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i Handbook of Thermoplasticg

9.1 POLY(ETHYLENE TEREPHTHALATE)
91.1 History

Calico Printer’s Association Limited initiated research in 1940 to develop polyesters for synthetic
fiber applications. In 1941, John Rex Whinfield and James Tennant Dickson of the Calico Prinier'
Association patented polylethylene terephthalate) (PET} [1] based on the early research of Wallace
Carothers on condensation polymerization of aliphatic acids such as adipic acid with ethylene glyeq|
(EG), but Carothers had not studied the condensation of EG with aromatic acids such as terephthalic
acid (TPA) to produce PET. Whinfield and Dickson, along with inventors W.K. Birtwhistle ang
C.G. Ritchiethey, also created the first PET polyester fibers called Terylene in 1941 [2] (first manuy.
factured by Imperial Chemical Industries [ICI]). When DuPont learned about the new fibers from
ICI {which acquired Calico industries in 1947), it negotiated and purchased patent rights and then
proceeded further to commercialization,

9.1.2 PET Powvmerization PrOCESS

Until the mid-1960s, dimethyl terephthalate (DMT) was the preferred feedstock for PET production,
mainly due to its higher purity than its acid form, TPA. When Amoco developed a high-purity TPA
process, the acid form gained acceptance and has since become the primary leedstock. The acid
process completely eliminated the additional step of converting TPA to dimethyl ester, which added
further cost, and this was also an important criterion for the worldwide acceptance of TPA-based
PET. Owing to the cormmercial importance of PET, large volumes of work on various catalysts used
for PET polymerization have been reported, and a detailed discussion on the catalysts follows.

The metal catalysts based on antimony and germanium have dominated the industrial produc-
tion process from the time of invention. Since PET has gained commercial importance from 1950
onward. new research has been focused on improving the process, especially the catalysts, both
inorganic and organic. Although a plethora of new catalysts were discovered, replacement of anti-
mony and germanium as industrial-scale catalysts has not succeeded Lo date. So far, no negative
data have been obtained due to the presence of antimony in PET sold for food applications.

9.1.2.1 Antimony

Among the various antimony compounds such as trioxide [3], triacetate [4], and glycolate |5], the
most widely used industrial version is the trioxide. The other two catalysts do nol show any signifi-
cant difference from PET synthesized with antimony trioxide.

9.1.2.2 Germanium

Germanium dioxide-catalyzed [6] PET shows higher optical clarity, resulting in its use in film appli-
cations. Tt is also used by Japanese producers for manufacturing bottle-grade PET. Because ol its
tendency to support oxidative degradation, germanium catalysts are used together with stabilizers
hased on phosphorus.

9.1,2.3 Other PET Catalysts

Due to the commetcial importance of PET, an abundance of patents focusing on either new catalyst OF
combinations of existing catalysts have been reported, a few af which are described. Examples of mix-
ture catalysts include zine acetatefantimony acetate/phosphate ester [7], manganese benzoatefantimony
triancetate/phosphate ester [7], manganese benzoatefacetyltriisopropyl litanate with or without cobalt
acetate [7], antimony triacetatefzine diacetate/titanium glycolate [B], and manganese acetate/cobalt
acetatefantimony trioxide/ttanium isopropoxide [9]. Examples of other novel compounds include
tricthanolamine titanium chelate [10]; titanium glycolate [8]; cyanides of calcium, cadmium, oF Zinc
{for PET prepolymer) [11]; cobalt acetate [12]; stannous formate [13]; acetylacetonates of MaNZaness:
cobalt, cadmium, zinc, or magnesium [14]; phenylstibonic acid [15]; p-chlorophenylstibinic acid (155
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cobalt tungstate [16]; lead oxide [17]: lead fuoride [18]; trilluoroacetates of manganese, magnesium,
ar calcium [19]; and perfluorobutyrates of barium, tin, or calcium [19]. Regarding metal-free organic
catalysts for PET synthesis, an example can be found using A-heterocyelic carbene as a catalyst [20].
The ahove-mentioned examples are by no means exhaustive, as the literature has been flooded with
several catalysts, and our effort s to provide a brief understanding of various catalyst approaches that
have been reported,

The majority of efforts in developing new catalysts are focused on finding a substitute for anti-
mony. However, until a regulatory demand for antimony-free PET is put into effect, antimony will
continue to be the main catalyst used commercially.

9.1.2.4 PET Synthesis

PET is synthesized from EG as the diol and either an acid (TPA) or an ester (DMT) (Scheme 9.1).
Unlike typical condensation polymerization, which requires equal stoichiometric (1:1) amounts of acid
and aleohal, EG is typically charged in excess to the acid [7]. During the first stage of polymerization,
ihe intermediate bis-(2-hydroxyethyl)-terephthalate (BHET) monomer is produced and further polym-
erized under reduced pressure with heat to produce PET resin [21], as shown in Scheme 9.1.

The final malecular weight is influenced by factors such as time, temperature, and vacuum,
Typically, the polymerization temperature is increased gradually in the range of 200-2907C, and
the melt polymerization time can be in the range of 2-5 h. DMT reacts faster than TPA due (o its
lower melting point (142°C). Although DMT was initially used commercially, TPA is currently the
monomer ol choice for PET production.

9.1,2.5 Solid-State Polymerization

As mentioned earlier, one of the factors that influence the molecular weight is the polymerization
time. In order to get very high molecular weights, the polymerization time has to be significantly
lunger, As the polymer melt resides for a longer time at a very high temperature, the polymer ollen
develaps a brown color due to thermal degradation. Commercially, the requirement is not only
higher molecular weight but also no color formation. Films and fibers are made by melt-phase
polymerization until intrinsic viscosities (1Vs) of 0.5-0.7 dL/g are reached. Above 0.7 dLfz (solt
drink and beverage bottles, tire cord filaments, and industrial fibers), the solid-state polymerization

0 - 0 /

4 \>7 , Ho— R D\ _ o —
C}} <-— _{o—m \_UH _0\7_<\::§>_'\\i]
/ :

R1 =H or CH, HO

OH
Rl

TPA or DMT EG BHET

r ;
0, o
-0 : Q‘Kn
PET

SCHEME 9.1 PET manufacturing route.
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9.1 POLY(ETHYLENE TEREPHTHALATE)
9.1.1 History

Calico Printer’s Association Limited initiated research in 1940 1o develop polyesters for synthetie
fiber applications. In 1941, John Rex Whinfield and James Tennant Dickson of the Calico Printer's
Association patented poly(ethylene terephthalate) (PET) (1] based on the early research of Wallaee
Carothers on condensation polymerization of a liphatic acids such as adipic acid with ethylene £lyeq|
(EG), but Carothers had not studied the condensation of EG with aromatic acids such as terephthalie
acid (TPA) to produce PET. Whinfield and Dickson, along with inventors W.K. Birtwhistle gpg
C.G. Ritchiethey, also created the first PET polyester fibers called Terylene in 1941 [2] (first mang.
factured by Imperial Chemical Industries [ICI]). When DuPont learned about the new fibers From
ICT (which acquired Calico industries in 1947, it negotiated and purchased patent rights and then
proceeded further o commercialization,

9.1.2  PET Powvmerization Process

Until the mid-1960s, dimethyl terephthalate (DMT) was the preferred feedstock for PET production,
mainly due to its higher purity than its acid form, TPA. When Amoco developed a high-purity TPA
process, the acid form gained acceptance and has since become the primary feedstock. The acid
process completely eliminated the additional step of converting TPA to dimethyl ester, which added
further cost, and this was also an important criterion for the worldwide acceptance of TPA-based
PET. Owing to the commercial importance of PET, large volumes of work on various catalysts used
for PET polymerization have been reported, and a detailed discussion on the catalysts follows,

The metal catalysts based on antimony and germanium have dominated the industrial produe-
tion process from the time of invention. Since PET has gained commercial importance from 1950
onward, new research has been focused on improving the process, especially the catalysts, both
inorganic and organic. Although a plethora of new catalysts were discoveread, replacement of anti-
mony and germanium as industrial-scale catalysts has not succeeded to date. So far, no negative
data have been obtained due to the presence of antimony in PET sold for food applications,

9.1.2.1  Antimony

Among the various antimony compounds such as trioxide [3], trincetate [4], and alyeolate [5], the
most widely used industrial version is the trioxide. The other two catalysts do not show any signifi
cant difference from PET synthesized with antimony trioxide,

91.2.2  Germanium

Germanium dioxide-catalyzed [6] PET shows higher optical clarity, resulting in its use in film appli-
cations. It is also used by Japanese producers for manulacturing bottle-grade PET. Because of its
lendency to support oxidative degradation, germanium catalysts are used together with stabilizers
based on phosphorus,

9.1.2.3  Other PET Catalysts

Due to the commercial importance of PET. an abundance ol patents focusing on either new catalyst or
combinations of existing catalysts have been reported, a few of which are described. Examples ol mix-
ture catalysts include zinc acetate/antimony acetate/phosphate ester [7], manganese benzoate/antimony
trincetate/phosphate ester [7], manganese benzoatefacetyltriisopropyl titanate with or without cobalt
acetate [7], antimony triacetate/zine diacetate/ttanium glycolate [8], and manganese acetate/coball
acetate/antimony trioxidefitanium sopropaxide [9]. Examples of other nowvel compounds include
tricthanolamine titanium chelate [10]; titanium glycolate [8]; cyanides of calcium, cadmium, or zinc
{for PET prepolymer) [11]; cobalt acetate [12]; stannous formate [13]; acetylacetonates of AN EATESE,
cobalt, cadmium, zinc, or magnesium [14]; phenylstibonic acid [15]: p-chlorophenylstibinic acid [15]
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cobalt tungstate [16]; lead oxide [17]; lead Auoride [18]; trifluoroacetates of manganese, magnesiam,
or caleium [19]; and perfluorobutyrates of barium, tin, or calcinm [19]. Regarding metal-free organic
catalysts for PET synthesis, an example can be found using N-heterocyclic carbene as a catalyst [201].
The above -mentioned examples are by no means exhaustive, as the lerature has been fooded with
ceveral catalysts, and our effort is to provide a brief understanding of various catalyst approaches that
pave been reported.

