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HE GLYCOLYSIS of polyethylene terephthalate (PET) was
…… studied using several ionic liquids as catalysts. The Lewis base
ionic liquid, 1-butyl-3-methylimidazolium acetate [Bmim][OAc],
exhibits higher catalytic activity for the glycolysis of PET, compared
with 1-butyl-3 methylimidazolium chloride ([Bmim]Cl) and 1-butyl3-methylimidazolium bromide ([Bmim]Br). The results revealed that
the [Bmim][OAc] has a PET conversion of 75.1% and bis (2hydroxyethyl) terephthalate (BHET) yield of 46.4% under the
conditions of 1.0 g of [Bmim] [OAc] with 20 g of ethylene glycol in
the presence of 2.0 g of PET at 180ºC after 2 hr of glycolysis. The
main glycolysis product (BHET) was analyzed using XRD, NMR, EIMS, FTIR, TGA and DSC.
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Increased environmental awareness, legislative measures and public demand for
environmental sustainability are leading to an increased interest in plastics
recycling. The amount of plastic production has been increasing significantly
each year, with uses including fiber, packing, containers and building materials,
among others(1,2). Poly (ethylene terephthalate) (PET) is a semi-crystalline
thermoplastic polyester with high chemical and impact resistance at room
temperature. PET is extensively used in diverse applications, such as textiles,
high-strength fibers, photographic films and disposable soft-drink bottles, due to
its excellent mechanical properties, chemical stability, safety, light weight,
transparency and air-tightness (3,4), which has resulted in a continuously growing
stream of PET material(5). The total global PET consumption has risen to 54
million metric tons in 2010 and is expected to grow by 4.5% per year from 2010
to 2015(6). Thus, the effective recycling of PET waste has been regarded as one
of the most important ways of resolving “white pollution”, saving resources and
protecting the environment(7,8). Therefore, an ecologically safe method of
recycling plastics, such as PET, remains an important scientific and societal goal.
At present, the conventional methods of PET recycling are mainly divided
into physical methods and chemical methods. The physical methods of recycling
#Corresponding author: E-mail address: ahmed_ezzatt@msn.com,
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produce some plastic products with inferior properties. However, the chemical
methods can recycle PET waste to produce monomers that can be used as raw
materials to produce virgin plastic products(9). Considering the quality of the
recycled products, chemical methods are particularly attractive and have been
studied widely. These methods mainly include methanolysis, hydrolysis and
glycolysis, which have been developed on commercial or pilot scales(10,11).
Glycolysis is the most promising approach due to its advantages of low-volatility
solvents and continuous production feasibility. The main product of the
glycolysis of PET is the virgin monomer (BHET), which can be used to make
PET production units, textile softeners and unsaturated polyester resins (12).
The glycolysis reaction is very slow in the absence of catalyst (13,14) and is an
extremely sluggish process. In recent years, many catalysts have been developed
for the glycolysis of PET, such as metal acetates (Zn, Co, Pb and Mn) (8,15,16),
titanium phosphate, solid superacids, metal oxides, carbonates(17) and sulfates(18).
However, these catalysts have several drawbacks, such as the need for high
temperatures and high pressures, difficult separation of the catalyst from the
depolymerized products, the occurrence of side reactions and the impurity of the
products(19,20). Therefore, it is necessary to develop a new catalyst for the
glycolysis of PET.
Recently, ionic liquids (ILs) (21-24)have been used as environmentally friendly
catalysts in the degradation of PET under mild conditions(25) because of their
adjustable physical and chemical properties, attracting the attention of scholars from
various fields, such as synthesis, catalysis, separation and electrochemistry (26). The
special properties of ionic liquids make it easier to separate the catalyst from the
solid glycolysis products. Wang et al.(12) used an ionic liquid as a catalyst for the
glycolysis of PET; however, the conversion of PET and selectivity toward BHET
were very low, and the process was very slow. They also studied the glycolysis
of PET using a Fe-containing magnetic ionic liquid, which exhibited higher
catalytic activity than conventional ILs. However, the monomer produced is very
easily stained by the Fe-containing ILs(27).
The aim of this investigation was to apply the acetate-based ionic liquid
[Bmim][OAc] as a catalyst in the glycolysis of PET to avoid the negative
environment and health effects of chlorine-containing IL catalysts.
To the best of our knowledge, the use of [Bmim][OAc] as a catalyst for the
glycolysis of PET has yet to be published.
Experimental
Materials
PET pellets (3.2 x 2.8 x 4 mm) were purchased from Hangzhou Zhenghan
Biological Technology Co., Ltd. The intrinsic viscosity of PET was measured in
a 60:40 (w/w) phenol/1,1,2,2-tetra-chloroethane solution at 25ºC and found to be
0.64 dLg−1. Using the Mark–Houwink method, the weight average molecular
weight (4.1×104 gmol-1) was calculated from this intrinsic viscosity. AnalyticalEgypt. J. Chem. 57, No. 4 (2014)
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grade ethylene glycol (EG), 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]),
1-butyl-3-methylimidazolium bromide ([Bmim][Br]) and ethanol were obtained
from Sigma–Aldrich. 1,1,2,2-Tetrachloroethane, potassium acetate and phenol
were obtained from Merck.
Synthesis of 1-butyl-3-methylimidazolium acetate ([Bmim][OAc])
1-Butyl-3-methylimidazolium acetate ([Bmim][OAc]) was synthesized
according to the procedures described in the literature (28).
General procedure for the glycolysis of PET
A 50-ml round-bottom three-necked flask equipped with a thermometer and
a reflux condenser was loaded with 2.0 g of PET, 20.0 g of ethylene glycol and a
certain amount of catalyst. The glycolysis reactions were carried out under
atmospheric pressure at reaction temperatures ranging from 150ºC to 190ºC for
glycolysis times of 1–4 hr. The flask was immersed in an oil bath at a specific
temperature for the required time. When the glycolysis reaction was complete,
the undepolymerized PET pellets were quickly separated from the liquid phase
before the products precipitated. An excess amount of cold distilled water was
used to wash the undepolymerized PET pellets, and the water was then mixed
with the product fraction. The undepolymerized PET was collected, dried and
weighed. The conversion of PET is defined by Eq. (1):
W 0 – W1
Conversion of PET (%)

