternate-use initiatives challenged society to separate municipal
solid waste at home for re-use or alternate-use applications. Plastic, aluminum,
steel, glass, newspaper and cardboard have been systematically collected by many
local communities to reduce landfill volume and extract value as recycled prod-
ucts. This community interest in recycling prompted the redesign of products
to be ‘recycling-friendly’. Rigid containers were easily identified as recyclable
since a quick water rinse yielded a relatively clean, relatively pure polymer. An
example is the redesign of soda bottles to eliminate the polyolefin bottom cup,
thus resulting in an ‘all-polyester’ bottle.

However, some products could not be made recycling-friendly. Packaging films
are not easily cleaned and multiple-layered products containing aluminum foils
are not easily separated into relatively pure components. Other composite struc-
tures containing natural fiber products such as absorbent pads for packaged meat,
diapers or personal hygiene products are not easily cleaned or separated. Munic-
ipal aerobic composting and anaerobic degradation in controlled digesters or
landfills to produce methane as an energy source with eventual recovery of soil
and humus were offered as solutions for these non-recyclable articles [1]. For
these options to work, the synthetic polymer components were required to degrade
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at a rate comparable to natural products such as lignin and cellulose. Polymer
scientists were challenged to look at degradation differently and to learn how to
adjust synthetic polymer degradation to match application requirements.

In order to control polyester degradation, we must understand the processes
involved in how polyesters degrade. The following section presents a brief sum-
mary of degradation mechanisms that are involved.

3 POLYMER DEGRADATION

Efforts to prevent polyester degradation began the day after the first synthetic
polyester was created. Polyester is one of the most diversely used synthetic
polymers today because of the significant progress in halting polymer degrada-
tion during production, fabrication and use. Although degradation results from a
combination of environmental factors, scientists organize degradation into a few
general mechanisms, as listed below. This topic has been investigated extensively
and there are many tests on the subject [2–4]. The reader is encouraged to refer
to these more complete sources for details on polymer degradation mechanisms.

• Thermal degradation and heat resistance.
• Oxidative degradation – reactions with oxygen.
• Moisture sensitivity – reactions with water.
• Radiation initiated or photodegradation – free radical reactions (see

Chapter 18 on photodegradation and photostabilization of poly(ethylene
terephthalate)).

• Biological degradation – enzymatic catalyzed reactions [5].
• Chemical degradation – reaction with, or initiated by, specific chemicals.
• Weathering/Aging – the combined effect of cyclic exposure to varying mois-

ture, temperature and sun exposure, or specific cyclic application conditions
such as ‘under the hood’ grease, oil and temperature variations.

• Stress-induced degradation – reactions that are catalyzed by subjecting the
article to mechanical stress.

The next step in developing controlled degradation polyester is to understand
expectations for specific product applications. Some questions to be answered
include the following:

• What are the physical property requirements for the application?
• What is the desired degradation rate?
• Are there preferred degradation products, e.g. methane, compost/humus

or CO2?
• Which degradation initiators are present in the application that may trigger

degradation at the desired time?

Individual assessment of specific application factors indicate the key factors for
selecting a specific polymer.
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4 DEGRADABLE POLYESTER APPLICATIONS

Patents issued over the past ten years enumerate potential applications for degrad-
able polyesters touching a broad range of everyday items. Figure 17.1 presents the
applications in general groupings and the primary degradation products (methane,
carbondioxide and humus). In general, degradable polymer applications address
at least one of the following concerns:

• Degradation product provides benefit for application
• Reduces labor/energy required to manage solids
• Eliminates problems associated with persistent polymers

4.1 MEDICAL

Medical applications range from drug delivery to wound closure (sutures, clips,
staples and surgical meshes) to aid the healing process [6]. Medisorb, the Alk-
ermes’ family of high-quality homo- and copolymers of glycolic (hydroxyacetic
acid) and lactic acid, was approved by the United States Food and Drugs Admin-
istration (USFDA) in the early 1970s as a synthetic bioresorbable polymer. Poly
(lactide-co-glycolide) has been used extensively in a variety of medical applica-
tions [7–9]. In the body, the degradation products of these aliphatic copolyesters
are lactic acid and hydroxyacetic acid.

More recently, polyesters with beneficial degradation products (salicylic acid)
have been produced to promote healing through enhanced regeneration of
tissue [10]. Degradation mechanisms relevant to medical applications include
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Figure 17.1 Application areas for degradable polyesters
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temperature, moisture, oxygen, varying pH and microbial activity. In general,
the medical applications have such a high value in use that achieving desired
benefit dominates other concerns.

4.2 AQUATIC

Proposed aquaculture applications of degradable polymers include seaweed cul-
ture nets, fishing nets and lines, and temporary structures used for restoration of
wet lands, beaches or other marsh areas [11–14]. Weathering and hydrolysis are
the most common degradation mechanisms encountered in aquatic applications.
Continually submerged articles pose special challenges since temperatures are
low and photodegradation and oxidation effects are limited.

4.3 TERRESTRIAL

Agriculture products have been an active application area for degradable polyes-
ters. Degradable polyesters are used to avoid litter problems caused by persistent
plastic products and to provide beneficial degradation products (humus) to the
soil. Examples include nets for crop packaging, products for ripening crops, weed
barriers, crop row covers and irrigation pipes [15]. Applications have also been
suggested for greenhouse or home use such as plant pots, plant root covers, peat
moss substitutes and various hydroponics products [16].

The construction and mining industries offer additional applications for tempo-
rary structures, such as concrete forms and geo-textiles, as well as a wide variety
of products for restoration of land including sand bags, turf covers and temporary
protection for trees and plants.

As in aquatic applications, weathering and hydrolysis are the dominant degra-
dation mechanisms for terrestrial applications. Polymer articles covered with dirt
can be problematic since photodegradation is not available; however, the higher
humidity levels and microbial activity in the soil when compared to the atmo-
sphere are advantageous for degradation.

4.4 SOLID WASTE

The disposition of products after intended use, i.e. solid waste, provides the largest
volume of applications for disposable polymers. Solid waste applications cited
include a wide range of products. General household items for which degradable
polyesters would be appropriate include crockery, cutlery, clothes hangers, toys,
cigarette filters, molded articles, woven and non-woven fabrics, appliance cases,
and cleaning, painting and wallpaper bristles. Generic structures are also cited
such as films, sheets, fibers, filaments, injected molded parts, rigid containers
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and coatings for paper products (Figures 17.2 and 17.3). Other generic structures
cited include foams, adhesives and elastomers. A variety of packaging products
cited include boxes, bottles, bags (dust, grocery, food storage and sandwich)

Figure 17.2 Applications of DuPonT BIOMAX hydrobiodegradable polyester
– film, rigid containers, fibers, injection molded parts and paper coatings.

Photograph reproduced by permission of DuPonT1

Figure 17.3 Examples of Earthshell Packaging packaging foodservice dispos-
ables made with DuPonT BIOMAX hydrobiodegradable polyester. Photo-
graph reproduced by permission of Earthshell Corporation1

1 BioMAX is a registered Trademark of EI DuPonT de Nemours and Company. Earthshell Cor-
poration and Earthshell Packaging are registered Trademarks of Earthshell Corporation.
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and wraps (shrink, food, pallet, crate and consumer packaging). Sanitary and
health products cited include gloves, syringes, waterproof bed sheets, cushion
covers, protective clothing, handkerchiefs, wipes, yarn for dental floss, comfort
cushioning, absorbent articles, nappies, sanitary towels, pantiliners, bandages,
wound dressings, wound cleaning pads, surgical gowns, bedding items, sheets,
pillowcases, foam pads and various hygiene bristles.

The four disposal options generally cited for intentional waste products are
recycle, landfill, wastewater treatment facilities and composting. Unintentional
solid waste is generally referred to as ‘litter’.

4.4.1 Recycling

For recycling uses, degradable polyesters are desirable for relatively small mass
applications, such as glues, thin coatings or labels, in order to facilitate the rapid
cleaning of the primary structure for recycling. These applications may be rigid
structures such as plastic containers or modifiers for paper products.

4.4.2 Landfills

As described earlier, concerns around water and air pollution have transformed
landfill technology. Figure 17.4 is an illustration of a modern lined landfill with
a gas recovery system, leachate collection and treatment, a cap to prevent rain
water entry, and ground water monitoring to confirm the integrity of the liner.
The composition of landfills have been characterized by various garbologists and

Leachate treatment

Ground
water

monitoringLeachate collection

Methane recovery

Cap

Trash

Linear

Figure 17.4 Schematic illustration of a modern lined landfill site showing the
major components
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varies broadly from region to region depending on local industry and the effec-
tiveness of recycling efforts for glass, metals and plastics [17]. In general, most
landfills are composed of primarily paper, cardboard, other packaging materials
and ‘yard-waste’.

Anaerobic microbes in the presence of water in the landfill will consume these
natural products and produce methane, CO2 and humus. One study reported the
average composition of 20 year old refuse to be 33 % paper, 22 % ash and 12 %
wood [18]. Thirty core samples revealed a wide range of degradation and micro-
bial activity that were directly attributed to sample moisture content. Recovered
polyethylene degradation was evaluated and determined to be as high as 54 %.

Typical landfill gas contains 50 % methane and 45 % CO2, with the balance
composed of water and trace compounds. This landfill gas is gaining popularity as
an alternative energy source. The United States Environmental Protection Agency
(EPA) has a ‘Landfill Methane Outreach Program’ to encourage the use of landfill
gas as an energy source. A visit to their web site provides facts on the benefits of
using landfill gas as well as case studies of successful projects. To complement the
landfill gas production, degradable polyesters need to be consumed by anaerobic
microbes to produce methane at rates comparable to those generated by natural
products degradation, i.e. lignin and cellulose in paper and yard-waste.

4.4.3 Wastewater Treatment Facilities

Various sanitary products such as diapers (nappies), sanitary towels, colostomy
bags, pantiliners and other absorbant products have been proposed for possible
flushable disposal. In addition, wash water from recycling activities must be
treated in wastewater facilities. A rapidly degradable or soluble polymer that will
not restrict sewer systems and will degrade in the wastewater treatment facility’s
aerobic and anaerobic digesters is needed for these applications. The degradation
byproducts from treatment are CO2 from aerobic digestion, methane and CO2 for
anaerobic digestion and sludge (microbial solids, humus and precipitated solids).

4.4.4 Composting

Some communities have chosen municipal composting as alternative solid dis-
posal strategies for cardboard, paper products, mixed municipal solid waste,
sewage sludge, and especially, yard-waste. The technology is flexible and ranges
from simple windrow piles on concrete slabs to trench composting in a building
equipped with odor abatement capabilities [19–21]. The degradation mechanism
is primarily hydrolysis combined with aerobic and anaerobic microbial activity.

In aerobic composting, an air blower distributes air under the pile and main-
tains most of the pile in aerobic conditions for faster degradation. The piles are
turned daily to redistribute material and moisture and to maintain porosity of
the pile. The mechanical stress imposed by turning the compost piles facilitates
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the initial physical disintegration of objects to a primary dimension of about 1 in.
Following a typical 21–28 day active aeration cycle, the resulting compost is held
for a 3–6 month curing period prior to use. The degradation products of aero-
bic composting are compost and CO2. Anaerobic composting using thermophilic
microbes to produce methane and compost has been demonstrated and is gaining
support as an alternative to landfills since methane production may be faster and
more predictable and methane capture is more efficient [22, 23].

Compost is added to soil to increase organic content and improve quality [24].
The organic compounds that make up compost occur naturally through the degra-
dation of plants and animals in combination with microbial activity. The result is
a complex mixture of degradation intermediates and microbial byproducts such as
gums and starches. Environmental soil scientists separate the organic soil compo-
nents into non-humic and humic substances [25]. The non-humic substances are
relatively low-molecular-weight compounds such as fats, oils, proteins, peptides
and carbohydrates. These compounds are easily consumed by microorganisms
and do not persist in the soil. In general, the non-humic substances are consumed
rapidly during the active stage of composting when microbial activity is high
and mechanical stresses are present. The curing stage of composting continues
the degradation of non-humic substances to achieve a stable compound with low
levels of non-humic substances.

The dominant organic compounds in soil are humic substances, collectively
referred to as humus. The latter results from the degradation of lignin, carbo-
hydrate and proteins. Through complex microbial chemistry, lignoprotein com-
pounds are formed. Structure analysis of humus in soil has identified hundreds of
compounds [26]. These consist of around 45–60 % aliphatic carbon and 20–45 %
aromatic carbon with 10–15 % of the carbon as carboxylic acid [25]. Carbon-13
studies reveal that the humus in soil can be hundreds or thousands of years old
[27, 28]. Humus is typically dark brown or black, porous, friable, and spongy
(not soggy) when wet. Humus is beneficial to the soil for a variety of reasons.
The dark color improves springtime warming of the soil. The physical structure
keeps the soil light and fluffy, which improves air penetration into the soil and
root growth. The complex chemistry creates a colloidal system that provides a
chelating functionality to control pH, retain necessary minerals such as Ca, Mg
and K, and trap heavy metal toxins to limit availability to the plants.

4.4.5 Litter

The persistence of polymers in the environments is useful for long term dura-
bility of structures such as buildings, vehicles, docks, boats and navigation aids.
Unfortunately, when the polymers are unintentional byproducts of recreational
or commercial activities, collateral wildlife loss may result from entanglement in
packaging materials, lost nets, lines and ropes. These wildlife losses due to litter
have received significant public visibility. The critical degradation to address this
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Figure 17.5 Two birds await the return of their parents in a nest partially con-
structed with strips of plastic film litter. Photograph reproduced by permission
of F. Glenn Gallagher

public concern is degradation of structure. Once an article has been reduced in
length to about 1 in or less, the collateral wildlife loss due to entanglement is sig-
nificantly reduced. In Figure 17.5, two birds await the return of their parents in a
nest partially constructed with strips of plastic film. This picture is an illustration
of how adaptable wildlife is to available material, provided that the structure is
similar to natural products.

5 SELECTING A POLYMER FOR AN APPLICATION

5.1 UNDERSTAND APPLICATION REQUIREMENT
FOR A SPECIFIC LOCATION

Selection of the appropriate polymer(s) or structure for a specific application
begins with an understanding of the functional requirements for the application.
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What functionality is needed – strength, structure, protective coating, barrier to
moisture, oxygen or CO2, sterility, or acceptable for food contacts?

For degradable polymers, the next step is to determine when and how the
polymer needs to degrade. Are there preferred degradation products? Does degra-
dation need to be fast or slow? What environmental factors may contribute
to the degradation rate – moisture, sunlight, microbes, mechanical stresses, or
cyclic weathering?

As a way of illustrating this issue, consider packaging material for medical
supplies to remote areas at elevations above the tree line. The first considera-
tion is the structural and mechanical properties necessary to properly protect the
medical supplies during transit to the remote area. This might be achieved with
a rigid foamed polymer and some packaging tape or it might be a corrugated
cardboard box covered with stretch-wrapped film and containing air-filled plas-
tic bags for impact resistance. The packaging weight will probably be a concern
with lower weights preferred provided that all of the other packaging performance
criteria are met.

Once the supplies arrive and the packaging is no longer needed, how might the
recipients use the packaging material? Direct re-use, as a container for storing
items may be useful at first. Since they are above the tree line where fuel is scarce,
burning the packaging material as fuel may be desirable. In some high-altitude
locations, anaerobic manure/vegetation digesters are used to produce methane
for cooking fuel [19]. In these locations, adding degradable packaging material
to the anaerobic digesters may be desirable, especially if the packaging mate-
rial contains compounds that would improve the performance of the digester by
providing more consistent higher-quality methane.

Recreational fishing line provides another view of these issues. To be accept-
able as a fishing line, the strength of the line cannot deteriorate significantly
during a fishing season. A 5 lb line should hold 5 lb in the spring as well as
in the fall. Many durable polyesters and polyamides meet these performance
expectations. However, if the line were tangled with submerged objects and then
breaks, it would be desirable for the line to degrade to avoid harming wildlife
or becoming a navigation hazard. In this situation, disintegration of the struc-
ture is the primary degradation target. The line is submerged and so UV- and
oxygen-induced degradation might be limited. Stress-induced degradation might
be involved, especially if the line is located in an area where ice forms in the win-
ter. Biological activity might occur, especially if the line encourages microbial
or algae attachment and growth. Another strategy might be to use an inherently
unstable polymer that is protected with a stabilizer, such as an antioxidant, which
is rapidly degraded or extracted from the polymer when the line is submerged in
water for prolonged periods. When the stabilizer protection is lost, the polymer
degrades and the line disintegrates.
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5.2 DEGRADATION TESTING PROTOCOL INCLUDING GOAL
DEGRADATION PRODUCT

Once the application performance and degradation requirements are understood,
the next step is to review available information or conduct tests to screen prod-
uct options to determine the most likely products that will meet application
expectations. Weathering, aging and durability testing of polymers have been
used extensively for years to qualify durable polymers for specific applications.
Since the mid 1980s, new standard tests have been developed for degradable
polymers [2].

One group of ASTM tests addresses physical property deterioration in various
environments including marine floating conditions (D5437), simulated compost-
ing (D5509 and D5512), simulated landfill (D5525) and aerobic microbial activity
(D5247). A second group of ASTM tests addresses CO2 generation in aerobic
sewage sludge (D5209), aerobic activated sewage sludge (D5271) and aero-
bic controlled composting (D5338). A third group of ASTM tests addresses
CH4/CO2 evolution in anaerobic environments such as anaerobic sewage sludge
(D5210), anaerobic biodegradation (D5511) and accelerated landfill (D5526).

With the growing public interest in product stewardship and global warming
from CO2 and fugitive methane emissions from landfills, sequestering degradable
polymers in humus is anticipated to gain support and new test methods will be
needed [29]. Tests to evaluate the generation and quality of humic substances
in landfills, composting or terrestrial or aquatic environments are beginning to
appear. Aerobic composting with activated vermiculite provides the opportunity
to recover the polymeric residues, hence allowing more complete carbon balances
as well as assessments of toxic compound generation and humus quality [30–32].
This work needs to be extended to anaerobic composting to simulate landfills as
well as closed systems where methane losses are reduced.

5.3 LESSONS FROM NATURAL PRODUCTS

Now that the application requirements for performance and degradation are under-
stood, the next step is to select specific polymers and fabrication strategies. Some
key insights may be gained by looking at natural products with performance
similar to what is needed.

Early polymer scientists examined natural polymers to gain insight into the
complex chemistry that might be possible. Advances in analytical chemistry over
the past 70 years have allowed detailed characterization of the chemistry of life
and have provided us with an opportunity to easily revisit these early polymer
discovery days and rediscover key polymer lessons from natural polymers.

First lesson – mixtures and complex chemistry involving different chemical
groups can provide unique solutions to complex problems. Examination of the
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compounds present in a metabolic pathway diagram reveals extensive use of
–OH, –COOH, –NH2, –C=O, =NH and ether groups [33]. Aliphatic struc-
tures dominate but aromatic rings are present in phenylalanine, tryptophan, 3-
hydroxyanthranilate, homogenitisate, catechol and tyrosine (see Figure 17.6 for
structures). Microbes have evolved to produce a wide range of enzymes that
degrade or convert complex structures. Ester bonds are used extensively in the
biological world. Many plants and animals make triglycerides, the triesters of
glycerol and fatty acids, to control acidity and store useful materials for future
use. Microbes produce hydroxy acid esters such as polyhydroxybutyrate as a con-
venient storage form for future food. Aliphatic esters are often used for temporary
storage as their bonds are easily hydrolyzed when needed. Aromatic structures
are used to create more resilient materials.

Second lesson – subtle changes in molecular arrangement can have signifi-
cant changes in physical properties. The first-year biochemistry student learns
that in addition to the chemical bonds used to create a structure, the molecular
arrangement can have significant impact on physical properties and susceptibil-
ity to degradation [34]. Polysaccharide chemistry demonstrates this idea well.
Although all polysaccharides are constructed from repeating sugar monomers of

CH2CH(NH2)COOH
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Figure 17.6 Examples of aromatic compounds found in some metabolic
pathways
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nominally the same chemical formula, linkage positions, branch points and chiral
centers can significantly change the physical arrangement of molecules and the
properties. When glucose undergoes cyclization, the presence of chiral centers
creates two possible spatial arrangements, labeled ‘alpha’ and ‘beta’. Starch is
polymeric α-glucose that exist in two forms, i.e. amylose, with a linear repeating
α 1–4 linkage, and amylopectin, with a linear α 1–4 linkage combined with some
branched sugars containing α 1–6 branches. Dextran, another family of polysac-
charides with different properties, is also composed of α-glucose; however, α

1–6 linkages predominate in this case with branch points at 1–2, 1–3 or 1–4
linkages. Cellulose is similar to starch; however, β-glucose is used in a β 1–4
linkage. The resulting polymer is most stable in a fully extended conformation.

Third lesson – substituting pendant groups change functionality. The addition
of a pendant group, –NHCOCH3, to replace an –OH group on cellulose forms
chitin and changes the hydrogen-bonding between polymer chains significantly,
hence changing the strength and solubility of the polymer. The conversion of the
–CH2OH group on cellulose to –COO− creates alginate, a polymeric ionomer
that binds metal ions to form semi-rigid structures.

Fourth lesson – combination of different compounds in unique macrostructure
provides unique performance properties. Starch is used extensively in nature to
store carbon and energy. Starch is readily digested and must be protected from
degradation by a resistant coating, for example, a seed (e.g. corn, wheat or rice)
or a skin (e.g. potato). Woody materials such as trees, soft plants and grasses
are composed of a complex combination of aliphatic and aromatic compounds
(cellulose, hemicellulose and lignin).

How might these four lessons from natural products be applied to synthetic
polymers to achieve performance and degradation?

6 DEGRADABLE POLYESTERS

As described previously, ester bonds and polyesters are used extensively in nature
for temporary storage of carbon. The relative ease of making and breaking ester
bonds makes them an ideal choice for degradable polymer backbones.

6.1 AROMATIC POLYESTERS

Poly(ethylene terephthalate) (PET) is by far the highest-volume polyester pro-
duced. PET has been used in many applications from films to fibers to rigid
containers, and in numerous engineering-polymer applications. Studies on the
durability of PET in geotextile applications have estimated the expected life to
complete mechanical failure to be 25–50 years, depending on specific soil condi-
tions [35]. Other studies on phthalic esters in batch anaerobic digestion of sludge
report rapid degradation of diethylphthalates [36].
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These results suggest that pure aromatic polyesters may function like the long-
lived components in humus and may provide useful properties as a soil additive.
Grass sod growing studies using municipal-waste-derived compost in combina-
tion with chopped plastic fibers demonstrated improved growing rate and root
structure development to accelerate sod production.

6.2 ALIPHATIC POLYESTERS

Some aliphatic polyesters such as polyhydroxyalkanoates (PHAs), homo- and
copolymers of hydroxybutyric acid and hydroxyvaleric acid, have been demon-
strated to be readily biodegradable, are produced by some microbes and can
accumulate intracellularly during some growth conditions [37–39]. ICI and then
Monsanto offered PHA-based Biopol degradable polyester at one time. Other
aliphatic polyesters based on homo- and/or copolyesters of lactic acid and gly-
colic acid have also been produced, e.g. Medisorb, originally from DuPonT
and now from Alkermes, and more recently, NatureWorks (poly(lactic acid))
by Cargill Dow Polymers. The aliphatic polyesters function like starch or cellu-
lose to produce non-humic substances such as CO2 and methane. Applications
with short usage and high mineralization rate requirements would favor the
aliphatic polyesters.

6.3 COPOLYESTERS OF TEREPHTHALATE
TO CONTROL DEGRADATION

There is a significant gap of degradation rates and performance properties between
the aliphatic and aromatic polyesters. However, taking some hints from nature
can fill this gap. Mixtures of polyesters, molecular orientation, substitution of
some functional groups, and macro structures have all been proposed as a means
to provide a range of application performance properties versus degradation
rates.

Copolyesters of aliphatic and aromatic dicarboxylic acids have been studied as
a means to vary performance properties while controlling degradation rates over
a broad range from fast degradation, such as PHA and poly(lactic acid) (PLA),
to very slow degradation, such as PET [40–44]. Other terephthalate copolyesters
have been developed using ether and amide monomers. Others have combined the
copolymers of terephthalate with degradation promoters or stabilizers to provide
alternate combinations of performance properties versus degradation rates. The
BIOMAX hydrobiodegradable polyester, illustrated in Figures 17.2 and 17.3,
from DuPonT, is actually a family of terephthalate copolyester compositions
developed by using combinations of these strategies [45–51].
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7 CONCLUSIONS

The landfill crisis of the early 1990s stimulated renewed interest in the environ-
mental fate of plastics and recycling. Rigid poly(ethylene terephthalate) contain-
ers emerged as the premier recyclable plastic with a recycle value second only
to aluminum. However, there are geographic locations or product forms, such as
thin films or composite structures, which make recycling uneconomical. In these
situations, degradable polyesters provide an alternate strategy to recover value.

Consumer interest in responsible product stewardship is challenging manu-
facturers to consider carefully the environmental fate of their products. There
is growing government and public support to extract valuable byproducts from
degrading materials, such as capturing methane from landfills to reduce global
warming and as an alternate energy source, as well as sequestering carbon in
landfills or as humic substances. To satisfy this valuable byproduct interest, new
degradation test methods are needed to evaluate the impact of degradable poly-
mers on landfill methane production capability, as well as the quality of the
resulting humic substances.

Polyesters offer multiple options to meet the complex world of degradable
polymers. All polyesters degrade eventually, with hydrolysis being the dominant
mechanism. Degradation rates range from weeks for aliphatic polyesters (e.g.
polyhydroxyalkanoates) to decades for aromatic polyesters (e.g. PET). Specific
local environmental factors such as humidity, pH and temperature significantly
influence the rate of degradation.

Copolyesters (such as BIOMAX) which combine aromatic esters with ali-
phatic esters or other polymer units (e.g. ethers and amides) provide the opportu-
nity to adjust and control the degradation rates. These added degrees of freedom
on polymer composition provide the opportunity to rebalance the polymer to
more specifically match application performance in physical properties, while
still maintaining the ability to adjust the copolyesters to complement the degra-
dation of natural products for the production of methane or humic substances.
Since application performance requirements and application specific environmen-
tal factors and degradation expectations vary broadly, copolyesters are, and will
continue to be, an important class of degradable polyesters.
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1 INTRODUCTION

With the remarkable growth of polymers since about the 1940s, there has been an
ever increasing desire to use plastics in many outdoor applications. Among these
applications, one can distinguish between those that require crystalline, opaque
polymers, such as house siding, automobile panels and lawn furniture, from those
that require clear and often colorless polymers, for such items as displays, signs,
plastic windows, etc. The former tend to be polyolefins, PVC, ABS or polyure-
thanes. The requirement for clarity and colorlessness places an extra burden on the
polymers for the latter category, since these features must be retained even after
extensive outdoor exposure. Polymers used for the latter applications are usually
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poly(methyl methacrylate), polycarbonate and, more recently, poly(ethylene-co-
1,4-cyclohexylenedimethylene terephthalate)s (PECTs). The 1,4-cyclohexanedi-
methanol modification of poly(ethylene terephthalate) (PET) allows it to be more
easily formed into the desired shapes and greatly enhances its clarity by reducing
the crystallinity of the polymer.

In this chapter, we will examine the performance of PECT copolymer in
outdoor applications and how its degradation mechanism relates to the heavily
studied, but still not fully understood, degradation mechanisms in PET itself.

Fibers from PET became a commercial reality in the early 1950s. The use of
the aromatic terephthalic acid enabled a higher glass transition and higher melting
temperature than for an aliphatic diacid and brought both of these properties into
a useful range. The aromatic ring is also a strong UV absorber, of course, and
so brought with it a chromophore that allowed for UV degradation. Not long
after the fiber became commercial, it was quickly recognized that PET, when
exposed to UV light, degrades rather rapidly in properties and also develops an
intense yellow color. It was therefore unsuitable for long-term use outdoors in
most locations around the world unless specifically stabilized against weather-
induced degradation. However, predicting the performance of PET, or any other
polymer for that matter, in the various parts of the world has proven to be a
daunting challenge. To appreciate the magnitude of the problem that one might
face, one only need look at the variation of solar radiation levels and other
climatic variables across the globe.

2 WEATHER-INDUCED DEGRADATION

2.1 IMPORTANT CLIMATE VARIABLES

If one examines several selected US cities, for example (see Table 18.1), sub-
stantial levels of solar radiation are noted for cities even as far north as Seattle,
Washington. However, one immediately also notices that the radiation data do
not directly correspond to the latitude of the exposure site as one is sometimes
used to employing as a good rule of thumb for solar exposure. Rather, these
data show that there must be an interplay of other factors not given simply by
the latitude of the exposure location, no matter what the exposure angle of the
panel in that location. Some of the more important of these factors are usually
understood to be the amount of cloud cover in the average day, its variation
throughout the year and, in the case of direct radiation, the amount of scattering
due to relative humidity of the air mass or particulate pollutants.

