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ABSTRACT: Physical properties of unsaturated polyester
resins (UPE resins) prepared from glycolyzed poly (eth-
ylene terephthalate) (PET) and PET/cotton blended fabrics
were investigated. Initially, PET and PET/cotton blended
fabrics were chemically recycled by glycolysis. The depoly-
merizations were carried out in propylene glycol with the
presence of zinc acetate as a catalyst. The reaction time
was varied at 4, 6, and 8 h. The glycolyzed products were
then esterified using maleic anhydride to obtain UPE res-
ins. The prepared resins were cured using styrene mono-
mer, methyl ethyl ketone peroxide, and cobalt octoate as a
crosslinking agent, an initiator and an accelerator, respec-
tively. The cured resin products were tested for their me-

chanical properties and thermal stability. The results indi-
cated that, among the fabric based resins, one prepared
from the 8-h glycolyzed product possessed the highest me-
chanical properties those are tensile strength, tensile mod-
ulus, flexural strength, impact strength, and hardness. The
highest thermal stability was also found in the cured resin
prepared from the 8-h glycolyzed product. The mechanical
properties of fabric based resins were slightly lower than
those of the bottle based resin. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 104: 2536-2541, 2007
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INTRODUCTION

Poly (ethylene terephthalate) (PET) is a thermoplastic
polyester possessing excellent thermal and mechani-
cal properties. Tremendous quantities of this mate-
rial are consumed in the manufacture of video and
audiotapes, X-ray films, food packaging especially
soft-drink bottles, including the production of fibers
for ropes, needlework (monofilament), fabrics as
well as brushes for domestic cleaning.' It should be
pointed out, that PET does not create a direct hazard
to the environment but, because of its substantial
fraction by volume in the waste stream and its high
resistance to the atmospheric and biological agents,
it is seen as a noxious material.® This is the main
driving forces responsible for the increased efforts
focusing on PET recycling.’

Chemically, PET can by recycled by hydrolysis,
acidolysis, alkalolysis, aminolysis, alcoholysis, and
glycolysis.* Glycolysis is the breakdown of the ester
linkages by a glycol with the presence of a catalyst,
resulting in oligomers or oligoester diols/polyols
with hydroxyl terminal groups.” Baliga and Wong

Correspondence to: P. Potiyaraj (pranut.p@chula.ac.th).
Contract grant sponsor: Graduate School, Chulalongkorn
University.

Journal of Applied Polymer Science, Vol. 104, 25362541 (2007)
©2007 Wiley Periodicals, Inc.

ST GIWILEY .

... InterScience’

DISCOVER SOMETHING GREAT

found that the amount of repeating units in the gly-
colyzed product depended on the catalyst used.®
They also pointed out that zinc acetate is the best in
terms of the extent of depolymerization.

These glycolzed products have been utilized as
starting ingredients for the synthesis of polyur-
ethanes, unsaturated polyesters (UPE resins), and
saturated polyester plasticizers.”'! Basically, the
glycolyzed products can be brought into unsatu-
rated polyester resin by esterification reaction. It
was indicated that the type of glycol used in glycol-
ysis had a significant effect on the characteristics of
the cured UPE resins.'”> The propylene glycol based
products exhibited less brittle characteristic than the
ethylene glycol based products.'” In addition, it
was found that no separation of the type of bottles
was needed before glycolysis, since UPE resins
prepared from water bottles, soft-drink bottles,
and a mixture of both bottles showed the same
characteristics.

While most of the recent research about PET recy-
cling has been focused on recycling of soft-drink
PET bottle, and more recently of PET fiber,'® with
glycolysis reaction, this research studied the recy-
cling of PET and PET/cotton blended fabrics. UPE
resins were prepared from glycolyzed PET and
PET/cotton blended fabrics under different reaction
times. Mechanical properties and thermal stability of
cured products were then investigated.
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EXPERIMENTAL
Preparation of unsaturated polyester resins

PET and PET/cotton woven fabrics were obtained
from a local fabric producer. The PET/cotton fabric
is at 65 : 35 blended ratio of PET : cotton by weight
which is generally called T/C fabric. Our prelimi-
nary study pointed out that the glycolysis reaction
would not be occurred with the presence of cotton
in T/C fabrics. Thus, concentrated hydrochloric acid,
a product of Merck, was used for elimination of cot-
ton prior to glycolysis. Hydrolysis reaction was car-
ried out at ambient temperature overnight. The
hydrolyzed fabric was neutralized by rinsing several
times with water. Use of acid for elimination of cot-
ton may give some environmental concerns because
of its ecological unfriendly. As a matter of fact, acid
hydrolysis is used in the textile industry as a method
for producing lightweight polyester fabrics from
T/C fabrics. Research has been carried out to reduce
the amount of acid in such process by using cellu-
lase enzyme.'*