=

X 100%
W0

Eq. (1)

where W0 represents the initial weight of PET and W1 represents the weight of
undepolymerized PET. Meanwhile, the glycolysis product mixture was vigorously
agitated (cold distilled water would dissolve the remaining ethylene glycol, catalyst
and monomer) and then filtered. The collected filtrate was concentrated to
approximately 150 ml by a vacuum rotary evaporator at 50ºC. The concentrated
filtrate was stored in a refrigerator at 0ºC for 24 hr. White crystalline flakes were
formed in the filtrate and then separated and dried. This material was the
bis(hydroxyethyl) terephthalate (BHET) monomer. The fraction insoluble in cold
water was a mixture of the dimer and oligomers. The products were analyzed using
XRD, NMR, EI-MS, FTIR, TGA and DSC. The selectivity of the BHET monomer
is defined by Eq. (2), while the yield is defined by Eq. (3):
WBHET / MWBHET
Selectivity of BHET (%)

=

X 100%

Eq. (2)

X 100%

Eq. (3)

WPET, D / MWPET
WBHET / MWBHET
Yield of BHET (%)

=
WPET, I / MWPET
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where WPET, D, WPET, I and WBHET refer to the weight of depolymerized PET, the
initial weight of PET and the weight of BHET, respectively. MW BHET and
MWPET are the molecular weights of BHET (254 gmol−1) and the PET (192
gmol−1) repeating unit, respectively.
Characterization
The main product was analyzed by H1 NMR using an ECA 500 MHz
instrument (JEOL, Japan) in DMSO-d6 solution. Fourier transform infrared
spectroscopy (FTIR) measurements were performed using a Nicolet IS-10 FTIR
instrument with KBr discs. The mass spectrum of the main product was obtained
on an ISQ single-quadrupole MS (Thermo Scientific) instrument with electron
ionization (EI). X-ray diffraction (XRD) patterns of the main product and PET
material were recorded in the range 2θ = 4-80º using a Philips powder
diffractometer with Cu Kα radiation (k = 0.154 nm). The instrument was
operated at 40 kV and 40 mA. The spectra were recorded at a scanning rate of 2º
θ/min. Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) of the main product and PET were performed using a SDTQ 600 system
(USA) by heating from room temperature to 1000ºC at a rate of 10ºC/min in a
nitrogen atmosphere.
Results and Discussion

Transmittance %

Characterization of the synthesized ionic liquid
Figure. 1 shows the FTIR spectrum of the synthesized ILs. The spectrum of
[Bmim][OAc] (Fig. 1) shows that the major peaks in the IR spectra are assigned to
acetate C=O bond stretching (1570-1579 cm-1), C-O stretching (1379-1403 cm-1),
C–H stretching (2963-2966 cm-1), C–C stretching (918 cm-1), O–C–O bending
(650 cm-1), imidazole C–N stretching (1337 cm-1), C–H stretching (3104 cm-1),
side chain C–H stretching (2874 cm-1), and C–N–C bending (623 cm-1). The C–H
peaks between 3100 and 3200 cm-1 can be attributed to aromatic C–H stretching,
whereas those below 3000 cm-1 can be attributed to aliphatic C–H stretching (29,30).
The observed aromatic C–H stretching is characteristic of C–H-----O hydrogen
bonds(31).
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Fig. 1. FTIR spectra of [Bmim][OAc].
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Qualitative analysis of the main degradation product
To identify the structure of the main product in the degradation of PET in EG
catalyzed by [Bmim][OAc], NMR, EI–MS, XRD, DSC, TGA and FTIR
characterizations were performed. The main product was also identified by
measuring the melting temperature, which is found to be 110.9ºC. The EI-MS
spectrum in Fig. 2 shows that the molecular weight of the main product is 254
g/mol, which is the same as that of BHET.