In point of fact, when considering the weathering performance of plastic mate-
rials, there exists even more interplay between weathering factors than the factors
noted above, such as the ambient temperature, temperature of the actual speci-
mens under exposure and the humidity during exposure of the materials. If the
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Table 18.1 Solar radiation versus location versus exposure anglea

Average yearly radiation(kWh/m2/d)

Locality Latitude (◦) 0◦ Latitude 90◦

Miami, FL 25.80 4.8 5.2 3.0
New Orleans, LA 29.98 4.6 5.0 2.9
San Diego, CA 32.73 5.0 5.7 3.5
Fort. Worth, TX 32.83 4.9 5.4 3.3
Phoenix, AZ 33.43 5.7 6.5 4.0
Louisville, KY 38.18 4.1 4.6 3.0
Boulder, CO 40.02 4.6 5.5 3.8
Salt Lake City, UT 40.77 4.6 5.3 3.5
New York, NY 40.78 4.0 4.6 3.1
Boston, MA 42.37 3.9 4.6 3.2
Carribou, ME 46.87 3.6 4.2 3.2
Fargo, ND 46.90 3.8 4.6 3.4
Seattle, WA 47.45 3.3 3.7 2.6

a Source: [http://solstice.crest.org/renewables/solrad/index.html].

material in question, such as PET, is one capable of being hydrolyzed then one
must add to these variables the amount of surface moisture present on, or just
in, the surface layers of the material during solar radiation exposure. Addition-
ally, independent of whether the material can be hydrolyzed or not, if it can
absorb water, then it is well known that the presence of water will depress the
polymer glass transition temperature such that chain motion is now easier than
in its absence. This increased chain mobility may then allow for an increased
rate of degradation. With these variables, one can begin to get an appreciation
for the complexity of the process that we simply call ‘weathering’ or sometimes
‘photodegradation’.

In spite of the complex interplay of photodegradative factors in a particular
climate, over the years the weathering community has come to a consensus that
there are a few locations worldwide that represent the ‘worst’ conditions one
might encounter. A few of these places have essentially become ‘standards’ in
the world of weathering of materials. The two most widely accepted in this class
as being the harshest possible climates are Miami, Florida, generally south-facing
at some exposure angle from 5–45◦ from the horizontal, and Singapore, gener-
ally at 5◦ from the horizontal and north-facing. Often, the Arizona desert in the
area of Phoenix is added as a third ‘worst’ exposure site (usually at an expo-
sure angle of 45◦ or one corresponding to the latitude) owing to its high solar
radiation levels year-around, coupled with generally very high ambient temper-
atures, especially in the summer months when temperatures in excess of 45 ◦C
are routinely experienced for large parts of the day along with cloudless skies.

It should be noted that in spite of the lack of fundamental understanding of the
complexities of degradation during weathering exposure, the judgement of worst
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weathering sites rests upon evaluation of multitudes of various types of samples
over many years. Long-term exposure data for a variety of materials have been
collected at these three locations in particular and can give valuable insight into
how a particular material might behave under outdoor exposure conditions. It is
interesting to note that only one commercial exposure site in Ottawa, Canada,
exists to test the effects of cold weather and the associated frost, salt, etc., even
though these factors would also be assumed to have very damaging effects for
many materials. In particular, freeze–thaw cycles might be expected to place
large internal stresses on samples that can absorb moisture which, when enough
molecular weight degradation and/or chain branching has occurred, would be
expected then to cause cracking.

Although the subject of a ‘standard’ weathering protocol is not within the
scope of this present chapter, we wish to briefly comment that one must never
look upon a year’s exposure in any of these locations as reflecting a ‘standard’
in exposure in an absolute sense. It should be intuitively obvious that there is
not a ‘Florida year’, for example, as conditions do vary from year to year. For
this reason, one always needs to expose the particular sample material of interest
along with some standard material(s) for which the long-term exposure effects
are well known, so that one may have a good basis for comparison.

2.2 ARTIFICIAL WEATHERING DEVICES

The variability of exposure in outdoor conditions has long motivated those in the
weathering community to use artificial exposure devices to attempt to better stan-
dardize exposures of materials and better assess, and even predict, their behavior
in an outdoor environment. The lure of potential reproducibility is obvious. In all
of these exposure devices, one has a controlled level of radiation from a bright
source, such as a xenon arc, for example, and a means of humidity and tem-
perature control. Without lengthy discussion about the various devices available
and what their several advantages and shortcomings might be, we merely note
that none of these devices has been really successful in translating its results into
an actual time that a particular material will provide a certain level of property
retention during real outdoor exposure in any particular location in the world.
The most probable reason for this is that the various processes and their quantum
yields are most likely some function of all of the variables such as the spectral
distribution and intensity of the light, humidity and temperature. This function
is usually only poorly understood at best. The fact that it is necessarily differ-
ent for different polymers also means that the correlation between performance
in an artificial device versus actual outdoor exposure depends on the material
being tested. This problem is exacerbated in artificial devices that provide only
a poor simulation of outdoor conditions. The authors are aware of one program
in progress at present that is attempting to use an approach which takes these
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factors and their complicated interplay into account [1]. Only when such a com-
pilation of quantum yields as a function of all variables is available should one
then have any confidence in being able to predict the weathering performance
of any material. The difficulty of this is obvious and accounts in part for why
previous efforts were so restricted in their approach.

3 RECENT RESULTS FOR DEGRADATION IN PECT

Before examining further the question of the mechanism of PET photodegrada-
tion, we wish first to summarize a number of experiments that have been recently
reported for the photodegradation of a PET copolymer, specifically copoly(ethy-
lene/ 1,4-cyclohexylenedimethylene terephthalate) (PECT) where the mole per-
centage of the modifying 1,4-cyclohexandimethanol is sufficient to ensure a
totally amorphous material. This copolymer has been commercialized by the East-
man Chemical company (trademarked Spectar copolyester) and will be referred
to by its trademark in the figures. The data from these experiments will be useful
in the interpretation of the previous literature data on PET photodegradation and
also some recent reports on the photodegradation of PECT itself.

3.1 COLORATION

Data concerning the xenon arc exposure of PECT have been reported [2]. Note
that comparison is made to general purpose polycarbonate and impact modified
acrylic for the color development. The PECT copolymer obviously changes much
more rapidly in b∗ value [3] than either of these materials. Flatwise impact testing
(see below) showed the PECT sample to be ductile at the test start and brittle at
the first exposure interval of 800 kJ/m2 exposure.

Although we want to focus on the unmodified PECT copolymer and also PET
and their mechanisms of degradation in an outdoor environment, we wish to
briefly mention that a solution to the color increase problem for PECT copolymer
has been disclosed [4] and consists of the simple expediency of preparation of a
co-extruded A–B type of structure in which the A layer, i.e. the layer facing solar
exposure, contains a relatively high concentration of a very strong UV absorber.
The competitive absorbtion thus provides a mechanism by which UV light is sim-
ply not allowed to penetrate very far into the plastic sample and thus damage by
photon absorbtion is greatly reduced. The effect on retardation of color develop-
ment (Figure 18.1) is rather dramatic. In addition, the flatwise impact according to
ASTM D6395 of this ‘co-ex construction’ showed the material to retain ductility
even at 4000 kJ/m2 of exposure. This solution to the color problem is, of course,
analogous to what is done to solve the color increase problem in polycarbonate.

In an attempt to accelerate testing, higher irradiances were employed in the
‘Weather-Ometer’. Reciprocity is a necessary condition for this acceleration to be
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Figure 18.1 Effect of Weather-Ometer exposure (0.35 W/m2/nm) for color of
materials [2]. From ‘Weathering of polyester and copolymer sheeting’, presen-
tation given by D. R. Fagerburg at the Atlas School for Natural and Accelerated
Weathering (ASNAW) course, Miami, FL, May 1999, and reproduced with per-
mission of Atlas Electric Devices Company

valid. Reciprocity means that results are only a function of the total irradiance and
not any other variable, such as the time interval over which this dose of radiation
was applied. It was reported that reciprocity failure was a problem even at very
low increases in irradiance by the xenon arc source [4]. The increase in irradiance
employed from 0.35 to 0.70 W/m2/nm (measured at 340 nm) resulted in signifi-
cant problems for tracking of the color versus exposure in kJ (Figure 18.2) for
PECT and especially in haze (Figure 18.3) for both PECT and the UV-stabilized
version. This haze observation, in particular, is disturbing in that it indicates that
the mechanism of molecular weight degradation (gel permeation chromatography
(GPC) data were reported to parallel the haze data) would seem to be dependent
upon the irradiance level in the Weather-Ometer. The black panel temperature [5]
of the exposure was kept at the same level. The temperature of the black panel
falls off with distance into the film on the panel whereas the temperatures in these
semi-transparent samples would tend to be higher slightly below the surface of
the sample in the higher irradiance testing [6]. Thus, there could be higher tem-
peratures just below the sample surface in the higher irradiance testing which
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Figure 18.2 Effect of Weather-Ometer reciprocity testing at high (0.70 W/m2/nm)
and low (0.35 W/m2/nm) for color of Spectar copolymer and Spectar UV sheet-
ing [7a]. From Fagerburg, D. R. and Donelson, M. E., Effect of water spray and
irradiance level on changes in copolyester sheeting with xenon arc exposure,
ANTEC’98 Conference Proceedings, Paper 808, Atlanta, GA, April 30, 1998, and
reproduced with permission of the Society of Plastics Engineers

would exacerbate degradative reactions, even though one would think from the
black panel temperature that all specimens were at the same temperature.

Experiments reported where the gross effect of moisture was tested are also
of interest [7]. When the water spray in the Weather-Ometer was eliminated so
that samples were only exposed to ambient relative humidity in the test cabinet
(55 %) and not the high surface humidity available especially during and after
the spray (the light source was always on) showed color effects (Figure 18.4)
that indicated that absence of moisture resulted in higher color development but
lower loss (Figure 18.5) of number-average molecular weight (Mn). The conclu-
sion reported was that a common intermediate in the photoexcitation was present
and that in the presence of high moisture this intermediate went predominantly
a chain scission route, while in the absence of moisture it led to color devel-
opment. This indicates that photohydrolysis, which has only been hinted at in
the literature, would seem to be an important effect. Quite obviously, more work
needs to be done in understanding this as such behaviour is potentially a very
large source of degradation in climates such as Florida where a lot of durability
testing is performed.
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Figure 18.3 Effect of Weather-Ometer reciprocity testing at high (0.70 W/m2/nm)
and low (0.35 W/m2/nm) on haze of Spectar copolymer and Spectar UV sheeting
[7a]. From Fagerburg, D. R. and Donelson, M. E., Effect of water spray and
irradiance level on changes in copolyester sheeting with xenon arc exposure,
ANTEC’98 Conference Proceedings, Paper 808, Atlanta, GA, April 30, 1998, and
reproduced with permission of the Society of Plastics Engineers

In examining these GPC data it should be noted that the averages and the
Mz/Mn ratios are meant only to convey qualitative information about scission
and branching owing to the problem of GPC calibration not being for branched
molecules like those being produced [8].

When PECT copolymer was exposed outdoors, the data obtained can be related
at least in some degree to that which was obtained in a xenon arc device [2, 4, 9].
The increase in color with exposure time (Figure 18.6) for PECT copolymer is
quite dramatic and is initially very much higher than one sees for an unprotected
polycarbonate sample. Throughout the exposure time, the color of the PECT
copolymer is understandably far worse than an impact-modified acrylic sam-
ple. Interestingly, after about 6 months of exposure (see Figure 18.6) the color
of the unprotected polycarbonate begins a sudden increase and at somewhere
before 18 months exposure even exceeds that of the PECT copolymer. This is
of no practical consequence for either material as the color values at 1 year of
exposure are so far in excess of acceptable color change levels (probably, ≤4b∗
units change is acceptable) as to render both materials useless in an outdoor
environment.
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Figure 18.4 Effect on color of Weather-Ometer testing with (‘wet’) and without
(‘dry’) water spray for Spectar copolymer sheeting [7a]. From Fagerburg, D. R.
and Donelson, M. E., Effect of water spray and irradiance level on changes in
copolyester sheeting with xenon arc exposure, ANTEC’98 Conference Proceed-
ings, Paper 808, Atlanta, GA, April 30, 1998, and reproduced with permission of
the Society of Plastics Engineers

3.2 LOSS OF TOUGHNESS

Another property of interest for materials exposed outdoors is the retention of
toughness. Measurement of this property is often carried out by some sort of
impact by a falling ball, dart or tup. One such test, instrumented impact (ASTM
3763) is particularly suited for such evaluations as it provides information cor-
responding to the amount of energy to begin failure, the energy to propagate the
failure, the total energy overall and the mode of failure, i.e. whether ductile or
brittle. The results obtained for PECT copolymer outdoors (Figure 18.7) showed
that all toughness of the sample was gone at even 3 months of exposure. Poly-
carbonate, by comparison, retained its toughness until 12 months of exposure. It
is interesting to note that both samples at their point of embrittlement exhibited
an unacceptable 4.5b∗ units or more of color change.

We note also for comparison that impact-modified acrylic polymer sheeting has
a very low, but non-zero color increase upon outdoor exposure (see Figure 18.6)
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Figure 18.5 Effect on number-average molecular weight (Mn) of Weather-
Ometer testing with (‘wet’) and without (‘dry’) water spray for Spectar copolymer
sheeting [7]. From Fagerburg, D. R. and Donelson, M. E., Effect of water spray and
irradiance level on changes in copolyester sheeting with xenon arc exposure,
ANTEC’98 Conference Proceedings, Paper 808, Atlanta, GA, April 30, 1998, and
reproduced with permission of the Society of Plastics Engineers

and although vastly superior in this respect to either PECT copolymer or polycar-
bonate, the change is pretty much the same as that observed for the UV-protected
PECT copolymer. The latter showed excellent suppression of color development
(Figure 18.6) and retention of impact (Figure 18.7).

Additionally, the instrumented impact showed that even though the acrylic is
called impact-modified, it is only so relative to unmodified acrylic. Interestingly,
its impact properties start off at about where unprotected PECT copolymer ends
up after 3 months of exposure when it has severely embrittled.

3.3 DEPTH PROFILE OF THE DAMAGE

As somewhat of a side note on the exposure of these materials, it was also
reported that there was a distinct difference in the coloration and impact properties
of the UV-stabilized PECT, depending strongly on an exposure variable not often
reported in the literature, that of the effect of sunlight reaching the back side of
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Figure 18.6 Effect of outdoor exposure, Miami, FL, on the color of selected
materials [2]. From ‘Weathering of polyester and copolymer sheeting’, presen-
tation given by D. R. Fagerburg at the Atlas School for Natural and Accelerated
Weathering (ASNAW) course, Miami, FL, May 1999, and reproduced with per-
mission of Atlas Electric Devices Company

the exposed specimens [2, 10]. When flat sheeting of the UV material with a co-
extruded cap layer on one side (an A–B structure, where A is the layer containing
the UV absorber and B is the bulk of the sheeting) was exposed in Miami, Florida
versus ABA co-ex or AB co-ex with a sheet of the same co-ex placed several
centimeters behind it, the color and impact differences versus exposure interval
were dramatic (Figures 18.8 and 18.9). This is further indication of the extreme
sensitivity of PECT copolyester to UV degradation.

It was reasoned that the early morning and late afternoon sun played a large
role in this observation. This can be particularly so in the early morning when the
surfaces of the exposed sheeting would tend to be wet with dew (yes, dew often
forms on the downward facing side of samples in a Florida exposure) which
would then not only have the degradant water present in high concentration
for photohydrolysis, but the droplets could cause ‘lensing’ as well, thus further
exacerbating the effect of the sunlight. It is not at all obvious, by the way, that
the back side light exposure must be confined to the periods of early morning
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Figure 18.7 Effect of outdoor exposure, Miami, FL, on the impact energy of
selected materials [2]. From ‘Weathering of polyester and copolymer sheeting’,
presentation given by D. R. Fagerburg at the Atlas School for Natural and
Accelerated Weathering (ASNAW) course, Miami, FL, May 1999, and reproduced
with permission of Atlas Electric Devices Company

and late afternoon sun in the times of year between the spring and autumn
equinox. Clearly, some radiation reaches the panel back via scattering at all
times of the day as well. The magnitude of the scattered radiation has yet to be
quantified.

It was also reported that color and IR data were obtained versus depth for the
exposed sheet of material if one used a milling technique [9, 10]. The resultant
data was interesting in that the change in IR peaks was dramatic at the sur-
face with large changes in the hydroxylic region, both above the C–H stretch
frequencies but also below them where carboxylic acid dimers generally exist.
In addition, the carbonyl region had a significant broadening from the appar-
ent addition of large numbers of other carbonyl peaks at longer wavenumbers.
Some of the carbonyl broadening was even seen on the higher-wavenumber side
of the main peak. Such peaks have been reported [11] to be either perester or
anhydride peaks. It would seem more reasonable to ascribe these peaks to anhy-
dride functionality given the other evidence for it (see below). This very large
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Figure 18.8 Effect on color data of ‘backing’ with UV-protected sheeting on
Spectar UV co-ex sheeting and ABA co-ex sheeting in Miami, FL, exposure [2].
From ‘Weathering of polyester and copolymer sheeting’, presentation given by
D. R. Fagerburg at the Atlas School for Natural and Accelerated Weathering
(ASNAW) course, Miami, FL, May 1999, and reproduced with permission of
Atlas Electric Devices Company

change at the surface of the exposed samples was, however, not seen at all in
the bulk, even as shallow as 50 µm depth. Thus, changes in composition at this
depth did not exceed a percent or so that is the expected sensitivity of the IR
measurements.

The evolution of these peaks with very short exposure times (Figure 18.10) was
also reported [9], which indicated a steady, and very large increase in carbonyl
species but an apparent induction period in the addition of more – OH region
peaks. This induction period has yet to be adequately explained but appears
connected with either ring oxidation being delayed and/or photohydrolysis being
delayed. These authors favor the delay of ring oxidation given that such a process
(see Scheme 18.1 discussion below) does not proceed directly from an excited
state cleavage reaction but instead does require some concentration of radicals
to be able to proceed at all.

When GPC analysis was employed to determine the depth profile of the dam-
age [9], the results (Figure 18.11) showed that substantially more damage was
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Figure 18.9 Effect on impact data of ‘backing’ with UV-protected sheeting on
Spectar UV co-ex sheeting and ABA co-ex sheeting in Miami, FL, exposure [2].
From ‘Weathering of polyester and copolymer sheeting’, presentation given by
D. R. Fagerburg at the Atlas School for Natural and Accelerated Weathering
(ASNAW) course, Miami, FL, May 1999, and reproduced with permission of
Atlas Electric Devices Company

detectable than by IR spectroscopy. Here it is apparent that the chain scission
as measured by Mn is apparent to as deep as 250 µm (10 mil) but is quite min-
imal past that depth. Chain branching as measured by Mz/Mn would appear to
be very similar but is slightly more evident past 250 µm depth. The profile of
damage is very steep with depth of the plaque indicating that the wavelength(s)
involved must be relatively short as they seem to be all but filtered out past the
250 µm depth.

Treatment of these samples with SF4 gas to convert the carboxylic acids pro-
duced in the weathering process into carbonyl fluorides showed [2, 11] that the
acids are actually a mixture of aliphatic and aromatic acids (Figure 18.12). Aro-
matic acid species are by far the predominant ones, however. The origin of these
acids will be discussed below in conjunction with the overall mechanisms of pho-
todegradation. Aliphatic acid species were detected by GC/MS in the artificial
device exposure of PECT [11]. Note that the PECT copolymer produced more
aromatic acids with the same exposure as PET but that the aliphatic acid pro-
duction was several times higher for the PECT copolymer. The photo-oxidation
of the co-glycol must be the reason for this difference.
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Figure 18.10 Effect of exposure in New River, AZ, on selected IR spectral
peak areas for Spectar copolymer sheeting [9a]. From Fagerburg, D. R. and
Donelson, M. E., Molecular weight loss and chemical changes in copolyester
sheeting with outdoor exposure, ANTEC’98 Conference Proceedings, Paper 809,
Atlanta, GA, April 30, 1998, and reproduced with permission of the Society of
Plastics Engineers

Additionally, it was reported [11] that hydroperoxide production was sig-
nificantly higher for the PECT copolymer than PET at equivalent radiation
dosage (Figure 18.13). For both the hydroperoxide formation and the formation of
aliphatic acids versus exposure it must be noted that these large differences were
manifested at very short exposure times, thus leading to the conclusion that the
1,4-cyclohexandimethanol had a profound negative effect on the photo-oxidative
degradation of the copolymer.

The color versus depth data [10] is quite interesting (Figure 18.14) in that
there are obviously two very different regimes of color change occurring in the
sample. First, there is the portion of the coloration that occurs very close to the
surface of the sample which proceeds at an apparently ever-increasing slope and
seems to occur in the first 250 or so µm of depth into the exposed plaque. After
this depth, there appears to be an increase in coloration which is virtually linear
with increasing depth, extending through to the back of the specimen. This line
appears to advance pretty much steadily up to higher color at a rate that is not
quite linear with exposure time.

The interpretation of this color versus depth versus exposure time data was that
there are two obviously different processes having much different sensitivity to
wavelength from each other. The one which represents the essentially parabolic
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Figure 18.11 Effect of exposure in New River, AZ, on the GPC data for Spectar
copolymer sheeting [10]. From ‘Photodegradation in a copoly(ethylene/1,4-cy-
clohexylenedimethylene terephthalate) with and without UV absorber’, pre-
sentation given by D. R. Fagerburg at the 37th International Symposium on
Macromolecules, IUPAC World Polymer Congress, Gold Coast, Australia, July
1998, and reproduced with permission of IUPAC

portion of the curve can be understood to be a shorter-wavelength process that in
the process of exposure is progressively filtered out by the overlying yellowing
layers as the exposure continues.

The second coloration process must be quite different in nature since it extends
through the whole of a plaque – a full 3 mm in thickness. Only comparatively
long wavelengths can still penetrate through a plaque so thick and cause yellowing
in the latter stages of exposure. Thus, one concludes that color generation in
this copolymer is actually two different processes, namely one operating at a
relatively short wavelength, not yet quantified, and the other at a quite longer
wavelength, probably greater than 340 nm. Photons of such long wavelengths
are of comparatively low energy for many of the mechanistic schemes proposed
below as we shall see.

It is interesting to speculate that these same processes are probably at
work in PET itself although there is currently no data reported either to
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Figure 18.12 Effect of fluorescent device exposure on carboxylic acid produc-
tion in Spectar copolymer as determined by SF4 treatment: 1816 cm−1, aromatic
acid peak; 1841 cm−1, aliphatic acid peak [11]. Reprinted from Polymer, 41,
Grossetete, T., Rivaton, A., Gardette, J.-L., Hoyle, C. E., Ziemer, M., Fagerburg,
D. R. and Clauberg, H., Photochemical degradation of poly(ethylene terephtha-
late)-modified copolymer, 3541–3554, Copyright (2000), with permission from
Elsevier Science

support or to refute such a suggestion. The determination of this awaits further
research.

With reference back to the GPC data with depth (see above), one concludes
that both sets of data are quite consistent and indicate that the short wavelength(s)
capable of chain scission and branching are likely also active in color formation.
The longer wavelengths responsible for the deeper coloration, however, must not
be capable of very much chain scission or chain branching.

We also note data from atomic force microscopy (AFM) versus depth, car-
ried out by using a diamond tip for scratching patterns into the surface [12].
Because of the 2◦ microtoming method reported, these authors were able to
examine the depth profile of brittle behavior in weathered samples with excel-
lent resolution. The data showed a very rapid decrease in the brittleness with
depth into the sample which, of course, was a strong function of exposure time.
The brittleness was more in line with the IR data (see above) versus depth
than the molecular weight data, hence suggesting that some chain scission and
branching can be tolerated in the system before it manifests brittle behavior.
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Figure 18.13 Effect of fluorescent device exposure on hydroperoxide produc-
tion in Spectar copolymer [11]. Reprinted from Polymer, 41, Grossetete, T., Riva-
ton, A., Gardette, J.-L., Hoyle, C. E., Ziemer, M., Fagerburg, D. R. and Clauberg,
H., Photochemical degradation of poly(ethylene terephthalate)-modified copoly-
mer, 3541–3554, Copyright (2000), with permission from Elsevier Science

The brittleness reported can either be a function of chain scission and/or chain
branching as the AFM technique cannot distinguish between those two pro-
cesses, only that the sample has become brittle as opposed to initial ductility
before exposure.

4 DEGRADATION MECHANISMS IN PET AND PECT

Returning now to the specific example of PET weathering-induced property
loss, we note that several early investigators began looking into the problem of
PET photodegradation soon after its magnitude was appreciated. Investigations
focused mainly on fiber properties and some chemical testing such as carboxyl
numbers as an indication of photoreaction. There was, clearly, little mechanistic
understanding at the time and the properties studied did little to advance any
such understanding.

Osborn [13] reported work on 25 µm (1 mil) thick oriented PET film exposed
either to a carbon arc or to fluorescent light sources using inherent viscosity
measurements to track the degradation and related them to the number-average
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Figure 18.14 Effect of exposure time on the color versus depth profile in
Spectar copolymer sheeting (3 mm) exposed in New River, AZ [10]. From
‘Photodegradation in a copoly(ethylene/1,4-cyclohexylenedimethylene tereph-
thalate) with and without UV absorber’, presentation given by D. R. Fagerburg at
the 37th International Symposium on Macromolecules, IUPAC World Polymer
Congress, Gold Coast, Australia, July 1998, and reproduced with permission
of IUPAC

molecular weights obtained via osmometry from the previous literature. It was
estimated that the quantum yield for the chain scission in PET was of the order of
5 × 10−4. It was further suggested that the inefficiency of the process compared
to other polymers in the same report argued that internal conversion, fluores-
cence or other such processes could account for the overall inefficiency of the
photodegradation of PET. This low quantum yield was, of course, offset to a
large degree by the fact that PET is a very strong UV absorber in and of itself.

Schultz and Leahy [14] reported the solution viscosity of stacked films of
6.2 µm (0.25 mil) thickness and saw a pronounced gradient in solution viscosity.
Using a plot of inherent viscosity versus the energy of absorbed photons, they
estimated the most active wavelength in the degradation to be 314 nm. This may
be consistent with the shorter-wavelength yellowing process reported for PECT
copolymer (see above) but certainly ignores the longer-wavelength one.

Stephenson et al. [15] first monitored the tensile properties and determined
no damage for photon energies less than 3.2 eV (74 kcal/mol or 388 nm) by
extrapolation. If this is true, then it implies that photodegradation out to quite
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long wavelengths was actually known for some time. This also agrees with the
PECT outdoor data cited above that showed coloration deep into exposed materi-
als – also a very long-wavelength phenomenon. It is interesting to note that other
studies into the wavelength sensitivity of the photodegradation of PET actually
ignore this result and quote numbers in the range of 320 nm as the area of max-
imal damage, with essentially none occurring at wavelengths only tens of nm
longer than this. As we shall see below, one of the already accepted pathways
of degradation actually could involve 340 nm light in the chain scission.

Stephenson et al. [16] next reported results obtained from cross-linking versus
chain scission as measured by a combination of inherent viscosity and gel content
measurements. Their results showed considerable cross-linking to be occurring
in the photodegradation of PET. Their report of substantial gel fraction rein-
forces that GPC data will not provide accurate molecular weight representations
(see above) of these degraded chains. The same cautions need to be applied to
equations relating the inherent viscosity to the osmotically determined number-
average molecular weight.

Investigation turned then to chemical and spectroscopic means to obtain
the needed mechanistic understanding. Stephenson et al. [17] looked at gas
evolution versus exposure, while Pacifici and Straley [18] used UV fluorescence
spectroscopy to identify a photo-oxidation product which was later isolated
by Valk et al. [19]. In addition, Valk and co-workers [19–21] isolated a
number of additional photolysis products by a combination of hydrolysis and
chromatography, Marcotte et al. [22] used ESR to look at radicals generated
during degradation, and Day and Wiles [23–26] carried out extensive IR and
fluorescence spectroscopic investigations on this subject.

The end result of these studies showed very clearly that two major processes
were important, i.e. photolysis and photo-oxidation. Photolysis reactions were
posited to be the result of the well-known Norrish Type 1 and Norrish Type
2 cleavage reactions. As we shall see, the Type 1 cleavage followed by several
subsequent reactions can account for many of the observed degradation products.

The photo-oxidation reactions can take place either on the aromatic rings
[18, 25] or the glycol units [11, 25] and lead to many of the rest of the products
apparently not accounted for in the pure photolysis reactions.

Having collected much information, several investigators, notably Valk
et al. [21] and Day and Wiles [25], were able to suggest photolysis mechanisms
to account for their observations. Summaries of these have been published in
review works [27]. Grossetete et al. [11] have also published a set of reaction
schemes for the PECT copolymer. We will now present an overview set of
schemes which combine all of the possible reactions they reported and some
additional reactions to more fully account for products from both photolysis and
photo-oxidation reactions. Evidence for each of the paths will be discussed, along
with some speculation about other products that should reasonably accompany
these paths but that have not yet been reported.
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Scheme 18.1 The main reaction schemes for the photolysis of PET

Scheme 18.1 shows the seven main reactions that are posited to occur, with the
first four being pure photodegradation, the fifth photohydrolysis and the last two
photo-oxidation. Some of the main products from each of these are shown for
several of the reactions but for many of the reactions they are either continued or
amplified in subsequent schemes. Please note that the products that are obtained
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by hydrolysis of the degraded polymer are shown following a dotted reaction
arrow. Some of this could undoubtedly take place over a long period of time
with exposed samples as well. Owing to hydrolysis of the polymer prior to any
analyses in many of the literature reports, the amounts of these molecules existing
free in the polymer matrix just after exposure has not been quantified in all cases
to date. In those cases where the molecules were extracted via a simple aqueous
wash of the sample, often there was only identification and not quantitation.

The first reaction in Scheme 18.1 is a Norrish Type 2 reaction. It is the only
reaction where the products contain no radical species at all and hence is a ‘one-
time, only reaction with no possibility of any further direct reaction propagation.
The evidence for this reaction was obtained by Day and Wiles [25] who reported
that the production of carboxylic acids was too high in relation to CO2 gas evo-
lution to be accounted for by Norrish Type 1 reactions which they had previously
discussed (see below).

In addition to this direct evidence, it is well accepted that there is ample literature
evidence that the Norrish Type 2 reaction is commonly seen in esters [28–30].