The majority of efforts in developing new catalysts are focused on finding a substitute for anti-
mony. However, until a regulatory demand for antimony-free PET is put into effect, antimony will
continue to be the main catalyst used commercially.

9,1.2.4 PET Synthesis

PET is synthesized [rom EG as the diol and either an acid (TPA) or an ester (DMT) (Scheme 9.1).
Unlike typical condensation polymerization, which requires equal stoichiometric (1:1) amounts of acid
and aleohol, EG is typically charged in excess to the acid [7]. During the first stage of polymerization,
the intermediate bis-(2-hydroxyethyl)-terephthalate (BHET) monomer is produced and further polym-
erized under reduced pressure with heat (o produce PET resin [21], as shown in Scheme 9.1,

The final molecular weight is influenced by factors such as time, lemperature, and vacuum,
Typically, the polymerization temperature 1s increased gradually in the range of 200- 290°C, and
the melt polymerization time can be in the range of 2=5 h. DMT reacts faster than TPA due to ils
lower melting point (142°C). Although DMT was initially used commercially, TPA is currently the
monomer of choice for PET production,

9.1.2.5 Solid-State Polymerization

As mentioned earlier, one of the factors that influence the molecular weight is the polymerization
time. In order to get very high molecular weights, the polymerization time has to be significantly
longer. As the polymer melt resides for a longer time at a very high temperature, the polymer often
develops a brown color due to thermal degradation. Commercially, the requirement is not only
higher molecular weight but also no color formation. Films and fibers are made by melt-phase
polymerization until intrinsic viscosities (1Vs) of 0.5-0.7 dL/g are reached. Above (.7 dL/e (solt
drink and beverage hottles, tire cord filaments, and industrial libers), the solid-state polymerization

OH
m_D}_ﬁ@_{D HO 0 — 8] -—/I.}_
+ _\\_ — W,
A N o—A1 —iH ) __D: \i %c.
HO i

Rl=HorCH;

TPA ar DT EG BHET

PET

SCHEME 9.1 PET manufacturing rouic,
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(55P) procedure is used by heating a low-molecular-weight PET below its melting point {245 ¥ b
above its glass transition lemperature (80°C) [22]. Between the melting point and glass transition,
with heating, the polymerization continues, albeit at a slower rate, but ensures that no color hmh-._\
are formed. The ideal temperature range for 5P is 200-220°C. Vacuum or inert gas inside the sSsp
chamber ensures the removal of EG, walter, and acetaldehyde [22).

The main mechanism for SSP is the diffusion of end groups (acid |or ester] and aleohal) ypg
Joining ol the two chains with the elimination of by-products such as water (or methanal), Singe
the crystalline phase is highly ordered and possible movements are negligible, most of the reactigy
occurs in the amorphous domain [23], Additionally, since the end group produces defects in (he
crystallites, most of the end groups are essentially in the amorphous phase, resulting in polymer.
ization driven by the amorphous state [23]. Similar to melt polymerization, removal of water oy
methanol) after the condensation by inert gas or vacuum drives the reaction forward.

9.1.3  Prorernies anp Arpuicanions oF PET

Fully annealed PET has a melting point of 280°C, but commercial PET has lower crystallinipy,
and the melting point is between 255°C and 265°C [24]. The reason for the low crystallinity of
commercial PET is both defects in the backbone generated by chemical impurities (diethylene
glycol produced from EG) during polymerization becoming a part of the PET backbone [24],
or deliberately added chemicals such as isophthalic acid (IPA}) that improve processability and
lower the crystallization rate. The addition of IPA to PET improves the melt strength that is
required for bottle applications [25]. Typical properties of PET collected from data sheets are
given in Table 9.1,

Due to the shorl ~CH,—CH,~ spacer between the aromatic rings, PET crystallizes slowly, but
the crystallization rate and, subsequently, the erystallinity in PET can be strongly influenced by
the molecular weight. Low molecular weight allows the chain to align easily compared to higher
molecular weight, resulting in higher crystallinity for the low-molecular-weight grades, A combina-
tion of molecular weight and crystallinity influences the final mechanical properties of a particular
grade. For example, yield strain differs with both crystallinity as well as molecular weight [26], as
shown in Table 9.2,

PET is lammable and requires flame-retardant additives for applications needing flame-retardant
performance. The limiting oxygen index (LOT) for PET is approximately 21 [27], which means oxy-
gen from air can support combustion. PET does not produce char while burning, which leads to
complete combustion. Additives o make flame-retardant PET products are mostly halogen based

TABLE 9.1
Typical Properties of PET

Property i Value
Cilass transition lemperature i BO-K2
Melling temperature 0 245-265
Heal of fusion Mg 11k}
Coefficient of thermal expansion (LIl 2050
Hear deflection temperature (045 MPa load) : 115
Specific gravity (amorplious) 1.33
Specific geavity {crystalling) .39
Tensile strength M 55-75
Tensile modulus i 24
Elengation at break : S0-165
lzod impact strength (notched, 23°C) 13-35
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TABLE 9.2
Yield Strain (%) at 23°C [26] for Amorphous and Crystalline
PET Grades of Different Molecular Weights

Yield Strain (%)

IV of PET Amaorphous PET PET with 40% Crystallinity
0,62 6.7 LR
[.6H 5.7 T4
0,75 Gk 5.3
[ H 5.7 14U

Soweree! Dixon, E.R. and Jackson, L., S Mater Sei., 3:464, 1958,

such as brominated polystyrene [28] along with antimony (sodium antimonate) as a synergist, or
phosphorous-based additives [28]. For phosphorus compounds, although phosphates provide good
flame retardaney, the PET molecular weight decreases due to the hydrolysis by phosphoric acid,
which is generated from the phosphate. On the other hand, red phosphorous provides excellent
flame resistance but generates highly toxic phosphine [29] while burning,

Similar to most of the commercial polymers, PET is an insulator, which allows for applications
such as elecirical connectors,

The crystallinity of PET results in good resistance to most acids, alkalis, alcohols, greases, and
oils. Since the barrier to gases is generally related to the free volume of the polymer, crystalline
polymers provide excellent barrier properties because of the close packing of molecular chains, PET
has been approved for food contact applications and is generally considered very safe to use. All the
soda bottles in the world are made from PET as well as most of the drinking water boitles.

PET does not have weathering performance at the level of aliphatic polymers such as polyethylence
and aliphatic nylons, but its weatherability is acceptable for most short- to medium-term applications.

Optically, PET has very high clarity and transmittance, depending on the processing conditions
used. The slow crystallization rate of PET means that any process with fast cooling results in a clear
product (hottles, films, sheets, ete.). Processes with a longer residence time or annealing at high
temperatures cause PET to crystallize, which resulis in opaque products.