Fig. 2. EI-MS spectrum of BHET.

Figure 3 compares the XRD patterns of BHET and the PET material. PET
exhibits a typical diffraction pattern due to the crystalline structure of this
polyester, with broader diffraction peaks at 2θ = 16.4º, 17.7º and 23.0º. The
diffraction peaks of BHET are narrower and more intense than those of PET,
which illustrates that the BHET obtained by this method has a high crystallinity
and a different crystalline structure than PET.
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Fig. 3. XRD spectra of BHET and PET.

The DSC curve in Fig. 4 shows a sharp endothermic peak at 110ºC. The
melting onset temperature and peak temperature of BHET are 110.9 and 110ºC,
respectively.

Fig. 4. DSC curve of BHET

The TGA curves of the PET material and BHET are illustrated in Fig. 5. The
TGA curve of PET shows significant weight loss at 400ºC, which is attributed to
the thermal decomposition of PET(32, 25). The TGA curve of BHET exhibits two
clear weight losses. The first is approximately 32% at an onset temperature of
240ºC due to the thermal decomposition of BHET. During the heating process in
TGA analysis, BHET repolymerizes to PET. The other loss is approximately
60% at an onset temperature 400ºC due to the thermal decomposition of PET
produced by the BHET thermal polymerization during TGA analysis (32).
Egypt. J. Chem. 57, No. 4 (2014)
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Fig. 5. TGA curves of BHET and PET.

Figure 6 shows the FTIR spectra of the BHET product and PET material. The
FTIR spectra of the BHET monomer clearly showed an OH band at 3450 cm -1
and 1135 cm-1, C=O stretching at 1715 cm-1, alkyl C-H at 2879 and 2954 cm-1
and aromatic C-H at 1411-1504 cm-1, which are all present in BHET (33,34).

Fig. 6. FTIR spectra of BHET and PET.

The H1 NMR spectrum of BHET is presented in Fig. 7. The single signal at
δ 8.1 ppm indicates the presence of the four aromatic protons of the benzene
ring. The triplet at 4.3 ppm and the quartet at 3.7 ppm represent the methylene
protons of COO-CH2 and CH2-OH, respectively. The triplet at δ 4.9 ppm is
characteristic of the protons of the hydroxyl. The H1 NMR spectrum also agrees
very well with those reported in the literature (35-37).
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Fig. 7. H1 NMR spectrum of BHET.

Effect of catalysts on the glycolysis of PET
The catalytic performance of various ionic liquid catalysts was examined in
the glycolysis reaction of PET. As seen from Table 1, in the presence of the
Lewis neutral ionic liquids [Bmim][Br] and [Bmim][Cl], no glycolysis of PET
took place. However, when [Bmim][OAc] was used as a Lewis base catalyst
under the same conditions, the conversion of PET was 75.1%, the selectivity of
BHET was 61.9%, and the yield was 46.4%. This demonstrates that
[Bmim][OAc] has an excellent catalytic activity for the glycolysis of PET, as the
degradation reaction occurred under relatively mild conditions with a higher
reaction extent.
TABLE 1. Catalytic effect of different ionic liquids on the glycolysis of PET. a
Conversion of PET
(%)

Selectivity of BHET
(%)

Yield of BHET
(%)

0

0

0

[Bmim][Br]

0

0

0

[Bmim][Cl]