PET and T/C fabrics were reacted with propylene
glycol (PG) at the molar ratio of 1 : 2. Zinc acetate
was used as a catalyst at the amount of 0.5% of fab-
ric weight. Both propylene glycol and zinc acetate
were reaction grade and produced by Fluka. Glyco-
lyis reaction was carried on for 4, 6, and 8 h at
220°C under nitrogen atmosphere. At the end of the
reaction, the reaction mixture was filtered. The fil-
trate was identified as glycolyzed products which
were then checked for the viscosity using a Brook-
field RVT viscometer. To obtain the yield of the gly-
colysis, a weighed quantity of the glycolyzed prod-
uct was extracted with water and filtered. The fil-
trate containing water, PG, monomer, dimer, and
probably some higher oligomers such as trimer, was
concentrated by evaporation and then chilled in a re-
frigerator at 4°C overnight to precipitate out the
oligomers. The dry-weight of the residue remaining
after the first and second filtration was used to cal-
culate the yield of glycolysis.® The hydroxyl value
(HV) of the extracted glycolyzed products was ana-
lyzed according to ASTM D4274-05 Method C.

Maleic anhydride (MA), a product of Fluka, was
used to esterify the glycolyzed products. It was
added to the glycolyzed products so that the molar
ratio of OH/COOH was 1.1 : 1 HV of the glycolyzed
products before extraction. The reaction was kept
under nitrogen atmosphere at 180°C for at least 6 h
in order that the acid value (AV) of the reaction mix-
ture was about 60 mg KOH/g. The AV was deter-
mined by volumetric method to ensure that the equi-
librium is reached.'®'® When the reaction finished,
0.45% by weight of hydroquinone, produced by
Fluka, was added as an inhibitor to prevent gelation
before casting. A Perkin-Elmer System 2000 Fourier
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transform infrared spectrometer (FTIR) was employed
to analyze the glycolyzed products as well as the
esterified products.

Styrene monomer, supplied from Eternal Resin Co.,
was used as a crosslinking agent. After cooling the
glycolyzed products down to 100°C, 35% by weight
of styrene monomer was added as a crosslinking
agent. Cobalt octoate, supplied from Thai Mitsui Co.,
(Thailand) and Methyl Ethyl Ketone Peroxide, a prod-
uct of Fluka, were used as a catalyst and initiator
respectively. They were added into resin at 0.5% by
weight of prepared resin. All chemicals were used as
received without further purification.

The prepared resins were casted in silicone molds
to obtain test specimens. The curing was done at
100°C for at least 48 h.

Testing of physical property

Tensile tests were carried out using a universal test-
ing machine LLOYD LR 100 K at room temperature.
Samples were made in accordance with ASTM D638-
03. The flexural strength was determined according
to ASTM D790-02 using a universal testing machine
LLOYD L500. Impact properties of the samples were
tested by ATS Charpy Impact Tester based on ASTM
D6110-02. Hardness testing equipment was Durome-
ter Shore D following the ASTM D2240-86. Thermal
stability analysis was carried out with a Mettler Tol-
edo thermal gravimetric analyzer (TGA) (Model
TGA/SDTA 851) based on ASTM D3850. The scans
were obtained by heating from 0 to 1000°C (static
heating at 1000°C, 5 min.) at a heating rate of 10°C/
min under nitrogen atmosphere. Onset thermal deg-
radation temperature was determined from the
obtained weight loss curve at 5% weight loss.
According to ASTM D3418, Differential scanning cal-
orimetry analysis (DSC) was performed using
Netzsch DSC200 by heating from —50 to 200°C at a
heating rate of 10°C/min under nitrogen atmos-
phere. Midpoint temperature was designated as
glass transition temperature (7).

