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ABSTRACT: The objective of this article is to study the
combined effect of isophthalic acid (IPA) and polyethylene
glycol (PEG-400) in PET polymer and film on thermal, me-
chanical, and gas transport properties. The purpose of
developing this material is to reduce the melting point,
improve mechanical, thermal, and gas barrier properties.
The chosen raw materials, namely, IPA and PEG for copo-
lyester synthesis will replace partially the acid and diol
monomers of PET. The molar concentration of comono-
mers (IPA and PEG-400) were varied from 2 to 50% and

the result shows that the gas barrier properties (namely
O,, CO,, N, and water vapor transmission rate), mechani-
cal, and thermal properties were lesser than that of PET
polymer. On improving the crystallinity of PET-isophtha-
late-PEG (PET-IP) copolymer, barrier properties are
improved than that of PET polymer. © 2012 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Polyethylene terephthalate (PET) is a thermoplastic
polyester polymer produced by the reaction of
monoethylene glycol (MEG) and terephthalic acid
(PTA). Sometimes, dimethyl terephthalate is also
used for PET production instead of PTA. PET poly-
mer has superior strength, stiffness, chemical, heat
resistance, and electrical properties. Production of
PET polymer involves esterification of glycol and
acid monomers followed by polymerization. Catalyst
and accelerators are added during esterification and
polymerization reactions to have effective reaction.
After polymerization process of PET polymer, their
molecular structure is generally amorphous with
low-molecular weight (or molecular chain length).
The crystallinity of the PET polymer can be
improved by crystallizing at elevated temperature
range above or at around crystallization temperature
(Teh). The properties of PET may vary based on its
molecular weight, which is usually expressed by a
parameter commonly called as intrinsic viscosity
(IV). The more the chain length, the more will be
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chain entanglements, which result in increased IV
(molecular weight). The molecular weight (or chain
length or IV) of the PET polymer can be increased
by means of solid state polymerization (SSP) or the
term also called as polycondensation.™ In general,
PET can be processed into end products by injection
molding, stretch blow molding, thermoforming, or
extrusion. Depending on its processing and thermal
history, PET may exist as an amorphous (transpar-
ent) or as a semicrystalline material. The semicrystal-
line material might appear transparent (spherulites
<500 nm) or opaque and white (spherulites up to a
size of micrometer) depending on its crystal struc-
ture and spherulite size.”™®

Majority of PET polymers are used in food pack-
aging, carbonated soft drink containers, and textile
fiber industries, which requires high-gas barrier and
mechanical properties.”* In these applications, a
few amounts of comonomer are generally added
during PET synthesis to induce clarity, improve
properties or to enhance processing ability. Com-
monly used monomers for replacement in PET poly-
mer are either acid or diol monomers. Replacement
for acid monomer is fatty acids, isophthalic acids
(IPAs), phthalates, other aliphatic/aromatic acids,
etc., and diol monomer is cyclohexane dimethanol
(CHDM), polyethylene glycol (PEG), etc.””” Replac-
ing PTA with IPA creates a kink in the PET polymer
chain. This interferes with crystallization by affecting
the periodicity of molecular structure and thereby
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Figure 1 Heat 1 DSC scan of PET.

lowers the polymer’s melting point."®*® In some
cases, for example, CHDM are also added to the
polymer backbone in place of MEG. Since this build-
ing block of CHDM is much larger (six additional
carbon atoms) than the ethylene glycol unit it repla-
ces, it does not fit in with the neighboring chains the
way an ethylene glycol unit would. This interferes
with crystallization and lowers the polymer’s melt-
ing temperature.**® Replacement of MEG with PEG
in PET polymer is also reported in the literature,
and this copolymer is extensively used in biomate-
rial applications.”* Literature on PET-PEG with