0

0

0

75.1%

61.9%

46.4%

Ionic liquids
-

[Bmim][OAc]
a

Reaction conditions: PET (2.0 g), EG (20 g), ionic liquid (1.0 g),1 atm, 180 ºC, 2 hr.
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Degradation mechanism for PET glycolysis
There has been some debate on the mechanism of the degradation of PET.
Researchers (27,39,40) have reported that the degradation of PET resulted from the
cleavage of the ester group in PET. In some studies, it has been found that the
degradation of PET occurred in the amorphous phase and at the chain folds on
the crystal surface (41,42).
The mechanism and supposed pathway of the glycolysis of PET catalyzed by
the Lewis base ionic liquid [Bmim][OAc] (43,44) are illustrated in Scheme 1; this
process is a Lewis base catalytic reaction. When [Bmim][OAc] is added, it is
assumed that there exists a synergic effect between the cation and anion of this
catalyst(45). The cation of this ionic liquid, [Bmim] +, interacts with the carbonyl
oxygen (C=O) in the ester of PET. The oxygen in the hydroxyl group of ethylene
glycol then attacks the carbon cation of the ester group, forming a tetrahedral
intermediate. Meanwhile, the anion of the catalyst [OAc] - interacts with the
hydrogen in the hydroxyl group of ethylene glycol, resulting in the oxygen of
ethylene glycol becoming more negative and better able to attack the carbon
cation of the ester group, breaking the C–O bond in PET. Lastly, the hydrogen in
ethylene glycol leaves and combines with [OAc] - to form acetic acid as an
intermediate. The acetic acid then partially dissociates to give H + and an acetate
ion. In this case, the EG molecule and carbon are connected, a new ester group is
formed, and the chain of PET is cleaved. The electrons on the oxygen in
–O(Bmim+) then transfer, forming C=O. The acyl-oxygen cleaves and the
–OCH2CH2– group leaves, combining with H+ to form HOCH2CH2–.
The depolymerization of PET proceeded step-by-step, and oligomers, dimers
and monomers were generated sequentially. With the progress of the reaction, an
increasing number of BHET monomers emerged, which might polymerize into
dimers or oligomers, creating a chemical equilibrium (27).
Conclusion
In summary, it is demonstrated that [Bmim][OAc] could behave as an
efficient and eco-friendly catalyst for the glycolysis of PET in ethylene glycol.
Using [Bmim][OAc] (1.0 g) with 20 g of EG and 2.0 g of PET, it is found that
only 2 h of glycolysis at 180ºC is sufficient for the conversion of PET to reach
75.1% and the yield of BHET to reach 46.4%. The synergistic effect of the
cation and anion in the Lewis base ionic liquid [Bmim][OAc] facilitates the
attack of the oxygen in ethylene on the carbon cation of the ester group. The
acetate-based ionic liquid [Bmim][OAc] might have the potential to substitute
traditional compounds to catalyze the glycolysis of PET in industrial production.
Acknowledgments: Financial support by the Egyptian Petroleum Research
Institute is gratefully acknowledged.
Egypt. J. Chem. 57, No. 4 (2014)

A.M. Al-Sabagh et al.

276

Scheme 1. Mechanism of the glycolysis of PET catalyzed by [Bmim][OAc].
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عبدالرحمن محمد ربيع* و أحمد عزت طه معوض المتولى*
قسم التطبيقات البترولية  *،قسم البتروكيماويات – معهد بحوث البترول – القاهرة
و** قسم الكيمياء – كلية العلوم – جامعة بنها – مصر .
 تم اجراء عملية تحلل البولي ايثلين تيرفثاليت باستخدام سوائل أيونية مختلفة
تحت ظروف معتدلة من التفاعل.
 السوائل األيونية المحضرة أظهرت كفاءتها كحفازات فعالة وصديقة للبيئة فى
عملية تحلل البولي ايثلين تيرفثاليت فى وجود اإلثيلين جليكول.
 وجد أن السوائل األيونية المحضره لديها القدرة فى أن تحل محل المركبات
التقليديه فى عملية تحلل البولي ايثلين تيرفثاليت فى مجال االنتاج الصناعى.
 وقد أظهرت النتائج أن درجة حرارة التفاعل هو عامل حاسم في هذه العملية.
 وقد يمكننا أن نخلص إلى أنه اثناء عملية التحلل ،أوال يتحلل البولي ايثلين
تيرفثاليت الى أوليجومرات .ثم تتحول األوليجومرات الى دايمرات ومن ثم إلى
مونومرات فى وجود اإلثيلين جليكول.
 وقد وجد أنه مع زيادة زمن التحلل ،فإن ثنائى هيدروكسي إيثيل تيرفثاليت يتبلمر
الى الدايمرات ومن ثم إلى األوليجومرات.
 وكذلك وجد أن كمية اإلثيلين جليكول فى التفاعل هى أيضا عامل مهم جدا فى
عمليه التحلل.
 ان المعدل السريع جدا لتحلل البولي ايثلين تيرفثاليت عند الظروف المعتدلة
باستخدام السوائل األيونية يجعل منها طريقة واعدة إلعادة تدوير البولي ايثلين
تيرفثاليت في زمن قصير.
 توفر هذه الدراسة إرشادات هامة لتصميم حفازات جديدة ذات كفاءة عالية
وصديقة للبيئة فى عملية تحلل البولي ايثلين تيرفثاليت.

)Egypt. J. Chem. 57, No. 4 (2014