Among the commercial polyesters, PET is the most commonly used material not only due to its
excellent properties but also because it has the lowest cost compared to other engineering thermo-
plastic polyesters. Similar to nylons and polycarbonates (PCs), drying of polyester (including PET)
pellets in an oven at an ambient temperature for several hours is important to prevent polymer deg-
radation by moisture during processing. Several different grades (differentiated by IV) of PET are
made by the industry for various processing methods and final products. A few of the most common
applications are also listed in Tahle 9.3,

TABLE 9.3

Grades of PET/Processing Type/Applications

Grade (IV dL/g) Processing Applications

(.68 Injection molding Cups, conneciors

.76 Blow molding, film extrusion, fher  Bottles for mineral water, containers, cast film, fiber
spinning

0.8 Blow molding General bedtle applications

054 Blow molding, thermoforming Bottles for carbonated drinks, juices, oils, cosmetics wncd food

09 Blow maolding 4=5 gal. bottles, detergent boailes, jors, deep-draow cups
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The advantage of low cost combined with crystallinity and higher thermal stability will Contingg
to be the main reason for PET to be considered as the first material of choice for any new applic
and uniquely positioned Lo expand into new markets in the future, New inventions in processip
molding technologies will open new vistas for PET that have not yet been explored.

itiog
£ angl

9.2 POLY(BUTYLENE TEREPHTHALATE)

In addition to PET, poly(butylene terephthalate) (PBT) shares the designation of the most COMmer.
cially significant thermoplastic polyester. According to a BCC market report, the global markeq g
PET in 2012 was around 270,000 t, while the market size of PBT in 2012 was about 950,000 ¢ j3g),
The markets for both PET and PBT are projected to grow continuously in the coming years, Unlike
PET, for which the major applications are fibers, films, and bottles, the main application for PRT jg
injection-maolded parts, for which most utilize glass-filled or mineral-filled PBT. The butylene group
in the PBT backbone provides the polymer with higher chain maobility than the ethylene group in the
PET backbone and results in a faster crystallization speed. Faster crystallization makes PET more
suitable than PET for injection-molding processes [31],

9.2.1 HiistoRy

The history of PBT dates back to the 1940s and is mingled with the history of PET. The theory
aof the stepwise growth process was documented by Carothers in the late 1920s, but it is difficult
to unambiguously determine the inventor of PBT. Its commercialization began in the late 19605
with the first introduction of Calenex 3300, a 30% glass fiber-reinforced PBT injection-molding
erade, by Ticona (now Celanese group) [32]. PBT neat resins, filled PET grades, and blends of PBT
are often found in automotive applications, home appliances, electrical and electronic devices, and
other engineering thermoplastic parts due to their high flow characteristics, chemical resistance,
thermal and mechanical properties, dimensional stability, and colorability.

9.2.2  Raw MateriaLs

The production of PBT generally starts from two raw materials: 14-butanediol (BDO) and DMT or
TPA. BDO can be synthesized from various raw materials using different processes. For example,
Reppe chemistry (shown in Scheme 9.2) is a process that uses acetylene and formaldehyde o pro-
duce 1,4-butynediol, which is then hydrogenated to obtain BDO. Reppe chemistry was invented in
the 1930s [33] and is still a widely used route to produce BDO in industry. The Reppe reaction takes
place using a catalyst based on copper oxide with bismuth oxide added [34]. And the synthesis in a

o
— )k S /\&VDH
HO

Acetylens Formaldehyde 2-butyne-1,4-diol

H,

A~
HO

1.4-butanediol

SCHEME 9.2 Reppe chemistry to produce BDO,
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fluid bed reactor system happens at 70-100°C, 1-6 bar [35-37]. The pH of the reaction is controlled
at 5-8 by the addition of alkali [35-37]. The hydrogenation of | 4-butynediol can be completed with
a4 nickel or palladium catalyst.

Other feedstocks for the synthesis of BDO include propylene oxide (Scheme 9.3} |34,38,39],
putadiene (Scheme 9.4) [34.38,40], and maleic anhydride (Scheme 9.5) [34.38.41],

Recently, many companies have been developing bio-based routes for chemical synthesis due o
the increasing price of oil and a broader awareness of sustainability, and consequently, bio-based
BDO is gaining momentum in industry. Genomatica has developed and patented a one-step pro-
vess to produce BDO through fermentation using non-naturally oceurring microbial organisms [42],
which is called the GENO BDO process. In late 2012, Genomatica and DuPont Tate & Lyle Bio
products Company, LLC, successfully produced over 2000 t of BDO through direct fermentation
in a S-week campaign, which was announced as “the first successful commercial-scale production

]

i Y. — TP g S
Propylene ozide Allyl aleohol
COH

Hy

OH
W - HO
HO S T B

1,4-butanediol 4-hydroxybutyraldethyde

SCHEME 9.3  BDO synthesis from propylene oxide.
Cl W Cl
M —.?'_ el /
Butadiens 1 4-dichlarobutens

MacH

W{]H H; W OH
HO = MO i
1,4-butanediol 2-butena-14-diol

SCHEME 9.4 BDO production from butadiene,

i - H; - M
J‘\ - [ lx_ oo TN

Q 0 0

G

Maleic anbydride y-Butyrolactone 1, 4-butanediol

SCHEME 9.5 BDO praduction from maleic anhydride.
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of BDO using a bio-based manufacturing process” [43]. Recently, Toray has successfully produced
hio-based PBT from Genamatica's bio-based BDO. The bio-based PBT has equivalent physical prop.-
erties to the petroleum-based PBT. DSM also announced their approval of bio-based BDO from the

FENO BDO process in their Arnitel block-copolyester product line, where the hard segment is PBT,

BioAmber is another player in the bio-based BDO market. BioAmber started as a producer of
hio-based succinic acid (5A) and later exclusively licensed DuPont’s hydrogenation catalyst technol-
oy o produce bio-hased BDO and tetrahydrofuran (THF) (from bio-based BDO). BioAmber hag
also built an exclusive partnership with Evonik to optimize DuPont’s catalyst [44].

While progress has been made in the production of BDO from biorenewable resources, TPA and
DMT production processes still rely on fossil-based feedstock. Both TPA and DMT manufacturing
start with p-xylene as feedstock. The majority of TPA and DMT production worldwide is based on a
cobalt/manganese/bromine catalyst developed by Scientific Design for oxidation of p-xylene [45]. In
the process, acetic acid, which serves as the solvent, is charged into the reactor along with p-xylene
and a catalyst, Excess compressed air is also charged into the reactor and reacts to oxidize the
p-xylene. In this oxidation process, three intermediates are produced: p-tolualdehyde, p-toluic acid,
and 4-formyl-benzoic acid, as shown in Scheme 9.6. The TPA produced precipitates from the acetic
acid solvent due to its low solubility, During precipitation, a significant amount of 4-formyl-benzoic
acid is trapped in the precipitate and prohibits further oxidation to TPA due to the similarity of TPA
and 4-formyl-benzoic acid. TPA produced by this process contains such high amounts of residual
4-formyl-benzoic acid that it cannot be used to produce polyesters directly.

There are several processes to purify crude TPA and remove the residual 4-formyl-benzoic acid.
One process was developed by Amoco Chemical [46] and accounts for the majority of the share
af TPA feedstock for polyesters. The process is based on hydrogenation of 4-formyl-benzoic acid
to p-toluic acid, followed by a series of crystallization steps of TPA [47]. The p-toluic acid is more
soluble than TPA and remains in the liquid phase, while purificd TPA crystals are precipitated
out. Other processes include multistage oxidation, where after the oxidation process described pre-
viously, the slurry is transferred to another reactor and the temperature ol the system is further
increased. At the higher temperature, the TPA becomes more soluble in the slurry, The trapped
4-formyl-benzoic acid is then released and oxidized into TPA. Hydrolysis of DMT is another pro-
cess used o produce a very small percentage of the TPA feedstock [45].

As in the production of TPA, the production of DMT also starts with p-xylene [48]. The p-xylene
is first oxidized into p-toluic acid, Methanol is then added for the esterification reaction to form

W
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SCHEME 9.6 Oxidation process o produce TPA,
0 O
HO .0 A0~ 20 el i

= =
e & OO e B CHiOH \”
~F L | J | 7

ey -\Hh/ }_\:x i ’
\I = e o
Hoo “o =

SCHEME 9.7 DMT manufacturing process.

'I'hj
mutl‘i
phek
DM
to th

9.2

The
havi
resin
D
hyde
HR
this
indie
T
the i
poly
[
react
limid
Ferie
Ly pic
provl
the t
Wilg
D
mite
less
hetw




of Thermoplastics

cessfully produceg
alent physical prop.
ased BDO from the
wrd segment is PRT

+d as a producer of

on catalyst technol-
300, BioAmber has
4].

resources, TPA and
MT manufacturing
dwide is based on g
of p-xylene [45]. In
tlong with p-xylene
acts o oxidize the
hyde, p-toluic acid,
ates from the acetic
f d-formyl-benzoic
e similarity of TPA
ymounts of residual

wimyl-benzoic acid,
ajority of the share
ormyl-henzoic acid
-toluic acid is more
tls are precipitated
cess deseribed pre-
e system is further
durry, The trapped
WT 15 another pro-

: [48]. The p-xylene
m reaction to form

E[}UH
I
—= ||
ralyst L -

COOH

'|'|'|l"|'ﬂ|(]p|;:|"‘;”r |:l.".lf}"l:‘!5[1'!l'h 327

methyl p-toluate. In the following step, methyl p-toluate is oxidized to produce monomethyl tere-
],mlmlaltu. Finally, methanol is again introduced to react with monomethyl terephthalate and produce
DMT, as in Scheme 97. DMT can be purified easily by crystallization and distillation. In addition
to this process, DMT can also be produced by direct esterification of crude TPA with methanol.