mechanical properties due to the addition of cross-
linking additives is available.*** Cationic dyeable
salt additive on enhancing the dyeable properties in
PET-PEG copolymer is observed by Hsiao et al.**
The aim of this work is to study the combined
effect of acid and diol replacement monomers on
gas barrier, thermal, and mechanical properties of
PET polymer. For carrying out this study, acid and
diol monomers, namely, IPA and PEG-400 are
planned for replacement in PTA and MEG monomer
during the synthesis of PET polymer. Almost no
work is reported on the combined effect of the IPA

improved shape memory effect and dynamic and PEG together in PET. In this work, the molar
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Figure 2 Heat 2 DSC scan of PET.
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TABLE I
Thermal Properties of Crystalline PET and PET-IP Copolymer
% of IPA-PEG IV (dL/g) T, (°C) T (°C) T, (°C) Tpn (°C) AH T, (/) % Cryst.
Nil 0.811 80.39 141.77 249.4 251.1 43.2 34.30
2.0 0.810 79.51 152.6 2479 236.6 41.6 33.04
4.0 0.806 78.81 163.1 239.7 237.7 40.1 31.80
6.0 0.800 77.03 159.5 232.8 224.4 38.6 30.70
8.0 0.809 77.93 173.4 225.8 230.3 37.5 29.80
9.0 0.804 75.81 176.7 2221 226.7 37.1 29.30
10.0 0.808 74.63 177 222.5 234.8 36.1 28.70
12.0 0.807 7413 177.3 216.6 221.5 35.3 28.00
25.0 0.801 72.41 163.1 198.1 203.3 32.7 26.01
40.0 0.813 70.30 151.1 155.3 158.3 26.5 21.12
50.0 0.798 68.11 143.7 150.3 153.1 22.8 18.11

concentration of comonomers concentration is varied
from 2 to 50% in which each IPA and PEG monomer
have equal contribution (50 : 50) in resultant PET
polymer chain. The main objective of developing
this material is to find an application in low melting
PET polymer, improved thermal, mechanical, and
gas barrier properties.

EXPERIMENTAL DETAILS
Raw materials

Test samples for this study are PET and PET-IP with
various mole concentrations of IPA and PEG (2, 4, 6,
8,9, 10, 12, 25, 40, and 50%) and were obtained from
Futura Polyesters, India. The molar concentration
of comonomers (IPA and PEG-400) in PET-IP repre-
sents combined addition of IPA and PEG-400
monomers. For example, PET-IP (50%) means the
copolymer consists of 25 mole % IPA and 25 mole %
PEG-400. All these samples were obtained in solid
state polymerized forms.

Characterization

The SSP samples were kept in the oven at their
respective crystallization temperature for specific
time to obtain the desired crystallinity levels. Fur-
ther, these different crystalline samples were used to
perform gas barrier and mechanical properties meas-
urements. IV is measured using Schott Gerate Obillo
viscometer at 25°C, in which a 2.5 g of PET (or PET-
IP) sample was dissolved in 25 mL of 50 : 50 ratio of
CCly : phenol solution. The thermal properties of
PET and PET-IP system was measured by using
DSC (Perkin Elmer—Pyris 6) at the scanning rate of
5°C/min from 30 to 285°C. Two heating scans were
conducted in PET and PET-IP, Heat 1 scan to mea-
sure T, and Heat 2 to measure T, (glass transition
temperature), T, (crystallization temperature) and
T,, (actual melting point of polymer). After taking
the sample to 285°C in Heat 1, it is kept for a while
and then quenched to room temperature to retain

the melt amorphous phase and then Heat 2 scan
was carried out up to 285°C. The percent crystallin-
ity was calculated based on the ratio of AH (J/g) of
Ty (test sample)/126 J/g (AH of 100% crystallined
PET).>® The gas barrier properties [CO,, Oy, N, and
water vapor transmission rate (WVTR)] were meas-
ured from gas measuring system (GMS), Applied
Films, Germany. Films of 3-mm thickness, length of
5 ¢cm, and width of 5 cm were prepared and placed
in the GMS system. O,, N,, and CO,; gas pressure of
4 bar was applied at the one side of the film and
kept for 3 days. The test was conducted in 78%
atmosphere humidity condition. WVTR test was con-
ducted as per ASTM F1249-06 standard conditions.
The barrier properties of samples were measured in