RESULTS AND DISCUSSIONS
Unsaturated polyester resin preparation

The reaction mixtures were yellow liquid solution
with fine white residues of titanium dioxide (TiO,)
commonly used as an additive in PET fiber produc-
tion process. These residues can be simply removed
by filtration. The viscosity of the glycolyzed products
from the reactions carried out for 4, 6, and 8 h was
1616, 1456, and 1232 centipoise, respectively. The vis-
cosity of glycolyzed products was reduced as the
reaction time increased. This was owing to molecular
chains that were getting smaller when the reaction

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Yield and Hydroxyl Value of Glycolyzed Products

Yield (%)

HV (mg KOH/§g)

Glycolysis time PET fabric T/C fabric Soft-drink bottle PET fabric T/C fabric Soft-drink bottle
4 61 55 217 187
6 65 59 255 231
8 71 62 298 269 322

time was prolonged. It was confirmed by the yield
of the reaction and the HV of the glycolyzed prod-
ucts after free-glycol removal as shown in Table I
Although the yield increased slightly when the reac-
tion time increased, the increase of HV was substan-
tial as the number of the hydroxyl end groups
increased. FTIR spectrum of the glycolyzed product
is shown in Figure 1(a). Peaks corresponding to OH
stretching, CH stretching, C=O stretching, C—O—C
stretching, C—OH stretching and aromatic ester at
wavenumbers of 3375, 2972, 1716, 1266, 1118, and
729 cm ™!, respectively, indicate the presence of com-
pound or compounds having hydroxyl and ester
groups.'!

The esterified products were viscous yellow to
brown solution. In Figure 1(b), FTIR spectrum of
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Figure 1 FTIR spectra of (a) the glycolyzed product from
PET fabric and (b) the esterified product from the glyco-
lyzed product.
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the esterified product shows peaks corresponding
to para disubstituted aromatic ring, aromatic ring
of styrene polymer, and aromatic ring of styrene
monomer at wavenumbers of 876.87, 776.12 and
702.24 cm™!, respectively. The esterified products
from the glycolyzed products were successfully sol-
idified by curing at 100°C for at least 48 h. As there
was certain amount of free-glycol left in the glyco-
lyzed products, it was reported that, at the end of
esterification, not only different polymeric chains were
produced by combination of the glycolyzed products
with anhydrides but also unreacted oligomers and
excess MA were present as impurities and formed the
phase that is insoluble in styrene. This phase will not
take part in crosslinking and hence the curing will be
delayed.'

Physical properties of cured resins

The tensile strength and modulus of cured resins are
shown in Figures 2 and 3, respectively. These results
suggested that the longer glycolysis time, the higher
tensile strength, and modulus of cured resins were
obtained. The viscosity and HV of the glycolyzed
products after free-glycol removal suggested that,
with longer glycolysis time, the products were com-
posed of small oligomers rather than higher oligo-
mers found in the glycolyzed products with less
glycolysis time. This was in agreement with the find-
ing report by Ghaemy and Mossaddegh.”® As a

22 4
20
18-
16 4 I
144 f
124
104
B_
6_

4 W
24
: % %

T T

4 & 8
Glycolysis time (hr)

Tensile strength (MPa)

[ | Bottle based resin
[ TIC fabric based resin

77 PET fabric basaed resin
222 PET fabric (with HCI) based resin

Figure 2 Tensile strength of cured resins.



PROPERTIES OF UPE RESINS FROM PET FABRICS

500
450 L
400 4
350
3004
250 4
200
150 4
100+ o
50 E !
0 L L '
4 1 8
Glycolysis time (hr)

Tensile medulus (MPa)

[ ] Bottle based resin 7 PET fabric based resin
[ T/C fabric based resin [ PET fabric (with HCI) based resin

Figure 3 Tensile modulus of cured resins.

consequent, more hydroxyl terminal groups were
found.* For the reason that the oligomers obtained
from the glycolysis were shorter, the distance between
the curable double bonds decreased.'” Therefore cross-
link density was presumably higher when the reaction
was longer. Figure 4 shows the flexural strength of
the cured resins. Similarly, as the glycolysis time
increased, the flexural strength was increased. As a
reference, samples were also prepared from the UPE
resin prepared from glycolyzed soft-drink PET bottles.
It was found that the tensile and flexural properties of
the bottle based UPE resin were higher than those
of the fabric based resins because of the differences
in their molecular order."” The yield as well as HV of
the glycolyzed product from PET bottles was higher
than those from fabrics. In Figures 5 and 6, similar
trends also observed for the impact strength and the
hardness. The impact strength and hardness of resin
from 8-h glycolysis was highest when comparing with
resin from 6- and 4-h glycolysis. As stated earlier, the
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Figure 4 Flexural strength of cured resins.
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impurities formed as a separate phase may contribute
to the lowered mechanical properties of the resins
as well.