The next three reactions of Scheme 18.1 (labeled A, B, and C respectively) are
the three possible Norrish Type 1 cleavages of an ester functionality. Day and
Wiles [25] suggested these three and gave estimates for the energies necessary
for cleavage as obtained from the thermochemical literature. The energies of
cleavage for each path are given as follows:

Path A – 84 kcal/mol 340 nm
Path B – 88 kcal/mol 326 nm
Path C – 102 kcal/mol 281 nm

It is obvious when one examines these wavelengths that path C is apparently not
likely at all given that terrestrial sunlight cuts off at about 295 nm. Please note also
that it is not necessary at present to invoke path C and its ‘follow-on’ reactions.
The CO2 and CO evolution for which Day and Wiles reported quantum yields of
production [25] and the follow-on products from this section of the scheme can
be explained already by reference to paths A and B and their follow-on products,
as shown in Scheme 18.1 and also in Scheme 18.2 (see below).

As shown in Scheme 18.1, probably the most important fate of the phenyl rad-
ical is in the production of cross-linking species (specifically shown in but not
exclusively from path C). The literature [9] has reported this as a more reasonable
alternative to the cross-linking reaction proposed long before it [22] that would
rely upon two radicals combining to form a tetracarboxy species as the branching
species. As was pointed out [9], the probability of two radicals at low concentra-
tion finding each other must be orders of magnitude less probable than the phenyl
radical simply finding an aromatic ring in an adjacent chain with which to react.
The proposed tricarboxybiphenyl species has not been isolated to date, although
IR spectroscopic evidence exists [11] that would support such a species. Unfortu-
nately, the IR peak in question at 773 cm−1 is not unique to a 1,2,4-trisubstituted
benzene ring as the vibration is really from a meta-substitution pattern.
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We note here that much has been made of the phenyl radical seen in an ESR
study by Marcotte et al. [22] as an intermediate for further reactions. Although
there is little doubt that they saw the radical they reported, it is usually assumed
in ESR work that for the most part, radicals that are seen in such spectra are
not the reactive intermediates because of the fleeting nature of such species. One
usually assumes that if a radical appears in a reacting system, the radical observed
is actually a ‘sink’, i.e. the end of a chain, and not really an intermediate in any
of the reaction(s). We suggest that the sink view of the radical observed is a
better interpretation as opposed to the view taken by Marcotte and co-workers
and subsequent references to their work.

Some of the follow-on reactions of paths A, B and C are shown in Scheme 18.1
and also in Scheme 18.2.
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Thus, the observed aromatic carboxylic acids at chain ends [11, 25] would
be accounted for by the hydrogen abstraction by the carboxyl radical (Scheme
18.1, path A). This, of course, generates another radical species, R·, (not shown)
capable of carrying on further degradative reactions.

The phenyl radical generated (or also directly produced in the path C) is an
obvious precursor of the benzoic acid reported [20] which was also noted to exist
free in exposed samples [11]. Also noted by investigators are IR peaks attributed
to aldehyde functionalities [11, 25] which could arise via the path shown in
the scheme.

In Scheme 18.2, we see that the alkyl radical produced could also account for
some of the other products noted as well. Ethylene [25] was reported but not the
β-hydroxyethylbenzoic acid that would be expected from the follow-on reactions
of the alkyl fragment produced from path A cleavage. Note that the production
of ethylene would result in more carboxylic acid being produced. That this is the
case weakens but probably does not negate the argument for a Norrish Type 2
reaction in order to have a higher quantum yield of carboxylic acid with respect
to that for CO2 evolution. The fact that apparently only low levels of ethylene
were observed, i.e. only one set of investigators reported it, suggests that such a
path must not have a very high quantum yield.

The results of path B and its alkyl fragment are shown next in Scheme 18.2.
This essentially amounts to loss of CO, with the radical fragments staying close
enough to each other in the cage to allow facile recombination. The resultant
product, after hydrolysis, gives the β-hydroxyethoxybenzoic acid reported [21].

Lastly, we show in Scheme 18.2 what would be two logical reaction products
of the alkyl radical which is produced. The hydrogen abstraction was already
proposed [11, 25] by others on the basis of spectroscopic evidence for an alde-
hyde but it has not been confirmed that the species was an aliphatic alde-
hyde being produced as opposed to an aromatic one and so is ambiguous.
Hydrolysis of the top product of this section of the scheme would produce
formic acid, which has been reported [11]. However, more reasonable sources
of formic acid exist in Schemes 18.3 and 18.4 (see below). The other product
that one would expect to see would result in trimellitic acid being observed in
the hydrolysate of the degraded polyester. This has, to our knowledge, not been
reported as yet.

We now return to Scheme 18.1. The fifth reaction shown is direct photohydrol-
ysis which has not been postulated in inclusive schemes before but is included
based on recent evidence [7].

The photo-oxidation reactions are the last two in the scheme – these are listed
as reactions G and T. In the former reaction, the initial radical abstraction is per-
formed by pretty much any radical available in the polymer matrix. Reaction
with oxygen to form the hydroperoxy radical followed by hydrogen abstraction
to form a hydroperoxide has been suggested as a mechanism of gylcol oxidation
[11, 25, 31] and is, of course, a very reasonable reaction path. Note that the
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hydrogen abstraction by the hydroperoxy radical regenerates a radical (not shown),
although not necessarily the exact one used to initiate the photo-oxidation.

The rest of the photo-oxidation on the glycol portion is continued in
Scheme 18.3. The cleavage of the O–O bond should be very facile. Both
photolytic and thermal decomposition of these peroxides are possible.

Note that the step produces two radicals for every radical initiating the sequence
(Scheme 18.1, path G) and thus is especially destructive in its outcome.

We next examine the possible fates of the alkoxy radical produced as a result of
hydroperoxide fragmentation. It should be noted that the other fragment produced
in this process, an hydroxy radical (not shown), would be an extremely reactive
species. Since it is not attached to a polymer chain end, it is also capable of more
readily diffusing through the polymer matrix than most of the radicals discussed
to this point. This also makes the photo-oxidation of the glycol potentially more
destructive.
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The alkoxy radical of Scheme 18.3 (upper reaction) could scission to produce
the same carboxyl radical as seen in the Norrish type 1 path (Scheme 18.1,
path A) discussed above. As such, it is an additional source of CO2 but not
taken into account in the report by Day and Wiles [25]. Not reported but still
obvious, the other fragment of this scission is an aliphatic aldehyde that could also
have been one of the aldehyde carbonyl IR signals reported [11, 25]. Hydrolysis
of this chain end would yield the reported glyoxal [21].

If the cleavage were to go in the opposite direction of the first reaction, the
products produced would be an anhydride of formic acid with the terephthalic
half-ester chain end. No doubt this compound would be readily hydrolyzed and
should give the reported formic acid [21].
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The other part of the cleaved chain would give a radical with three possi-
ble paths shown: (1) decomposition to form the reported formaldehyde [21, 25],
while further oxidation of formaldehyde could give formic acid; (2) hydrogen
abstraction could give a methyl ester; (3) the radical could add to a phenyl ring
to give a branch point (shown reacting with the phenyl ring bearing R3 and R4 as
substituents). This hydroxymethylterephthalate compound has not been reported
as yet.

A third possible fate of the alkoxy radical is shown in Scheme 18.3 (lower reac-
tion) and was postulated by Grossetete et al. [11]. In this reaction, the hydroxy
radical in the cage from hydroperoxide cleavage yields an anhydride by extrac-
tion of the α-hydrogen to the radical. These workers cite IR evidence in support
of this reaction which seems quite reasonable. In addition, the report by Valk
et al. [21] of glycolic acid would seem to confirm this path as well.

Were the anhydride able to undergo a second oxidation sequence exactly
analogous to what we have been currently discussing, then the product is a
double-anhydride of oxalic acid – as reported by Valk et al. [21] – and thus this
second oxidation seems likely to proceed at some non-negligible rate.

We note also that the schemes discussed until now only show the oxidation
of the ethylene glycol moiety. In the PECT copolymer, the 1,4-cyclohexylenedi-
methylene moiety is also available for oxidation. Indeed, given that the oxidizable
hydrogens are tertiary, one reasonably expects a greater ease of production of
a radical from that center. Grossetete et al. [11] reported such to be the case
with the observation that photo-oxidation reactions occurred much faster with
the PECT copolymer than with PET itself. The aliphatic acids that they reported,
as identified by the SF4 treatment, could also account for previous aliphatic acid
reports [25]. This is also additional support that the photo-oxidation mechanism
is operating as proposed (Scheme 18.4).

The cyclohexanone postulated in this scheme should also be photoactive. The
series of reactions necessary to produce the acetic acid observed [11] is indeed
long but currently the only reasonable explanation of this product. Previous inves-
tigators [20, 21] had not reported acetic acid from the photolysis of PET even
though they isolated acetaldehyde, although Day and Wiles [25] did report it.
Thus, one may reasonably assume that the presence of 1,4-cyclohexandimethanol
most likely is required to produce acetic acid, at least in significant amounts.

Returning one last time to Scheme 18.1, reaction T is a ring-oxidation reaction
and requires as written the presence of a hydroxy radical. One could equally as
well speculate that another radical could extract a ring hydrogen, so producing
a terephthalic ester radical which then adds oxygen and undergoes the same
sequence of reactions as seen for the glycol oxidation scheme. Scheme 18.5
shows the follow-on reactions expected. It is easily seen how one can produce
the reported hydroxyterephthalic moiety [21]. A repeat of this oxidation would
also give the reported 2,5-dihydroxyterephthalate [21].
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It is well to note at this point that the dihydroxy compound is the first identi-
fiable compound from the photolysis and photo-oxidation reactions that actually
has any color. The lack of other identifiable color compounds and also some
preliminary experiments lead to a proposal [9] that the oxidation of the dihy-
droxy compound could actually continue on to give a quinone (Scheme 18.5,
top). Given the ease of oxidation of hydroquinone compounds, this would seem
to be a reasonable proposal. In this preliminary report where an orange–red solid
was initially observed it was speculated that the color owed itself to a quinone
compound as shown. This would add significantly to compounds that actually
could be the color bodies formed upon weathering exposure.

The bottom part of Scheme 18.5 is intended to show another fate for the
phenyl radicals produced other than those already discussed in Schemes 18.1
and 2. Simple hydrogen abstraction yields a phenyl radical as discussed above in
conjunction with Scheme 18.1. Reaction with other chains yields a branch point
as also discussed above. However, if after hydrogen abstraction by the phenyl
radical the cleavage reaction that produced the phenyl radical originally were to
be applied to the remaining ester group on the ring, then one could account for
the report of benzene [25] as well.

We note that hydrogen as well as methane, ethane and toluene have been
reported [25], but do not currently have good explanations in the schemes shown
above. For the methane and ethane, one would have to resort to either radical
displacement reactions of the methyl ester shown in Scheme 18.3 in the middle
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and the ethyl ester shown in the third reaction of path C in Scheme 18.2 or to
Norrish Type 1 cleavages of the respective esters to form the energetic methyl
and ethyl radicals. We currently know of no precedent for a radical displace-
ment reaction on oxygen and would be somewhat skeptical to propose such. The
proposal of Norrish Type 1 cleavage is far more reasonable and is probably the
way to account for the production of methane and ethane. This still leaves the
hydrogen and toluene not accounted for.

We note, however, that even if methane comes from the photolysis of the
methyl ester, this does not necessarily mean that all of it arises as a result of first
breaking down the PET itself by photolysis. Both the PET of early reports and
also the PECT were undoubtedly produced using dimethyl terephthalate (DMT)
instead of terephthalic acid and so have methyl ester end groups owing to the
well-known incomplete reaction of the DMT. There may be only a small level
of these ester groups, but the amount of methane produced was small as well.
This, at the very least, causes some potential confusion about the source of all
the methane should some of it come from methyl ester photolysis. No such
confusion would exist for the ethane should that be coming from photolysis of
an ethyl ester.

It should additionally be noted that a number of the paths of the schemes above
have received some confirmation in a number of literature reports dealing with the
photolysis and photo-oxidation of other polyesters [32–35]. Because these reports
investigated poly(butylene terephthalate) (PBT), poly(ethylene naphthalate) and
poly(butylene naphthalate), however, they may not have direct application to
understanding of the processes involved in PET and PECT and so have not been
discussed in this present chapter. All do contain support for the formation of
radicals leading to CO and CO2 evolution, as well as the hydrogen abstraction at
glycolic carbons to form hydroperoxides which then decompose to form alkoxy
radicals and the hydroxyl radical. These species then were postulated to undergo
further reaction consistent with what we have proposed above.

We also note two reports on the degradation of ‘stacked’ films of oriented PET.
In the first [36], photodegradation is said to be two-step in nature with ‘weak
links’ cleaving first followed by a much slower cleaving of the ‘strong links’.
The chain scission process was tracked versus exposure time by measurement
of solution viscosity [37]. In the second paper [38], the surface nature of the
degradation was reported and the rationale elucidated for why surface degradation
causes overall mechanical failure limited by that layer, much as we have discussed
in the impact properties of the PECT (see above).

A particularly relevant thermo-oxidative study on PET degradation and PBT
reported the degradation products observed for ethylene dibenzoate [39]. The
products observed paralleled those of the photolysis and photo-oxidation reports
discussed above with benzoic acid, vinyl benzoate, 2-hydroxyethylene diben-
zoate, 2-carboxymethoxy benzoate and the coupling product, 1,4-butylene diben-
zoate, being reported. The 2-hydroxyethylene dibenzoate and 2-carboxymethoxy
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benzoate are of particular interest as they can only reasonably arise from hydrogen
abstraction at the α-carbon of the glycol unit, followed by oxygen addition to give
the hydroperoxy radical, followed by hydrogen abstraction to give a hydroper-
oxide, and then its cleavage to give an alkoxy radical. In their scheme, however,
they postulated direct reaction of oxygen with the acyloxy radical produced from
cleavage to give a peracid intermediate which then decomposes to the acid moi-
ety. The parallel to the photodegradation schemes proposed is quite compelling.

5 SUMMARY

In summary, we note that almost all of the products observed by investigators for
the photodegradation of PET and PECT are nicely accounted for in the summary
schemes we have proposed. Additionally, there are several products that should
be sought to prove or disprove additions to the previously reported pathways
proposed by us and by others. It should be noted, however, that until more proof
of these various schemes is obtained, then the mechanisms are still speculative
even though they are very consistent with all of the available data.

There is a special need as well to discover more about the nature of the species
formed as color bodies in these photo-reactions. Their identification will most
likely be inherently difficult owing to their expected low concentrations – they
are undoubtedly compounds with high molar absorbtivities. Nevertheless, finding
them could help solve the last pieces of the photodegradation puzzle for these
materials and might, therefore, lead to solutions for even better weathering mate-
rials. The need for this is obvious given that thus far the only solution to the
photodegradation of PECT is the simple scheme of competitive absorbtion cur-
rently on the market. While quite serviceable, such a scheme can never protect
the sample surface and so loss of surface gloss is inevitable. This can only be
remedied by a change in the actual chemistry taking place under UV exposure.

Additionally, we speculate that there needs to be research carried out utiliz-
ing absolutely pure polyester samples, i.e. ones completely free of any catalyst
residues and insofar as possible, any other contaminating side products. This
is, we feel, necessary owing to the fact that several of the reports cited show
that damage occurs at rather much longer wavelengths than can be reasonably
attributed to the absorption of the main polyester chain alone.
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1 INTRODUCTION – CHEMICAL STRUCTURES
AND LIQUID CRYSTALLINITY

The class of polyester-based liquid crystal polymers (LCPs) represent one of
the most attractive materials in the field of engineering thermoplastics because
of their superior mechanical properties, heat resistance, accuracy of dimensions,
moldability and the excellent balance of these properties [1–5]. LCPs have been
recently expanding their applications, in particular, those for precision electronic
parts appropriate for surface mount technology (SMT).

Many researchers have reported the structure–thermal property correlations in
LCPs from substituted hydroquinones (HQs) and dicarboxylic acids. Lenz and
co-workers have investigated the liquid crystallinity of the polyarylates obtained
from substituted HQs and terephthalic acid (TA) [6–10], substituted HQs and
1,10-bis(phenoxy)decane-4,4′-dicarboxylic acid [8], and substituted HQs and α,ω-
bis(phenoxy)alkane-4,4′-dicarboxylic acid [11]. Kricherdorf and Schwarz [12]
and Osman [13] reported the liquid crystallinity of the polyarylates obtained
from substituted HQs and 1,4-cyclohexanedicarboxylic acid, while Krigbaum
et al. [14], Heitz and co-workers [15] and Kricherdorf and Engelhardt [16] inves-
tigated the liquid crystallinity of the polyarylates synthesized from substituted
HQs and substituted TAs. In addition, Jackson reported the liquid crystallinity
and the moduli of fibers and injection molded specimens of the polyarylates

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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obtained from substituted HQs and TA [7]. However, to date there have been
few reports of the influence of the factors for obtaining high moduli and high
heat resistance properties in these LCPs.

We have been working on the preparation of novel LCPs from substituted HQs
and substituted 1,2-bis(phenoxy)ethane-4,4′-dicarboxylic acids (PECs) [18], and
substituted HQs and 4,4′-diphenyldicarboxylic acid (BB) [19–21].

Here, we would like to report some results of our investigations into the rela-
tionship between the chemical structures and the moduli and heat resistance
properties of these polyesters.

2 EXPERIMENTAL

2.1 SYNTHESIS OF POLYARYLATES

The polyarylates were prepared from substituted HQ diacetates, substituted PECs
and BB by melt polymerization at 250–400 ◦C. The pressure was gradually
reduced to 1 torr as the polymerization proceeded.

2.2 PREPARATION OF FIBERS

Polymers were melt-spun by using a flow tester apparatus having a capillary with
a diameter of either 0.3 or 0.5 mm.

2.3 PREPARATION OF SPECIMENS

The specimens for measurements of the flexural moduli were prepared by injec-
tion molding using a Sumitomo NESTAL injection molding machine (0.5 ounce).1

3 MEASUREMENTS

3.1 FLEXURAL MODULUS

A Toyo Boldwin Tensilon UTM-4-200 machine was used for these measurements.
Determinations were performed according to ASTM D790 by using injection
molded specimens with a thickness of 1/32 in.

1 An ounce is a unit used to represent the capacity of an injection molding machine, showing the
polystyrene equivalent weight of polymer for ‘one shot’.
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3.2 DYNAMIC STORAGE MODULUS

A Toyo Boldwin Rheovibron Viscoelastometer Rheo 2000/3000 machine was
used for these determinations. Such measurements were performed at a frequency
of 110 Hz, a heating rate of 2 ◦C/min and an ‘inter-chuck’ distance of 40 mm.

3.3 ANISOTROPIC MELTING TEMPERATURE AND CLEARING POINT

A hot-stage-equipped polarizing microscope was used for measurement of these
parameters. The anisotropic melting temperature (Tn) was determined as the
onset temperature of stir-opalescence observed on the hot-stage. The liquid crys-
talline–isotropic transition temperature (Ti) was also determined by the use of
the hot-stage-equipped microscope.

3.4 MELTING TEMPERATURE AND GLASS
TRANSITION TEMPERATURE

A Perkin-Elmer DSC-7 machine was used for these measurements. (Tm and Tg,
respectively). Determinations were performed in a N2 atmosphere at a heating
rate of 20 ◦C/min.

3.5 ORIENTATION FUNCTION OF NEMATIC DOMAINS

The orientation functions (F -values) of as-spun fibers were calculated according
to the following equation:

F = (3〈cos2 θ〉av − 1)/2 (19.1)

The θ-values were measured by wide-angle X-ray diffraction. A value of F = 1
indicates that the domains are perfectly aligned along the flow direction, while a
value of F = 0 means that the domains are randomly distributed.

3.6 RELATIVE DEGREE OF CRYSTALLINITY

In order to compare the crystallinities of the polyarylates, X-ray diffraction pat-
terns were observed in the temperature range of 25–250 ◦C, with the relative
degree of crystallinity (I/I0) being calculated according to the following equation:

I/I0 = peak intensity of polyarylates at 2θ = 20◦

peak intensity of Al2O3 internal standard at 2θ = 43.4◦ (19.2)
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3.7 MORPHOLOGY

The morphologies of the tensile-fractured as-spun fibers and the flexural-
fractured injection molded specimens were studied by scanning electron
microscopy (SEM).

3.8 HEAT DISTORTION TEMPERATURES

The heat distortion temperatures (HDTs) of the injection molded specimens were
determined under a load of 1.82 MPa according to ASTM D-648.

4 RESULTS AND DISCUSSION

4.1 MODULI OF AS-SPUN FIBERS

The liquid crystallinity and the moduli of as-spun fibers of polyarylates from
substituted HQs and substituted PECs could be controlled by the substituents
shown in Table 19.1. Polyarylates derived from t-butyl HQ (tBu–HQ) and PEC
(tBu–HQ/PEC), and phenyl–HQ (Ph–HQ) and PEC (Ph–HQ/PEC), showed
decreased liquid crystallinity when compared to chloro–HQ (Cl–HQ) and PEC
(Cl–HQ/PEC), and methyl–HQ (Me–HQ) and PEC (Me-HQ/PEC), because of
the bulky substituents on the HQ units.

Therefore, the moduli of as-spun fibers of tBu–HQ/PEC and Ph–HQ/PEC
were lower than those of Cl–HQ/PEC and Me–HQ/PEC [18, 22, 23]. Tensile-
fractured as-spun fibers of tBu–HQ/PEC and Ph–HQ/PEC exhibited decreased
orientation of fibrils when compared to Cl–HQ/PEC and Me–HQ/PEC.

Polyarylates prepared from cyclohexyl–HQ (Ch–HQ) and PEC (Ch–HQ/PEC)
did not show liquid crystallinity due to the more bulky substituent on the HQ
unit compared to those on tBu–HQ and Ph–HQ. As-spun fibers of Ch–HQ/PEC
exhibited lower moduli than those of tBu–HQ/PEC and Ph–HQ/PEC. There-
fore, in order to obtain high-modulus as-spun fibers, the stability of the liquid
crystalline state (Ti − Tn) is an influential factor, as shown in Table 19.1.

On the other hand, the moduli of as-spun fibers of polyarylates from Cl–HQ
and 1,2-bis(2-chlorophenoxy)ethane-4,4′-dicarboxylic acid (Cl–PEC) (Cl–HQ/
Cl–PEC), and Me–HQ and Cl–PEC (Me–HQ/Cl–PEC), were higher than those
of Cl–HQ/PEC and Me–HQ/PEC. The reason for the higher moduli seemed to
be the increased rigidity of the polymer chain caused by the restricted rotation of
the ether linkage of Cl-PEC as a result of the steric hindrance of the Cl atoms.
However, the moduli of polyarylates from tBu–HQ and Cl–PEC (tBu–HQ/Cl-
PEC), and Ph–HQ and Cl–PEC (Ph–HQ/Cl–PEC), were lower than those of
tBu–HQ/PEC and Ph–HQ/PEC, because the Cl atoms on the PEC units prevent



HIGH-PERFORMANCE LIQUID CRYSTAL POLYESTERS 649

Table 19.1 Thermal properties and moduli of substituted-HQs/PEC and substi-
tuted-HQs/Cl–PEC fibersa [23]. From Inoue, T., Yamanaka, T. and Okamoto, M., Kobun-
shi Ronbunshu, 45, 661–665 (1988), and reproduced with permission of The Society of
Polymer Science, Japan

Polymer Thermal properties

X Acid Tg ( ◦C) Tn ( ◦C) Ti ( ◦C) d (mm)b Modulus (GPa)

Cl PEC 87 282 >350 0.09 48
Cl Cl–PEC 120 247 >350 0.06 68
Me PEC 104 265 >350 0.06 42
Me Cl–PEC 129 303 >350 0.11 72
tBu PEC 146 240 316 0.06 36
tBu Cl–PEC 141 (Isotropic) 0.06 5
Ph PEC 124 235 265 0.07 26
Ph Cl–PEC 115 (Isotropic) 0.08 4
Ch PEC 139 (Isotropic) 0.07 8
Ch Cl–PEC 133 (Isotropic) 0.11 3

a

O O C

O

O(CH2)2O

Y

X
Y

C

O

(Y = H or Cl)
n

b Diameter of as-spun fibers.

the formation of liquid crystalline polyarylates only when HQ units have bulky
substituents such as t-butyl or phenyl groups.

Tensile-fractured as-spun fibers of tBu–HQ/Cl–PEC and Ph–HQ/Cl–PEC no
longer exhibited fibrils, with such phenomena being different to those of the
tBu–HQ/PEC and Ph–HQ/PEC systems. Thus, in order to obtain high-modulus
as-spun fibers, the stability of the liquid crystalline state and the rigidity of the
polymer chain are both assumed to be influential factors.

Polyarylates derived from various substituted HQs and 1,2-bis(methoxy-
phenoxy) ethane-4,4′-dicarboxylic acid or 1,2-bis(2,6-dichlorophenoxy)ethane-
4,4′-dicarboxylic acid exhibited low moduli because of the lack of liquid crys-
tallinity resulting from the steric hindrance of the substituents on the PEC units.

Therefore, we expected that the polyarylates synthesized from substituted HQs
and BB would show higher stabilities of the liquid crystalline state and higher
moduli than those produced from substituted HQs and substituted PEC.

The Tm values of the poly(alkylene-4,4′-diphenyldicarboxylate)s are much
higher than those of the poly(alkylene terephthalate)s. Therefore, as polyarylates
derived from substituted HQs and BB seemed to have higher Tms, the, LCPs
derived from BB and alkylene glycols with higher carbon numbers have been
investigated [24].
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However, in spite of the higher rigidity of the polymer chains, many pol-
yarylates derived from substituted HQs and BB exhibited liquid crystallinity
and lower Tms when compared to the polyarylates derived from substituted
HQs and TA.

The ‘model compound’ produced from a BB unit exhibited liquid crystallinity
at a lower temperature, while its liquid crystalline phase stability (Ti − Tn) was
higher than the corresponding ‘model compound’ made derived from a TA unit,
as shown in Table 19.2 [25].

The reason for the lower liquid crystalline (LC) temperature of the BB model
compound seems to be that the biphenyl unit of this compound was adopting a
twisted structure in the LC state [26]. Therefore, we prepared various polyarylates
containing the BB unit and determined their thermal properties and the moduli
of the as-spun fibers, as shown in Table 19.3.

However, as-spun fibers of the polyarylates derived from Me–HQ and BB
(Me–HQ/BB) exhibited a lower modulus than that of Me–HQ/Cl–PEC in spite

Table 19.2 Thermal properties of liquid crystalline model compounds derived from BB
and TA [25]

Model compoundsa Tnb (◦C) �Hn (cal/g) Ti
b (◦C) �Hi (cal/g) Ti/Tn (◦C)

HBA–BB–HBA 189 14.8 271 0.1 82
HBA–TA–HBA 207 22.1 241 0.2 34

a

HBA–BB–HBA:
CEtO

O

O C

O

C O

O

C OEt

O

CEtO

O

O C

O

C O

O

C OEt

O

HBA–TA–HBA

b Tn and Ti (isotropic melting temperature) were determined by DSC.

Table 19.3 Thermal properties and moduli of substituted-HQs/BB polyarylates [19].
From Inoue, T. and Tabata, N., Mol. Cryst. Liq. Cryst., 254, 417–428 (1994), and repro-
duced with permission of Gordon and Breach (Taylor and Francis) Publishers
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(a) (b)

Figure 19.1 SEM images of tensile-fractured as-spun fibers of (a) Me–HQ/BB
(5 GPa; F , 0.62; Tg, 175 ◦C) (100×) [19], and (b) Me–HQ/Cl–PEC (72 GPa; F , 0.90;
Tg, 129 ◦C) (300×) [31]. (a) From Inoue, T. and Tabata, N., Mol. Cryst. Liq. Cryst.,
254, 417–428 (1994), and reproduced with permission of Gordon and Breach
(Taylor and Francis) Publishers. (b) From Inoue, T., Tabata, N. and Yamanaka, T.,
Polym. J., 28, 424–431 (1996), and reproduced with permission of The Society
of Polymer Science, Japan

of the more rigid chemical structure. The lower modulus of Me-HQ/BB is referred
to the lower F -value when compared to Me–HQ/Cl–PEC due to the lower
elongational flow orientation. Tensile-fractured as-spun fibers of Me–HQ/BB
exhibited a decreased orientation of fibrils when compared to Me–HQ/Cl-PEC, as
shown in Figure 19.1 [19, 26]. Thus, the degree of elongational flow orientation
was evaluated from the observed orientation of fibrils in the cross-sections of
tensile fractured as-spun fibers.

As-spun fibers of the polyarylates derived from Ph–HQ or 2-chlorophenyl-
hydroquinone (CP–HQ) and BB (CP–HQ/BB) exhibited higher moduli when
compared to Me–HQ/BB in spite of the lower liquid crystallinity resulting from
the bulky substituents on the HQ units. The higher modulus was referred to
the higher F -values due to the higher elongational flow orientation. Tensile-
fractured as-spun fibers of CP–HQ/BB exhibited many fibrils when compared
to Me–HQ/BB, as shown in Figure 19.2 [19]. Thus, the elongational flow ori-
entation (F -value) seems to be a more influential factor than the rigidity of
the polymer chain and the stability of the liquid crystalline state in achieving
high-modulus as-spun fibers. In order to investigate the relationship between the
moduli of as-spun fibers and elongational flow orientation, samples of Cl–HQ/BB
modified with TA (Cl–HQ/BB/TA) and Me–HQ/BB modified with 2,6-naphthalic
dicarboxylic acid (NDA) (Me–HQ/BB/NDA) with various molar ratios were
prepared [17, 18].
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(a) (b)

Figure 19.2 SEM images of tensile-fractured as-spun fibers of (a) CP–HQ/BB
(47 GPa; F , 0.90) (500×), and (b) Me–HQ/BB (5 GPa; F , 0.62) (100×) [19]. From
Inoue, T. and Tabata, N., Mol. Cryst. Liq. Cryst., 254, 417–428 (1994), and repro-
duced with permission of Gordon and Breach (Taylor and Francis) Publishers

Although as-spun fibers of Cl–HQ/BB/TA with m/n = 70/30 exhibited a
modulus of 95 GPa, as-spun fibers of Cl–HQ/BB/TA with m/n = 80/20 exhib-
ited a lower modulus of only 11 GPa in spite of the more rigid chemical structure
due to the decreased elongational flow orientation, as shown in Figure 19.3.1

Tensile-fractured as-spun fibers of Cl–HQ/BB/TA with m/n = 70/30 exhibited
many fibrils when compared to those of Cl–HQ/BB/TA with m/n = 80/20.