50 -
——PET
—a— PET-IP (4%)
—+— PET-IP (12%)
40 —x— PET-IP (25%)
—— PET-IP (50%)

% crystallinity

time, minutes

Figure 3 Rate of crystalline formation of PET and PET-IP
series.
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TABLE II
Gas Transport Properties of PET and PET-IPA Copolymer
O, CO, N, WVTR

cc.mil /100 in? cc.mil /100 in? cc.mil /100 in® g.mil/100 in”
Material day atm, 30°C day atm, 30°C day atm, 30°C day, 30°C
PET 4.0 33 1.2 2.7
2% 8.8 48 2.3 3.7
4% 8.3 45 2.1 33
6% 8.1 42 1.9 3.5
10% 8.0 40 1.8 3.7
20% 6.5 35 1.7 33
50% 4.0 34 1.2 2.6

precrystallized condition (at constant IV condition),
amorphous condition and 60% crystallized

For examining the mechanical properties, five
injection-molded test specimens were made. PET,
PET-IP, and PET-IP-nanoclay resins were predried at
160°C for 4 h before making test specimens. The
molding temperature was kept at 135 and 260°C
(hopper and nozzle), respectively. The barrel tem-
perature was maintained at 205, 225, and 250°C
across its length. Injection pressure of 1200 kg/cm’
and mold temperature was maintained at 80°C.
Tensile and flexural properties were measured by
Instron instrument using ASTM D638 and ASTM
D790, respectively. Izod impact was measured using
ASTM D256A. Heat deflection temperature (HDT)
was measured using ASTM D648. Abrasion resist-
ance was measured using ASTM D1044. The average
value of the each result was considered. It was
ensured that the values were within 3% standard
deviation from the mean values. Wear surface of
samples was observed using ZEISS AXIO LAB opti-
cal microscope. Elastic recovery properties of PET
and PET-IP series were measured by using ASTM
D6084 standard. Density and shore D hardness
measurements were carried out using ASTM D1505-
03 and ASTM D2240 methods for PET and PET-IP
series, respectively.

N

(@) (b)

RESULTS AND DISCUSSION
Thermal properties

Figures 1 and 2 show the Heat 1 and 2 DSC scan
results of pure PET polymer, and Table I shows the
DSC thermal properties of PET-IP series at constant
IV condition. The results show that the melting point
(T, and T,3) of PET continuously decreases as
comonomers (IPA-PEG) content increases in PET
polymer. Pure PET shows T, of 80.39°C and for IPA-
PEG copolymer series T, values are within 2°C dif-
ference up to 4% IPA-PEG and above 4% IPA-PEG
T, starts decreasing rapidly. As reported else-
where,'> the reduction of T, in PET is due to the
kinking effect in the molecular structure, which arise
due to the copolymer addition. The addition of
comonomers in PET increases the T, temperature
and suggests that the crystallization takes place at
higher temperature. The melting point (T,,), T,, and
percent crystallinity of PET almost decreases linearly
as IPA-PEG content increases in PET.

To study the crystalline behavior of PET and PET-
IP series, the percent crystalline formation is meas-
ured at regular interval of time while keeping the
samples at their respective T, temperature, and the
result is shown in Figure 3. The result shows that
the rate of formation of percent crystalline is higher

(c)

Figure 4 Schematic representation of molecular arrangement in (a) fully crystallized polymer, (b) semicrystalline poly-

mer, and (c) amorphous polymer.