9,2.3 PBT Powmerizanon Process

The synthesis chemistry of PBT has not changed significantly throughout the years, although there
have been advances in processing and catalyst technology, Traditionally, the production of PBT
resin started with DMT and BDO [49]. The first step is the transesterification reaction between
DMT and BDO to produce the diester, bis(4-hydroxybutyl-terephthalate), or ester oligomers with
hydroxybutyl ester end groups. Scheme 9.8 shows the diester structure. The reaction takes place at
a temperature between 150°C and about 210°C, at atmospheric or slightly lowered pressure. During
this first step, methanol is removed Trom the system as a by-product. The end of the first step is
indicated by complete removal of methanol.

The second step is the polycondensation reaction of the diester or ester oligomers, during which
the molecular weight of PBT is increased as the polycondensation reaction progresses (Scheme 9.9), The
polycondensation takes place at temperatures close to 260°C and at a reduced pressure below
100 Pa [49]. In this step, BDO is constantly removed from the system as a by-product to advance the
reaction. As the PBT molecular weight builds up, the melt viscosity increases significantly, which
limits the rate of BDO removal. Hence, applied effective agitation is required to facilitate the BDO
removil. The second step is completed when the desired molecular weight of PBT is achieved. The
typical reaction time for the polycondensation step is 4 to 5 h. In industry, a common practice is to
produce two grades of resin with high and low molecular weights. Any molecular weight between
the two for a desired product or application can then be achieved by blending the low-molecular-
weight and high-molecular-weight resins,

Due to the advancement of TPA purification technology and the lower price of TPA as a raw
material, & new process using TPA and BDO as raw chemicals (shown in Scheme 9100 has become
less costly compared to the traditional process using DMT and BDO, Instead of transesterification
between DMT and BDO to produce the diester or ester oligomers, the new process employs a direct

OH
o - [— 0
L ol ~CH4y0H : e =
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SCHEME 9.8  Transesterification of DMT and BDO.
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SCHEME 9.9  Polycondensation step lo produce PBT.
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esterification reaction of TPA with an excess amount of BDO [50-52], During the reaction, water
is removed from the reaction vessel, The second step of the process is to produce PBT from bis(4-
hydroxybutyl-terephthalate). The ester oligomer formed is very similar for both routes, with either
TPA or DMT as the starting raw material.

Industrial catalysts for PBT production are primarily titanium alkoxides, which can catalyze both
direct esterification reactions and transesterification reactions [50,52], In contrast to PET production,
in PRT production, the same catalyst is used for both reactions due to its high efficiency. After PBT
production, the catalyst remains in the resin and maintains its activity. Even at very low levels, these
active catalysts can lead to other transesterification reactions when blended with other polymers such
as PET and PC, but weak Lewis acids can be added into the blend to deactivate the catalysts [53,54].

The major side reaction in the production of PBT is the generation of THF [35-37]. The TPA-
based process produces as much as twice the amount of THF by-product as that generated by the
DM T-based process. Thus, another key point in making the TPA-based process more successlul
is 1o reduce THF formation during the reaction. THF forms in the reaction through two routes
(Scheme 9,113 [58,59]. One is the acid-catalyzed dehydration of BDO, which is believed 1o cause
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the major amount of THF formation in the TPA-based process. The other route is backbiting of the
pydroxybutyl ester end group to form BDO.

9,2.4 GREEN CHEMISTRY

Environmental awareness and the concept of sustainability have not only touched the raw materials
aspect of PBT production, as previously mentioned for bio-based BDO, but have also promoted PBT
production [rom postconsumer recycle (PCR) PET. PET is widely used as a packaging material for soft
drinks, food, cosmetics, cooking oils, and many more products, and PET is the largest recycled plastic
material in Europe. According to PETCORE Europe, in 2012, an equivalent of more than 60 billion
PET hottles were recycled, which represents more than 52% of all postconsumer PET bottles [60].

One representative case of PBT production from PCR PET is 1) VALOX, produced by the
Innovative Plastics business of SABIC. The process starts with PCR PET collection, sorting, clean-
ing, and grinding to produce PCR PET flakes. The PCR PET flakes are heated together with EG to
hreak down the PET polymer chain and form bis-hydroxyethyl terephthalate (BHET) [61.62]. BDO
is then added to make bis-hydroxybutyl terephthalate (BHBT) through a transesterification reac-
tion. The next step is a polycondensation reaction to polymerize BHBT at elevated temperature and
reduced pressure,

The process to make PBT from PCR PET is a chemical recycle process that degrades the PCR
PET polymer chains to monomers or oligomers, and builds up the new PBT pelymer chains from
these monomers and oligomers, Unlike physical recycle processes by which the material perfor-
mance will be deteriorated due to degradation and contamination, the PBT produced through a
chemical recyele process from PCR PET is expected to have the same properties as PBT produced
from virgin raw materials.

9.2.5 PBT CRrySTALLIZATION

PBT has very good chemical resistance, low moisture absorption, and relatively high strength and
stiffness due to the existence of its crystalline phase. Typically, PBT has about 35% crystallinity
[63]. The glass transition temperature of PBT is approximately 45°C [49] depending on the crystal-
linity, and the melting temperature is approximately 225°C [64], The crystallinity, glass transition
temperature, and melting temperature of PBT depend on the thermal history of the material. For
instance, by annealing, the crystallinity of PBT can reach 60% [65-67]. Anncaling ol PET for
long periods of time can also shift the melting temperature and glass transition temperature toward
higher values due to perfection of the ordered schemes. Various sizes of PBT crystals usually exist,
and therefore, the differential scanning calorimetry (DSC) curve often shows multiple melting
peaks. Understanding the thermal history of the PBT material is key to deciphering the DSC results,

PET crystallizes in two different forms, the alpha form and the beta form, and both have a tri-
clinic unit cell. For the alpha crystal, a =483 A, b =596 A, and c = 11.62 A; 0 =999°, i = 115.2°,
and y = 111.3° [68,69]. For beta crystals, a =495 A, b =567 A, and ¢ = 12.95 A o= 1017° f=
[218.2° and y = 9957 [T0]. The beta crystal usually forms under stress.

9.2.6  PBT PrROPERTIES AND APPLICATIONS

FET is an engineering thermoplastic that has applications in the automotive, electrical, electronics,
health care, and building and construction markets, mainly for injection-molded parts, Although
PBT can also be used to make fiber and film products, the applications of PBT in the form of fibers
and films are far less than those for injection-molded parts. For fiber and film applications, PET
Plays the biggest role in the polvester family, PBT is limited in its capability to expand in this market
due to its relatively high price along with its fast crystallization speed that results in a translucent
rather than a transparent film.
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[n most injection-molding applications, PBT resin needs 1o be reinforced and enhanced with
inorganic fillers to gain high modulus and strength. Among inorganic fillers, glass fiber is the most
popular because it can achieve the desired properties at a relatively low cost. Other fillers for PBT
include tale, clay, silica, mica, wollastonite, glass beads, and carbon fibers. Table 9.4 lists the proper-
ties of PBT and comparisons of PBT with glass fiber-filled PRT [71]. PBT resins are also formulated
to various levels of flame resistance with flame-retardant and synergistic additives. Flame-retardant
products are required for many applications such as electrical equipment, electronic devices, and
home appliances, Typical flame-retardant ratings of PBT seen in the market are UL 94 VO at 0.8,
1.6, and 3.2 mm, with slight differences in the vicinity of these thicknesses from different suppliers,
A UL 94 5VA rating is also possible for PBT with a thickness of 2.0 mm or above [72],

Traditional flame retardants used for PBT are bromine-containing compounds or polymers [72],
such as brominated carbonate oligomers, decabromodiphenyl ether {decaBDE), brominated PC,
and brominated polystyrene. Antimony oxide can be added into the formulation for its synergistic
effects with the primary flame-retardant additive.

However, with regulations on halogen-containing plastics becoming more stringent, it is often
desirable to remove all halogen-containing flame-retardant agents from the PBET formulation for
many applications, Some of the most successful alternatives are phosphorous-hased flame retar-
dants. The simplest phosphorous-based flame retardant for PBT is red phosphorous, which is also
supplied in a coating form. The coating can help to reduce the toxic phosphine emitted during the
processing [72].

A combination of nitrogen-based chemicals together with phosphorous-based Hame retardants
can also be used to flame-retard PBT, For example, PBT formulated with a combination of melamine
pyrophosphate and resorcinol diphosphate can achieve a UL 94 rating of V0 at 0.8 mm [73].

In addition to PBT resin and reinforced PBT resin in various applications, PBT is also blended

with other engineering thermoplastics to achieve unigue combinations of properties. Blends of

PBT with commercial significance include PBT/PET blends, PBT/PC blends, and impact-modified
PBT.