From these mechanical property results, it can be
expressed that it is better to carry out glycolysis in a
longer time as most of molecules were depolymer-
ized into shorter segments providing higher degree
of crosslinking. Shorter glycolysis time would give
less monomer and dimer yields thus longer molecu-
lar chains as well as lower degree of crosslink,
resulting in the inferior mechanical properties."
However, glycolysis reaction time may not be over 8
h since the equilibrium of the glycolysis reaction is
at 8 h.”"® The above results also revealed that using
HCI for elimination of cotton did not significantly
affect the properties of the prepared resins.

From Figures 7-8 and Table II, it can be signi-
fied that the different in glycolysis times (8, 6, and
4 h) affected thermal stability of cured resins. The
onset thermal degradation temperature (T,) of the
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Figure 6 Hardness of cured resins.
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Figure 7 A TGA thermogram of PET and T/C fabrics based resins.

cured resins obtained from the 8-h glycolyzed
product was the highest whereas one obtained
from the 4-h glycolyzed product showed the low-
est. A similar trend was found for the glass transi-
tion temperature (Ty). The more glycolysis time,
the higher the T, of the resins. As the glycolysis
time increased, the smaller oligomers were
obtained. As a consequence, more hydroxyl groups
were found in the esterified products providing
more crosslink sites in the resins. Because of the
increasing amount of crosslinks increased, thermal
stability of cured resins raised as the glycolysis
reaction time increased.

CONCLUSIONS

UPE resins were successfully prepared from glyco-
lyzed PET and T/C fabrics. PET and T/C fabrics
were chemically recycled by glycolysis reaction
resulting in smaller molecular chains. In the case of
T/C fabric, the cotton was eliminated by dissolving
in HCI prior to glycolysis. The extent of depolymer-
ization was depended on the reaction time. It was
found that when the reaction time increased, the mo-
lecular chains are shorter.

After esterification, unsaturated polyester resins
were obtained. The resins were processed into test
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Figure 8 A DSC thermogram of PET and T/C fabrics based resins prepared from 8-h glycolyzed products.
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TABLE II
Degradation Temperature and Glass Transition Temperature of Glycolyzed Products

Degradation temperature (°C) Glass transition temperature (°C)

Glycolysis time PET fabric based resins T/C fabric based resins PET fabric based resins T/C fabric based resins

4 319 15

6 335 327 19 20

8 345 371 23 22
specimens by casting and curing in silicone molds. 4. Paszun, D.; Spychaj, T. Ind Eng Chem Res 1997, 36, 1373.
The cured specimens were investigated for their me- 5. Il\;lkles' D. E; Farahat, M. S. Macromol Mater Eng 2005, 290,
chanical properties those are tgnsﬂe strength, tensile 6. Baliga, S,; Wong, W. T. J. Polym Sci Part A: Polym Cher 1989,
modulus, flexural strength, impact strength, and 27, 2071.
hardness. It was revealed that the mechanical prop- 7. Vaidya, U. R.; Nadkarni, V. M. ] Appl Polym Sci 1987, 34, 235.
erties of fabric based resins were slightly lower than 8. Vaidya, U. R; Nadkarni, V. M. Ind Eng Chem Res 1987, 26,
those of the bottle based resin. Among the fabric 194.

. . 9. Vaidya, U. R; Nadkarni, V. M. Ind Eng Chem Res 1988, 27,

based resins, the cured resin products prepared from 2056

the 8-h glycolyzed PET fabric possessed highest me- 10 pimpan, v Sirisook, R.; Chuayjuljit, S. ] Appl Polym Sci 2003,

chanical properties. Thermal degradation tempera- 88, 788.
ture and glass transition temperature, in agreement  11. Saravari, O.; Vessabutr, B.; Pimpan, V. J Appl Polym Sci 2004,
with mechanical properties, was higher in the case 92, 3040.

12. Pardal, F.; Tersac, G. Polym Degrad Stab 2006, 91, 2567.

of Cured.reSIHS obtained from t,he g_lyC()lyzed prOd_ 13. Ghaemy, M.; Mossaddegh, K. Polym Degrad Stab 2005, 90,
ucts obtained under longer reaction time. 570.
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