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The aminolytic depolymerization of PET bottle waste with ethanolamine by conventional
heating and microwave irradiation heating method was attempted with heterogeneous,
recyclable acid catalysts such as beta zeolite (SiO2/ Al02= 15 Na- form) and montmorillonite
KSF. The pure product bis-(2-hydroxyethyl) terephthalamide (BHETA) of aminolysis was
obtained in good yield (85- 88%). The BHETA, thus obtained, was subjected to cyclization
reaction by heating with polyphosphoric acid as well as by chlorination (using phosphoryl
chloride), bromination (using red phosphorous and liquid bromine) and nitration (conc. HNO3
+ conc. H2S04) followed by conventional and microwave irradiation heating in N,N- dimethyl
formamide/ potassium carbonate solution. The product so obtained was 2, 2°-(1,4-phenylene)—
bis-(2-oxazoline) (PBO), which has applications in polymer synthesis as a chain extender/
chain coupling agent or a cross linker. The productswere analyzed by FTIR, DSC, Mass and
NMR (1H and 13C NMR).

© 2012 Growing Science Ltd. All rights reserved.

1. Introduction

Recent global concerns about environment are focused on development of recycling technologies
for waste plastics'. Poly (ethylene terephthalate) (PET) is one of the versatile engineering plastics
with excellent thermal and mechanical properties. It is semi-crystalline, non- toxic polyester with
high strength and transparency, by virtue of which large quantities are used in the manufacture of
food packaging and especially of soft drink bottles.
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The substantial contribution of PET in solid waste generation and its high resistance to
degradative assimilation into the environment labels it as a noxious material. Recycling of PET
contributes to the conservation of raw petrochemical products and of energy to the tune of 50— 60 %
as compared to making the same product from virgin resin. Solvolytic chain cleavage of PET is
possible by reagents, such as water (hydrolysis), alcohols (alcoholysis), amines (aminolysis), acids
(acidolysis) leading to a large variety of valuable products .

Aminolysis of PET has been carried out using different amines such as allyl amine *, alkyl amine
* morpholine, hydrazine hydrate °, polyamines and triethanolamine ® . Earlier in our laboratory, PET
has been depolymerized by ethanolamine using simple chemicals as catalysts such as sodium acetate,
glacial acetic acid, potassium sulfate and sodium bicarbonate under reflux with conventional heating
for 8 h and under microwave heating for 7 min to get the virtual monomer bis (2-hydroxyethyl)
terephthalamide (BHETA) 9 with about 86 % yield comparable with that obtained using the
conventional lead or zinc acetate catalysts, which are in the category of heavy metals.

In recent years, the use of heterogeneous inorganic solid acidic catalysts has received
considerable attention in different areas of organic synthesis because of their environmental
compatibility, high selectivity, operational simplicity, non-corrosiveness and low cost '° *. The
heterogeneous catalysts/ clay minerals like zeolites can catalyze a variety of organic reactions
occurring on their surface and interstitial spaces. Structurally, zeolites are porous crystalline hydrous
alumino-silicates built from SiO4 and AlQO, tetrahedral frameworks. In zeolite structure, Si*" and A"
atoms are tetra coordinated, shared with oxide ions. This feature develops a negative charge on the
aluminum atom and demands the existence of counter-ion outside the framework to reach neutrality
of the crystalline structure. When protons (H") are used, these materials act as Bronsted acids. Such
zwitter ionic character is responsible for the unique chemistry of these materials. Zeolites find major
uses in petroleum cracking, ion-exchange (water softening and purification), and in the separation and
remO\lzgll of gases and solvents ''. They have been effectively used for aminolysis of esters by Ogava
et al.

Using clay catalysts, environmentally benign green chemistry can be adopted both at laboratory
scale and industrial level. In the last few years a growing interest has also been shown in the use of
microwave irradiation in organic synthesis > '*. Montmorillonite clays have been used as solid
inorganic acid catalysts for number of organic reactions and offer several advantages over classical
acids in terms of strong acidity, non-corrosive properties, cheapness, reusability/ regenerablity, mild
reaction conditions, high yields and selectivity, and the ease of set-up and work-up . It,s lattice is
composed of a sheet of octahedrally coordinated gibbsite [Al,(OH)s] sandwiched between two sheets
of tetrahedrally coordinated silicate [SiO4]" sheets, the three- sheet layer repeats itself, and the
interlayer space holds the key to the chemical and the physical properties of the clay. The Bronsted
acid character of clays arises mainly due to the dissociation of the intercalated water molecules
coordinated to cations (equation 1).