In addition to this, although as-spun fibers of Me–HQ/BB/NDA with m/n =
92.5/7.5 exhibited a modulus of 112 GPa, as-spun fiber of Me–HQ/BB/NDA
with m/n = 95/5 exhibited a lower modulus of only 19 GPa, as shown in
Figure 19.4.

The lower modulus seemed to be referred to the lower elongational flow orien-
tation. Tensile-fractured as-spun fiber of Me-HQ/BB/NDA with m/n = 92.5/7.5
exhibited many fibrils when compared to Me–HQ/BB/NDA as-spun fiber with
m/n = 95/5, as shown in Figure 19.5.

Figure 19.6 shows the relationship between the moduli of as-spun fibers and
the F -values of substituted HQs/BB and substituted HQs/BB modified with

1 The ratio m/n represents the molar ratio of cl–HQ/BB (m) to added modifier, e.g. terephthalic acid
(TA) and 2,6-naphthalic dicarboxylic acid (NDA), (n).
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Figure 19.3 Moduli of as-spun fibers of Cl–HQ/BB/TA [18]
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Figure 19.4 Moduli of as-spun fibers of Me–HQ/BB/NDA [20a]

4,4′-dihydroxybiphenyl (DHB), NDA, Cl–PEC and TA [20, 28–31]. We observed
that the modulus increased with the increase in F -value. Thus, the influential fac-
tors in increasing the moduli of as-spun fibers are as follows: (1) the stability
of the liquid crystalline state, (2) the rigidity of the polymer chain, and (3) the
degree of elongational flow orientation (F -value).
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(a) (b)

Figure 19.5 SEM images of tensile-fractured as-spun fibers of (a) Me–HQ/BB/
NDA (m/n = 92.5/7.5) (112 GPa; F , 0.91) (300×), and (b) Me–HQ/BB/NDA
(m/n = 95/5) (19 GPa; F , 0.83) (200×) [20a]. The latter polyarylate has the
following structure:
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CH3
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Figure 19.6 Moduli and F-values of as-spun fibers: Ž, Me–HQ/BB and copol-
yarylates; �, copolyarylates of Cl–HQ/BB; ♦, Ph–HQ/BB and copolyarylates; ×,
CP-HQ/BB [31]. From Inoue, T., Tabata, N. and Yamanaka, T., Polym. J., 28,
424–431 (1996), and reproduced with permission of The Society of Polymer
Science, Japan
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4.2 MODULI OF INJECTION MOLDED SPECIMENS

Because as-spun fibers of Me–HQ/Cl–PEC showed a higher modulus than those
of Ph–HQ/Cl–PEC, the flexural modulus of injection molded specimens of
Me–HQ/Cl–PEC exhibited a higher flexural modulus than those of Ph–HQ/Cl–
PEC due to the liquid crystalline state. Although flexural-fractured injection
molded specimens of Me–HQ/Cl–PEC exhibited highly oriented fibrils, Ph–HQ/
Cl–PEC no longer displayed fibrils because of the lack of liquid crystallinity.

Although as-spun fibers of Me–HQ/BB exhibited a lower modulus than those
of Me–HQ/Cl–PEC, injection molded specimens of Me–HQ/BB exhibited a
higher flexural modulus than those of Me–HQ/Cl–PEC due to the higher rigidity
of the polymer chain, in spite of the lower F -value. Flexural-fractured injection
molded specimens of Me–HQ/BB exhibited fewer fibrils than Me–HQ/Cl–PEC
due to the lower F -value, as shown in Figure 19.7. Thus, there seemed to
be no relationship between the moduli of injection molded specimens and the
F -values.

(a) (b)

Figure 19.7 SEM images of flexural-fractured injection molded specimens of
(a) Me–HQ/BB (31 GPa; Tg, 175 ◦C) (20×) [19], and (b) Me–HQ/Cl–PEC (15 GPa;
Tg, 129 ◦C) (30×) [31]. (a) From Inoue, T. and Tabata, N., Mol. Cryst. Liq. Cryst.,
254, 417–428 (1994), and reproduced with permission of Gordon and Breach
(Taylor and Francis) Publishers. (b) From Inoue, T., Tabata, N. and Yamanaka, T.,
Polym. J., 28, 424–431 (1996), and reproduced with permission of The Society
of Polymer Science, Japan
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Figure 19.8 F-values of as-spun fibers and injection molded specimens [19]

As it was revealed that the F -values of both as-spun fibers and injection
molded specimens had a good correlation in the case of polyarylates contain-
ing BB units (Figure 19.8), in order to investigate the relationship between the
moduli of injection molded specimens and the elongational flow orientation
(F -values), Me–HQ/BB/NDA samples of various molar ratios were prepared.
Although as-spun fibers of Me-HQ/BB/NDA with m/n = 95/5 exhibited a lower
modulus than Me–HQ/BB/NDA with m/n = 92.5/7.5, the flexural modulus
of injection molded specimens of Me–HQ/BB/NDA with m/n = 95/5 exhib-
ited a higher flexural modulus than Me–HQ/BB/NDA with m/n = 92.5/7.5, in
spite of the lower F -value. Although flexural-fractured injection molded speci-
mens of Me–HQ/BB/NDA with m/n = 92.5/7.5 exhibited many fibrils, those
of Me–HQ/BB/NDA with m/n = 95/5 exhibited very few fibrils, as shown in
Figure 19.9 [20]. These phenomena seemed to be due to the higher rigidity of
the polymer chain.

Accordingly, we have evaluated the flexural modulus of injection molded
specimens of CP–HQ/BB having higher F -values than those of Me–HQ/BB pol-
yarylates. The flexural modulus of injection molded specimens of Me–HQ/BB
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(a) (b)

Figure 19.9 SEM images of flexural-fractured injection molded specimens of
(a) Me–HQ/BB/NDA (m/n = 92.5/7.5) (36 GPa; F , 0.82) (20×), and (b) Me–HQ/BB/
NDA (m/n = 95/5) (47 GPa; F , 0.56) (30×) [20a]. From Inoue, T., Yamanaka,
T., Tabata, N. and Okita, S., High Perform. Polym., 7, 303–311 (1995), and
reproduced with permission of Sage Publications

was higher than that of CP–HQ/BB, in spite of the lower F -value and lower
rigidity of the polymer chain. In spite of the latter, the reason for the higher
flexural modulus of Me–HQ/BB when compared to that of CP–HQ/BB is the
higher packing density of the polymer chain due to the decrease in the size of
substituents on HQ [19].

The average cross-sectional area (S) of the repeating unit can be calculated
according to the following equation:

S = (MW/Na)/V = (MW/Na)/Ld (19.3)

where MW is the molecular weight of the polymer repeat unit, Na the Avogadro
number, V the average volume of the repeat unit, L the average length of the
repeating unit, and d the density of the polymer.

According to Equation (19.3), the average cross-sectional area (S) of Me–HQ/
BB was 24.9 Å2, compared to the value of 32.8 Å2 in the case of CP–HQ/BB.
Thus, to improve the packing density of Ph–HQ/BB, we have attempted to
synthesize Ph–HQ/HQ/BB copolymers.
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As-spun fibers of Ph–HQ/HQ/BB with m/n = 50/502 exhibited a much higher
modulus (100 GPa) than Ph–HQ/BB (40 GPa) due to the increased F -value and
rigidity of the polymer chain. Injection molded specimens of Ph–HQ/HQ/BB
with m/n = 50/50 exhibited a much higher modulus than those of Ph–HQ/BB
due to the increased rigidity and packing density of the polymer chain upon
copolymerization with HQ. However, the F -value of injection molded spec-
imens of Ph-HQ/HQ/BB (m/n = 50/50) was not much higher than those of
Ph–HQ/BB, as shown in Table 19.4.

Thus, both the rigidity and packing density of the polymer chain seem to be
more influential factors than the F -values in achieving a high modulus of injection
molded specimens. Figure 19.10 shows the variation of the flexural moduli as a
function of the F -values for various substituted-HQs/BB and substituted HQs/BB
modified with DHB, HQ, 2,6-dihydroxynaphthalene (DHN), NDA, Cl–PEC and
TA [31,32]. We could find no relationship between them.

Thus, the influential factors in obtaining high moduli for injection molded
specimens are as follows: (1) the stability of the liquid crystalline state, (2) the
rigidity of the polymer chain, and (3) the packing density of the polymer
chain.

Table 19.4 Thermal properties and moduli of as-spun fibers and injection molded spec-
imens of Ph–HQ/BB and Ph–HQ/HQ/BB (m/n = 50/50) polyarylates [19] From Inoue,
T. and Tabata., N., Mol. Cryst. Liq. Cryst., 254, 417–428 (1994), and reproduced with
permission of Gordon and Breach (Taylor and Francis) Publishers

2 The ratio m/n represents the molar ratio of Ph–HQ/BB (m) to HQ/BB (n) in the Ph–HQ/HQ/BB
copolymer.
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Figure 19.10 Flexural moduli and F-values of injection molded specimens: Ž,
Me–HQ/BB and copolyarylates; ♦, Ph–HQ and copolyarylates; ×, CP-HQ/BB [31].
From Inoue, T., Tabata, N. and Yamanaka, T., Polym. J., 28, 424–431 (1996), and
reproduced with permission of The Society of Polymer Science, Japan

4.3 HEAT RESISTANCE

4.3.1 Glass Transition Temperature

The glass transition temperatures (Tgs) of polyarylates derived from substituted
HQs and substituted PECs are shown above in Table 19.1. Polyarylates containing
bulky substituents, such as tBu, on the HQ units exhibit above high glass transi-
tions due to the high rigidity of their molecular structures. Thus, tBu–HQ/PEC
shows a high Tg of 146 ◦C when compared to that of Me–HQ/PEC (104 ◦C).

In addition, as shown above in the case of Cl–PEC, the rigidity of the molecular
structure increased because the chlorine substituent restricts the rotation of the
ether linkage. Thus, the polyarylate Me–HQ/Cl–PEC shows a high Tg of 129 ◦C
when compared to that of Me–HQ/PEC (104 ◦C).

However, the combination of HQs with bulky substituents such as tBu–HQ
and Cl–PEC was not suitable for formation of the liquid crystalline state and did
not exhibit any improvement in the Tg.

As the aromatic dicarboxylic acid BB has a much more rigid structure than
Cl–PEC, the Tgs of the LCPs derived from BB are supposed to be much higher
than those derived from Cl–PEC. Although, in the case of LCPs derived from
BB, it is difficult to detect the Tg values by DSC measurements, these values have
good correlation with the E′′(max) parameters determined by dynamic mechanical
analysis (Figure 19.11). According to this study, the Tg of Me–HQ/BB was
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Figure 19.11 Relationship between E′′(max) and Tg

175 ◦C, that of Ph–HQ/BB (with a bulky substituent on HQ) was 205 ◦C, and
the Tg of CP–HQ/BB was 196 ◦C (see Table 19.3).

4.3.2 Heat Distortion Temperature

The heat distortion temperature (HDT), which reflects the heat resistance of
injection molded specimens, has a good correlation with the Tg in the case of
the polyarylates without a clear Tm, as determined by DSC measurements. For
instance, Ph–HQ/BB/HBA (50/50)3 had a Tg of 178 ◦C (E′′(max) temperature),
and also an HDT of 178 ◦C (Figure 19.12).

On the other hand, the HDT is affected by the crystallinity of the polyarylates.
Thus, polyarylates with a high crystallinity are predicted to have a high HDT.

Me–HQ/BB, having a high crystallinity, showed a higher HDT (290 ◦C) than
CP–HQ/BB (155 ◦C), although the Tg of Me–HQ/BB (175 ◦C) is lower than
that of CP–HQ/BB (196 ◦C) (Tables 19.3 and Table 19.5) [19]. In addition,
Ph–HQ/BB having a high crystallinity exhibited a higher HDT than that
estimated by the correlation between the Tg and the HDT values of amorphous
LCPs, as shown in Figure 19.12 [33].

3 The ratio m/n represents the molar ratio of ph–HQ/BB (m) to Ph–HQ/HBA (where HBA = p-
hydroxybenzoic acid) (n) in the Ph–HQ/BB/HBA copolymer.
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Figure 19.12 Relationship between the heat distortion temperature (HDT) (at
1.82 MPa) and Tg for the amorphous polyarylates of HBA/Ph–HQ or tBu–HQ/HQ/
BB and the crystalline polyarylate of Ph–HQ/BB [33]

Table 19.5 Flexural moduli and heat distortion temperature data for substituted-HQs/BB
polyarylates [19]. From Inoue, T. and Tabata, N., Mol. Cryst. Liq. Cryst., 254, 417–428
(1994), and reproduced with permission of Gordon and Breach (Taylor and Francis)
Publishers

Ph–HQ/HQ/BB (50/50) is a crystalline polyarylate and its HDT is 297 ◦C. We
found that copolymerization involving small amounts of the third unit (HBA)
into this system could improve its crystallinity (Figure 19.13) and HDT; finally,
the HDT of the copolyarylate Ph–HQ/HQ/BB/p-hydroxybenzoic acid (HBA)
(47.5/47.5/5) increased to above 300 ◦C.

The effect of the small amount of copolymerized units seems to improve the
mobility of the polymer chains, and its consequent high crystallinity. We also
found these same effects of small amounts in the copolymerization of HBA/PET-
type LCPs [34].
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Figure 19.13 Temperature dependence of peak intensity (2θ = 20◦); I/I0 is the
non-dimensionalized intensity, using α-alumina as the internal standard

5 CONCLUSIONS

The moduli of as-spun fibers of polyarylates depend highly upon the stability
of the liquid crystalline state, the rigidity of the polymer chain, and the degree
of elongational flow orientation (F -value). On the other hand, the moduli of
injection molded specimens of polyarylates depend upon the stability of the liquid
crystalline state, and the rigidity and packing density of the polymer chain.

Polyarylates derived from BB show a high Tg, while their HDT values depend
upon both the Tg and the crystallinity.
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Thermotropic Liquid Crystal
Polymer Reinforced Polyesters
SEONG HUN KIM
Hanyang University, Seoul, Korea

1 INTRODUCTION

Thermotropic liquid crystal polymers (TLCPs) have several advantages, such
as excellent mechanical properties, good melt rheometrics for easy processing,
impact absorption characteristics, chemical resistance and thermal stability. Fur-
thermore, they have a low thermal expansion coefficient, thus providing excellent
dimensional stability for injection-molded articles [1–9]. However, thermotropic
LCPs have a limitation in the diversity of their applications because of their high
price. Therefore, research has focused on adding minor quantities (5–30 %) of
relatively expensive LCPs to commodity polymers [10–14]. These LCP blends
provide some unique characteristics, such as an enhancement of the crystalliza-
tion of the commodity polymers. The use of an LCP as a processing aid also
acts as a compatibility enhancement, as self-reinforcement for thermoplastic com-
posites [8, 9, 15, 16] or as fibers [17–20], and enables the utilizing of ternary
blends [21, 22].

Recently, the telecommunication industry has undergone rapid expansion, and
a strong consumer trend towards smaller and lighter telecommunication devices,
such as cellular phones and notebook computers, is indicated. Small connec-
tion sockets and chip carriers are micro-injection-molded parts requiring the high
flowability, high mechanical properties and dimensional stability of LCPs. These
merits are now thought to be another application field for LCPs in the electron-
ics industry.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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This article is an overview of the novel technology of self-reinforced LCPs
with polyesters, poly(ethylene terephthalate) (PET) and poly(ethylene naphtha-
late) (PEN) [10–13, 21, 23]. LCP/polyester blends in a polyester matrix form in
situ fibrils which improve the mechanical properties. LCPs have an inherently
low melt viscosity, and provide LCP/polyester blends that effectively lower the
melt viscosity during melt spinning [24], and fast injection-molding cycles. The
miscibility between the LCP and polyesters can be controlled by the degree
of transesterification [25] in the reactive extrusion step, and fibril formation in
LCP-reinforced polyester fibers has been studied.

2 PHB/PEN/PET MECHANICAL BLENDS

2.1 THE LIQUID CRYSTALLINE PHASE

Mechanical blending of polymers can be an effective method to improve the
properties of components. However, in general, when a rigid rod polymer and a
flexible polymer are simply mixed together, the blended polymers form an immis-
cible blend. Reactive extrusion may provide a useful way to improve the physical
properties and miscibility between LCPs and thermoplastic polymers. In recent
years, interest in thermoplastic liquid crystalline copolyesters has grown [23].
Binary copolyesters of poly(p-hydroxybenzoate) (PHB)/PET, PHB/PEN and a
ternary copolyester of PHB/PEN/PET which form TLCP melts have been syn-
thesized and studied by many researchers [21, 26–29], and the crystallization
behavior and the thermal transition temperatures, including the liquid crystalline
(LC) phase transition temperature, have been reported. These investigations have
revealed the following:

1. Ternary copolyesters containing 30 mol % PHB are partially LC, and those
containing over 50 mol % PHB are completely LC [26].

2. In copolyesters containing up to 50 mol % PHB, both PET and PEN crystals
are formed. In those containing 80–90 mol % PHB, only crystals of PHB are
observed [27].

3. The ternary copolyester of PHB/PEN/PET (30/35/35 (mol %)) is LC up to
160 ◦C, where it starts to become gradually isotropic, and becomes completely
isotropic at 290 ◦C [28].

4. For PET/PEN copolymers, no LC phase is formed [26].

In this research, commercially available PHB/PET copolyester LCP, PEN and
PET were mechanically blended to form the LC phase of the blends. The critical
composition of PHB in the PEN and PET forming an LC ternary blend was
investigated, and the miscibility and thermal behavior were studied using thermal
analysis. The PHB content in the ternary blend was controlled by the amount
of PHB/PET copolyester, as a high-molecular-weight PHB homopolyester does
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not melt in the temperature range 482–538 ◦C, whereas the polymer rapidly
decomposes in this range [26].

The rheological properties of the PHB/PEN/PET blends were investigated by
measuring torque values during melt blending at 285 ◦C with a constant rotating
speed of 60 rpm. The materials used in this research are shown in Figure 20.1.
The torque values versus PHB content for the PHB/PEN/PET blends are shown
in Figure 20.2.

Pure PEN required the highest torque (0.65 N m), because of its high melt
viscosity, and pure PET also needed a high torque (0.38 N m). The torque val-
ues of the ternary blends showed similar values below 30 mol % PHB content.
However, the torque values significantly decrease with increasing PHB content
over 40 mol % PHB; we propose that the high PHB content allows the ternary
blend to form a LC phase, as confirmed by the morphology study discussed
below.

Polarized optical photographs of the blends are shown in Figure 20.3. The
spherical LCP domains are irregularly dispersed in the PEN and PET phases
below 20 mol % PHB content (Figure 20.3(a)). The results observed from
30 mol % PHB reveal a continuous co-existence of the PHB phase and the
PEN/PET matrix in the blended polymers (Figure 20.3(b)). However, the blend
with 40 mol % PHB shows a nematic LC phase. This result is similar to that
found for the copolyesters synthesized by Chen and Zachmann [26], who found

CH2CH2 O C

O

C

O

OOO

OO

nO

Poly(ethylene 2,6-naphthalate) (PEN) (IV, 0.51) (Kolon Company, Korea)

CC

Poly(ethylene terephthalate) (PET) (IV, 0.64) (Samyang Company, Korea)

O O CH2CH2

n

O

x

C CO CH2CH2 O C

y

Poly(p-hydroxybenzoate) (PHB)–poly(ethylene terephthalate) (PET), P(HB80-ET20)
(Rodrun 5000) or P(HB60-ET40) (Rodrun 3000) (Unitika Company, Japan)

Figure 20.1 The chemical structures of the materials used in this study, i.e. the
liquid crystal copolymer (PHB–PET), PEN and PET; IV, intrinsic viscosity
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Figure 20.2 Torque value as a function of PHB content for PHB/PEN/PET ternary
blends measured at 285 ◦C and a constant rpm of 60 using a Haake rheometer;
molar ratio of PEN to PET of 1:1

(d) 50/25/25 (e) 60/20/20

(a) 20/40/40 (b) 30/35/35 (c) 40/30/30

Figure 20.3 Polarized micrographs of the PHB/PEN/PET blends for various
compositions (mol %)

that melts containing 30–40 mol % PHB form a LC phase. Above 50 mol % PHB
content, the nematic LC phases are self-evident from the polarized micrographs.
The nematic LC phase occurring above 40 mol % PHB content causes the abrupt
decrease in the torque values, as shown in Figures 20.3(c)–20.3(e).
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2.2 THERMAL BEHAVIOR

Differential scanning calorimetry (DSC) measurements were performed on sev-
eral PEN/PET blend compositions prepared by melt blending. In the dependence
of the melting behaviors on the composition, the melt temperature (Tm) and melt
enthalpy (�Hm) appear at their lowest values at the 50/50 PEN/PET composition,
as shown in Figure 20.4. This behavior indicates that at the 50/50 composition,
the achievable crystallinity is the smallest possible, or that the crystalline struc-
ture formed is the least perfect. The DSC thermograms of the PHB/PEN/PET
blends are shown in Figure 20.5, while the glass transition temperature (Tg) and
Tm data for the blends is shown in Figure 20.6. All of the blends have a single
Tg, which increases slightly with increasing PHB content. Moreover, the melting
temperatures of the blends increase with increasing PHB content. The effect of a
pre-heating temperature on the melting temperature of the blends is represented
in Figure 20.7. The blends were pre-heated at 260, 280 and 300 ◦C for 2 min.
At a pre-heat of 260 ◦C, only the PET should melt, at 280 ◦C, the PEN and
PET portions should melt, while at 300 ◦C, the system should be in a completely
isotropic state. As the pre-heating temperature increases, the melting tempera-
tures decrease. The length of the ‘homo-segment’ in the polymer chain may be
decreased, while the crystal formation is disturbed by the structural irregular-
ity with the progress of the transesterification reaction. In other words, more
randomization of the segments occurs.
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Figure 20.4 The melting temperature (�) and melting enthalpy (ž) as a function
of PEN content for the PEN/PET blends
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Figure 20.5 DSC thermograms of the PHB/PEN/PET blends: 1, LCP (100); 2,
PHB/PEN/PET (40/30/30); 3, PHB/PEN/PET (30/35/35); 4, PHB/PEN/PET (20/40/40);
5, PHB/PEN/PET (10/45/45); 6, PEN (100); 7, PET (100) (compositions in mol %).
Initial pre-heating to 280 ◦C at the rate of 200 ◦C/min, held for 2 min and then
cooled to 0 ◦C; the second heating rate was 10 ◦C/min
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Figure 20.7 The effect of pre-heating temperatures and blend composition on
the melting temperatures of the PHB/PEN/PET blends: �, 260 ◦C; Ž, 280 ◦C; �,
300 ◦C

2.3 MECHANICAL PROPERTIES

The mechanical properties of melt-spun monofilaments are greatly affected by
the composition of the blends and the melt spinning conditions, as shown in
Figure 20.8. The PHB contents are increased from 10 mol % to 40 mol % at
10 mol % increments, while the remainder of the blend, i.e. PEN/PET, is retained
at a molar ratio of 1:1 for all of the blends. Both the tensile strength and the
initial modulus increased with increasing PHB content and take-up speed for all
compositions. This was particularly true when the take-up speed was 500 m/min,
where the initial modulus of the monofilament increased significantly at 30 mol %
PHB content. When the take-up speed increased to 1000 m/min, the initial modu-
lus of the monofilament greatly increased at 40 mol % PHB content. These results
are attributed to the formation of a continuous LCP fibril structure, consisting of
long fibrils co-existing in the matrix polymers.

The effect of the annealing temperature on the initial modulus is also presented
in Figure 20.8. The moduli of monofilaments annealed at 160 ◦C for 30 min are
higher than those of normal monofilaments, because the matrix polymers are
recrystallized with a low PHB content, and the LCP molecules in the domain are
reoriented with a high PHB content. The thermal treatment of the PHB/PEN/PET
fibers can be an effective way to improve the tensile properties, especially the
tensile modulus, and high-speed winding may be a promising way to obtain fibers
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Figure 20.8 The tensile strength (a) and modulus (b) of PHB/PEN/PET as-spun
and annealed monofilaments (annealed at 160 ◦C for 30 min); the remainder of
the blend has a molar ratio of 1:1: �, 500 m/min (quenched); ž, 1000 m/min
(quenched); �, 500 m/min (160 ◦C); �, 1000 m/min (160 ◦C)
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with high mechanical properties fibers, caused by a high molecular orientation
of the LCP in the elongational flow field.

2.4 TRANSESTERIFICATION

Transesterification, investigated by using nuclear magnetic resonance (NMR)
spectroscopy, shows that the exchange reaction between PEN and PET occurs
during the blending. The NMR data for the blends containing a PHB component
could not be obtained because the P(HB80-ET20) (see Figure 20.1) LCP com-
ponent did not dissolve in dentero(d)-trifluoroacetic acid. Therefore, the NMR
spectra were only obtained for the soluble PEN and PET components. The degree
of transesterification in the blends could be determined from the area that the ethy-
lene units occupied in the NMR spectrum. The PET peak appeared at 5.11 ppm,
and the PEN peak at 5.30 ppm, while a new peak also appeared at 5.25 ppm.
This was attributed to the ethylene units, which exist between the terephthalic
and naphthalic groups in the polymer backbone. The NMR spectra are shown
in Figure 20.9 [21]. According to the theory of probabilistic analysis [30], the
block length of the naphthalate unit (LnPEN) and the terephthalate unit (LnPET),
as well as the probabilities (PNT and PTN) of finding N (or T) units next to T (or
N) units, can be calculated from the integrated intensities of the resonance peaks
(fNEN, fNET and fTET) as follows:

PNT = fNET

(fNET + 2fNEN)
= 1

LnPEN
(20.1)

PTN = fTEN

(fTEN + 2fTET)
= 1

LnPET
(20.2)

The degree of randomness (B) can be defined as the sum of the two probabil-
ities (PNT + PTN). For random copolymers, B = 1, for alternative copolymers,
B = 2, while for block copolymers or physical blends, B is close to zero.

Table 20.1 gives the various parameters of the blends as a function of blend-
ing time [21,31]. The degree of randomness is significantly influenced by the
blending time, but is only negligibly influenced by the blend composition. The
degree of transesterification can also be determined from the blending time. The
degree of randomness changed from B = 0 to B = 1, which means that the sys-
tem changed from blends of homopolymer to random copolymers. However, the
blending time was only valid up to 20 min, because excess melt blending can
have had an effect on the molecular weight decrement caused by excess trans-
esterification, thermal degradation and hydrolysis. When the melt blending was
kept continuous over a period of 20 min, then the degree of randomness changed
from random (B = 1) to alternative copolymer (B = 2).
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Figure 20.9 The 1H-NMR spectrum at 300 MHz, showing the assignments of the
absorptions for the PHB/PEN/PET blends dissolved in d-trifluoroacetic acid [21].
From Kim, S. H., Kang, S. W., Park, J. K. and Park, Y. H., J. Appl. Polym. Sci., 70,
1065–1073 (1998), Copyright  (1998, John Wiley & Sons, Inc.). This material is
used by permission of John Wiley & Sons, Inc

The effect of blending time on the sequential length of the PEN and PET seg-
ments is shown in Figure 20.10 [31]. The sequential lengths of the PEN and PET
segments clearly decreased from the initial blending time, but slightly decreased
at blending times greater than 10 min. This is closely related to the change in
chemical structure and, especially, the intermolecular chain reaction known as
transesterification.