PRBT/PET blends are usually reinforced by glass fibers or minerals, similar to rein forced PBT
[74]. Some physical and mechanical properties of glass fiber-reinforced PBT/PET blends are shown

TABLE 9.4
Typical Properties of PBT and Glass Fiber-Filled PBT Resins

PBT PBT+15%  PBT+20%  PET+30%

Properties Unit Standard Resin GF GF F
Specific gravity - ASTM 1.31 140 1.44 1.53
s
Tensile sirength MPa ABTM 55 a0 115 125
L3R
Tensile clongation ke ASTM 150 4 4 4
2635
Fleiural strength MPa ASTM 80 145 175 140
a0
Flexural miodulus GiPa ASTM 2 5 ] B
Ly7ai
Heat deflection temperature (12 e ASTM ol 205 207 20
MPa) [ 5
Lzadd impact strength {nctched, room ki cmdeim ASTM 3 3 7 i
femperiature ) D256

Move: GFE glass fiber,
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Specific gravily
Tensile stress at break
Tensile steain at vield
Tensile modulus
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2350
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(23°C) |

Heat deflection temperature
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TABLE 9.5
Typical Properties of Glass Fiber-Reinforced PBT/PET Blends

PET/ PBT/ PBT/
properties Unit Standard PET+15% GF  PET+30% GF  PET+d0% GF
gpecilic gravity ASTM D792 .43 I.54 164
T:'fll:\il'\:' stress i break kefem? ASTHM DH3E L0 JE370 | 480
Tensibe strain al yield % ASTM DA3E 3 3 2
Tensile modulus kglicm? ASTM D633 50,900 51,500 | A0 00D
Flexural modulis kaffem? ASTHM 12790 45500 71,300 D00
Tend impact strength (notched, cm kgllem  ASTM D256 3 g 10

23%C)
[nstrumented impact ol cnergy cm kel ASTM Gl TI ]
(23°C) D3T63

o ASTM DOAR 164) 195 193

Heat defection temperaiune
(122 MPa, 3.2 mom, unannealed)

- Table 9.5, Although PBT and PET are miscible in the molten state as well as in the amorphous
phase, they crystallize separately to form individual crystalline domains, Compared to glass fiber-
reinforced PBT, glass fiber-reinforced PEBT/PET blends have better surfuce appearance and gloss.
The mechanical properties of the reinforced PRT/PET blends are dictated mainly by the glass fiber
content. Another advantage of PBT/PET blends is their low cost due to the relatively low price
of PET. In PRT/PET blends, transesterification may happen during processing [73], and this can
he undesirable if it happens to the extent that crystallinity is reduced and fast crystallization is
hindered.

PBT/PC blends combine the advantages of amorphous PC with crystalline PBT, Amorphous PC
provides dimensional stability, good impact properties, and paint adhesion, while crystalline PBT
provides good chemical resistance and heat performance. The remaining catalyst in the PBT resin
causes (ransesterification to occur when PBT and PC are compounded [76]. To prohibit the trans-
esterification reaction, a quencher is often added into the formulation to deactivate the catalyst [77].
The quencher is usually a phosphate salt such as zinc phosphate or mono zine phosphate.

Impact-maodified PBT blends are blends of PBT with impact modifiers [78-80], including meth-
acrylate—butadiene—styrene (MBS), acrylonitrile~butadiene-styrene (ABS), and styrene—ethylene-
butadiene—styrene (SEBS). The rubbery butadiene phase of the copolymers provides good impact

properties. In some cases, these blends can maintain high impact properties at reduced temperatures.

9.3 POLYESTERS BASED ON CYCLOHEXANEDIMETHANOL

The commercial success of PET and PBT along with the quickly growing market of polyester fibers
inspired further industrial research into new monomers for polyester synthesis during the 1950s.
One of the most important and successful of these monomers was the high-heat diol 1.4-cyclohex-
anedimethanol (CHDM) developed by Tennessee Eastman Co., a division of Eastman Kodak Co.

[B1].

931 History oFf CHDM-Basen POLYESTERS

Linear polyesters synthesized from cis- or trans-CHDM and TPA were patented in 1959 and became
known as poly(l,4-cyclohexylenedimethylene terephthalate) (PCT) [82,83]. PCT is a crystalline
polyester with a high melting point along with better weatherability, higher glass transition tem-
perature, and higher heat distortion temperature than PET, and was reported be useful in forming
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fibers and films [81]. PCT was first introduced by Tennessee Eastman as Kodel fiber, and a secon
line of Kodel fibers made from PET was later introduced by Eastman and then discontinued in the
1990s [84].

The original patents also disclosed the discovery of amorphous CHDM copolyesters, syn.
thesized by polymerizing both EG and CHDM with TPA, but the first commercialization of ap
amorphous copolyester containing CHIDM did not occur until many years later [B1]. The amop
phous polyiethylene terephthalate-co-1,4-cyclohexylenedimethylene terephthalate) copolyesters are
known as glycol-madified PCT (PETG) when the CHDM content is less than 30% and glycol-
modified PCT (PCTG) when the CHDM content is greater than 50%. PETG was introduced by
Eastman in 1977 as Kodar PETG 6763 and contained 70% EG and 30% CHDM [81]. The Eastman
line of PETG and PCTG products has since been expanded to include several resins for injection-
molding and blow-molding applications. Eastman later introduced FCT as an injection-molding
resin in 1987 under the name Ektar, which included glass-reinforced PCT, but it is now called
Thermx [85] and is owned by Celanese.

CHDM can also be polymerized with dimethyl trans-1,4-cyclohexanedicarboxylate (DMCD)
or 1 4-cyclohexanedicarboxylic acid (CHDA) to yield completely aliphatic, cyclic, partially crys.
talline copolyesters known as poly(cyclohexylene dimethylene eyclohexanedicarboxylate) (PCCT,
PCCD copolymers of trans-CHDA and CHDM that can form films and fibers were reported in
1959 [86]. However, they were not commercialized until many years later, most likely because of
the exact stoichiometry needed to obtain high molecular weight and difficulty in crystallizing from
the melt [87].

9.3.2 Powmemzanion Process

The two major manufacturers of CHDM are currently Eastman Chermical in the United States
and SK Chemical in Korea [88]. CHDM is a considerably more expensive diol monomer than EG
but provides added value in properties such as higher heat and toughness compared to PETL. The
CHDM monomer is synthesized by catalytic hydrogenation of dimethylene terephthalate (DMT) in
two steps, as shown in Scheme 9,12 [81]. DMT is first converted to dimethyl 1. 4-cyclohexanedicar-
boxylate (DMCD), followed by conversion of DMCD to the CHDM diol [81]. The copper chromite
catalyst is often used in industrial processes and yields a 70:30 trans/cis mixture of CHDM. The
trans/cis ratio of the monomer isomers varies depending on the catalyst type and reaction condi-
tions, and the ratio affects the properties of PCT and other polymers derived from CHDM [81].
Polyesters derived from CHDM are usually synthesized via a melt-phase polycondensation pro-
cess with a metal catalyst in two steps, as shown in Scheme 9.13. Similar to other polyesters such
as PET and PBT, the first step is an esterification with an excess of diols to form oligomers. This is
followed by a second polycondensation step under high vacuum and elevated temperature (o build

YO = YO
—0 x:flr 0 Pd * \

Vo 0 L S G
AT DMmID
e H= 4H, I o
}— - —r——r /—\ 2CH;0H
il o CuCrl, HO
DMCD CHDM

SCHEME 9.12  CHDM monomer synthesis by catalytic hydrogenation.
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meolecular weight [84]. The catalyst for the melt polymerization process can affect the molecular
weight and color of the polymer formed. For PETG/PCTG synthesis, titanium catalysts are very
qctive, but the copolymers tend to have a yellow color due to side reactions that also oceur quickly
[80]. Some catalysts such as antimony and cobalt yield polymers with a gray color due to reduction
of the metals [90]. Combinations of manganese, zine, titanium, and optional germanium catalysts
with a phosphorus inhibitor and cobalt toning agent have been shown to reduce the yellow color of
PETG/PCTG, and the material can be used in forming sheets [89,90]. Improvements in color and
clarity have also been demonstrated by optimizing the process conditions o create a more active
esterification product that requires lower catalyst amounts and reduced temperature for polyconden-
cation, along with higher amounts of phosphorus stabilizer [91].