[M (H0)n———»  [M (H,0)n1OH]* + H* (1)

The unique and highly useful cyclic imino ethers (classified as cyclic endo- and cyclic exo-)
commonly called as oxazoline. These bisoxazoline monomers are very useful as chain extenders or
cross linking agents in building polymeric structures. '™ 1In literature '**' 1, 4- phenylene bis-
(oxazoline) has been reported to be prepared from nitriles and alkanolamine, in the presence of
catalytic amounts of a moderate Lewis acid or also from halo amides ***°, using strong base such as
potassium fluoride on solid support *°. Also, the reaction of carboxylic acids with amino alcohols is
the most common method for the synthesis of oxazoline *">°. The limitations associated with these
methods are however, that the direct conversion of carboxylic acids into the corresponding 2-
oxazolines proceed with elimination of water at high temperatures (160- 220 °C), requiring long
reaction times (12- 18 h) and giving low yields frequently *"-**. Also, the use of nitriles requires a
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Lewis acid and proceeds at high temperatures with elimination of ammonia **.Other methods utilize
complex reagents ***° or strongly acidic conditions .

The present work reports the results on degradation of PET bottle wastes by using heterogeneous
acid catalysts such as beta-zeolite and montmorillonite KSF under conventional and microwave
heating. The pure BHETA obtained was then subjected to the synthesis of 2,2°-(1,4-phenylene)-bis(2-
oxazoline) (PBO) by two different routes of cyclization. The products, BHETA and PBO, were
characterized with the help of FTIR, DSC, Mass and NMR ('H and ">C NMR). PBO finds application
in polymer synthesis as a chain extender/ chain coupling agent or a cross linker.

2. Results and discussion

Scheme 1, represents the depolymerization of PET using ethanolamine to obtained monomer
BHETA. The depolymerization conditions have been optimized through various parameters such as
aminolysis time, catalyst concentration, PET: ethanolamine ratio to get maximum possible yield of
pure product. Whereas, scheme 2 shows the synthesis of important heterocycles PBO from two

methods, first one is two step synthesis through intermediate formation (BHETA-CI, BHETA-Br,
BHETA-NO2) and other is, one step direct synthesis from BHETA.
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Scheme 1: Aminolytic depolymerization of PET using ethanolamine Scheme 2: Synthesis of PBO from BHETA

Table 1 show that 4 h is the optimum time for aminolytic depolymerization of PET bottle waste to
get maximum yield of BHETA. The yields obtained using beta- zeolite and montmorillonite KSF
catalysts were nearly same (85- 86 9%). Further, when the aminolysis was carried out under

microwave heating, the time required for similar yields (86- 88 %) of BHETA was as low as 5- 6
min.

Table 1. Effect of depolymerization time on BHETA yield (%)

BHETA yields (%)
Time Conventional heating Microwave heating
Beta-zeolire Montmorillonite KSF Beta-zeolire Montmorillonite KSF
1h 57 58 - -
2h 66 65 - -
3h 75 76 - -
4h 85 86 - -
5h 85 85 - -
6h 86 85 - -
3 min - - 64 67
4 min - - 73 79
5 min - - 87 88
7 min - - 87 88
8 min - - 86 87

PET: ethanolamine: 1:6, Catalyst concentration: 1% w/w for beta zeolite and 0.5 % w/w for montmorillonite KSF
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With increase in the beta zeolite concentration upto 1 % w/w of PET, the yield of BHETA
increased irrespective of the mode of heating. Montmorillonite KSF, however, was required only 0.5

% w/w of PET and the corresponding yield obtained was 85- 88 % in either form of heating (Table
2).

Table 2. Effect of catalyst concentration on BHETA yield

BHETA yield (%)
Catalyst Concentration Conventional heating Microwave heating
% (W/w) Beta zeolite Montmorillonite KSF Beta zeolite Montmorillonite KSF
0.2 39 62 48 72
0.4 52 73 57 81
0.5 64 86 68 88
0.6 70 86 74 88
0.8 78 - 81 -
1.0 85 - 87 -
1.2 85 - 87 -

Time was selected on the basis of optimum yield as indicated in Table 1 PET: Ethanolamine :: 1:6

When PET: ethanolamine ratio was varied from 1: 2 to 1: 8 (Table 3), the yield of BHETA was
found to be maximum at 1: 6:: PET: ethanolamine ratio i.e. 85- 88 %, which remained almost
constant thereafter.