3 EFFECT OF A CATALYST ON THE COMPATIBILITY
OF LCP/PEN BLENDS

3.1 MECHANICAL PROPERTY IMPROVEMENT

Since thermotropic LCPs have recently been used in applications requiring high
modulus and strength, much effort has been expended to improve the processability
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Table 20.1 The content of the hetero sequence (fTEN), sequence lengths of the PET seg-
ment (LnPET) and PEN segment (LnPEN) and degree of randomness (B) of the PHB/PEN/
PET blends [21]. From Kim, S. H., Kang, S. W., Park, J. K. and Park, Y. H., J. Appl.
Polym. Sci., 70, 1065–1073 (1998), Copyright  (1998, John Wiley & Sons, Inc.). This
material is used by permission of John Wiley & Sons, Inc

Composition of
PHB/PEN/PET
(mol %)

Blending time
(min) fTEN LnPET LnPEN B

13/38/49 5 0.015 80.00 53.48 0.031
10 0.128 9.07 6.52 0.264
15 0.209 5.63 3.95 0.431
20 0.336 3.43 2.53 0.688

34/25/41 5 0.030 37.59 28.17 0.062
10 0.165 6.33 5.79 0.331
15 0.299 3.47 3.20 0.600
20 0.399 2.66 2.42 0.789

52/16/32 5 0.010 90.91 106.38 0.020
10 0.158 4.85 7.84 0.334
15 0.298 2.69 4.02 0.621
20 0.396 2.11 2.94 0.815
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Figure 20.10 The effect of the blending time as a function of sequence length
of the PET (�) and PEN (ž) segments for the PHB/PEN/PET (40/30/30 (mol %))
blends [31]. From Park, J. K., Jeong, B. J. and Kim, S. H., Pseudo liquid crys-
tallinity and characteristics of PHB/PEN/PET melt blend, Polym. (Korea), 24,
113–123 (2000). Reproduced by permission of The Polymer Society of Korea
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Figure 20.11 The tensile strength of the LCP/PEN blends as a function of the
LCP content at draw ratios of 10 (ž) and 20 (�) [13]. From Kim, S. H., Hong,
S. M., Hwang, S. S. and Yoo, H. O., J. Appl. Polym. Sci., 74, 2448–2456 (1999),
Copyright  (1999, John Wiley & Sons, Inc.). This material is used by permission
of John Wiley & Sons, Inc

and also develop the desired mechanical properties of the semicrystalline polymers
through in situ reinforcement technology [13]. The tensile strength and modulus for
several LCP/PEN blend fibers drawn at 290 ◦C are plotted versus the LCP content in
Figures 20.11 and 20.12 [13]. The mechanical properties of the PEN/LCP blend
fibers are significantly affected by draw ratio, because of the micro-fibrillation
and the orientation of the dispersed LCP domains. The abrupt drop-off in tensile
strength of the as-spun fibers at a certain LCP content is indeed striking, while the
modulus is enhanced by the incorporation of the liquid crystalline polymer. How-
ever, this phenomenon is not rare in blends having liquid crystalline components.
Brody observed that a 3 % liquid crystalline additive in PET reduces the spin ori-
entation, and called this phenomenon ‘windup speed suppression’ (WUSS) [32].
If the above premise is accepted, then the low tensile strengths of the blend fibers
can be readily explained (at least for the 90/10 LCP/PEN blend composition). An
orientation suppression would lead to low tensile strength values [32]. It is worth
mentioning that LCP/PEN blend fibers display extremely low melt viscosities.
Droplet deformation can be increased by any of the following factors: an increase
in the medium viscosity, extension rate, dispersed LCP droplet size, or decrease
in interfacial stress [33]. To overcome fiber spinning problems due to the drastic
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drop-off in viscosity, it was decided to use a higher-intrinsic-viscosity (IV) PEN
resin. This can be explained by the fact that the viscosity of the matrix PEN was too
low to deform and break the spherical particles of the dispersed LCP phase [30].
Blends with the higher-IV (high-molecular-weight) PEN resin showed a higher
melt strength and modulus during processing [34].

Figures 20.13 and 20.14 describe the effect of dibutyltin dilaurate (DBTDL)
on the tensile strength and tensile modulus for the 25/75 LCP/PEN blend fibers
at draw ratios of 10 and 20 [13]. As expected, the addition of DBTDL slightly
enhances the mechanical properties of the blends up to ca. 500 ppm of DBTDL.
The optimum quantity of DBTDL seems to be about 500 ppm at a draw ratio
of 20. However, the mechanical properties deteriorate when the concentration
of catalyst exceeds this optimum level. From the previous relationships between
the rheological properties and the mechanical properties, it can be discerned that
the interfacial adhesion and the compatibility between the two phases, PEN and
LCP, were enhanced. Hence, DBTDL can be used as a catalyst to achieve reactive
compatibility in this blend system. This suggests the possibility of improving the
interfacial adhesion between the immiscible polymer blends containing the LCP
by reactive extrusion processing with a very short residence time.
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Figure 20.13 The tensile strength of 25/75 LCP/PEN blends as a function of the
catalyst content at draw ratios of 10 (ž) and 20 (�) [13]. From Kim, S. H., Hong,
S. M., Hwang, S. S. and Yoo, H. O., J. Appl. Polym. Sci., 74, 2448–2456 (1999),
Copyright  (1999, John Wiley & Sons, Inc.). This material is used by permission
of John Wiley & Sons, Inc

3.2 DISPERSION OF LCP IN PEN

As a rule, the mechanical properties of the in situ composite are greatly influenced
by the resultant morphology. First, the LCP domains must be uniformly dispersed
within the matrix. Secondly, the dispersed LCP domains must be effectively
deformed during the fabrication process to raise the aspect ratio to a high enough
value to enable reinforcement. Thirdly, good interfacial adhesion between the
two incompatible phases is essential for high-performance properties. In this
respect, the addition of DBTDL as a reaction catalyst to the 25/75 LCP/PEN
blend is expected to enhance the interface adhesion via reactive extrusion in
the LCP/PEN blends, and such results were observed using scanning electron
microscopy (SEM). Figure 20.15 shows SEM micrographs of the PEN/LCP blend
fibers after an Instron tensile test at a draw ratio of 20 [13]. The LCP/PEN blend
fibers consist of two phases, the structure of which is composition-dependent.
At 10 wt % LCP content, the LCP is dispersed as ellipsoidal particles, while at
25 wt % LCP content, the LCP is dispersed as fibrils or rod-like structures. In all
cases, the major phase forms the matrix, and the minor phase is segregated into
dispersed phases.
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Figure 20.14 The tensile modulus of 25/75 LCP/PEN blends as a function of
the catalyst content at draw ratios of 10 (ž) and 20 (�) [13]. From Kim, S. H.,
Hong, S. M., Hwang, S. S. and Yoo, H. O., J. Appl. Polym. Sci., 74, 2448–2456
(1999), Copyright  (1999, John Wiley & Sons, Inc.). This material is used by
permission of John Wiley & Sons, Inc

3.3 HETEROGENEITY OF THE BLEND

The log G′ versus log G′′ plots of the various PHB/PEN/PET blends are pre-
sented in Figure 20.16, where and the slopes of the plots are measures of the
homogeneity of the system [35]. If the slope is zero, then the blend system is
heterogeneous, and if it approaches 2, it means that the blend system is tending
to a homogeneous system. The slopes of the plots in Figure 20.16 increase with
the addition of excess PHB to the blend system.

4 THERMODYNAMIC MISCIBILITY DETERMINATION OF TLCP
AND POLYESTERS

In general, the miscibility between two polymers can be predicted by thermal
characterization of the blends [36]. One of the most simple and effective ways
to predict miscibility between two polymers is to consider the behavior of the
glass transition temperature in the blend systems, which is known as the Tg

method. In miscible blend systems, only a single Tg intermediate between two
components appears in the amorphous state. Therefore, we studied the change of
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(a)

(b)

Figure 20.15 SEM fractographs of the LCP/PEN blend fibers after Instron tensile
tests: (a) 10/90 (wt %); (b) 25/75 (wt %) [13]. From Kim, S. H., Hong, S. M., Hwang,
S. S. and Yoo, H. O., J. Appl. Polym. Sci., 74, 2448–2456 (1999), Copyright 
(1999, John Wiley & Sons, Inc.). This material is used by permission of John
Wiley & Sons, Inc

the glass transition temperature in the DSC curves for the P(HB60-ET40)/PET
and P(HB80-ET20)/PET blends (Figures 20.17 and 20.18).

PET (IV = 0.64 dl/g) was used, while the LCPs used in this study were
composed of 60 mol % poly(p-hydroxybenzoate) and 40 mol % PET for Rodrun
3000 (P(HB60-ET40)), and 80 mol % PHB and 20 mol % PET for Rodrun 5000
(P(HB80-ET20)). A Haake Rheomix 600, with an internal mixer, was used to
blend the samples according to the compositions shown in Table 20.2.
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Figure 20.16 Log G’ versus log G’’ plots of PHB/PEN/PET blends at 290 ◦C: �,
10/45/45 (slope, 0.82); ž, 20/40/40 (slope, 0.81); �, 30/35/35 (slope, 0.77); �,
40/30/30 (slope, 1.12); �, 50/25/25 (slope 1.41): compositions in mol %

Table 20.2 Compositions used for the P(HB60-ET40)
and P(HB80-ET20) blends

Copolymer

PHB/PET
composition

(mol %)

LCP/PET
composition

(wt %)

P(HB60-ET40) 10/90 13/87
20/80 28/72
30/70 44/56
40/60 61/39
50/50 79/21
60/40 100/0

P(HB80-ET20) 20/80 19/81
40/60 41/59
60/40 68/32
80/20 100/0
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Figure 20.17 DSC curves of the P(HB60-ET40)/PET blends: 1, pure PET; 2, 13/87;
3, 28/72; 4, 44/56; 5, 61/39; 6, 79/21; 7, pure P(HB60-ET40): compositions in wt %
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Figure 20.18 DSC curves of the P(HB80-ET20)/PET blends: 1, pure PET; 2, 19/81;
3, 41/59; 4, 68/32; 5, pure P(HB80-ET20): compositions in wt %
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Melt blending was conducted for 5 min at 558 K and 60 rpm. Several thermo-
dynamic values were obtained by employing a Perkin Elmer DSC-7 differential
scanning calorimeter, which were essential to predict miscibility between the two
polymers. The samples were pre-heated from 313 to 573 K using a heating rate
of 200 K/min, held for 2 min, and then rapidly quenched to 313 K. They were
then reheated to 573 K at a heating rate of 10 K/min. The inflection-point value
in the transition was taken as the Tg. In addition, to make use of the melting
temperature (Tm) as a function of the crystallization temperature (Tc), isothermal
crystallization was performed. The samples were crystallized at the desired Tc

directly after being melted for 2 min at 573 K and quenched. The observed Tc

values were 413, 433, 453, 473 and 493 K, respectively, for each sample.
In Figure 20.17, only a single Tg was observed in the 13/87, 28/72, 44/56 and

61/39 wt % P(HB60-ET40)/PET blends. The observed Tg values were slightly
lower than that of pure PET (352.2 K), where we could predict that the blends
were miscible. Likewise, the DSC results presented in Figure 20.18 show that
in the 19/81, 41/59 and 68/32 wt % P(HB80-ET20)/PET blends, a single Tg was
observed, which was lower than that of pure PET. These three blends may be
miscible. However, no Tg was detected in the 79/21 and 100/0 wt % P(HB60-
ET40)/PET blends, and in the 100/0 wt % P(HB80-ET20)/PET blend. This is
because of either (a) a high content of rigid rod-like liquid crystalline component,
or (b) an enthalpy which was too small to detect. The dependence of Tg on the
blend composition can be evaluated by using the Gordon–Taylor Equation [37],
as follows:

Tg = w1Tg1 + w2Tg2

w1 + kw2
(20.3)

where w1 and w2 are the weight fractions in the amorphous state of compo-
nents 1 and 2, respectively. Tg1 and Tg2 are the respective Tg values of the
pure components. The parameter k is often related to the strength of the inter-
molecular interactions between the components in the blends, and used as an
empirical fit parameter [37]. From the Gordon–Taylor equation, the k values in
both the P(HB60-ET40)/PET and P(HB80-ET20)/PET blends were in the range
0.91–0.99, except for the blends that had no detectable Tg. As it was diffi-
cult to detect Tg in pure P(HB60-ET40) and P(HB80-ET20), we used the Tg

of P(HB60-ET40) as 331.6 K and the Tg of P(HB80-ET20) as 343.4 K [38]. A
uniform k value is often considered to be evidence that the polymer pair is
thermodynamically miscible in the amorphous state [39].

Another effective and valuable approach to assess the miscibility between the
components in semicrystalline polymer blends is to use melting point depression.
In miscible polymer blends, the melting point generally decreases with respect
to the pure polymer due to molecular interaction. As shown in Figure 20.17,
the melting points in the P(HB60-ET40)/PET blend systems decreased with
increasing LCP (P(HB60-ET40)) content, but in the P(HB80-ET20)/PET sys-
tems, shown in Figure 20.18, the melting points were almost the same, or only
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slightly increased. This was interesting considering the fact that different com-
positions of LCP copolymers, P(HB60-ET40) (60 wt % of PHB and 40 wt % of
PET), and P(HB80-ET20) (80 wt % of PHB and 20 wt % of PET) showed differ-
ent melting behavior. This was thought to be due to the different PHB and PET
contents, and to the degree of transesterification.

The extent of the melting point depression in the blends offers a measure of
the interaction parameter, as described by the Flory–Huggins theory [40, 41]. As
reported by Penning and Manley, morphological parameters such as crystal thick-
ness, as well as thermodynamic factors, affect the melting point depression [39].
The Hoffman–Weeks Equation [42] provides a convenient way to obtain the
equilibrium melting temperature (T 0

m) in the polymer blends, and is represented
as a plot of apparent melting temperature (Tm) as a function of the isothermal
crystallization temperature, according to the following:

Tm = Tc

γ
+

(
1 − 1

γ

)
× T 0

m (20.4)

where γ refers to the ratio of the initial to the final lamellar thickness. The
equilibrium melting temperature (T 0

m) is obtained by intersecting this line with
the line where Tm = Tc. The results obtained the calculated T 0

m values are shown
in Figure 20.19 and in Table 20.3.

In this study, melting point depression was used to obtain the parameter χ12,
known as the Flory–Huggins interaction parameter [40]:

1

T 0′
m

− 1

T 0
m

= − RV2

�H2V1

[
ln φ2

m2
+

(
1

m2
− 1

m1

)
(1 − φ2) + χ12(1 − φ2)

2

]

(20.5)

where T 0′
m and T 0

m are the equilibrium melting points of the blend and PET,
respectively, and �H2 is the heat of fusion of 100 % crystalline PET [43]. The
parameters V1 and V2 are respectively, the molar volumes of the repeating units

Table 20.3 Results obtained for the equilibrium melting tem-
peratures from the Hoffman–Weeks plots of the P(HB60-ET40)/
PET and P(HB80-ET20)/PET blends

Copolymer
LCP/PET

(wt %) T 0
m (K) T 0

m ( ◦C)

0.28/0.72 522.9 249.9
P(HB60-ET40)/PET 0.44/0.56 517.4 244.4

0.61/0.39 510.2 237.2

0.19/0.81 522.5 249.5
P(HB80-ET20)/PET 0.41/0.59 520.7 247.7

0.68/0.32 519.1 246.1
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Figure 20.19 Hoffman–Weeks plots for the liquid crystallization polymer/PET
blends with various compositions (in wt%): �, P(HB60-ET40)/PET (28/72); ,
P(HB60-ET40)/PET (44/56); �, P(HB60-ET40)/PET (61/39);�, P(HB80-ET20) (19/81);

, P(HB80-ET20) (41/59); �, P(HB80-ET20) (68/32): the continuous line indicates
Tm = Tc

Table 20.4 Density, molecular weight, heat of fusion, molar volume and degree of
polymerization of PET, P(HB60-ET40)/PET and P(HB80-ET20)/PET blends

Polymer/blend
ρ

(g/cm3)
Mw

(g/mol)
�H2

(J/mol)
V1

(cm3/ mol)
V2

(cm3/ mol) m1 m2

PET 1.38 12 444 117.6a – 139.1 – 64.8
P(HB60-ET40)/PET 1.40b 21 500b – 106.3 – 144.5 –
P(HB80-ET20)/PET 1.41b 19 500b – 95.3 – 145.1 –

a Value taken from the literature [13].
b Value taken from the literature [8].

of LCP and PET, while φ1 and φ2 are the volume fractions of LCP and PET,
respectively. The degree of polymerization of LCP and PET are denoted by m1

and m2, respectively. Some of the values required to calculate χ12 in the blends
are presented in Table 20.4.

Generally, a negative χ12 interaction parameter means that the polymer pair is
miscible, and by using the values shown in Table 20.4, we obtained negative χ12

values of ca. −3.5 × 10−4 to −6.7 × 10−4 for the P(HB60-ET40)/PET system
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and −1.9 × 10−4 to −12.0 × 10−4 for the P(HB80-ET20)/PET system, which
implies that these LCP/PET blends are miscible.

In the LCP/PET blend system, the miscibility of the polymer pair was studied.
The DSC data showed that as the LCP content increased, only a single glass
transition temperature appeared in both the P(HB60-ET40)/PET and P(HB80-
ET20)/PET blends, which means that these blends are miscible. However, in
the blends with excessive LCP contents, no glass transition temperatures were
observed, owing to the high portion of rigid rod-like liquid crystalline compo-
nents. The melting points decreased with increasing P(HB60-ET40) component
in the P(HB60-ET40)/PET blends, and were almost unchanged in the P(HB80-
ET20)/PET blends. These results indicate that the two blend systems have dif-
ferent melting behaviors. The Flory–Huggins interaction parameter, χ12, showed
negative values, which implies miscibility in the LCP/PET blend systems.

5 CRYSTALLIZATION KINETICS OF LCP WITH POLYESTERS

To understand the crystallization mechanism at a certain processing tempera-
ture, studies on the crystallization of the PHB/PEN/PET ternary blend containing
40 mol% PHB with a 1:1 ratio of PEN to PET were performed. However,
this PHB/PEN/PET ternary blend did not show a distinct melt crystallization
peak (Tmc), so the PHB/PET and PHB/PEN binary blends were studied for
dynamic non-isothermal and isothermal crystallization kinetics. P(HB80-ET20)
LCP (Rodrun 5000), PEN (IV,0.51 dl/g), and PET (IV, 0.64 dl/g) were reactively
blended using a HAKKW Rheomix 600 at 285 ◦C for 5 min. The composition
ratios of the PHB/PEN and PHB/PET binary blends were matched with the
ternary PHB40/PEN30/PET30 blends, as shown in Table 20.5. Thermal analysis
was performed using a Perkin Elmer DSC7, and calibrated by using zinc and
indium. All of the detailed experimental procedures and discussion of the results
have appeared in a previous publication [44].

The non-isothermal crystallization dynamics were performed using DSC,
employing cooling rates of 2.5, 5, 10, 20, 25, 30, 35 and 40 ◦C/min. The
isothermal crystallization dynamics were studied for each sample heated to
290 ◦C, with a 5 min hold time, and cooled to the isothermal crystallization
temperature using a cooling rate of 200 ◦C/min, and then holding for 40 min
to obtain the crystallization exotherm.

Table 20.5 The blend ratios and weights
of each component in the binary blends

Molar ratio wt of component (g)

PHB:PEN, 4:3 LCP:PEN, 32.5:17.6
PHB:PET, 4:3 LCP:PET, 40.0:10.1
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5.1 NON-ISOTHERMAL CRYSTALLIZATION DYNAMICS

The exothermic crystallization peaks using the defined cooling rates for the
P(HB80-ET20)/PET (weight ratio, 4:3) and P(HB80-ET20)/PEN (weight ratio,
4:3) blends are shown in Figures 20.20 and 20.21 [44].

Generally, the spherulites had a long enough activation time at the slow cooling
rate, and the spherulites had insufficient activation time at the fast cooling rate. In
our own research, the crystallization spherulites formed at the slow cooling rate.
The theory of isothermal crystallization dynamics uses the Ozawa Equation [45],
as suggested from a modification of the Avrami Equation [46], to yield the fol-
lowing equation:

Xc(t) = 1 − exp

(−K(t)

|a|n
)

(20.6)

The Ozawa equation of isothermal crystallization dynamics applied to non-
isothermal crystallization assumes that the crystallization proceeds under a con-
stant cooling rate, from the valid mathematical derivation of Evans [47]. In

100 150 200

1

2

3

4

5

6

7

8

9

E
xo

Temperature (°C)

Figure 20.20 DSC thermograms of the dynamic crystallization of P(HB80-ET20)/
PET (4:3 (wt%)) at various rates (◦C/min): 1, 40; 2, 35; 3, 30; 4, 25; 5, 20; 6, 15;
7, 10; 8, 5; 9, 2.5 [44]. From Park, J. K., Park, Y. H., Kim, D. J. and Kim, S. H.,
Crystallization kinetics of TLCP with polyester blends, J. Korean Fiber Soc., 37,
69–76 (2000). Reproduced with permission of The Korean Fiber Society
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Figure 20.21 DSC thermograms of the dynamic crystallization of P(HB80-ET20)/
PEN (4:3 (wt%)) at various rates (◦C/min): 1, 40; 2, 35; 3, 30; 4, 25; 5, 20; 6, 15;
7, 10; 8, 5; 9, 2.5 [44]. From Park, J. K., Park, Y. H., Kim, D. J. and Kim, S. H.,
Crystallization kinetics of TLCP with polyester blends, J. Korean Fiber Soc., 37,
69–76 (2000). Reproduced with permission of The Korean Fiber Society

Equation 20.6, Xc(t) refers to the relative crystallinity at a constant temperature,
t, K(t) is related to the overall crystallization rate and indicates how fast crystal-
lization occurs, a is the rate of crystallization, and n is the Avrami constant, which
is dependent on the trend and shape of crystal growth. The effects of folded chain
length and secondary crystallization can be ignored, because the experiment was
performed under continuous temperature depression. Figures 20.22 and 20.23
show that a regression results from a plot of ln[−ln (1 − Xc(t))] versus ln |a| at
a given temperature with P(HB80-ET20)/PET (weight ratio, 4:3) and P(HB80-
ET20)/PEN (weight ratio, 4:3) [44]. The Avrami constant, n, and the cooling
crystallization function, K(t), values are shown in Table 20.6 [44].

The P(HB80-ET20)/PET (weight ratio, 4:3) and P(HB80-ET20)/PEN (weight
ratio, 4:3) blends show n values of 3.02–3.06 and 3.10–3.42, respectively. The
three-dimensional spherulites grow in the blend system, as shown by the Avrami
constant. The K(t) values decrease with increasing crystallization temperature.
The rate of crystallization growth of PEN was faster than that of PET, because
the spherulite growth rate of PEN was faster, and this accelerated with the rate
of crystallization growth [48].
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Figure 20.22 Plots of ln[− ln(1 − Xc)] as a function of ln |a| at various tempera-
tures for P(HB80-ET20)/PET (weight ratio, 4:3): �, 144 ◦C; �, 149 ◦C; ž, 153 ◦C; �,
157 ◦C [44]. From Park, J. K., Park, Y. H., Kim, D. J. and Kim, S. H., Crystallization
kinetics of TLCP with polyester blends, J. Korean Fiber Soc., 37, 69–76 (2000).
Reproduced with permission of The Korean Fiber Society

Table 20.6 The kinetic parameters of the LCP/PET and LCP/PEN blends at each tem-
perature [44]. From Park, J. K., Park, Y. H., Kim, D. J. and Kim, S. H., ‘Crystallization
Kinetics of TLCP with polyester blends’, J. Korean Fiber Soc., 37, 69–76 (2000). Repro-
duced by permission of The Korean Fiber Society

Composition
(weight ratio)

Temperature
( ◦C)

Avrami exponent,
n

Crystallization
function,

K(t)

P(HB80-ET20)/PET (4/3) 157 3.06 5.47
153 3.11 7.54
149 3.05 8.77
145 3.02 9.61

P(HB80-ET20)/PEN (4/3) 195 3.42 8.87
191 3.35 9.78
187 3.27 10.29
183 3.10 10.65
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Figure 20.23 Plots of ln[− ln(1 − Xc)] as a function of ln |a| at various tempera-
tures for P(HB80-ET20)/PEN (weight ratio, 4:3): �, 183 ◦C; �, 187 ◦C; ž, 191 ◦C; �,
195 ◦C [44]. From Park, J. K., Park, Y. H., Kim, D. J. and Kim, S. H., Crystallization
kinetics of TLCP with polyester blends, J. Korean Fiber Soc., 37, 69–76 (2000).
Reproduced with permission of The Korean Fiber Society

5.2 ISOTHERMAL CRYSTALLIZATION DYNAMICS

The isothermal crystallization study on binary blends was performed with
P(HB80-ET20)/PET (weight ratio, 4:3) and P(HB80-ET20)/PEN (weight
ratio, 4:3). The Avrami theory was applied, as shown in the following
equation [23, 46]:

Xc(t) = 1 − exp(−Ktn) (20.7)

The rate constant can also be calculated from the half-life for the crystallization,
t0.5, by means of the following relationship:

K = ln 2

tn0.5

(20.8)
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The term tmax denotes the time needed to attain the maximum rate of crystal-
lization. The time for this situation to occur is the tmax from the isothermal DSC
curves as follows:

tmax =
(

n∗ − 1

n∗K∗

)1/n

(20.9)

The combination of Equations 20.6 and 20.7, and a correlation with Equ-
ation 20.9, yields the following equation:

Xc(tmax)

Xc(∞)
= 1 − exp

(
−n∗ − 1

n∗

)
(20.10)

The DSC exothermic peaks can be used to obtain Xc(tmax) from tmax.
Figures 20.24 and 20.25 illustrate the linear regression analysis of the
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Figure 20.24 Avrami plots of P(HB60-ET20)/PET (weight ratio, 4:3): �, 202.5 ◦C;
�, 205.0 ◦C; ž, 207.5 ◦C; �, 210.0 ◦C [44]. From Park, J. K., Park, Y. H., Kim,
D. J. and Kim, S. H., Crystallization kinetics of TLCP with polyester blends, J.
Korean Fiber Soc., 37, 69–76 (2000). Reproduced with permission of The Korean
Fiber Society
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Figure 20.25 Avrami plots of P(HB60-ET20)/PEN (weight ratio, 4:3): �, 215 ◦C;
�, 220 ◦C; ž, 225 ◦C; �, 230 ◦C [44]. From Park, J. K., Park, Y. H., Kim, D. J. and
Kim, S. H., Crystallization kinetics of TLCP with polyester blends, J. Korean Fiber
Soc., 37, 69–76 (2000). Reproduced with permission of The Korean Fiber Society

ln[− ln(1 − Xc(t))] versus ln t plots at various isothermal temperatures for
P(HB80-ET20)/PET (weight ratio, 4:3) and P(HB80-ET20)/PEN (weight ratio,
4:3) [44].

Conclusively, the calculated Avrami exponents reveal a three-dimensional
growth of the crystalline regions for each blend. The rate of crystallization of
each blend increased with the decrease in crystallization temperature, and the
rate of crystallization of the (PHB80-PET20)/PEN blend was faster than that of
the (PHB80-PET20)/PET blend.

To confirm the shape of the spherulites described by the Avrami exponent,
polarized optical micrographs of the isothermal crystallized melt blends were
taken, and are shown in Figure 20.26 [44].

The morphology of the spherulites was in the form of a ‘Maltese Cross’, which
was confirmed by the Avrami exponent value in the DSC study. The spherulite
size of the binary blends was smaller than that of pure PET and PEN.
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(a)  PET (b)  PEN

(c)  P(HB-ET)/PET (weight ratio, 4:3 ) (d)  P(HB-ET)/PEN (weight ratio, 4:3 )

Figure 20.26 Polarized optical micrographs of isothermal crystallized (4 h) melt
blends (×400): (a) 210 ◦C; (b) 230 ◦C; (c) 210 ◦C; (d) 230 ◦C [44]. From Park, J. K.,
Park, Y. H., Kim, D. J. and Kim, S. H., Crystallization kinetics of TLCP with
polyester blends, J. Korean Fiber Soc., 37, 69–76 (2000). Reproduced with
permission of The Korean Fiber Society

6 CONCLUSIONS

A liquid crystalline phase of PHB/PEN/PET ternary blend can be obtained cost-
effectively, and conveniently, through reactive extrusion without using a pre-
ceding copolymer synthesis procedure. The mechanical properties of the ternary
blend polyester filaments increased with increasing LCP content, winding speed,
addition of a catalyst, and post-thermal treatment. A transesterification reaction
among PHB, PEN and PET during reactive extrusion shows promise of con-
trolling the miscibility and the degree of LCP fibril formation. The control of
large aspect ratio and even dispersion of the LCP fibrils in the PEN/PET poly-
mer matrix may provide greatly improved mechanical properties, even after the
application of the relatively expensive LCP.
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1 INTRODUCTION

The commercial unsaturated polyester resin industry had its beginnings in the
late 1940s. With over sixty years of commercial development history, it might
be expected that this class of polymer would have reached its maturity. This
is far from the case. Unsaturated polyester resin applications continue to grow
globally at robust rates. This growth is often in excess of many regional gross
domestic product measures. This is due largely to the versatility of unsaturated
polyester resins in application. Such versatility, which continues to propel unsat-
urated polyester resins forward into new applications, is due only in part to
methods of preparation. Whereas choices of chemical constituents of unsaturated
polyester resin preparations can modify resin performance, equally important
are the performance attributes created through the use of additives, fillers and
reinforcements.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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2 PREPARATION OF UNSATURATED POLYESTER RESINS

Unsaturated polyester resin (UPR) has two main components, i.e. a polyester and
a reactive diluent.

For most commercial resins, the diluent is styrene monomer, but it is possible
to use other vinyl monomers such as methyl styrene and alkyl methacrylate
monomers. These diluents serve two vital roles for the system. They reduce
viscosity so the resins can be processed, and they cross-link with the double
bonds in the polyester. The later, however, is the focus of this section. For more
detailed reviews on this subject, readers are directed to the references listed at
the end of this chapter [1–3].

Unsaturated polyesters are low-molecular-weight fumarate esters containing
various chemical structures designed for their specific cost and performance
purposes. The two most important features of unsaturated polyesters are the
fumarates, which provide the active sites for radical cross-linking with the dilu-
ent monomer and the random, low molecular weight, irregular nature of the rest
of the molecule, which provide the necessary solubility in the diluent monomer.
The preparation of the polyester thus requires the following considerations:

• How to introduce fumarate, so that it will provide enough reactivity and
cross-linking density.

• How to design the rest of the molecule, so that it will provide good solubility
in styrene, as well as good mechanical integrity to the cured material.

Unsaturated polyesters are prepared through a classical esterification process.
Typically, a dihydroxy compound, or mixtures of dihydroxy compounds, are
treated with maleic anhydride and/or together with other dicarboxylic acids such
as aromatic or aliphatic dicarboxylic acids under elevated temperature to remove
the water produced during esterification process. Although various catalysts will
catalyze this esterification reaction, there is enough carboxylic acid in the mixture
so that it is not necessary to add extra catalyst.

The unsaturated part (the fumarates) was generated through an isomerization
step of the maleate’s cis double bond structure at high temperature during the
esterification. The isomerization of maleate to fumarate usually happens rapidly
at a reaction temperature (about 200 ◦C), and in most cases an 80 % or higher
isomerization is not difficult to obtain. However, in order to produce a good
long-lasting material it is necessary to improve the isomerization to over 90 %.
This is achieved through careful selections of glycols and dicarboxylic acids and
by careful control of the heating period.