Journal of Applied Polymer Science DOI 10.1002/app



COMBINED EFFECT OF IPA AND PEG IN PET POLYMER 5
TABLE III
Gas Transport Properties of Amorphous PET-IP Series
0, CO, N, WVTR

PET-IP Density cc.mil /100 in® cc.mil /100 in® cc.mil /100 in* g.mil /100 in*
series (g/cc) day atm, 30°C day atm, 30°C day atm, 30°C day, 30°C
PET 1.2721 16 51 2.7 5.3

4% 1.2801 15 48 2.5 51

6% 1.2941 14 46 24 4.8

10% 1.2990 12 44 22 43

20% 1.3657 11 42 2.0 3.9

50% 1.3137 8 39 1.6 3.1

in PET polymer when compared with PET-IP series.
The rate of crystalline formation continuously
decreases when the IP content continuously
increases in PET polymer. The possible reason for
low-crystallization rate in PET-IP series is due to the
presence of large molecular weight polymer back
bone due to PEG-400. The PEG-400 is a high-molecular
weight (~ 400 g/mole) when compared with
ethylene glycol (~ 62 g/mole) and the replacement
of low-molecular weight ethylene glycol by high-
molecular weight PEG-400 in PET might have
caused the bulky side group in PET and hence hin-
ders the rate of rate of crystalline formation. Also,
isophthalic acid present in PET-IP copolymer series
in the place of terephthalic acid could affect the
molecular periodicity in PET-IP copolymer and also
hinders the crystallization.

Gas transport properties of PET and PET-IP films

The result of O,, CO,, N,, and WVTR is shown in
Table II. The barrier properties of PET polymer are
better than that of PET-IP copolymers. However, the
gas barrier property of PET-IP (50%) copolymer is
almost at the same level to that of PET polymer.
Even though the percent crystallinity of this copoly-
mer (50% IP) is lower than that of PET polymer, the
amorphous molecules could have formed a clustered
molecular arrangement as reported elsewhere®®
and could have reduced the gas permeation. To
understand the gas permeation in the polymer mole-
cules, Figure 4 shows the schematic arrangement of

various types of molecular structures. Fully crystal-
lized polymer shows well-improved gas barrier
properties due to the periodic arrangement of mole-
cules. In semicrystalline polymers, the permeation of
gas molecules takes place via the amorphous mole-
cules and hence shows the reduced gas barrier prop-
erties than fully crystalline polymer. In amorphous
molecules, the gas permeation will be higher due to
the random arrangement of polymer molecules. This
random arrangement of polymer molecules causes
intermolecular void or space and hence facilitates
easy transport of gas molecules.

As discussed elsewhere,**® the clustered arrange-
ment of molecular phenomenon is used to explain
the permeation of molecules in amorphous mole-
cules. In the clustered molecular arrangement, the
permeation of gas molecules in amorphous polymers
depends on various factors, namely, intermolecular
space (or void), their size, shape, density, microscale
voids of amorphous molecules, etc. The lower the
intermolecular space in amorphous molecules,
the lower will be the gas permeation. In the PET-IP
copolymer, the presence of clustered arrangement of
amorphous molecules with low-intermolecular void
space can be supported to some extent because of
their increased density and understanding their mo-
lecular structure. The net molecular weight in PET-
IP series is higher than that of PET polymer due to
the presence of higher molecular weight PEG-400.
The increased molecular weight of PEG-400 causes
the increased density of PET-IP series than that of
PET polymer (Table V). Also the molecular size of

TABLE IV
Gas Transport Properties of Higher Crystallinity Content (60%) of PET-IP Series
0, CO, N, WVTR

PET-IP cc.mil/100 in® cc.mil/100 in? cc.mil/100 in® g.mil/100 in?
series day atm, 30°C day atm, 30°C day atm, 30°C day, 30°C
PET 3.7 30 1.1 1.9
4% 37 29 1.2 1.9
6% 3.7 27 1.1 1.9
10% 3.7 24 1.1 1.8
20% 3.6 20 0.9 1.7

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Tensile stress—strain curves of (a) PET, (b) PET-
1P (4%), (c) PET-IP (12%), (d) PET-IP (25%), and (e) PET-IP
(50%).