Table 3: Effect of PET: Ethanolamine ratio on BHETA yield

BHETA yield (%)
Catalyst Concentration Conventional heating Microwave heating
% (W/w) Beta zeolite Montmorillonite KSF Beta zeolite Montmorillonite KSF
1:2 48 51 49 55
1:4 67 71 68 74
1:6 85 86 87 88
1:8 82 84 85 85

Time was selected on the basis of optimum yield as indicated in Table 1 Catalyst concentration: 1% (w/w) for beta zeolite and 0.5% (w/w) for
montmorillonite KSF

Thus, beta zeolite and montmorillonite KSF reduced the depolymerization time to 4 h when
compared with conventional heavy metal acetate and other simple chemicals as catalysts which
required 8 h for similar PET depolymerization ¥ Also, the microwave assisted depolymerization
reduced the time of reaction significantly.

3. Conclusions

Aminolytic depolymerization of PET with ethanolamine by conventional heating and under
microwave irradiation using natural and environmentally safe heterogeneous solid inorganic acid
aluminosilicate catalysts such as beta-zeolite and montmorillonite KSF was investigated. Microwave
irradiation was more efficient energy source requiring significantly short depolymerization time,
without affecting the yield (85- 88 %) of pure product, BHETA. The conservation in time and energy
of reaction coupled with substitution of heavy metal catalysts by simple, recyclable, non-toxic and
cheap catalysts makes the process convenient, more economic and benign. PBO, which is quite useful
in polymer chemistry as chain extender or cross linker has been synthesized from BHETA by
cyclization in one step using different methods. Thus, the results lead to much sought after
environmentally safe process of PET waste depolymerization into pure BHETA and PBO synthesis
there from.
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Experimental
4.1. Materials and Methods
Materials

Discarded PET soft drink bottles were obtained from a local market, cut into small pieces of
approximate size 5 x 5 mm after separating from the non- PET components such as labels and caps.
They were cleaned by boiling with a solution containing 2 g/ L of a detergent for 1 h followed by
thorough washing with water and drying in air.

Chemicals

Beta-Zeolite Na form (SiO,/ AlO, ratio = 15) powder and montmorillonite KSF were used as
catalysts and were obtained from Sub- Chemie (Mumbai, India) Ltd. Ethanolamine, phosphoryl
chloride, N, N- dimethyl formamide, potassium carbonate, sodium carbonate, red phosphorous,
polyphosphoric acid, liquid bromine, conc. nitric acid and conc. sulfuric acid obtained from Merck
(Mumbai, India) Ltd. were all of analytical reagent (AR) grade.

General procedure
Aminolysis of polyester waste
a. Aminolysis of PET waste under conventional heating

Ethanolamine was used for the aminolysis of PET waste (PET: ethanolamine :: 1: 6) under reflux
in the presence of heterogeneous catalysts such as beta-zeolite/ montmorillonite KSF for time periods
varying up to 6 h. The catalyst concentration was varied between 0.2 % and 1.2 % by weight of PET.
At the end of the reaction, distilled water was added in excess to the reaction mixture with vigorous
agitation to precipitate out the product [bis (2- hydroxy ethylene) terephthalamide]. The precipitate
obtained was filtered and dissolved in distilled water by boiling. White crystals of (BHETA) were
obtained by first concentrating the filtrate by boiling and then chilling it. It was purified by repeated
crystallization from water, dried in an oven at 70 °C and weighed for estimating the yield.

b. Aminolysis of PET waste under microwave heating

Aminolysis of PET waste was carried out in a 700 W Electrolux (Mumbai, India) (17 L) domestic
microwave oven. It was modified to allow fitting of a condenser as described in the previous
communication *’.The PET waste was treated with ethanolamine under reflux using microwave oven
at maximum power with conditions same as in conventional methods, except that the time was varied
up to 8 min. Rest of the procedure for obtaining the product, BHETA, was also the same as given for
conventional methods.