For all purposes, polyester preparations can be grouped into either a single-
stage or a two-stage process. For a single-stage process, all ingredients are added
to the reactor at the beginning, and the reaction mixture is then heated to about
180 to 220 ◦C for a period ranging from a few hours to about 20 hours until the
theoretical amount of water is removed and the product has reached:
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• a low residual carboxylic acid, somewhere about 0.1–0.5 mmol/g;
• a number-average molecular weight of usually about 700 to 3000;
• a desirable viscosity, in most times measured as a styrene solution – a typical

resin with 40 % styrene may have a viscosity of about 300–500 cP.

Once this is accomplished, the polyester is discharged to a blending tank and
blended with cold styrene. Stabilizers such as hydroquinone and t-butyl hydro-
quinone can be added to prevent styrene polymerization.

In a chemical laboratory, setting up a glass resin reactor with a capacity from a
few hundred milliliters to about 10 l is quite straightforward. The reactor should
be equipped with good agitation, a nitrogen bubbling device, and a reflux con-
densor heated with low-pressure steam to keep glycols in the reactor, while at
the same time allowing water vapor to escape to the collector. Once all of the
materials are charged into the reactor, it is slowly heated to first melt the maleic
anhydride at about 60 ◦C. As soon as the maleic anhydride goes into solution, an
exothermic reaction will take place. This is the anhydride reaction with glycol
to form hemi-esters. This exothermal reaction will bring the temperature to well
beyond 100 ◦C, and sometimes closer to 150 ◦C. Continued heating will bring
the reaction temperature to about 200 ◦C. The reaction is kept at this temperature
until completion, while samples are withdrawn from time to time to check the
acid residue and molecular weight.

In a commercial set-up, although carried out at a much larger scale, sometimes
as large as 10 000 gal, and involving extensive control devices, the operation is
very much identical to the laboratory operation. The raw materials are added
through hoppers and pipes, while maleic anhydride is usually kept at a higher
temperature, as a molten liquid, so that it can be pumped into the reactor. In a
typical polyester plant, the reactor content is discharged to a blending tank, which
may sit one floor below, where it is blended with cold styrene and eventually
pumped to storage or tank cars for transportation.

A variation of this procedure is the so-called ‘two-stage process’. This is
because some of the feed components, especially certain aromatic dicarboxylic
acids, such as isophthalic acid, are very difficult to dissolve and slow to react
when compared to maleic anhydride. In order to avoid excessive reaction of
maleic anhydride with glycol alone, it is better to react them separately, i.e.
in two steps. For a two-stage process, the glycol and aromatic acids (such as
isophthalic acid) are first reacted to produce a low-molecular-weight diol ester
intermediate with hydroxyl end groups. This mixture is then reacted with maleic
anhydride in a second stage to give the final product.

2.1 THREE TYPES OF UNSATURATED POLYESTER RESIN PRODUCTS

As is often said, the simplest unsaturated polyester resin (UPR) is the conden-
sation product of maleic anhydride and propylene glycol dissolved in styrene.
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A product of this type will have over 50 % of its weight derived from maleic
anhydride. This very high content of reactive double bonds will lead to a very
brittle solid when it is cross-linked with styrene. Without further modification,
this solid material will have very high tensile moduli, probably over 600 kpsi, but
a very low tensile elongation, way below 1 %. Such a brittle material obviously
has only very limited applications. Thus, for most general-purpose applications,
it is necessary to incorporate some chemically inert components to ‘soften’ the
polymer backbone. This will reduce the cross-linking density and improve the
physical properties of the cured solid.

Since unsaturated polyesters are condensation polymers with rather low molec-
ular weights, there are three things one can do to modify the properties of the
polymer, as follows:

• Changing the components by incorporating other glycols or acids
• Changing the polymer end groups
• Changing the molecular weight

However, such an approach will quickly create an infinite number of combina-
tions and therefore thousands of different variations. This is indeed the case in
the UPR industry. There is hardly any standard type of product, plus there is
hardly any identical product from two different producers. On the other hand,
there are so many products available that it is almost always possible to find sim-
ilar products or products with similar properties from another resin producer. It
is for this reason that it is difficult to classify UPRs by their chemical structures.
At its best, such an attempt will only serve its purpose as a general guideline and
a starting point to understand this technology.

In modern day UPRs, there are three basic types of resins, as follows:

• The phthalic anhydride, maleic anhydride and glycol resins. These are gen-
erally referred to as ‘general-purpose orthophthalic resins’, or simply ‘GP
Ortho resins’.

• The isophthalic acid, maleic anhydride and glycol resins. These are generally
referred to as ‘isophthalic resins’, or simply ‘iso resins’.

• The dicyclopentadiene (DCPD)-capped resins, or simply ‘DCPD resins’.

There is a fourth class, the so-called vinyl esters. Strictly speaking, these are
not polyesters, but ester-capped polyethers and therefore will not be discussed
further here.

The phthalic anhydride based resins were the first developed useful unsatu-
rated resins. Using phthalic anhydride offers resin producers the flexibility to
substitute, ‘mole-for-mole’, maleic anhydride out of the formulation and there-
fore reduce the active double-bond sites. Consequently, the product becomes less
brittle. Furthermore, aromatic acid components in the polymer backbone pro-
vided much better strength for the cured products. Phthalic anhydride is not a
costly material and historically it is similarly priced to maleic anhydride. By
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Table 21.1 General physical properties of the three types of neat UPR
casting

Resin type

Property and related DCPD GP ISO

Styrene content (%) 40 40 45
Viscosity Low Medium High
Tensile strength (psi) 7000 8000 10 000
Elongation (%) 1 1.5 2.5
Flexural strength (psi) 15 000 16 000 18 000
Flexural modulus (kpsi) 600 500 500
HDTa ( ◦C) 70 80 100

a Heat distortion temperature.

using phthalic anhydride, resin producers created the first UPR industry. These
phthalic anhydride based resins are thus referred to by most as ‘General-Purpose
Resins’, or GP resins.

These resins have adequate physical properties for most applications (Table 21.1),
although they don’t have good resistance to wet environments. In other words, they
are prone to hydrolysis by water. This is probably due to the close proximity of the
two-ester groups, being ortho to each other.

Actually, this is not that difficult to understand. We all know that the more
stable form of diesters between fumarate and maleate is the fumarate due to
the trans configuration, which minimizes the crowdedness of the esters. In the
case of phthalic esters, the aromatic esters cannot possibly rotate to any trans
forms and are therefore in a state with a high strain energy. In order to release
this energy, these esters would rather prefer to ‘kick-off’ the esters. This is why
they are so prone to attack by hydrolysis, and is why GP resins will fail in any
water-immersion type of test, especially under elevated temperature.

This problem was solved by the introduction of a new improved resin. This
major innovation in the UPR industry came after the introduction of isophthalic
acid, and especially the pioneer work of its incorporation into UPRs by the
Amoco Chemical group. This very significant and extremely logic development
led to the so-called high-performance resins.

Isophthalic acid is, of course, the oxidation product of m-xylene. This acid is
sparsely soluble in organic systems and has a very high melting point. These two
factors make it difficult to incorporate this material into a maleic anhydride and
glycol reaction. Although possible, in a single-stage process, maleic anhydride
and glycol will probably react to a great extent before they can react with any
isophthalic acid molecules. This will lead to inhomogeneous active double bond
distribution, thus causing a loss of physical properties.

To avoid this problem, isophthalic acid is reacted first with a large excess of
glycol to a diol intermediate consisting mainly of the glycol–acid (2:1) adduct,
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as well as the low-molecular-weight oligomers. This diol intermediate is then
reacted with maleic anhydride and any make-up glycol to give the final product.

Isophthalic resins made in this way, especially those using propylene glycol or
neopentyl glycol, provided polymer molecules no longer ‘haunted’ by the stericly
crowded esters and a high strain energy. The cured product is therefore much
more resistant to hydrolysis. This type of material is the ‘standard bearer’ for
corrosion-resistant applications such as, e.g. gel coats on that part of a boat which
sits under the waterline. Although there is some price penalty for the higher cost
of isophthalic acid, it is worth the investment.

The third type of modification is end group modification. Unsaturated polyesters
have rather low molecular weights. In most cases, the Mn (number-average molec-
ular weight) is only about 1500 to 3000. If large enough groups are placed at both
chain ends, this can produce significant effects, both on the performance and on
the cost. The most noticeable example is the so-called DCPD (dicyclopentadiene)
resin.

Dicyclopentadiene is the Diels-Alder reaction dimer of cyclopentadiene. It is
the thermodynamically stable form of cyclopentadiene at room temperature, and
is also a byproduct in the olefin cracking process. Industrially, it is isolated by
distillation, and currently is readily available in North America.

DCPD is relatively inexpensive. This has been the motive behind an exten-
sive effort to incorporate this material into UPRs over a long period of time.
The emerged successful process is the so-called ‘water process’ (Scheme 21.1).
First, DCPD and maleic anhydride, plus a less than equivalent amount of water,
are reacted at a temperature below the decomposition temperature of DCPD.
At this stage, one of the maleic carboxylic acid units will add to the strained
double bond in the bridged five-member ring of the DCPD to form an ester.
This DCPD-capped maleic acid is then reacted further with glycol and any
extra maleic anhydride to form a very low-molecular-weight polyester, typi-
cally with an Mn of less than 1000. These polyester materials have a DCPD
moiety on both ends, with DCPD accounting for up to 30–40 % of the polymer
composition.

The ability to incorporate a large amount of the bulky and highly aliphatic
DCPD moiety into a UPR polymer achieved two things. First, because DCPD is
even less expensive than phthalic anhydride, a very cost-effective UPR is created.
Secondly, the bulkiness of the DCPD moiety prevents the polymers stacking-up
too closely, and consequently, reduces the shrinkage during curing. These two
factors make such resins ideal for uses such as boat construction and tub and
shower applications.

Although DCPD resins are very brittle due to their ultra-low molecular weights,
they are apparently adequate for these ‘not very demanding’ applications. Fur-
thermore, on many occasions, it is possible to improve the properties by blend-
ing a second much stronger resin into the resin solution and then co-cure the
formulation.
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Scheme 21.1 Outline of the conventional process used to produce DCPD resin

The blending of DCPD resins has become an important practice. Typical
blended resins include combinations of DCPD resins with isophthalic, orthoph-
thalic or vinyl ester resins. Creating blends with higher-molecular-weight phthalic
anhydride, isophthalic or vinyl ester resins can toughen neat DCPD resins, which
are inherently brittle. In the case of vinyl ester and isophthalic and DCPD blends,
a degree of improved chemical resistance and hydrolytic stability can be gained.

3 PROPERTIES OF UNSATURATED POLYESTER RESINS

Unsaturated polyester resins are extremely versatile polymers. This versatility
in meeting end-use requirements has been a significant driving force in their
widespread growth. End-use physical and environmental requirements require
not only the careful selection of the type of unsaturated polyester resin – which
is influenced by its chemical constituents (see Table 21.1) – but also the judicious
choice of additives, fillers and reinforcements. Important end-use properties are
often cost, durability, dimensional stability, corrosion resistance, weight, electri-
cal properties and physical properties, where the latter include tensile, flexural,
elongation, fatigue and impact absorption. Attaining these properties requires the
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Table 21.2 Constituent chemicals and resulting resin
attributes

Constituent Resulting attribute

Anhydrides/Acids
Phthalic anhydride Low cost, styrene compatibility
Malice anhydride Chemical resistance, rigidity
Adipic acid Flexibility, toughness
Isophthalic acid Toughness, chemical resistance
Terephthalic acid Higher heat resistance
Glycols
Propylene glycol Styrene compatibility
Ethylene glycol Low cost, rigidity
Dipropylene glycol Flexibility, toughness
Diethylene glycol Flexibility, toughness
Methylpropane diol Toughness, chemical resistance
Neopentyl glycol UV and chemical resistance
Other
Dicyclopentadiene Lower cost, improved surface,

lower chemical resistance

symbiotic effect of the chemical constituents, fillers, and additives used in the
specified unsaturated polyester formulation.

3.1 CHEMICAL CONSTITUENTS

Table 21.2 provides a general guide to the effect that chemical constituents can
have on unsaturated polyester resin end-use performance. The routes to change
an unsaturated polyester resin for a particular application is normally apparent
and there can be several pathways available to achieve the desired properties. As
the unsaturated polyester resin markets are highly competitive, raw material cost
usually reduces the number of available routes available to the formulator. As
noted previously, there are three main types or families of unsaturated polyesters,
namely general purpose orthophthalic, isophthalic and DCPD resins. However,
within each of these families, there are hundreds of variants that incorporate
these various chemical constituents in different combinations and permutations
to achieve the desired results.

3.2 ADDITIVES

There are also hundreds of additives used as process aids to improve such things
as air release, cure rate, thickening, viscosity reduction, mold release, wetting
and dispersion of fillers, thixotropy, shrinkage and static reduction.
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Low-profile additives, which control shrinkage, have emerged as a distinct
science and class of additive. Unsaturated polyester resins, as do all thermosetting
polymers, shrink when cured. Low-profile additives are a major class of additives
used to control shrinkage, which vastly improves surface quality. This science
is credited with the opening of automotive markets where surface quality is of
prime importance. In exterior automotive body panels, ‘Class A’ surfaces are
required for market acceptance.

Low-profile additives are generally materials such as poly (vinyl acetate),
polystyrene, polyethylene or polycarbonate. During the unsaturated polyester cure
cycle, the low-profile additives separate into a second phase, which expand to
counteract the shrinkage of the curing unsaturated polyester resin. Material devel-
opment and the science of low-profile additives have helped create substantial
markets for unsaturated polyesters. Their use in automotive markets, where Class
A ‘show room’ quality surfaces is a requirement, is an example of this.

3.3 FILLERS

In addition, fillers can be used for both cost reduction and property modification.
Table 21.3 presents some examples of typical fillers and their effects on the
unsaturated polyester resin formulation properties.

3.4 REINFORCEMENTS

Since unsaturated polyester resins alone would have insufficient strength for struc-
tural application, reinforcements are used to enhance the physical strength of such
resins. Typically, tensile strength, impact strength and stiffness are the physical
properties of most interest. Reinforcements can be regular particulates, as in glass
microspheres, irregular particulates, as in flakes, or fibers.

By far the most common form of reinforcement is fiberglass. Products using
unsaturated polyester resin as a matrix and fiberglass fiber reinforcements are
commonly referred to as ‘composites’, ‘laminates’ or ‘FRPs’ (fiber-reinforced
plastics). The latter reinforcements are sold as continuous roving, which is con-
tinuously chopped in place with a liquid resin stream, chopped roving mat, woven

Table 21.3 Common fillers and resulting resin attributes

Common filler Resulting attribute

Calcium carbonate Reduced cost
Clay Improved surface
Alumina trihydrate Fire retardant
Talc Improved temperature resistance
Mica Improved weathering
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cloth or needle-punched ‘knitted fabric’. Different fiberglass weights and fiber
orientations in woven cloths and knits are used to achieve the required strength
in end use. Multiple layers of fiberglass are used to achieve desired stiffness,
impact strength and flexural properties. A typical boat hull, for example, could
consist of a layer of chopped fiberglass, multiple layers of knit or woven fiber-
glass mat, and a final layer of chopped fiberglass. The multiple layer buildup is
commonly referred to as the ‘laminate schedule’. Usually, if the stiffness (flex-
ibility) requirement of the laminate is achieved, the tensile and impact strength
requirements are typically exceeded. A fiberglass-reinforced laminate typically
contains 35–40 wt% of fiberglass reinforcements. Since unsaturated polyester
resins are generally lower in cost than fiberglass, there are economic tradeoffs to
consider when designing the laminate schedule.

More exotic reinforcements are also used. Carbon fiber and aramid fibers are
used in the more rigorous end uses, such as in military or aerospace appli-
cations. There is also a significant cost premium for these higher-performance
reinforcements.

Since the stiffness of a laminate varies as a cubic relationship with the thick-
ness, there are alternate methods employed to achieve thickness – and hence
stiffness – than by using multiple layers of fiberglass and resin. Lightweight core
materials, such as end-grained balsa wood, high-density polyurethane foam, PVC
foam, and honeycombed materials, are available. These materials are ‘sand-
wiched’ in between layers of unsaturated polyester resin to achieve increased
laminate stiffness. The common terminology used for this technique is ‘sandwich
construction’.

4 APPLICATIONS OF UNSATURATED POLYESTER RESINS

The applications of unsaturated polyesters are wide-ranging and number in the
thousands. Major application categories exist in the marine, construction and
transportation industries. Volumes could be generated to aptly catalog the ubiq-
uitous uses which range from buttons to bridges. What follows is a brief summary
of major applications by major market segment. Table 21.4 presents a summary
of the significant applications according to these market segments.

As discussed previously, there are thousands of unsaturated polyester resins
based on the available chemical constituents. However, major application areas
require specific performance and the unsaturated polyester resins used can be
broadly categorized by the major chemical constituents that deliver the specific
performance necessary. Table 21.5 contains such a categorization. This should
be used as a general reference because discrete, end-product performance may
dictate a departure from these general categorizations.

Gel-coat resins are a particular class of unsaturated polyester resins. Gel coats
provide finish appearance to the unsaturated polyester parts and may also provide
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Table 21.4 Significant applications of unsaturated polyesters

Market Application

Marine Powerboats, sailboats, canoes, kayaks, personal watercraft
Construction Bathtubs, shower stalls, hot tubs, spas, cultured marble,

building panels, swimming pools, floor grating, doors,
electrical boxes and cabinets, countertops, sinks, tanks,
pipes, pipe linings, concrete rebar, bridges, concrete forming
pans

Transportation Body panels, ‘under the hood’ components, truck cabs, tractor
components, structural elements

General purpose Buttons, sports equipment, medical equipment housings,
computer housings, ladders, utility poles

Table 21.5 Types of unsaturated polyester resins employed in major
applications

Application Resin type

Marine
General purpose Propylene glycol/phthalic anhydride
Hull and decks DCPD and propylene glycol/phthalic

anhydride resin blends
Tooling/molds Isophthalic
Gel Coats
General use Propylene glycol/phthalic anhydride
General purpose Isophthalic/propylene glycol
UV performance Neopentyl glycol/isophthalic
Transportation
Bulk molding compound Propylene glycol/dipropylene

glycol/isophthalic
Body panels Propylene glycol/phthalic anhydride
Truck body Propylene glycol/phthalic anhydride
Construction
Tubs and showers DCPD and propylene glycol/phthalic

anhydride blends
Panels Diethylene glycol/phthalic anhydride
Faux marble Diethylene glycol/isophthalic
Tanks and pipes Propylene glycol/isophthalic

protection from ultraviolet or hydrolytic attack. Gel-coat formulations, aside from
resin, also contain as much as 40 % of fillers and pigments. Due to their higher
viscosity, gel-coat resins typically require higher styrene monomer content as a
diluent processing aid.

The unsaturated polyester resins used to produce gel-coat formulations can be
classified into three categories, i.e. orthophthalic-, isophthalic- and neo-
pentyl-glycol-based. The first two types are used in perhaps two thirds of all
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applications requiring gel coat. The neopentyl-glycol-based gel coats are con-
sidered to be superior for marine applications as they have higher performance
with respect to fading and blistering. Other major gel-coat usage is in bath and
transportation markets.

4.1 MARINE

The marine industry represents one of the largest markets for unsaturated polyester
resins. First introduced to the boating industry in the mid-to-late 1950s, the use
of unsaturated polyesters, coupled with their relatively low manufacturing costs,
can be credited with opening boating to the mass market.

Consumption of unsaturated polyesters in the marine industry consists of broad
usage for hulls, decks and numerous small parts such as hatch and engine cov-
ers. Hulls and decks are generally produced with unsaturated polyester resins
and multiple layers of fiberglass cloth knits and chopped fibers. Most marine
applications require the use of unsaturated polyester resin gel coats for exterior
appearance and for protection from the elements.

Hulls and decks can be produced from a variety of resins depending on the
intended use of the craft. High-performance – high-speed or blue-water boats – are
produced from the tougher vinyl ester resins or by using blends of vinyl ester
resins and dicyclopentadiene resins. General-use recreational boats are manufac-
tured by using a lower-cost orthophthalic/dicyclopentadiene-blended resin. The
dicyclopentadiene resins, which have lower shrinkage than orthophthalic resins,
were originally introduced to improve the surface cosmetics of the boat hull. As
an added benefit, these resins were lower in cost. However, the dicyclopentadi-
ene resins tended to be more brittle and less hydrolytically stable. Hull blisters,
which result from a pocket buildup of degraded polymer immediately behind the
gel coat, became a nuisance to the industry. To reduce brittleness and enhance
hydrolytic stability, dicyclopentadiene and orthophthalic, or vinyl ester or isoph-
thalic blended resins were developed and are generally used today. Boats that will
not be dry-stored on land can receive a layer of vinyl ester and chopped fiberglass
immediately behind the gel coat. This commonly referred to ‘skin coat’ further
enhances hydrolytic stability as an added insurance against blistering.

Although most boats are produced via the open mold spray-up process, envi-
ronmental pressures are mounting due to the high styrene monomer emissions that
are inherent in open molding techniques. Closed molded techniques are begin-
ning to be commercially practiced, and it is anticipated that these processes will
replace the open mold process.

4.2 CONSTRUCTION

Construction applications for unsaturated polyesters resins can be sub-divide into
four significant segments, as follows:
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• Bathroom components and fixtures
• Pipes, tanks and fittings
• Panels
• Miscellaneous, e.g. pultruded window frames

Unsaturated polyesters have overcome consumer acceptance issues of durability
and design flexibility while providing cost-effective substitution of traditional
building materials such as steel, cast iron, wood and ceramics.

Bathtubs, showers and sinks account for significant consumption of unsaturated
polyester resins. Fiberglass-reinforced bathtubs and shower stalls account for as
much as 90 % of the unsaturated polyester used in construction. Unsaturated
polyesters have significantly replaced cast-iron bathtubs as a lower-cost material.
Similarly, highly filled cast unsaturated polyesters have replaced ceramics and
steel in bathroom sinks and countertops.

The driving forces for the establishment of unsaturated polyester resin pipe,
tank and fittings applications were environmental regulations, on-site labor sav-
ings and corrosion resistance.

Environmental regulations related to clean air and ground water have helped
build a series of markets for underground and above-ground storage of sewerage
and other potential environmental contaminants. Environmental regulations gen-
erally require leak-resistant tanks and piping and mandated specific installation
procedures and provide severe penalties for non-compliance. Typically, unsatu-
rated polyester fiberglass-reinforced tanks can be installed at lower cost than steel
tanks, with the added benefit of corrosion resistance. The same is true for sewer
lines where in situ replacement with unsaturated polyesters is growing.

Typical unsaturated polyester panel applications include translucent roof pan-
els, greenhouse panels and bathroom panels. This is generally a low-cost market
where unsaturated polyesters co-exist with thermoplastics.

There are perhaps hundreds of miscellaneous unsaturated polyester resin con-
struction applications. These would include window frames, doors, cabinet enclo-
sures, electrical boxes, etc. In addition, recent developments bode well for unsat-
urated polyesters in construction markets. Concrete rebar, bridge construction and
general infrastructure repair are examples of growing construction applications.

4.3 TRANSPORTATION

Transportation applications include exterior automotive body components, ‘non-
appearance’ automotive parts, structural components, plus numerous truck, bus
and rail car applications. Unsaturated polyester resins compete on the basis of
weight reduction, corrosion resistance and parts consolidation. Thermoplastic
resins, however, offer steep competition.

Unsaturated polyester resins have gained market share from metals because
they are lightweight, corrosion resistant, and can be molded into complex shapes,
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which leads to part consolidation. In addition, they can be painted and withstand
the automotive paint oven temperatures without distortion.

Sheet molding compounds (SMCs) and bulk molding compounds (BMCs) are
the dominant materials used in automotive applications. These composites of
unsaturated polyester resin, fillers and fiberglass have advantages of high stiff-
ness, heat resistance and low coefficient of expansion. Coupled with low creep
resistance, which is a distinct advantage over thermoplastic competition, and low-
profile additives, which can yield Class A surfaces, these materials are well suited
for applications from exterior body panels to ‘under the hood’ components.

5 FUTURE DEVELOPMENTS

The growth of unsaturated polyesters will continue to be fueled by their versatil-
ity and their ability to provide cost-effective solutions to end-use requirements.
Unsaturated polyester composites will continue to provide solutions to engineer-
ing demands for corrosion resistance, strength-to-weight and cost performance.
Marine, transportation and construction opportunities currently identified and
being developed will provide growth beyond the existing applications presented.
Some examples are as follows:

1. In the marine industry, consortiums have demonstrated the viability of topside
commercial ship construction using unsaturated polyester sandwich construc-
tions and innovative joinery techniques. Large composite rudders for naval
vessels have been produced and are currently completing life cycle testing.

2. In the transportation industry, there is an ever increasing use in auto, truck
and bus applications. The advent of the electric vehicle, which may demand
vastly improved weight reduction over today’s state-of-the-art vehicles, would
be a natural extension of current unsaturated polyester resin technologies.

3. New and promising composite pre-form technology which can be in situ
molded with unsaturated polyester resins to further improve structure and
performance have been demonstrated.

4. In the construction industry, composite infrastructure applications, which include
bridges, housing, water and sewerage transport, and waterfront construction,
abound. All composite bridges are currently under testing and long-term evalu-
ation. Infrastructure repair and hardening of structures against earthquakes are
already in commercial practice.
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PEER Polymers: New
Unsaturated Polyesters
for Fiber-Reinforced
Composite Materials
L. S. YANG
Lyondell Chemical Company, Newtown Square, PA, USA

1 INTRODUCTION

Unsaturated polyester resins (UPRs) have been in existence since the 1940s. Dur-
ing the years, numerous variations and formulations designed for a great number
of applications have been developed, and yet the basic chemistry for producing
these thermoset resins remains relatively straightforward. The principal ingre-
dients for these resins are an unsaturated dicarboxylic acid and a dihydroxyl
compound. In its simplest form, an unsaturated polyester is the condensation
reaction product of fumaric acid and ethylene glycol. However, in real practice,
polyester resin formulations have become much more complicated. The fumarate
moieties are actually generated from maleic anhydride. In addition, many different
glycols, as well as aromatic and aliphatic diacids, are included in order to achieve
different properties for the final product. These ester condensation reactions of
diacids (or acids) and glycols are carried out under well-established condensa-
tion conditions, typically around 200 ◦C. Condensors and special devices, such
as nitrogen-purge systems, are used to facilitate the removal of water until a rea-
sonable molecular weight (or viscosity) is achieved [1–3]. The product is then
blended with styrene and stabilizers and other additives to make the resin solution
suitable for thermosetting applications.

Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters. Edited by J. Scheirs and T. E. Long
 2003 John Wiley & Sons, Ltd ISBN: 0-471-49856-4
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In the early 1990s, at Newtown Square in Pennsylvania, Lyondell Chemical
Company developed an interesting alternative to produce unsaturated polyesters.
Based on this development, it became possible to produce a series of very flex-
ible UPRs without sacrificing either mechanical or thermal properties. These
products also showed good corrosion resistance when compared to conventional
UPR resins.

While working on a project trying to find new uses for low-grade reclaimed
poly(propylene oxide) from scrap polyurethane foams, it became apparent that
a very effective chemical cleavage reaction for the aliphatic ether linkages was
much desired. A literature search revealed an old cleavage reaction discovered
by Knoevenagel [4] in 1914 and later further developed by Ganem and Small [5]
at Cornell University in the USA. The latter reported in 1974 very good yields of
acetates from dialkyl ethers by treating an aliphatic ether with acetic anhydride in
the presence of ferric chloride under very mild conditions. Their results therefore
suggest that if this reaction were applied to poly(propylene oxide), the ether
linkages could be cleaved and the major product would be propylene glycol
diacetate. Indeed, this is the case and a respectable amount of the diacetate [6]
was distilled off and collected from the reactor by using this approach.

More importantly, these results also strongly imply an interesting possibility.
In this reaction, if a dialkyl ether were allowed to react with a cyclic anhydride
under the ‘Ganem’s condition’, then the product would be a dialkylester of the
cyclic anhydride. For example, if diethyl ether is reacted with a cyclic anhy-
dride such as succinic anhydride, the product will be diethyl succinate. One step
further, if a polyether such as a poly(propylene oxide) polyol (poly(propylene
ethers) with hydroxyl end groups) is reacted with a cyclic anhydride, then a
polyester is produced. Another way to picture this is to look at the oxygen
atom in the polyether polymer backbone. Every time the reaction happens, the
oxygen–carbon bond is attacked and the cyclic anhydride is inserted into the
backbone. In so doing, the ether bond is now transformed into a diester. If this
reaction is repeated many times, then a polyether polymer will eventually be com-
pletely converted to a polyester polymer. Furthermore, if an unsaturated cyclic
anhydride such as maleic anhydride is used, then an unsaturated polyester will be
produced. This possibility was quickly confirmed and the results led to a multi-
year research project. Several new unsaturated polyester resins have since been
developed and successfully commercialized in the past few years. This present
report is an account of the work carried out on converting poly(ether polyol)s to
unsaturated polyesters.

2 EXPERIMENTAL

Since this is a new technology, a few short paragraphs to briefly explain the
synthetic procedures of this process are in order. The synthesis details can also
be found in the patent literature listed at the end of this article.
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2.1 MATERIALS

All polyols were Lyondell Chemical’s ARCOL products. Maleic anhydride and
phthalic anhydride are commercially available, while all catalysts were also
obtained commercially.