PEG-400 is more than that of ethylene glycol and
this could have possibly reduced the void space of
amorphous molecules, and this effect is predomi-
nantly observed in higher IP content (50%). To
substantiate the clustering effect of amorphous mole-
cules and their permeation, it is decided to study the
permeation properties of amorphous PET and PET-
IP series. Table III shows the gas barrier properties
of PET and PET-IP series for almost 100%
amorphous sample. The amorphous samples are
produced by rapidly quenching the sample to room
temperature from the molten state. The result shows
that the gas barrier properties for all PET-IP series
are better than that of amorphous PET sample. The
permeation property continuously increases in PET-
IP series as IP content continuously increases in PET

MOHAN, GEORGE, AND KANNY

polymer. Among the amorphous samples, PET
shows low density than PET-IP copolymer series.
The lower permeation in fully amorphous PET-IP
copolymer is due to the clustered arrangement of
amorphous molecules.

Although there exists crystalline phase in other
PET-IP copolymer series, the gas permeation is more
than that of PET polymer. The possible reason for
low-barrier properties in PET-IP copolymers series
(other than PET-IP 50) may be due to the insufficient
crystallinity or less amount of clustering of amor-
phous molecules. To overcome this effect in PET-IP
series and to improve gas barrier properties, it is
decided to increase the percent crystallinity. Hence
PET-IP copolymers were heated at their respective
crystallization temperature (To,) for various time
periods (15 min to 1 h). When the permeation were
examined, it shows an improved barrier properties
in PET-IP series and the barrier properties are com-
parable with that of even 60% crystallized pure PET
(Table IV). In the 60% crystallized PET polymer,
even though barrier properties are improved than
that of precrystallized polymer due to increased per-
cent crystallinity, the rate of increase of barrier prop-
erties is lower than that of PET-IP copolymer series.
The remaining amorphous zones (~ 40%) in PET
does not induced much clustering effect as observed
in PET-IP series.

Mechanical properties of PET and
PET-IP copolymers

Figure 5 shows the tensile stress—strain curves of
PET and PET-IP series. It shows that the tensile
characteristics of PET-IP copolymers are different
from that of pure PET polymer. The strength and
modulus were continuously decreased as IPA-PEG
content continuously increase in PET polymer. How-
ever, strain at failure increases as comonomers
content increases in PET. The other mechanical
properties of PET and PET-IP series are shown in
Table V. IPA-PEG addition in PET reduces the HDT
and Flexural strength. Negligible effect in the

TABLE V
Mechanical Properties of PET and PET-IP Series at 0.8 IV Condition

Properties Unit PET PET-IP (4%) PET-IP (12%) PET-IP (25%) PET-IP (50%)
Tensile strength MPa 63.04 48.78 44.56 42.32 39.87
Tensile modulus GPa 1.48 1.39 1.33 1.316 1.301
Elongation at break % 2.5 3.1 3.4 3.9 6
HDT °C 67.5 66.3 65.4 64.8 63.9
Density g/cc 1.3452 1.3457 1.3513 1.3561 1.3593
Flexural strength MPa 78.6 71.6 64 54.2 47.8
Flexural modulus MPa 1.6 2 2.1 2.3 2.6
Izod impact J/m 11.29 13.6 25.5 322 47.8
Shore D - 54.1 53.3 524 51.8 51.1
Abrasion resistance mg/1000 cycle 60 50 45 35 25

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Effect of IP content on elastic recovery of PET.

density and hardness of the PET and PET-IP series
was observed. Improved flexural modulus, impact
strength, and abrasion resistance was observed on
addition of IPA-PEG in PET polymer. Figure 6
shows the elastic recovery properties of PET and
PET-IP series. The result shows that the PET-IP co-
polymer shows improved elastic recovery properties
than that of PET polymer. The elastic recovery con-
tinuously increases in PET polymer when IP content

(a)

Figure 7 Wear surface of (a) PET-IP (40%) and (b) PET.

continuously increases suggesting that the elastic
rebound characteristics are better in these PET-IP
polymers series.