The main types of CHDM polyesters are shown in Table 9.6. PCT is the crystalline polyester
generated from CHDM and DMT or TPA, PETG and PCTG are amorphous copolyesters synthe-
sized by the addition of EG in amounts above or below 50%, respectively, and acid-modified PCT
(PCTA) is a crystalline copolyester synthesized by the addition of other diacids such as TPA at low
levels. PCCD is produced from CHDM and DMCD to gencrate completely aliphatic copolyesters,
The thermal properties of each polyester are shown in Table 9.7, and mechanical properties are
listed in Table 9.8,

TABLE 9.6
CHDM-Derived Polyesters and Copolyesters

Dester/Diacid Diol Polymar

DMT/TRA CHOM PCT

H ,mlgl; @—ﬁ—n "\{:/\;\___D);l

TPA + P, CHOM PCTA

fot~oufis O

DMTTPA CHDM (less PETG
than 50%) + EG

e @iﬂ,ﬁveﬁ. OOy

DMT/TRA CHOM [greater FCTG
than 509 + EG

: fex - 0

o =] § o

ol | g 1} - (8] OfH
H;:.rsl,:‘ — - Bgr I T Ou’ i

Drch CHOM PCCD

|1.n:>(ﬁ {Sg—ﬁl—nﬁ{}uﬁ' H




3134 Handbook of Thermoplasticg

TABLE 9.7
Thermal Properties of CHDM-Derived Polyesters and Copolyesters

Palymer T, *C T °C
PCT -5 25012}
Hi-00 285200
I PCTA # TEO-T80)
il PETG 81 -
PCTG L 2] 255
PCCD -7 205-235
TABLE 9.8
Mechanical Properties of CHDM-Derived Polyesters and Copolyesters
Polyester PCT PCTA PETG PCTG PCCD
Specific gravily L2 .27 1.23 43
Tensile siress af vield, MPa 47 S0 45 13
Tenstle stress at break, MPa 465 51 28 52 23
Elongation at yield, % 3 4.3 3 i
Elongation at break, % 170350 300 110 LX) 400
Flexural meodulus, MPg 1 G- 1900 1 RO 210HD 190%) 154)
[zod impact strength, notehed at 23°C, Jim BO-100 a0 el ME
Lead impact strength, notehed at -40°C, Iim - 40 k) i< 40

Nore: NB, no break,

9.3.3

PROPERTIES AND APPLICATIONS

CHDM polyesters generally have high strength, impact, transparency, and chemical resistance,
CHDM is a unique monomer in that polymerization with the trans isomer yields PCT with a higher
melting point of 315-320°C, while the cis isomer yields PCT with a melting point of 260-267°C
[82]. Mixtures of isomers yield PCT polyesters with melting points of about 250-290°C [42]. The
glass transition temperature of the polymer is also dependent on the trans/cis ratio of CHDM iso-
mers. The ¥, is about 60°C for PCT synthesized from cis-CHDM and 95°C for PCT from trans-
CHDM. Methods have been developed to synthesize and isolate the higher-melting-point trans
isomer [92], as well as to improve control over the trans/cis ratio [93 |. Typical commercial PCT with
a 70:30 transicis CHDM ratio crystallizes slower than PBT, at a rate similar to PET, although the
crystallization rate is also dependent on the trans/cis ratio [£4].

PCT was first used as a textile fiber [85]. Today, PCT is commonly used in connector applica-
tions, and the heat distortion temperature and stiffness can be enhanced further by the addition of
glass filler. The heat deflection temperature (HDT) of 30% glass-filled PCT is typically 250-265°C,
which is higher than that of glass-filled PET (220-230°C) or PRT (200-210°C) [94] but Jower than
liquid crystal polymers (288°C) |88].

Although its thermal properties are useful in many applications, the processing window of PCT
15 narrow due 1o its high melting point, which nearly approaches the decomposition temperature. To
lower the melting point, PCT can be modified with low levels of other diacids. such as IPA to PCTA,
a crystalline copolyester with good resistance to hydrolysis [85]. The IPA content in the copolyester
is usually maintained at less than 25% to prevent difficulty in erystallization and the need lo use
artificial nucleation techniques [95]. PCTA is available as Durastar from Eastman Chemical, and
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these copolyesters have a lower melting point and wider processing window than PCT but retain
the transparency, toughness, and chemical and hydrolysis resistance [85]. PCTA has good hydro-
fytic stability and low moisture uptake due to its hydrophobic backbone and slower hydrolysis than
copolyesters containing EG [81], and it requires less drying prior to processing. Most other CHDM-
containing copolyesters must be dried carefully before processing to prevent loss of molecular
weight and mechanical properties, although methods have been developed o reduce drying time
and minimize hydrolytic degradation [96].

CHDM can also be incorporated into glycol-containing polyesters such as PET to produce amor-
phous polyesters, and the mole percent of CHDM in the copolyester influences the crystallization
pate and melting temperature of the copolyester [81]. The mole percent of CHDM reduces the crys-
allinity and slows the crystallization rate of PET. An amorphous window where the polymers do
not crystallize oceurs around a ratio of about 70:30 EG/CHDM. As the level of CHDM is increased
further, the melting point again becomes present and begins o increase along with the crystalliza-
tion rate [96].

PETG copolyesters, as mentioned above, contain less than 50% CHDM and are useful in applica-
tions for containers and blow-molded bottles. They are often used in packaging and are produced
as Spectar by Eastman Chemical Company [B1]. PETG has been copolymerized with other mono-
mers such as 2,6-naphthalene dicarboxylic acid (NDA) (0-40%) and SA ((-40%) to modify the T,
and shrinkage behavior [97]. At levels of CHDM greater than 50%, the copolyesters are known as
PCTG. Due to the higher levels of CHDM, PCTG has higher impact strength, toughness, glass tran-
sition temperature, and heat distortion temperature but lower modulus than PETG. Both PETG and
PCTG copolyesters have excellent transparency and are resistant o many organic solvents as well as
y-ray sterilization, rendering them useful in applications for kitchen and other household appliances
or medical devices [81], along with automotive and electronic applications [98].

PCCD is a useful copolyester material for applications where greater ultraviolet (UV) stabil-
ity and weatherability are required. Compared to PETG and PCTG, PCCD has better resistance
to photooxidation as a result of its completely aliphatic nature. PCCD has a high melting point
(225-235°C), but its lower crystallization temperature (152-171°C) and 7, (40-70°C) inhibit its
uselulness in some applications [99]. The process conditions and stoichiometry have been opti-
mized to enhance crystallinity [100], and various attempts have been made to increase the crystal-
linity and raise the T, by incorporation of other aliphatic monomers such as bicyclo[2.2.2]octyl
(DMCD-2) [101). Amides such as | 6-bis{4-carbomethoxycyclohexylcarboxamido) hexane have
also been incorporated [99] and successfully raised T, to [80-190°C without significantly affecting
T Incorporation of 2,2%(sulfonylbis(4, l-phenylencoxy))-bis(ethanol} is a method of raising the T,
of PCCD while maintaining low melt viscosity [102]. Higher amounts of trans-cyclohexyl diester
isomer also raise the crystallization temperature, and attempts have been made to control reaction
conditions by minimizing catalyst, temperature, and reaction time to maximize the transfcis isomer
ratio and lead to higher crystallization temperatures [87].

The widespread use of bisphenol A (BPA)-containing polymers and health concerns about BPA
exposure has inspired development of several alternative, BPA-free copolyesters. In 20108, Eastman
introduced Tritan, a copolyester derived from DMT, CHDM, and 2,2 4. 4-tetramethyl-1,3-cyclobu-
tanediol ( TMCD) [103]. Its monomers and extracts have lested negative for estrogenic or androgenic
activity [103]. Like PCTG/PETG and PCCD, Tritan is a tough, durable, transparent polyester with
2ood impact and chemical resistance, and it is used for many similar applications such as bottles,
housewares, small appliances, and medical devices [104],

ECOZEN is another BPA-free, hio-based copolyester of EG, TPA, CHDM, and isosorbide intro-
duced by SK Chemicals in 2012 [105]. The isosorbide biomonomer is corn based and provides
higher heat resistance than PETG [105). ECOZEN has a heat distortion temperature of 80-110°C,
with good chemical resistance and transparency, and has found applications in LED lighting, con-
sumer electronics, housewares, and appliances [106].
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Unlike other polyesters such as PET and PET, many CHDM-derived polyesters are miscible wig,
PC over a wide compositional range and can be utilized to enhance the properties of PC blends,
Blends of CHDM polyesters with PC are Fully transparent and maintain good mechanical pProper.
ties such as impact, tensile, and flexural sirength, but with the added benefits of improved flow
and hydrolysis resistance compared to traditional PC blends 107, 18], The polyesters also provige
enhanced chemical resistance to a variety of solvents. Compared to PC alone, CHDM polyester/Pr
blends have improved resistance to ionizing radiation, demonstrating significantly reduced vellow.
ing after exposure to various doses of gamma and electron beam radiation often used for sterilizs.
tion of medical devices [109].

SABIC’s Innovative Plastics business has developed the XYLEX product line based on trans.
parent PClamorphous polyester blends. In addition o clarity, XYLEX resins provide high impact
strength; ductility; chemical resistance (o solvents including cleaning fluids, automotive fluids, foog
and beverages, and alcohols; good weatherability; and high flow in selected grades [110]. XYLEX
is useful in applications such as eyewear, health care, consumer electronics, housewares, and auto-
motive [LI0,111],

9.4 NAPHTHALATE POLYESTERS

Concurrent with the invention of PET and PBT in the 19403, other aromatic acid components were
being explored as alternatives to TPA {or DMT). This resulted in the discovery and subsequent com-
mercialization of naphthalate-based polyester poly(ethylene naphthalate) (PEN}.