2.2 GENERAL PROCEDURE FOR THE PREPARATION
OF UNSATURATED POLYESTER RESIN FROM
A POLYETHER POLYOL

A 4 l resin reactor, equipped with a condensor, a stirrer and a nitrogen inlet, is
charged with a polyether polyol and maleic anhydride. The mixture is heated
to 60 ◦C and the catalyst is added. The mixture is then heated to 185 ◦C for
10 h or until the acid number is reduced to 140 mg KOH/g. Some propylene
glycol is added and the mixture is maintained at this temperature for another
4 h or until the acid number is lowered to about 40 mg KOH/g. The yield is
about 90 %.

2.3 A TYPICAL EXAMPLE OF THE PREPARATION OF CURED
POLYESTERS

The polyester product is first dissolved in styrene at a level of 60 % polyester
and 40 % styrene. The initiators, either benzoyl peroxides (BPOs) or methyl ethyl
ketone peroxide (MEKP), with appropriate co-catalysts, are added. The mixture
is then poured into a glass mold and cured at room temperature for the MEKP
system or at 100 ◦C for the BPO systems. A post-cure at 100 ◦C or 130 ◦C,
respectively, for 5 h is then carried out. Blending experiments were carried out
by using a dicyclo pentadiene (DCPD) resin, 61-AA-364, from GLS Fiberglass
(Woodstock, IL, USA). This sample is ‘pre-promoted’, so we could only use the
MEKP system.

Several more examples of specific polyester preparations and evaluations are
described in the following sections.

2.4 OTHER EXAMPLES OF CURED POLYESTER PROCESSES

2.4.1 System 1

A 3000 molecular weight poly(propylene ether) triol (Arcol F3020, 90 g) was
mixed with maleic anhydride (60 g) and zinc chloride (2.25 g) in a three-necked
round-bottomed flask equipped with a magnetic stirrer, a condensor and a ther-
mometer. Under a nitrogen atmosphere, the reaction mixture was heated to 190 ◦C
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and maintained at this temperature for 6 h. A sample was withdrawn and ana-
lyzed by gel permeation chromatography, giving molecular weights of 2727 Mw

and 1129 Mn. The thick mixture was cooled to 120 ◦C and poured into styrene
(150 g) containing 40 mg of hydroquinone as a stabilizer. This mixture was stable
at room temperature.

The product from this system can be cured by using a conventional radical
initiator such as benzoyl peroxide (BPO). To a sample (100 g) of this product,
1.5 g of BPO in a small amount of styrene was added. The mixture was poured
into a mold and heated at 50 ◦C overnight and then at 75 ◦C and 100 ◦C for 2 h
each, and finally at 135 ◦C for 3 h in an air oven. The material hardened to a
transparent solid with a very good surface.

2.4.2 System 2

A good catalyst for this ester insertion reaction is P -toluenesulfonic acid (PTSA).
This example illustrates the synthesis of a PEER product using this acid as the
catalyst. In a 4 l resin reactor, equipped with a nitrogen inlet, condensor, and
mechanical stirrer, was added 1330 g of maleic anhydride, 1755 g of a 3000
molecular weight poly(propylene oxide) triol (LG56-One, from Lyondell), 515 g
of propylene glycol, and 2.5 g of p-toluenesulfonic acid. The reaction mixture was
heated to 185 ◦C for about 8 h or until the acid number has dropped to 100. To this
hot mixture was then added 250 g of propylene glycol and the reaction maintained
at this temperature for a further 5 h. The acid number dropped to about 30 and
the reaction was stopped. After brief cooling, about 300 mg of hydroquinone was
added and the mixture was blended with 2400 g of cold styrene containing 600 mg
of t-butyl hydroquinone to give about 6000 g of a yellow liquid containing about
40 % styrene and 60 % poly(ether ester). The product had molecular weights of
about 1500 (Mn) and 3500 (Mw).

3 RESULTS AND DISCUSSION

3.1 ETHER CLEAVAGE REACTION LEADING
TO POLY(ETHER ESTER) RESINS

Poly(propylene ether) polyol is the single most important product from propylene
oxide and enjoys a predominant position in polyurethane applications. The ether
linkages are very abundant in these polyols and they contribute to the physical and
chemical properties in many applications such as surfactant action and hydrogen-
bond formation.

One main reason for the success of these applications is because of the inert-
ness of these ether bonds. Ethers are not usually considered active sites for
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chemical modifications. Such aliphatic ether linkages are relatively stable chem-
ically [7–9]. The carbon oxygen bond in an ether linkage is difficult to cleave.
The bond energy (85 kcal/mol) is about the same as a carbon–carbon bond.
Traditionally, ethers are only cleaved by using powerful reagents [4, 7] such
as hydroiodic acid or boron fluoride. These reactions have only very limited
applications because of the severe conditions and the costly reagents. Finding a
more reasonable ether active reaction is the key to the success of the effort to
chemically modify poly(ether polyol).

In their 1974 paper, Ganem and Small [5] described a new novel reaction
involving reacting an aliphatic ether with an anhydride in the presence of fer-
ric chloride. These researchers noticed that the ether bond was cleaved and
two ester molecules were produced. The cleavage was carried out under very
mild conditions (0 ◦C–80 ◦C) with catalyst dosages ranging from 0.1 to 0.55
equivalents of the ethers. Acetic anhydride was used as the acylating agent
and also as the solvent. Obviously, the acetic anhydride was in large excess.
Although similar reactions were reported as early as 1914 by Knoevenagel [4]
and later by Karger and Mazur [10, 11], the ‘Ganem reaction’ is very signifi-
cant. It is the first example of producing only esters without any acid chloride
byproducts.

This reaction is truly tempting because it potentially satisfies the need in the
search for a way to reclaim the chemical value of a polyurethane recycle foam
project [12, 13]. When a polyurethane foam is hydrolyzed, it gives aromatic
diamine and polyether polyol, both in very crude forms. The diamine can be puri-
fied by regular means, but the crude polyether polyol cannot be easily cleaned up
due to its polymeric nature. If this ‘Ganem reaction’ can work well, the polyether
polyol stream can be converted to a low-molecular-weight chemical, which can
then be purified by conventional process such as distillation. Indeed, when this
reaction was tried on a polyether triol of 3000 molecular weight as a model,
the diacetate of propylene glycol was isolated by distillation. Unfortunately, the
yield was too low to be of practical interest.

The major concern about applying this reaction to a polyether molecule is
therefore how extensive this reaction will repeat itself randomly to all of the
available ether bonds. Other questions include the necessity of excess anhydride,
the rather low reported yield, and the catalyst dosage. These are crucial questions
for an acceptable industrial process and failure can hamper the project seriously.
On the other hand, if successful, then post-consumer foams, which represent
an enormous problem for most recycling efforts, can be converted to the more
valuable glycol diacetate.

Looking for a more efficient catalyst to carry out this reaction thus became
the most important issue. To achieve this, a large number of common Lewis
acids were screened, including the halides of aluminum, iron, zinc, titanium,
zirconium, nickel, copper, tin and lead. A number of these compounds did show
activities as ether cleavage catalysts. The most effective catalysts were the halides
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Table 22.1 Lewis acids as ether cleavage
catalysts

Catalyst Yield of diacetatea

Zinc bromide 32
Zinc chloride 29
Stannous chloride 8
Ferric chloride 7
Aluminum chloride 1
Zinc acetate 0
Ferrous sulfate 0

a Relative to aluminum chloride.

of zinc. Table 22.1 shows the activities of these Lewis acids in this ether cleavage
reaction. In order to show the relative reactivities of these catalysts, the yield of
propylene glycol diacetate from the AlCl3 experiment was set as ‘1’. The model
system experiment was carried out at 150 ◦C using ARCOL F3020 poly(ether
polyol) and acetic anhydride.

Since the purpose of the experiment was to screen the catalyst, the yield
from each individual catalyst was not optimized; rather all experiments were
conducted under identical conditions so that the results can reflect the rela-
tive activities of these catalysts. Interestingly, these yields do not follow the
Lewis acidity. It seems the reaction needs a very weak Lewis acid so that nei-
ther the ‘catalyst and acylation agent interaction’ nor the ‘catalyst and ether
oxygen interaction’ become too strong to interfere with the catalysis cycles.
This is similar to the Friedel–Crafts acylation reaction where a stoichiomet-
ric amount of a strong Lewis acid is required. In other words, while being
a good Lewis acid, aluminum chloride is associated strongly to the oxygen
atoms of the reactants so that it cannot dissociate itself from the reaction site
for further actions. On the other hand, zinc chloride, although a weaker Lewis
acid, can free itself to carry out more cleavages. Consequently, zinc chloride
gives better yields as the catalyst. Based on its performance, zinc chloride was
chosen as the preferred catalyst. The project to reclaim glycol diesters from
recycled polyether polyol was successful and a US Patent [6] for this process
was granted.

The discovery of zinc chloride as the catalyst for the ether cleavage reaction
is an important step. It provided a simple method to convert a rather inert ether
bond to more reactive ester linkages. When using acyclic aliphatic anhydrides the
products are small diesters such as glycol diacetates. However, if the anhydride
is actually a cyclic species, such as maleic anhydride or succinic anhydride, then
a polyester is produced [14]. The net result of this modified ‘Ganem reaction’
becomes the case of replacing an ether linkage with an ester linkage and in
essence has the effect of performing an ester insertion to the ether bonds. Thus,
this reaction offers a new non-condensational route to make polyesters. In cases
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where the amount of anhydride is less than the equivalent amount for the ether
linkages in the polyether polyol, the polymer product will contain both ethers
and esters. This type of material was thus named PEER (Poly(Ether Ester)
Resin) polymer.

There are several very interesting features about this insertion reaction, as
summarized in the following:

• It represents a unique method for the preparation of an otherwise difficult to
make poly(ether ester).

• It offers a polyester synthesis without stoichiometry to consider or condensa-
tion water to remove. In other words, an unsaturated polyester of any degree
of unsaturation up to complete ether consumption can be achieved by simply
adjusting the feed of maleic anhydride.

• The molecular weight of the starting polyether polyol, to some degree, con-
trols the molecular weight of the polymer product, in addition to the degree
of condensation.

• The random distribution of the short ether chains offers very unique properties
and is almost impossible to achieve by any other way.

• This is potentially a method to make complicated polyester structures such
as star-shaped polyesters.

• When the cyclic anhydride is maleic anhydride, the product understandably
becomes an unsaturated polyether ester somewhat similar to traditional unsat-
urated polyester resins (UPRs).

This last point is particularly important as the ability to produce something to
compare with the commercial material (UPR) gives a unique opportunity to assess
this technology, because of the following:

• Polyether polyols are commercially available in a molecular weight range
similar to those of unsaturated polyesters (a few thousands).

• UPRs are a mature industry. To assess the value of this new technology
against established products is relatively easy and ‘benchmarking’ is not par-
ticularly a problem.

• UPRs are a very large industry, and thus it is relatively easy to evaluate any
new material at many well-established places.

Several grades of products ranging from 5 to 45 % unsaturation have since been
made. The reaction process, as well the product performances, will be discussed
in more detail in the following sections.

3.2 REACTION CONDITIONS AND MECHANISMS

In the early part of this project, zinc chloride was used as the catalyst. The reac-
tions were carried out in laboratory glass reactors. The insertion was monitored
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by simple titration of the unreacted anhydride (or acid) with potassium hydroxide
in tetrahydrofuran (THF). The reaction conditions were as follows:

• temperature – 170–200 ◦C
• catalysts – 0.5–1.5 % of total weight
• anhydride – 15–45 % of total weight

When the reaction time was plotted against the logarithm of acid concentration,
log [acid], a straight line was obtained, suggesting that the insertion reaction is
first-order with respect to the acid (or anhydride).

The reaction time also depends on the concentration of the catalyst. At the
high-concentration end (1.5 %), the reaction is completed within 7 h. At the very
low level (0.5 %), it usually takes about 15 to 20 h. Using the high-catalyst level,
however, is complicated by two other factors. The color of the product becomes
very dark with more catalyst and also the amount of byproducts increases rapidly.
Because of these considerations, the catalyst level was fixed between 0.7 and 1 %
of the total weight.

The reaction temperature is limited between 170 and 200 ◦C. At the high-
temperature end, the byproduct generation again became a concern. In addition,
we have noticed a minor exotherm at around 200 ◦C. Since polyols can undergo
depolymerization at temperatures above 230 ◦C, for safety reasons, it is therefore
necessary to set the reaction temperature below 200 ◦C.

The ether cleavage reaction not only leads to the esterification reaction but
also gives a mixture of low-boiling organic byproducts. Depending on the type
of catalyst and the reaction conditions, this byproduct stream can amount to 3 to
20 % of the charge. The byproducts are a mixture of cyclic dimers of propylene
glycol of five- and six-membered cyclic ethers. Some propyl aldehyde was also
identified. Since these byproducts have very little value, it is desirable to reduce
their formation. Three factors directly affect this. The most important parameter
by far is the reaction temperature. Running the reaction at a temperature of
around 175 ◦C will only produce about 3 % of the volatile byproduct. However,
at this temperature, the insertion reaction will need about 15 h to complete. The
next important factor is the catalyst charge. By reducing the amount of catalyst,
the effect is similar. The reaction time is also increased. The amount of maleic
anhydride also has an effect on byproduct generation. It was observed that the
more maleic anhydride in the reaction mixture, then the more byproducts will
be produced.

According to Ganem and Small [5], the reaction mechanism is an acylation at
the ether oxygen followed by a dissociation step, either of an SN1 or SN2 nature.
With carboxylate as the nucleophile, both the SN1 and SN2 routes are feasible.
Regardless of the true mechanism, the net effect of this ‘ether-to-diester’ reaction
is an ‘insertion of esters’ to ether bonds.
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3.3 THE EARLY PRODUCT AND STRONG-ACID CATALYSIS
DEVELOPMENT

Up to this point, the zinc-chloride-catalyzed PEER polymer can be considered
as a first-generation PEER polymer. The product was prepared in glass reactors
in small quantities. Nevertheless, it showed very interesting properties.

PEER polymers are basically short-chain glycol ethers connected together
through fumarate esters. The chain lengths of the intermittent ethers are in the
range of a few units, mostly less than 10. These ether chains provided good
flexibility, which in turn gives much higher tensile elongation (of the order of
4 % or higher for a polymer with 35 % of unsaturation compared to 2 % or less
for most commercially available UPRs). In addition to this, there are a number
of very special features about the PEER polymer.

First, because of the way it is prepared, the PEER product has an extremely
high fumarate content (the isomerization of maleate to fumarate is always >

95 %). This leads to a rather unusually high heat distortion temperature (HDT).
Secondly, PEER polymers showed lower viscosity when compared to other UPRs
of similar physical properties. This is of great importance towards lowering the
overall volatile organic chemicals (VOCs) for the UPR industry. Thirdly, because
of the highly lipophilic nature of the poly(propylene ether) segment, it is more
water resistant than other polyesters with similar physical properties. Finally, a
very intriguing synergism between PEER and dicyclopentadiene (DCPD) resins
was observed. When a PEER resin is blended with a regular DCPD-based resin,
especially in the 1:3 to 1:1 range, the resulting resin mixture gives superb physical
strength when made into composites. This is of great importance to modern-day
marine applications such as boat constructions.

These are attractive reasons to seriously consider a full scale R & D project. So,
in the mid-1990s, this new PEER resin technology was scaled up to pilot-plant
work. One issue that immediately came to attention was the corrosion problem
caused by the chloride ions in the catalyst. To avoid this problem, a large num-
ber of zinc salts were tried, with the zinc salts of p-toluenesulfonic acid and
trifluoromethane sulfonic acid being found to be very active. At this point, it was
realized that this insertion reaction might be also strong-acid-catalyzed [15–19].
This is indeed the case – actually, p-toluenesulfonic acid (PTSA) was about 10
times more effective than zinc chloride, while trifluoromethane sulfonic acid was
still another order of magnitude more reactive. This development was impor-
tant because the catalyst level could now be reduced to about 500 ppm or less,
instead of the 5000 to 10 000 ppm range. At this level of PTSA, there is no need
to remove the residual catalyst in the resin. Furthermore, PTSA is relatively easy
to handle and readily available. Because of this development, a successful series
of pilot plant studies was carried out. This provided not only the process param-
eters, but it also generated enough material for application evaluations, all based
on this PTSA catalyst.
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The synthesis process was a two-stage process [20, 21]. In the first stage
(Scheme 22.1), the polyether polyol was mixed with maleic anhydride, a small
amount of a glycol, and about 500–1000 ppm of p-toluenesulfonic acid. The mix-
ture was then heated to 190 ◦C, until the acid number had dropped to about 100
(mg of KOH per g of sample). This is followed by a second stage (Scheme 22.2)
where extra glycol was added and the mixture was further reacted to a desired
acid number of somewhere between 20 and 40. The synthetic process is quite
fast. In most cases, the cycle time can be as short as 10 to 15 h.
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3.4 LIQUID PROPERTIES OF PEER RESINS

The viscosities of PEER polymers are closely related to the amount of unsat-
uration in the product and the degree of chain-end modification. With 30 %
unsaturation and propylene-glycol capping, the PEER polymer at reaction tem-
perature (190 ◦C) is an easily pumpable liquid. When cooled to room temperature,
the product becomes very thick and viscous. With higher unsaturation, it becomes
a solid. However, when compared to conventional polyesters, the viscosity of the
PEER polymer is still much lower. Although the PEER polymer is a very thick
liquid, it is miscible with styrene and with most organic solvents. A solution
containing 40 % styrene and 60 % PEER polyester gives a viscosity in the range
of 50 to 150 cP, which is much lower than most conventional UPRs at this
styrene content (Figure 22.1). This is highly advantageous and desirable. Since
the UPR industry is facing increasing pressures to reduce volatile organic chem-
ical (VOC) emissions, a lower-viscosity product, of course, offers opportunities
for formulators to create low-styrene resins.

PEER polymers can be cured with traditional radical initiators such as methyl
ethyl ketone (MEK) peroxides and benzoyl peroxide (BPO). Curing can be
carried out either at room temperature or at elevated temperature. A PEER
polymer containing 30 % maleic anhydride can be cured at room temperature
with MEK peroxides in 10 to 60 min, depending on the type of peroxide used
(Table 22.2). To cure a PEER resin with MEK peroxides at room temperature, a
co-catalyst is needed. The commonly used cobalt naphthenate works very well
in this case, while another co-catalyst, dimethyl aniline, is very efficient for the
BPO system.

There was always the question about the effect of the different polyether polyol
on the PEER polyester. Originally, it was suspected that high-ethylene-oxide-
content polyethers may produce less fumarate in the polyester and thus will cure
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Figure 22.1 Viscosity of a PEER resin (30 % maleic anhydride) as a function of
styrene content
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Table 22.2 MEK peroxide as
curing agent for a peer polymer con-
taining 30 % unsaturation

MEK peroxidea Gel time (min)

DDM-9 48
DHD-9 24
Delta-X-9 21
DDM-30 37

a Various peroxides obtained from Ato-
fina Chemical Company.

Table 22.3 Effect of starting polyol on the curing behaviors of PEER resins

Polyol
Gel time

(min)
Cure time

(min)
Exotherm

(◦F)
Inhibitor

(ppm)

Polyol 1(0 % EO) 5 12 330 500
Polyol 2(8 % EO) 6 13 298 5000
Polyol 3(18 % EO) 5 11 351 100

less readily. To answer this situation, three polyesters were prepared from three
different polyols. All polyols were 3000 molecular weight triols. The differences
were mainly the amount of ethylene oxide content in the polyol. The gelling
behaviors of these products are shown in Table 22.3. The curing characteristics,
as measured by the Society of the Plastics Industry (SPI) 180◦F cure behav-
iors, showed no meaningful trend as the lowest-content ethylene oxide sample
gave ‘medium’ behavior with the highest-content ethylene oxide sample actu-
ally giving the most robust curing. Since the inhibitors in these polyols are
mostly phenols and the amount varies greatly, it was decided to remove the
inhibitors first. The different polyols were thus passed through activated alumina
packed columns to remove the inhibitors. The reactivities of the PEER poly-
mers produced from these clean polyols became almost indistinguishable from
each other.

3.5 PHYSICAL PROPERTIES OF CURED PEER RESINS

The mechanical properties of PEER polymers depend greatly on the unsaturation
level in the resin, and not much on the type of polyols used as the starting material.
Typically, a fully cured PEER polymer containing 35 % unsaturation shows a
tensile strength of about 7000 psi and a flexural strength of about 15 000 psi.
Because of the ether linkages and the lack of rigid aromatic structure when
compared with conventional polyesters, PEER polymers are very flexible and this
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Table 22.4 Properties which can be adjusted in the 1st stage of the PEER polymer
synthesis by varying the maleic anhydride content to change the cross-link densitya

Property and
related PEER 25 PEER 30 PEER 35 PEER 40 GP UPR

Maleic anhydride
Wt %

25 30 35 40 20–30

Tensile strength
(psi)

4500 6000 7500 9000 8000–9000

Tensile modulus
(kpsi)

210 330 340 350 400–500

Elongation (%) 15 10 4 2 1–1.5
Flexural strength

(psi)
8000 10 000 16 000 18 000 16 000–18 000

Flexural modulus
(kpsi)

215 340 360 400 400–500

HDT ( ◦C)b 60 90 100 115 60–80

a For clear castings with 40 wt % styrene.
b Heat distortion temperature.

is shown in the percentage strain at break (elongation). With 35 % unsaturation,
PEER polymers give an elongation of about 4 % at break.

One important advantage of practicing PEER technology is the freedom to
adjust the degree of unsaturation and the end groups to suit the specific applica-
tion. As mentioned earlier, during the first stage maleic anhydride can be added
at a level of as much as 50 wt % of the reaction mixture or as little as just a few
weight percent. The effect of maleic anhydride charge is shown in the Table 22.4.
At the high end, a PEER product with 40 % MA behaved similarly to that of
a phthalic-anhydride-based resin but with a higher heat distortion temperature
(HDT) and much better corrosion resistance. With lower MA content, PEER
products started to behave as ductile polymers. With less than 30 % MA, the
elongation to break reached about 10 % and also showed a yield point of around
4 to 5 % elongation.

The second approach to modify the physical properties is through end-group
modifications. Table 22.5 shows three different end groups with rather different
properties. By using an epoxy compound or a di-primary glycol, the physical
properties can be much improved.

4 APPLICATIONS

Unsaturated polyesters are generally very brittle materials. The tensile elon-
gation for most UPRs is in the range of 1 % for dicyclopentadiene (DCPD)-
based polyester resin to about 2.5 % for isophthalic acid and propylene glycol
resins. This 1 % elongation posts a problem for using DCPD resin in making a
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Table 22.5 Properties which can be adjusted in the 2nd stage of the PEER polymer syn-
thesis by varying the end-capping reagent to improve the molecular weight and backbone
stiffness

Modification reagent

Property and related Propylene glycol 2-Methyl-1,3-propandiol Epon 828a

Mn 1300 1800 1800
Tensile strength

(psi)
7500 8000 11 000

Tensile modulus
(kpsi)

340 360 450

Elongation (%) 4 4 4.5
Flexural strength

(psi)
16 000 17 000 20 000

Flexural modulus
(kpsi)

360 380 480

HDT ( ◦C) 100 100 110
Flexural strength

after 6 days in
boiling water

7000 15 000 19 000

a A diepoxy resin from the Shell Chemical Company.
b Heat distortion temperature.

glass-fiber-reinforced composite structures such as for boats. Ideally, in a fiber-
reinforced composite structure, the matrix material should have an elongation
somewhat higher than the fiber to avoid matrix failure before reinforcement.
Since glass-fiber material usually has an elongation of around 2 %, there is obvi-
ously a need to bring the DCPD material’s elongation closer to 2 %. Although
the use of DCPD resin is very cost-effective, because of its brittle nature it is
necessary to blend in some stronger material to improve the toughness of this
resin. In practice, this is often carried out by blending up to 30 wt % of a phthalic
anhydride resin into the system.

As mentioned earlier, PEER polymers are rather flexible materials. This sug-
gests that they should be good materials for improving the otherwise very brittle
DCPD polyesters. To illustrate this point, we carried out a series of blending
experiments. The base resin is a DCPD polyester (61-Aa-364 from GLS). This
resin was blended with a PEER polymer containing 35 % unsaturation. However
to our big surprise, the resulting material showed a remarkable synergism. The
mechanical properties of these blends are shown in Figures 22.2 and 22.3, where
the great improvements can be clearly seen. The 60 % or so improvement of ten-
sile strength clearly shows the existence of a synergism between the two resins.
We have since observed this synergism repeatedly on every occasion when a
PEER resin and a DCPD resin has been blended [22].

This is the basis of a successful trial to build a PEER boat in 1995 in Florida.
This 21 ft fishing boat is docked at a pier near Orlando in excellent shape after
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Figure 22.2 Tensile strength for blends of PEER and DCPD resins as a function
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Figure 22.3 Flexural strength for blends of PEER and DCPD resins as a function
of PEER content in the blend

extensive tests over the past six years. Since this development, PEER resins have
been successfully formulated into several commercial resin systems by a number
of resin suppliers [23, 24].

Currently, Lyondell Chemical Company is actively collaborating with several
UPR resin suppliers to further develop this technology [25–31].
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measurements 646
polyarylates 661t

Flory–Huggins interaction parameter
684

Flory–Huggins relationship 75
Flory–Huggins theory 684
Flory–Schulz distribution 39
fluorescence measurements 469–71,

470f
fluorescent device exposure 625–6f
folded chain segments 407
food safety 186
Fortrel 11
FOY (fully oriented yarn) 16
fracture see yarn break
Freidel–Crafts acylation 720
frequency factor 153
fumaric acid 715

2G10 20
gamma aminopropyl triethoxysilane

(GAP) 307
Ganem’s condition 716
gas-barrier properties 479
gas-bubbles 471
gel-coat formulations 709
gel-coat resins 708–9
glass-fiber-reinforced (GFR)

flame-retarded PCT 278t
glass-fiber-reinforced (GFR)

thermoplastic polyester composites,
properties of 546t

glass-fiber-reinforced (GFR)
thermoplastic polyesters

applications 542f
market data 542
performance traits 548t

glass-reinforced polyesters (GRPs) 6
glass transition temperature 246

blend systems 679
polyarylates 659–60, 660f

gloss enhancers 530–1
glow wire test 313
glycidyl methacrylate (GMA) 507–9,

510f
glycol-modified PCT copolyesters,

preparation and properties
279–80

glycol resins 702
glycols 545t
glycolysis 572
Gordon–Taylor Equation 683
GPC analysis 130, 137, 621
GPC data 616, 625
grafting reactions 509, 510f
2GT 20

halogenated FR additives 314
haze, definition 482–3
heat capacity, PTT 375f
heat distortion temperature (HDT)

277–8, 302, 310, 524, 648, 723,
727

polyarylates 660, 661f, 661t
heat resistance of polyarylates 659–61
heat setting 455–6
hexafluoroisopropanol (HFIP) 304,

369, 458
HFIP/CHClU3u 131
high-dilution techniques 118
high-modulus low-shrinkage (HMLS)

yarns 438
high-performance liquid crystal

polyesters with controlled
molecular structure 645–64

high-performance resins 703
high-polymer formation 340
high-productivity synthesis 118
Hoechst-Celanese 442
Hoffman–Weeks equation 684
Hoffman–Weeks plots 372, 684t

LCP/PET blends 685f
HPLC analysis 121, 131
hydrogen bonding 249
hydrolytic degradation 476
hydroperoxide

degradation products 150
formation 149
production 626f

hydroquinones (HQs) 645
hydrothermal treatment 461
hydroxybenzoic acid (HBA) 254
hydroxybutyric acid 605
3-hydroxypropanal (3-HPA) 363
hydroxyvaleric acid 605
Hytrel 20

ignition resistance 313
impact modifiers 506–15, 511f
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Impet 533–4
impurities 456
industrial yarns 403
injection molded poly/copolyesters

253t, 471
injection molded specimens

F -values of 656f, 659f
moduli of 655–8, 655–7f, 659f
thermal properties and moduli 658t

injection molding 277–9
interfacial shear strength 554–5
intrinsic viscosity (IV) 153, 156f, 195,

204f, 208f, 213, 229, 230f, 232f,
236f, 473, 476, 498, 505–6, 506f

IRGANOX 1425 498
isophthalic acid (IPA) 50, 162, 246,

268, 329, 478–9, 487, 702–4
isophthaloyl chloride 121
p,p′-isopropylidene dibenzoic acid 288
isothermal crystallization dynamics

690–2, 691–3f
isothermal crystallization temperature

684

Jacobsen–Stockmayer theory 124

Kelly–Tyson equation 549–54
Kodel 17
Kodel II 408

lactide 117
LC–MS 130
LCP/PEN blends

dispersion of LCP in PEN 678
effect of catalyst on compatability

674–9
Instron tensile tests 680f
kinetic parameters 689t
mechanical property improvement

674–7
tensile modulus 677f, 679f
tensile strength 676f, 678f

LCP/PET blends
degree of polymerization 685, 685t
Hoffman–Weeks plots 685f
kinetic parameters 689t

Lewis acids as ether cleavage catalysts
720t

Lexan 22
lightfastness 484

liquid crystal polymers (LCPs) 252,
645

structure–thermal property
correlations 645

see also LCP/PET blends;
thermotropic liquid crystal
polymers (TLCPs)

liquid crystalline model compounds,
thermal properties of 650t

liquid crystalline PET copolyesters 254
liquid crystalline polyesters 18–19,

448
litter, degradable polyesters 599–600,

600f
low-melting fibers 489
low-melting peak (LMP) 164
low-melting polyesters 489
LOY (very low orientation yarn) 15
Lycra 19
Lynel 19

McClafferty rearrangement 368f
macrocyclic alkylene phthalates 119
magnetic tapes 475
Makrolon 22
maleic anhydride (MA) 248, 509–10,

701–2, 717
Mark–Houwink constants 369t
Mark–Houwink equation 153, 369
mass-transfer coefficient 79
melt-phase polycondensation (MPPC)