The cause of low-abrasion resistance in PET was
studied by viewing wear surface of tested specimen.
Figure 7 shows the optical microscope of wear sur-
face of PET and PET-IP (40%). The wear surface of
PET shows some deep ploughing marks, whereas
PET-IP 40% shows the absence of such marking. The
mode of material removal is by the ploughing action
of the hard wear disk. The hard disk removes the
material as wear debris, and this resulted in high-
material loss in PET polymer.

Table VI shows the mechanical properties of 60%
crystallized PET-IP series. Because of the increase of
crystallinity in PET-IP series, improvement in tensile
modulus, HDT, density, and hardness properties are
observed. Also, the other mechanical properties
were relatively unaffected. Another important obser-
vation is that the melting point of PET-IP series is
lower than that of PET polymer and also shows
improved mechanical properties. This suggests that
the PET-IP series can be processed at lower tempera-
ture than that of PET polymer.

Mechanical properties of PET and PET-IP
copolymer films

Table VII shows the mechanical properties of 60%
crystallized PET and PET-IP based films. The result
shows improved tensile modulus and elongation at
break values for PET and PET-IP series. The stretch-
ing processes in the films have caused an improve-
ment in modulus and strain values at break values.
The molecules are orderly oriented in the stretching
direction and results in improved modulus and
strain values. Moreover, there is a slight increase in
crystallinity of stretched films when compared with
the crystallinity of raw chips (60%). This increase in
crystallinity is attributed due to the stretching and
orientation of molecules.

TABLE VI
Mechanical Properties of 60% Crystallized PET-IP Series

PET-IP  PET-IP

Properties Unit PET (4%) (12%)
Tensile strength MPa 63.04 49.1 453
Tensile modulus GPa 1.48 1.79 1.66
Elongation at break % 2.5 3.0 3.3
HDT °C 67.5 71 69.7
Density g/cc 1.3452 1.372 1.386
Flexural strength MPa 78.6 723 63.7
Flexural modulus MPa 1.6 2.3 2.8
Izod impact J/m 11.29 14 24
Shore D hardness - 55 54.3 53.8
Abrasion resistance  mg/1000 60 51 47

cycle

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VII
Mechanical Properties of 60% Crystallized PET and PET-IP Films
Tensile Tensile Elongation Density
Properties strength (MPa) modulus (GPa) at break (%) (g/cc) % Crystallinity
PET 63.0 1.61 2.71 1.3461 63
PET-IP (4%) 51.7 1.83 3.2 1.3703 66
PET-IP (12%) 47.3 1.71 3.3 1.3912 64
CONCLUSIONS 7. Arnoult, M.; Dargent, E.; Mano, J.F. Polymer 2007, 48, 1012.

A new class of PET-based copolymer consisting of
acid and diol replacement monomer namely IPA
and PEG were developed, and the comonomers
effect on thermal, mechanical, and gas transport
properties of PET has been studied in this work. Fol-
lowing conclusions are drawn.

1. At constant IV conditions (0.8 dL/g), the T,,
T,, and crystallinity of PET continuously
decreases when IPA-PEG content continuously
increases in PET.

2. The O,, CO,, N,, and WVTR tests shows

reduced barrier properties in PET-IP precrystal-
lized samples, except for PET-IP (50%). On
crystallizing PET-IP copolymers, improved bar-
rier properties are observed. The threshold
level of 60% crystallinity in PET-IP is required
to achieve comparable or improved gas barrier
properties. The amorphous samples show
improved gas barrier properties in PET-IP se-
ries than that of PET polymer.

3. The addition of IPA-PEG in PET decreases the

tensile strength, tensile modulus, flexural
strength, HDT, and Rockwell hardness. On the
other hand, addition of IPA-PEG in PET
increases tensile elongation at break, flexural
modulus, impact strength, abrasion resistance,
and elastic recovery properties. Negligible
effect in hardness and density of PET is
observed when filled with IPA-PEG monomers.
On improving the crystallinity of PET-IP copol-
ymer, improvement in tensile modulus, HDT,
density, impact, and hardness properties are
observed. Improved mechanical properties are
also observed in the stretched films.
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