The aromatic monomer, namely, naphthalene dicarboxylic acid (NDA), is synthesized by the
oxidation of 2,6-dialkyl napthalene by cobalt/manganese or other catalysts with a promoter such as
bromine [112]. Two minor impurities in the reaction include trimellitic acid and 2-formy! naphthoic
acid (obtained from the partial oxidation of 2,6-dialkyl naphthalene) [112]. Additional products such
as bromonapthalene dicarboxylic acid are also observed in very small amounts [113]. In 1995, BP
Amoco commercialized 2. 6-naphthalene dicarboxylic acid dimethyl ester (NDC), produced from
o-xylene and 1 4-butadiene, and NDC now sells up to 60 million Ib./year, Other companies that fol-
lowed Amoco in NDC production are Mitsubishi and Teijin of Japan. Even today, the high cost of

NDC causes a niche market response to NDC-based polymers compared to commodity polymers
like PET,

9.41 History

Prior to the piloting of PEN by Teijin in 1970, research was focused on an economical commercial
route to manufacture NDC and NDA. The first attempts to make NDA (or NDC) mimicked the oxi-
dation process of p-xylene to TPA, Instead of p-xylene, alkyl naphthalenes were oxidized to NDA
[112]. Lillwitz [114] reviewed various other approaches for NDA production such as diiodonaph-
thalene, transcarboxylation, alkyl aromatic acylation, alkyl aromatic base-catalyzed condensations,
and various aromatic alkylations.

The route chosen by BP Amaoco for the production of NDA (or NDC) is the oxidation of
2,6-dimethyl naphthalene, derived from the alkenylation of o-xylene with 1,3-butadiene followed
by subsequent cyclization, dehydrogenation, and isomerization (Scheme 9,147, Today, the cost of
NDA remains expensive due to difficulties in the alkenylation of a-xylene with 1, 3-butadienc. The
stumbling block associated with alkenylation of o-xylene with 1,3-butadiene is primarily attrib-
uted 1o the very strong basic catalyst used in the reaction. Comman bases, such as alkali metal
oxides and alkali metal-exchanged zeolites, do not perform as well as the strongly basic sodium-
potassium eutectic alloy (22 wit.% sodium and 78 wi.% potassium) [114], It is paramount to inven
novel a catalyst or process conditions that would drastically bring down the cost of NDA. Else,
the market for NDA-based polymers will conlinue to be niche, in spite of being studied for over
60 vears,
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9.4.2 Powmerization PROCESS

Similar to other aromatic polyesters, the aromatic diacid (NDA or NDC) is polymerized with an
aliphatic diol, mainly EG [113], propylene glycol, or butylene glycol, in the presence of a trans-
esterification catalyst to produce PEN, poly(propylene napht halate) (PTN) [116], or poly(butylene
naphthalate) (PBN) [116], respectively. Compared to FEN, both PTN and PBN {commercialized by
Teijin) are more expensive, and hence, most commercial interest gencrally involves studying PEN
fur various applications. Typical PEN polymerization processes are similar to those of PET and
PRT, using excess diol to diacid (2:] ratio) in the first stage to produce oligomers in the presence of
a nitrogen atmosphere at a temperature range of 150-240°C, followed by further polymerization
under vacuum at 290°C [115]. For PBN and PTN, the final polymerization temperature is lower,
hetween 240°C and 255°C [116]. Due to the crystalling nature, SSP can also be used for polyesters
such as PEN [117]. SSP not only reduces the color of the final polymer but also reduces degradation,
which is important in developing useful applications involving both clarity and performance.

9.4.3  THerMAL PROPERTIES OF NAPHTHALATE POLYESTERS

Increasing the flexibility and length of the spacer from the shotter —(CH2),~ in the case of EG used
for PEN to the longer ~(CH2),~ in BDO used for PBN results in lowering of both T, and T, (Table 9.9)
[118]. PBN has a significantly higher melting temperature compared to PTN, but PTN only has a mod-
erate increase in glass transition temperature over PBN, Faster crystallization leads to a decrease in
molding cycle time, which is very important for molding a greater number of parts in a shorter amount
of time, PRT is currently the material of choice for faster molding cycles, but PBN can crystallize even
faster than PBT. Compared to a crystallization time of 3 s for PBT, a mere | s is required for PBN.

TABLE 9.9

Thermal (T, and T,) Data of Naphthalate Polyesters
Property, °C PEM PTM PBMN
T, 122 87 §2
1, 270 207 243

Sewrre:  Naphthalates. 2001 Engincering resin applications. BP. Avaitable
at hitp:fwenky baide comyiew/cTa0040 D0 TOIZI 1121 2de
Jtml,
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TABLE 9.10
Thermal Properties of Random Copolyesters Made from PPN and PTN:
T, (First Heating), AH,, (First Heating), and T, (Second Heating)

Composilion

(Tere-Ester/Maph-Ester) e aAH,, % T, "C
[LENTE 227 Fi 47
98 221 Bl 50
BE15 212 62 52
T30 192 52 57
6535 185 48 54
55/45 160 3 G5
45/35 150 15 7
35065 169 29 7l '
2575 [ 76 M 75

1 WS | e 42 52
(V] 07 a7 &7

Swwrce:  Lorvenzetti, C., Finelli, L., Loui, N., Vanning. M., Gaezano, M., Berti, O, and Munari, A
Folviner, 46:4041, 2003,

In any crystalline polymer system, introducing defects by copolymerization will result in poor
crystal lattice packing, and consequently, the melting point and percentage of crystallinity will
decrease. Poly(1,3-propylene naphthalate) (PPN) was transesterified under melt with another poly-
ester, namely, poly(l,3-propylene terephthalate) (PPT) [119], in the presence of a titanium tetraby-
toxide catalyst at 260°C. The product was a random copolymer that displayed a reduction in both
percentage of crystallinity as well as melting point, depending on the amount of comonomer in the
system (Table 9.10). A gradual increase in 7, was also observed (Table 9.10).

Similarly, both PET/PEN random copolymers [120] as well as PET/PEN blends | 120] had a lower
melling point compared to the individual polymers due to entropy affecting the crystallization phe-
nomena. Al about [53% comonomer concentration (PET or PEN), the random copolymer essentially
became amorphous [120], while the blends still showed a melting point [120]. Further, the blends
showed higher 7|, compared to copalymers of the same composition [120]. The difference in meli-
ing points of the same composition in a copolymer or blend is due to more homopolymer linkages
in the case of the blend, leading to higher crystallinity and, hence, a higher melting point. Low- and
high-naphthalate-content PET copolymers were commercialized by Shell company under the brand
name HiPERTUF, targeted for packaging applications such as beer, food, carbonated drinks, hot
fill, cosmetics, and pharmaceuticals.

Unlike melting temperature, the glass transition temperature of PEN/PET blends linearly
increases with the ratio of PEN to PET [120], so that the T, of new commercial products can easily
be tailored by blending various amounts of PEN with PET. Practical applications include hot-filled,
pasteurized, and washable containers, and outdoor glazing,

Similar to PET [121], PEN also exhibits a triclinic erystalline morphology (alpha and beta form)
[122] (Table 9.11). Below 200°C, PEN crystallizes in the alpha form. At much higher temperatures.
it erystallizes in the beta form,

9.4.4 Gas PErMeABILITY

PEN and PET are both slow-crystallizing polymers, meaning clear products such as films and bot-
tles can be made. A major requirement for any bottle packaging is to provide a good barrier to gases:
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TABLE 9.11

Crystal Unit Cell Data of PET and PEN

pPolymer 4, nm b, nm ¢, nm Alpha Beta Gamma
PET .44 {1594 B s 038.5 114 112

PEM, alpha 0G5l L575 1.32 El1.33 1d4 100

PEM, betu 0,926 1.559 273 121.6 95.57 122.52

ganrre: Ehang, X, 2004, Fundamentals af Fiber Science. Lancaster, PA: DEStech; Ho, M. and Kikutani, T
2002, PEMN: Scheme and properties. In Handbook af Thermoplastic Polvmers: Homopolymers,
Copolviters, Blends and Composites, ed. 5, Fakirov, 463-482. Weinheim: Wiley-VCH,

TABLE 9.12

Gas Transmission, cc mil/100 in.* day

Polymer COy, Amorphous CO,, Oriented 0, Amorphous Q,, Oriented H, 03, Amarphous
PET 69 3 10.9 6.1 431

FEMN 15 51 4.4 (] 212

Source: Naphthalates. 2001, General properties of naphthalate-containing polymers. BP. Available at hup!
wenku baidu.com/view/0a248 10bbbh6EagE27 | fefadf,

and PEN showed significantly superior barrier performance compared to PET [120] (Table 9.12).
The crystal orientation leads to closer packing of polymer chains, resulting in improved barrier
performance over amorphous polymers. PTN is even more superior to PEN as a barrier for CO,,
and oxygen [118],

9.4.4.1 Gas Barrier Properties of PEN/PET Blends

Since PET is significantly cheaper than PEN, for all commercial practical purposes, adding more
PET to blends with PEN significantly reduces the cost of the final product. Compared to the linear
hehavior for gas barrier propertics of PET/PEN copolymers, actual data on the blends were sig-
nificantly lower, indicating that the blends provided an improved barrier. This is attributed to the
morphology of the PET and PEN domains, which directly influences the barrier [120].