197
melt strength enhancers 529–30
melting temperature 246, 647
Merlon 22
metal alkoxides 131

catalyzed formation of cyclics via
depolymerization 132f

methyl ethyl ketone (MEK) peroxides
717, 725, 726t

methyl methacrylate–butadiene–styrene
(MBS) 511

methyl methacrylate–styrene shells
311

2-methyl naphthalene 338
3-methyl-2,2’-norbornanedimethanol

288
methylene conformations 371
Milease 21
mineral-filled PBT 307
moduli of as-spun fibers 648–58, 649t,

653f
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moduli of injection molded specimens
655–8, 655–7f, 659f

molecular modeling 103
molecular weight 196, 200, 206f, 233f,

235, 497–8, 504–5
degradation 614
films 474

molecular weight distribution (MWD)
153–4

molten (melt)-state polycondensation
197–9, 198f

effect of temperature 199f

nanoclays 525, 526t
naphthalate-based blends 330–1
naphthalate-modified PET copolyesters

329–30
naphthalene 338
naphthalene dicarboxylate 125
2,6-naphthalene dicarboxylate 284,

284–5f, 288
naphthalene-2,6-dicarboxylic acid

(NDA) 50, 324, 336–7, 479–80
naphthalene-2,6-dimethyl dicarboxylate

(NDC) 324, 339
natural polyesters, occurrence 23
nematic domains 647
neopentyl glycol 704
nitrogen cleaning loop 173
nitroterephthalic (NTA) units 261
non-reactive impact modifiers 510–14,

512t
nonwoven fabrics 403
norbornane 2,3-dicarboxylic acid

(NBDA) 248
nuclear magnetic resonance (NMR)

spectroscopic analysis 448
nucleating agents 515–20, 516–17f,

519f, 520t
nucleation 161–4
nucleation/crystallization promoters

520–2
nucleation promoters/plasticizers 522t
number-average molecular weight 156f
nylon 6,6 8, 448, 461f
nylon 9 8

olefin-containing polyesters 125
oligomeric contaminants 459–65,

459–60f

oligomeric ester cyclics, polymerization
of 134–9

oligomeric PBT cyclics, ring-opening
polymerization of 135f

oligomers 235, 237f
formation 340

orientation function 647
Ozawa equation 687

packaging, barrier properties in 486–7
Paphen PKFE 529
partially oriented yarn (POY) 332, 386,

448
PBT 11, 117–19, 121–2, 124–6, 129,

134, 143, 213, 246, 293–321, 528,
541, 637

additives 304
and water 315–16
antioxidants 304
blends with styrenic copolymers

311–13
burning 314
c-axis lattice strains in fibers 381f
catalysts 297
commercial application 294
commercial processes 300–1
comparison with PCT 546–7
comparison with PET 487, 546–7
crystallization half-times 372–4,

373t
deformation behavior 379
depolymerization reaction 133f
dripping 314
elastic recovery 379–81, 379f
fiberglass-filled 305–6
flame-retardant additives 313–15
flow properties 446
glass-fiber reinforced 548
glass-filled properties 389–90, 390t
hydrolysis-resistant 523
impact-modified 310–13, 312t
mechanical properties 376–7, 377t
mineral-filled 307
moduli of fibers before and after

annealing 379t
monomers 296–7
physical properties 376–7, 377t
polymer blends 307–13
polymerization 294–301, 295t
process chemistry 297–300
properties 301–7
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PBT (continued )
rheological flow activation energies

378t
SSP 176–7, 214–15, 214f, 220,

300–1
stress–strain curves of fibers

378–9, 379f
structure 408f
unfilled 303–4

PBT cyclic oligomers
polymerization of 136
ring-opening polymerization of 138

PBT–PC blends, impact-modified
310–13, 312t

PBT–PC–MBS blend 311, 312f
PBT–PET blends 308
PBT–polycarbonate blends 308–10,

309f
PC–ABS 315
PCT 269, 271, 275f, 284, 408, 541

comparison with PET 547
effect of film former GFR 555t
preparation and properties 273–6
structure 409f

PCT-based polymers
applications 277–9
processing 277

PCTA 269, 272, 280t
PCTA copolyesters 283, 283f, 286,

286t
PCTG copolyesters 269, 271–2, 279,

280f, 280t
PDO 390
Pe-Ce 8
PECT 610

coloration 613–16
degradation 613–26

loss of toughness 617–18
mechanisms 626–38

UV-stabilized 618–26, 618–24f
PEER polymers 520–1, 521f, 715–31

applications 727–9
early product 723–4
effect of starting polyol on curing

behaviors 726t
experimental 716–18
liquid properties 725–6
physical properties of cured resins

726–7
properties 727t
reaction conditions and mechanisms

721–2

strong-acid catalysis 723–4
synthesis 716–18, 724f
tensile strength 729f
viscosity 725f

PEN (and PEN films) 143, 213,
323–34, 324f, 331–2, 335–60,
479, 575, 637

applications 350–7
cable and wires insulation 354
chemical stability 344–6
comparison with other commercial

films 343t
comparison with PET 326–8, 327f,

342f, 344–6, 345t, 348t, 487
containers 332
continuous process 341
copolyesters 329–30
cosmetic and pharmaceutical

containers 333
cost 353
crystal forms 344
DSC transitions 326f
electrical devices 352–3
electrical properties 348–9
ester interchange 391
fiber and monofilament 332
gas-barrier properties 347–8
gas-permeation coefficients 348–9t
labels 355
major appearance into the

marketplace 336
manufacture 324–5, 337–41, 342f
mechanical properties 346–7, 347f
medical uses 357
membrane touch switches (MTSs)

353
mesophase structure 344
miscellaneous industrial applications

357
morphology 344
motors and machine parts 352
optical properties 328, 349–50
packaging materials 356
performance 336
photo- and electro-induced

luminescence spectra 351t
photographic films 353–4
printing and embossing films 356
properties 325–6, 341–50
references published during the

period 1967–2000 336f
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SSP 177–8, 214–15, 220, 237–8,
325, 328–9

tapes and belts 354–5
thermal properties 346
thermal transitions 326
tyre-reinforcing yarns 332
Underwriters Laboratories (UL)

continuous use rating 353
use in manufacturing electrochemical

lithium ion batteries 353
UV absorption 350t
UV transmission spectra 328f
see also LCP/PEN blends; PEN/PET

blends; PHB/PEN/PET blends
PEN blends, applications 331–3
PEN copolyesters

applications 331–3
manufacture 330

PEN fibers 352
PEN resin 341f

preparation process 339–41, 339f
PEN/PET blends 331

melting enthalpy 669f
melting temperature 669f
thermal behavior 669

PEN/PTT copolymer 391
Perkin-Elmer DSC-7 machine 647
Perlon L 8
PET 35, 117–19, 125, 134, 255f, 275f,

323–4, 324f, 541
activation energy data 484t
additives for modification 495–540
additives used in engineering-grade

496t
advantages 546
amorphous copolyesters 247–8
amorphous materials 251
anti-hydrolysis additives 522–4,

524t
automotive applications 536–7,

536f
batch processes 90–3
Buhler bottle-grade process

167–73, 169f
capacity development of continuous

and discontinuous plants 90f
catalysts 40
chemical reactions in solid state

147–58
chemical recycling 65–7
chromophores in 62
common goal of future work 104

comparison with PBT 487
comparison with PEN 326–8, 327f,

342f, 344–6, 345t, 348t, 487
comparison with PTT 487
compounding principles 534
compounds and functional groups

involved in synthesis 42t
continuous polymerisation 13
continuous processes 93–8, 98t
crystallinity 497, 515
crystallization 75, 158–65, 520,

543–6
crystallization half-times 372–4,

373t
crystallization kinetics 160
1,4-cyclohexanedimethanol

modification of 610
decomposition via generation of

volatile by-products 469
deformation behavior 379
degradation mechanism 626–38

in presence of oxygen 64f
dependence of density on annealing

time and temperature 160f
depolymerization 566–71

capital costs 578–9, 581t
chemistry 566–70
commercial application 575–6
criteria for commercial success

576
economic costs and results

579–86, 581t, 583t, 584–6f
evaluation of technologies

576–9
feedstock 577–8
technology for 572–5

diffusion coefficient 81f, 82t
for EG and water in 86f

discovery of 9f
DSC transitions 326f
dyeing 388–9, 389t
early work leading to 6–10
elastic recovery 379–81, 379f
engineering-grade 532–7, 532t
environmental impact 104
equilibrium constants of

esterification/hydrolysis and
transesterification/glycolysis
43, 45f

esterification 87–8t
esterification/hydrolysis 41–8, 43f
esterification product 77f
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PET (continued )
esterification rate constants 47f
extrusion model 67
flame-retardant 261, 526–8, 527f,

528t
formation of chains 37
formation of diethylene glycol and

dioxane 54–8
formation of short chain oligomers

52–4, 53f
future production developments 103
glass-fiber-reinforced 548
glass-filled

and toughened grades 495,
534–5, 535t

properties 389–90, 390t
toughened 495

glass-transition temperature 407
global solid-state capacity 146f
half-times and induction times for

samples crystallized
isothermally from the melt
212t

high-speed spinning 15–16
hydrolytic degradation 150
impact modification 514–15, 514f,

515t
influence of comonomer content and

type 163f
influence of initial moisture content

on reaction 170f
injection molding 495–7
kinetic data for

esterification/hydrolysis
reactions 46t

kinetic data obtained for
transesterification/glycolysis
reactions 51t

kinetic data used in process models
70t

kinetics and process models for
recycling 66f

manufacture 36, 144f
mass-transfer models 78–9
mechanical properties 376–7, 377t
melt behavior 404–6
melt viscosity 405
moduli of fibers before and after

annealing 379t
molding products 17
monomers and co-monomers 38t

multi-purpose discontinuous plant
91f

normalized DSC thermograms
165–6f

notched impact strength 511,
513–14f, 523f

nucleating agents 515–20, 516–17f,
519f, 520t

nucleation/crystallization promoters
520–2

nucleation promoters/plasticizers
522t

overview 542–3
phase equilibria 72–5
physical properties 376–7, 377t
plasticizers 545
polycondensation 75–84, 77f,

87–8t, 89–98, 98t
polydispersity index 41f
polymeric, modifiers 528–9, 529t
polymerization 31–115
processing 385–90
processing reactions 71t
reaction rate constant 484t
reactions with co-monomers 50–2
reclaimed material 180–1
recovery of monomers 565–6
recycling 87–8t, 178–86

food safety aspects 186
market 178–9, 179f
material flow 179, 180f
processing options 184t
reactions 71t
specifications for reclaimed flakes,

recycled pellets and virgin
pellets 185t

SSP 179–86
repolymerization 565–90
rheological flow activation energies

378t
rheological properties 497
rubber-toughened 509f
scientific requirements 103
solid-phase polymerization 13
solid-stating 552, 552t
speciality additives 529–31
spherulitic growth as function of

temperature 543f
SSP 143–215, 214f, 226f

for bottle grade 166–7
static-bed solid polymerization rates

156f



INDEX 743

stoichiometric equations for synthesis
of 36f

stress–strain curves of fibers
378–9, 379f

structure 404–10, 404f
supertough 535–6
synthesis reactions 71t
thermal degradation 58–62, 60f,

61t, 149–50, 484, 484t, 485f
thermal oxidative degradation 61t,

149–51
titanium-catalyzed transesterification

49f
transesterification 87–8t
transesterification/glycolysis 43f,

48–50
ultra-fine fibers 16
unmodified 497
UV transmission spectra 328f
world production capacity 36
yellowing 62–5
see also LCP/PEN blends; PEN/PET

blends; PHB/PEN/PET blends
PET/ADA copolymers 257
PET amorphous copolymers, modifiers

248f
PET–anthracene copolymers 258f
PET–BB copolymers 253f
PET–bibenzoates 251
PET bottle recycling

closed-loop bottle-to-bottle 183–4
flake SSP 181–2, 181f
SSP after repelletizing 182–3

PET bottles 17–18, 146–7, 477–87
depolymerized 571
optical properties 478–9

influence of oligomer on 481
processing 480–2
special properties 479
UV irradiation 480

PET/CHDM copolymers 248
PET copolyesters 20

manufacture 330
naphthalate-modified 329–30

PET copolymers 245–65
as scaffold for additional chemical

reactions 256–7
biodegradable 260
crystallinity 246–51
crystallization rate modification

246–51
extrusion chain extension 259f

increased crystallization rates and
crystallinity 248–51

increased flexibility 254–6
increased modulus 251–4
overview 245–6
surface-modified 260
textile-related 257–9
thermal properties 251–4, 252t

PET depolymerization, technology for
572–5

PET fibers
advantages 401
antiflammability 430
antistatic/antisoil 426–7
applications 402–4
bicomponent (bico) fibers 427–8,

428–9f
birefringence as function of wind-up

speed 448–9, 499f
cat-dye 426f
commercial drawing processes

420–2, 421f
crystalline melt temperature 408
crystallinity 419
deep dye 424–5, 425f
deformability 439–50
die-swell ratio as function of mean

residence time in capillary
444t

differences in spinning processes
417, 417t

draw-resonance ratio 445t
drawing of spun filaments 418–22
effect of spinning speed on

orientation and shrinkage 416t
elongation as function of wind-up

speed 450f
end-use development 14
flow properties 446
formation and end-use applications

401–33
freezing point 446, 447f
future 431–2
geometry 410
glass transition temperature 408
heat treatment 462f
high-shrink 427
historical growth 402f
hollow 429
hydrolytic degradation 405
intermediates 12
intrinsic viscosity 443t
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PET copolymers (continued )
ionic dyeability 425, 426f
light reflectance 422–3
low-melt 427
low-pill 424
mechanical properties 448
melt flow index (MFI) testing 446
melt spinning 410–18, 411f
metastable 406
microfibers 429–30, 429f
microstructure 406f
molecular weight 443t
normal stress difference as function

of shear stress 444f
oligomer distribution 462–3f
orientation factors as function of

take-up speed 445f, 446
post-draw heatsetting 420
properties 431t
random chain scissions 405
recrystallization behavior 442–3
shear viscosity

as function of shear rate 444f
of polycondensate melts 446

skin–core structure 415
solidification 439–50
specialized applications 422–31
spinnability 438–50
spinning behavior of bright and

semi-dull 443
spinning process control 416–18
stress–strain behavior 418, 419f
stress–strain curves 450f
structure 406
structure formation 439–50
structure-partitioning effect 414
surface breaks 464f
surface defects 463f
surface friction and adhesion 430
take-up speed 414
tricot knit fabric 428f
unit cell 407
viscoelastic behavior 444

PET filaments
breaks caused by inclusions 466f
highly oriented surface zone 468f

PET film
cost 353
gas-permeation coefficients 348–9t
UV absorption 350t

PET/PBT co-cyclic oligomers,
polymerization of 137t

PET–PEG copolymers 256
PET/PEN copolymers 251
PET polyesteramides 250–1
PET–naphthalate copolymers 251, 257
PET–p-phenylene bisacrylic acid (PBA)

257
photochemical crosslinking 260f

PET/PTT copolyesters 390–1
PETG copolymers 246–7, 269, 280t,

281–2, 281f
Petra 533
PHB 23–4
PHB/PEN/PET blends 666–74

crystal structures 667f
crystallization 686–92
DSC thermograms 670f
effect of pre-heating temperatures and

blend composition on melting
temperatures 671f

glass transition and melting
temperatures as function of
PHB content 670f

heterogeneity 679, 681f
liquid crystalline phase 666–8
mechanical properties 671–3, 672f
NMR spectra 674
polarized micrographs 668f
thermal behavior 669
torque value 668f
transesterification 673–4, 675f, 675t

PHB/PET blends
dynamic crystallization 687, 687–8f
isothermal crystallization dynamics

690–2, 691–3f
phenylenebisoxazoline (PBO) 502–3,

502f
phosphite chain extension promotors

504
phosphite processing stabilizers 531
photodegradation 609–41

see also degradation
photolysis 628, 629f
photo-oxidation 628, 632, 633–4f
phthalic anhydride 702, 717
pivalolactone 118
point-of-purchase displays 282, 282f
poly(1,4-butylene terephthalate) see PBT
polyarylates

crystallinity 661, 662f
flexural moduli 661t
glass transition temperature

659–60, 660f
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heat distortion temperature (HDT)
660, 661f, 661t

heat resistance 659–61
synthesis of 646

polybutylene 479–80
poly(butylene naphthalate) 637
poly(butylene terephthalate) see PBT
polycaprolactone 255f
polycarbodiimides 523
polycarbonates 22, 528–9
polycondensation

batch plant 95f
continuous melt-phase reactor design

98–102
diffusion and mass transfer in

melt-phase 75–84
PET 77f, 93, 98t
vinyl end groups 148
see also solid-state polycondensation

polycondensation constant 50f
polycondensation reactors 94f

for high melt viscosity 100–2
for low melt viscosity 99
special requirements 99

poly(1,4-cyclohexanedimethylene
2,6-naphthalenedicarboxylate)
(PCN) 284

poly(1,4-cyclohexylenedimethylene
terephthalate) see PCT

polydispersity 210, 504
melt-phase samples 154

polyenes, formation from vinyl end
groups 63f

polyester, use of term 3
polyester chain cleavage 316
polyester cyclic oligomers

preparation from acid chlorides
120–4

via ring-chain equilibration 124–31
polyester fibers see fibers and under

specific materials
polyester films see films and under

specific materials
polyester resins, SSP 195–242
polyesteramide copolymers 249–50,

250f
polyesteramides, ‘Gaymans’ approach

250f
polyesterification 197
polyesterification reaction between

glycerol and phthalic anhydride 5

polyesters
as components of elastomers 19–20
high molecular weight 8
historical development 3–28
solid-state polycondensation

143–94
(poly(ether ester) resin) polymer see

PEER polymers
polyether polyol 717
poly(ethylene-co-1,4-

cyclohexylenedimethylene
terephthalate) see PECT

poly(ethylene glycol) (PEG) 20,
245–6, 255, 426, 426f

poly(ethylene naphthalate see PEN
poly(ethylene naphthoate) 251
poly(p-ethylene oxybenzoate) 11
poly(ethylene terephthalate see PET
poly(ethylene-co-vinyl alcohol)

(PEVOH) 479–80
poly(3-hydroxybutyrate) (PHB) 23
polyhydroxyalkanoates (PHAs) 23–4,

605
poly(ß-hydroxybutyrate) see PHB
polyhydroxylic acids 23
poly(lactic acid) (PLA) 409f, 605
poly(ß-malate) (poly(L-3-carboxy-3-

hydroxypropionate))
23

polymer dust 458
polymer formation 6f
polymer melt

intrinsic viscosity
as function of extruder residence

time and initial water content
68f

as function of extruder residence
time and temperature 67f

Polymer Plus 89
polymerization

oligomeric ester cyclics 134–9
PBT cyclic oligomers 136
PET/PBT co-cyclic oligomers 137t
poly(ethylene terephthalate) 31–115
PTT 362–8, 364f, 365–6t
see also degree of polymerization

(DP)
polyolefins 448
poly(phenylene ether)–polystyrene

(PPE–PS) 315
poly(propylene ether) 716
poly(propylene ether) polyol 718
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poly(propylene ether) triol 717
poly(propylene oxide) 716
poly(propylene terephthalate) (PPT)

362
SSP 214–15, 214f

polytetrafluoroethylene (PTFE) 314
poly(tetramethylene glycol) (PTMG)

255
poly(tetramethylene terephthalate) 489
polytransesterification 197
poly(trimethylene terephthalate) see PTT
polyurethane 716
potassium naphthalene carbonate 338
potassium naphthalene dicarbonate 339
POY (pre-oriented yarn) 15, 386–8,

422, 438, 448–9, 469
Predici 89
pre-oriented yarn see POY
prepolycondensation reactor 100f
prepolymer formation 340
primary crystallization 160, 164, 168
primary nucleation 161
processability

and quality relationship 435–93
definition 452
films 477

processing stabilizers 531
1,3-propanediol (PDO) 361, 363
propylene glycol 701, 704
pseudo-high-dilution chemistry 120
pseudo-high-dilution reactions 120
pseudo-high-dilution techniques 118
P -toluenesulfonic acid (PTSA) 718,

723
PTT 213, 361–97, 382f, 541

applications 385–90, 386f
c-axis lattice strains in fibers 381f
carpets 388
chemical structure 362f
comparison with PBT 547–9
comparison with PET 487, 547–9
copolymers 390–1
crystal density 370–1, 370t
crystal orientation 384–5, 384f
crystal structure 370, 371f
crystallization 371–2, 372f
crystallization half-times 372–4,

373t
crystallization kinetics 372–4
deformation behavior 379

drawing behavior 383–4, 383f
dyeing 388–9, 389t
dynamic mechanical properties

374–6, 376f
elastic recovery 379–81, 379f
elongation of fibers as function of

winder take-up speed 387f
ester interchange 391
fiber end-use applications 385–6
fiber moduli before and after

annealing 379t
fiber processing 386
glass-filled properties 389–90, 390t
glass transition 374–6
glass transition temperature 375f
health and safety aspects 391
heat capacity 374, 375f
heat of fusion 374
higher-molecular-weight 367
injection molding 389–90
intrinsic viscosity 369
mechanical properties 376–7, 377t
melt rheology 377, 378t
melting 371–2, 372f
molecular weights 369
non-isothermal crystallization kinetics

374
overview 361–2
partially oriented yarn (POY)

386–8
physical properties 368–77, 377t
polymerization 362–8, 364f,

365–6t
rheological flow activation energies

378t
side reactions and products 367–8
strain deformation and conformational

changes 381–3, 382f
stress–strain curves at draw

temperatures below and above
glass transition temperature
383f

stress–strain curves of fibers
378–9, 379f

structure 408f
tenacity of fibers as function of

winder take-up speed 387f
tensile properties 378–9
thermal degradation mechanism

368f
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thermal properties 371–2
viscosity as function of shear rate

378f
X-ray crystal modulus 380

purified terephthalic acid (PTA) 12
PyroChek 68PB 527, 527f
pyromellitic dianhydride (PMDA)

498–501, 500–1f

quality and processability
relationship 435–93
technological aspects 465–8

quality requirements of polyester films
472

quinuclidine 121

rate constant 153
rate-controlling mechanisms 152
reaction injection molding (RIM) 138
reactive extrusion block copolymer

255f
reactive impact modifiers 507–10,

508f, 508t
reactive toughness 509, 512f
recycling

by chemical depolymerization
565–90

degradable polyesters 597
see also specific materials and

applications
red phosphorus 315
refrigerator crisper trays 281f
reinforcements 524–5, 525t
relative degree of crystallinity 647
repolymerization, PET 565–90
resin transfer molding (TRM) 138
rigid-rod comonomers 254f
rigid-rod monomers 252
ring–chain equilibration, polyester cyclic

oligomers via 124–31
ring–chain equilibration reaction 127
ring-opening polymerization 117–19,

122, 134, 137
oligomeric PBT cyclics 135f
PBT cyclic oligomers 138

Riteflex 20
roof-type preheater for annealing of PET

pellets 171f

Roult’s law 75
Rynite 17, 532–3

scanning electron microscopy (SEM)
648

secondary crystallization 160, 164,
168–71

semicrystalline materials 251
semicrystalline thermoplastics 293
side products, removal of 200–1
size exclusion chromatography (SEC)

column 131
sodium ionomers 518, 519f
sodium stearate 517, 517f, 518
sodium sulfoisophthalate 457
solar radiation versus location versus

exposure angle 611t
solid-state polycondensation (SSP) 85,

459, 505–6
batch process 216–18
batch process reactor 217f
catalyst 158
continuous process 166–78,

218–20, 226–7
continuous process reactor 219f
cooling 172
crystallinity 210–13
crystallization 157–8, 221–4
density as function of temperature

and time 211f
diffusion and mass transfer in

84–5
diffusivity of side products 205–6
discontinuous batch process 224,

225f
drying 221–4
economic considerations 236
effect of carboxyl number 157f
effect of crystallinity 207f
effect of diffusion 207–8
effect of nitrogen gas flow rate 201f
effect of reaction time 233f
end group concentration 156
engineering principles 215–21
equipment 215–21
foamed prepolymer chips 228
gas purity 158
gas transport 234
gas type 158
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solid-state polycondensation (SSP)
(continued )

hot crystallization rate
as function of intrinsic viscosity

213f
as function of temperature

212f
investment costs 145f
kinetics 199
mechanisms 209, 209t
molecular weight 158
parameters affecting 154–8
particle size effect 156, 206–10,

227–8
PBT 176–7, 214–15, 214f, 220,

300–1
PEN 177–8, 214–15, 220, 237–8,

325, 328–9
PET 143–215, 214f, 226f
PET recycling 179–86
physical aspects 200–13
polyesters 143–242
powdered prepolymer 228
PPT 214–15, 214f
practical aspects of reaction steps

221–35
prepolymers 230f
process 75, 90, 481
process comparison 173–5, 174f
process parameters 227–35
production costs 145f
reaction 171–2
reaction time 235
small particles and powders 220
sticking 222
suspended state 220–1
temperature 154, 202–5, 202–3f,

233–4
time 154
use of catalysts 205
vacuum 234

solid-stating accelerators 505–6
speciality additives 529–31
specific surface area 83–4
Spectar copolyester extruded sheet 282,

282f
spherulite growth 159f, 161–4
spin-draw yarn (SDY) 386
spinnability, definition 452
spinning 452–4

threadline dynamics 413, 413f

Stabaxol 524
step-growth condensation polymers

566
4,4’-stilbenedicarboxylic acid 288
stretch-blow molded containers 281
styrene–acrylonitrile (SAN) 310
styrene–butadiene–styrene (SBS) 310
styrene–ethylene butylene–styrene

(SEBS) 510
Suberin 23
substituted-HQs/BB polyarylates,

thermal properties and moduli
650t

succinic acid 256
5-sulfoisophthalic acid (SIPA) 257
Sumitomo NESTAL injection molding

machine 646
superpolyesters 8
surface-active agents 20–1
surface diffusion rate controlled process

152–3
surface mount technology (SMT) 645

t-butyl isophthalic acid (TBIPA) 248
tandem HPLC–MS 125
temperature-dependent equilibrium

constants 44t
terephthalate copolyesters to control

degradation 605
terephthalate ring substitutions 261
terephthalic acid (TPA) 12, 35, 39, 43,

72–3, 73f, 90, 92–3, 231, 268,
296–7, 324, 329, 335, 364, 481,
489, 566, 568, 574

continuous process based on 96–7f
esterification 92
solubility in prepolymer 103

terephthaloyl chloride (TPC) 120–1
Tergal 10
Terital 10
Terlenka 10
Terylene 11
Tetoron 11
tetraalkyl titanate 131
tetrabutyl titanate 297
tetrachloroethane (TCE) 304
tetraepoxide chain extenders 503f,

504
tetra(2-ethylhexyl) titanate (TOT) 137,

297
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tetraglycidyl diaminodiphenylmethane
(TGDDM) 503–4, 503f

tetrahydrofuran (THF) 121–2, 125,
298–9

tetraisopropyl titanate (TPT) 297
tetrakis-(2-ethylhexyl)-titanate (TOT)

136
2,2,4,4-tetramethyl-1,3-cyclobutanediol

(TMCD) 247, 287
textile filament yarns 403
Therm-S-300 221
Therm-S-600 221
Therm-S-800 221
thermal stability 484
thermodynamic miscibility 679–86,

681t, 682f
thermogravimetric analysis (TGA) 469
thermoplastic polyester composites

541–62
contribution of fiber length and

molecular weight 553
new applications 557–8
properties 549–57

thermotropic liquid crystal polymers
(TLCPs) 665–96

thermodynamic miscibility
determination 679–86, 681–2t

Thermx PCT 17
TiOU2u agglomerate 457, 457f
TiOU2u particles 443
titanate alloying agent 531, 531t
titanium-catalyzed transesterification,

PET 49f
total organic carbon (TOC) 92
Toyo Boldwin Rheobron

Viscoelastometer Rheo 2000/3000
machine 647

Toyo Boldwin Tensilon UTM-4–200
machine 646

transesterification 504
trans-conformation 164
transesterification 147–8, 151, 197,

251, 309, 529, 567
PHB/PEN/PET blends 673–4, 675f,

675t
transesterification inhibitors 530
transesterification reaction 488–9
trans/gauche conformation 473
transparent toy kaleidoscopes 283, 283f
9,10,16-trihydroxyhexadecanoic acid

23
trimellitic anhydride (TMA) 499

trimethylene glycol 363
triphenylphosphite (TPP) 504
tyre cord, PET-SSP plant 175–6, 176f

UL-94 test 313
United States Food and Drug

Administration (USFDA) 570,
571t, 573, 594

unsaturated polyesters 5, 699–713,
715–31

additives 706–7
applications 708–12, 709t
basic types 702
chemical constituents 705–6, 706t
construction applications 710–11
fillers 707
future developments 712
marine application 710
physical properties 703t
preparation 700–5
properties 705–8
reinforcements 707–8
transportation applications 711–12

UV degradation 610
UV light 488
UV-protected PECT copolymer 618
UV radiation 488
UV stability 484
UV-stabilized PECT 618–26, 618–24f

Valox 315, depolymerization of
127–8f

van der Waals attraction forces 407
Vectra 18
Vectran 18
video tapes 475
vinyl end groups 69f

polycondensation of 148
vinyl esters 702
viscoelastic behavior 442
voids 471
volatile organic chemicals (VOCs) 723
Vycron 11
Vyrene 19

wastewater treatment facilities,
degradable polyesters 598

water, vapour pressure 74f
Weather-Ometer 614–18f, 615
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wide-angle X-ray diffraction (WAXD)
370–1, 382, 382f, 384f

Wilke–Chang technique 79–81
Wollastonite 525

X-ray crystallography 125, 130
Xydar 19

yarn breaks 450–6
caused by skin–core differences

441f
hydrolytic degradation 470–1
thermal-oxidative degradation

468–71
yellowing, PET 62–5
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