9.4.5 CHemicaL REsISTANCE

PEN is significantly superior to PET in terms of chemical, oxidative, and hydrolytic stability [120].
Improved chemical resistance is useful in applications such as packaging of pharmaceuticals, cos-
metics, and chemicals {Table 9.13),

9.4.6 OrncaL (UV) PROPERTIES

Unlike DMT, which does not absorb UV or visible light [120], NDC absorbs UV helow 400 nm
[120]. When polymerized, these monomers produce cither PET or PEN, respectively. UY absorption
occurs in PEN, while PET does not absorh UV Light [120]. The UV absorption property causes PEN
and other naphthalate polyesters/copolyesters to display improved UV barrier performance, result-
ing in greater retention of mechanical strength [120].
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TABLE 9.13
Chemical Resistance Comparison between PET and PEN (Measured by Retention
of Elongation at Break, %)
Thermal Aging, 2 Weeks

10% HCl, 10% NaCH, Ammonia Gas, at 130°C, 100, Relativg
Palymer 5 Weeks 2 Weeks 10 Weeks Humidity

PET ] 0 ] 0
PEN o} 50 0 50

Sewrce: Maphthalates, 2001, General properties of naphithalate-containing polymers. BP. Available At hitpyy
wenku. baido.com/view/0a248 10bbhaRa9E27 | fefadf.

9.4.7 FLUORESCENCE OF NAPHTHALATE POLYESTERS

Fluorescence is defined as the emission of light that was absorbed at a different wavelength, Dya
to the UV absorption property of naphthalate, polyesters containing naphthalate groups exhihig
fluorescence [123]. PEN fluoresces a blue color when excited [123]. Among blends such as FPETS
FEN, the extent of fluorescence is directly related to the amount of napthalate (PEN) present
in the composition. With lower amounts of PEN, the blue color may not be visible. The Huores-
cence property can be used as an identification marker for naphthalate-containing compositions
[123],

9.4.8 PHOTODEGRADATION

The formation of excited state dimers in naphthalate systems when exposed to sunlight or other
sources such as UV results in the appearance of color (yellow) [124]. PEN is superior to PET during
weathering, for this reason presence even a small amount of naphthalate improves the weathering
performance of PET [115].

9.4.9 MecHanicaL ProPERTIES

Since PEN crystallizes slowly, Table 9.14 reflects the mechanical properties of amorphous PEN
[118]. Compared to PET, generally superior performance in most of the properties is displayed by
PEN [120]. Table 9.15 shows the mechanical properties against the ratio of PEN/PET for 50 pm
films and fibers [120]. PET shows better elongation compared to PEN. On the other hand, significant
shrinkage is observed for PET, which could be due to the higher crystallization rate of PET over
PEN.

9.4.10 NapHTHALATE-BASED ELASTOMERS

It is well known that fast-crystallizing polymers such as PBT can be copolymerized with a flexible
diol such as poly(ethylene glycol) to result in the formation of elastomers. Industrially, the most
well-known elastomer is called Hytrel, Produced by DuFont, Hytrel is a copolymer of PBT hav:
ing polyitetramethylene oxide) flexible linkages. Since PBN crystallizes similarly to PBT, elasto-
mers involving a poly(tetramethylene oxide) glycol soft linkage were also produced from PBN, E'_l“i
Table 9.16 lists the property comparison [118]. Higher melt temperatures combined with superiorf
lensile strength and flex modulus were observed for PBN elastomers,
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TABLE 9.14

Mechanical Properties of Amorphous PEN

Tensile strength yield, MPa
Elongation at yield, %
Utirate tensile strength, MPa
Elongation at break, %

Flex madulus, MPa

Tensile modulus, MFPa

Maotch [rod, Mm

Tensile impact, L'm

Rockwell hardness, R scule

B4
7.2
4706
| (e}
2440
2400
26,7
0.25

123

Sowrce: MNaphihalates. 2001, Enginecring resin applications.
BP. Available at hitpzfwenkubaidu.comdview/cia0

QA cfOS08TE3IZ31 1 21 2de. himl.

TABLE 9.15

Mechanical Property Comparison between PEN and PET

Property

Young's modulus, MDD, MPa
Young's modulus, TI, MPa
Tensile strength, MLy, MPa

Tensile strength, T, MPa

Stress at 5% Elongation, MD, MPa
Stress at 5% Elongation, TD, MPa
Elongation at break, MD, %
Elongation at break TT, %
Thermal shrinkage at 150°C, MDD 5
Thermal shrinkage at 150°C, TD %
Faber tenacity, giden

Fiber modulus, giden

Fiber elongation at break, %

Fiber bodling water shrinkage, %

Fiber dry heat shrinkage at 177°C, %

PEN/PET Ratio

1.31
.23
.39
1.36
0.57
0.7
(.57
0.7
(.5
(.30
I
3.27
.57
0.2
(L5

Souwrce: Naphthalates, 2000, General propertics of naphthalate-
containing pelymers, BP. Available at httpoifwenku baidu

comfviewa24810bbhoEatE27 ] fetadl.

Nowe: M, maching direction; TD, transverse direction,

9.4.11  APPLICATIONS

The main applications of naphthalate polyesters are in the area of films, fibers, and containers.
Films, such as the Teonex brand of PEN films produced by Teijin, are sold for high-density data
slorage tapes, j;uggm[ed circuit cards, autmmotives, c;]l]uq:il(:l'.‘{. glectrical insulation, batteries, and
opticals, Fibers, such as Performance Fibers A-701, are sold for tire and industrial applications.
Container applications include food, beer, carbonated drinks, hot-fill juices, cosmetics, and phar-
maceuticals, using materials such as Shell’'s HIPERTUF PET/PEN copolymer.
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TABLE 9.16
Elastomer Comparison Having Hard Blocks of PBT or PBN
Property PBEM Elastomer PRT Elastomer
Specific gravity, 1.21 1.12
Shore D hardness, 55 47
Mell temperaturs, “C 225 182
Vicat temperature, "C 1) 127
Tensile strength at yield, MPa 11 78
Elomgation at yield, % ) 50
Tensile stremgth at break, MPa 26.3 18.8
Tensile elasticity, MPa 4.8 45,1
Flex modulus, MPa 1394 FLIR)
Taber abrasion, mgd 1000 16 12
WVolume resistivity, omega, cm 1.500% 100 180 02
Smwee: Maphthalates. 2001, Engincering resin applications. BP. Available
al huipfiwenku baidu.comiview/c SA04cTS0ETEI231 121 2de. himl.
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SECOND EDITION 0 "{H(l_|}| "wa Iiwhg

HANDBOOK OF THERMOP!

‘The second edition of the Handbook of Thermoplastics offers an important update since
the first edition. New subjects have been added for areas emerging of interest since the first
edition. Having utilized the first edition in my cacor before | retired, | can recommend the
second edition for professionals in both academic and business areas’”

—Lloyd M. Robeson, Air Products and Chemicals, Inc. (Ret.)

“Overall, this new text is very readable and well planned. ...a very good introduction to the
majority of the important commonly used classes of industrial thermoplastics.”

—Garth L. Wilkes, Virgdinia Polytechnic Institute and State University

This new edition of the bestselling Handbook of Thermoplastics incorporates recent devel-
opments and advances in thermoplastics with regard to materials development, processing,
properties, and applications, With contributions from 65 internationally recognized authori-
ties in the field, the second edition features new and updated discussions of several topics,
including

*  Polymer nanocomposites

+ Laser processing of thermoplastic composites

+  Bioplastics

+  Natural fiber thermoplastic composites

+  Materials selection

+ Design and application

= Additives for thermoplastics

*  Recycling of thermoplastics

= Regulatory and legislative issues related to health, safety, and the enviranment

The book also discusses state-of-the-art technigues in science and technology as well as envi-
ronmental assessment with regard to the impact of thermoplastics. Each chapter is written in
a review format that covers:

+ Historical development and commercialization

= Polymerization and process technologies

+  Structural and phase characteristics in relation to use properties

= The effects of additives on properties and applications

+  Blends, alloys, copolymers, and composites derived from thermoplastics
Applications

Giving thorough coverage of the most recent trends in research and practice, the Handbook
of Thermoplastics, Second Edition is an indispensable resource for experienced and practic-
ing professionals as well as upper-level undergraduate and graduate students in a wide range
of disciplines and industries,
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