Synthesis of 2, 2°- (1, 4- phenylene) - bis (2- oxazoline) (PBO) from BHETA:
a. One step PBO synthesis from BHETA using poly phosphoric acid:

To polyphosphoric acid (5 ml), 1g of BHETA was added and refluxed it for 3 h. After the
completion of reaction, the reaction mass was cooled to room temperature and diluted with cold
water. It was then neutralized with 5 % sodium bicarbonate solution to obtain the crude product,
which was filtered, washed with water, recrystallized by DMF- water mixture and dried in vacuum
oven at 80 "C. The pure product, thus obtained, was confirmed by FTIR, DSC, NMR and melting
point characterization to be PBO (yield 72 %).

b. Two step PBO synthesis from BCIETA, BBrETA and BNO,ETA:
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I (a) Preparation of bis (2- chloro ethyl terephthalamide) (BCIETA):

To a solution of BHETA (1 g) in 8- 10 ml of methylene chloride, phosphoryl chloride (1 ml) was
added drop wise at 0- 5 °C and stirred the reaction mass for about 1 h at room temperature. Clear
solution was obtained and completion of the reaction was checked by TLC. The reaction mass was
cooled to 5-10 °C and neutralized with 5 % sodium bicarbonate solution. The product was filtered,
washed and recrystallized from water and dried in vacuum to give white crystalline powder. It was
characterized by FTIR, DSC and NMR and was found to be bis (2- chloro ethylene) terephthalamide
(BCIETA) (yield 81 %).

(b) Preparation of bis (2- bromo ethyl terephthalamide) (BBrETA):

Accurately weighed BHETA (1 g) and red phosphorus (0.3 g) was dissolved in DMF and taken in
a three necked round bottom flask fitted with a dropping funnel, stirrer and condenser. Accurately
weighed bromine (1.5 ml) was taken in a dropping funnel to facilitate its addition in a continuous
drop-wise manner. After completion of the reaction, reaction mass was poured into ice water and
then neutralized it with saturated sodium bicarbonate solution. It was then filtered, washed and
recrystallized from chloroform and dried in vacuum to give white crystalline powder. The product
obtained was white solids of bis (2-bromo ethyl) terephthalamide confirmed by FTIR, DSC and NMR
(yield 75 %).

(c) Preparation of bis (2- nitro ethyl terephthalamide) (BNO,ETA):

In a round bottom flask, 1 g of BHETA was dissolved in 5 ml of concentrated sulfuric acid (drop-
wise), and chilled it in an ice bath. Continue to cool the mixture in the ice bath to reduce the heat
produced during the reaction. Gradually 2 ml of concentrated nitric acid was then added to it in a
drop- wise manner. Reaction was continued till completion, checked by TLC. Then it was poured in
cold water with stirring. Isolate the crude product by vacuum filtration and wash it with ice cold
water. The crude material was then purified by recrystallization from acetone (yield 77 %). Finally
bis (2- nitro ethyl terephthalamide) (BNO,ETA) was confirmed by FTIR, DSC and NMR.

(1)  PBO synthesis from BCIETA, BBrETA and BNO,ETA:
(a) conventional heating:

BCIETA, BBrETA and BNO,ETA (1 g) were further subjected to cyclization reaction by first
dissolving in DMF (5-7 ml) and then refluxing for 3 h in the presence of K;COs (2 mol) as basic
catalyst. After completion of reaction, the hot reaction mass was filtered, allowed to cool to room
temperature, and then kept in refrigerator overnight. Pure, fine crystals were obtained which were
then identified by FTIR, DSC, Mass and NMR analysis to be 2, 2’- (1, 4- Phenylene) - bis (2-
oxazoline) (PBO) (yield 75- 77 %).

(b) microwave irradiation heating method :

PBO synthesis was also carried out by microwave heating using the same assembly used for
aminolysis of PET above. BCIETA, BBrETA and BNO,ETA (1 g) were solublized in (5- 7 ml) DMF
and 2 mol of K,CO3 was added to it and cyclization was carried out under reflux for 12 min. Rest of
the procedure for obtaining the pure product, PBO, was the same as mentioned earlier (yield 79 %).

Characterization of BHETA and PBO

After purification through repeated crystallization, the products, BHETA and PBO, were
characterized with the help of FTIR, DSC, Mass and NMR ('H and °C NMR).
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FTIR spectrum were recorded on Shimadzu, Japan (Model 8400 S) FTIR spectrophotometer using
ATR technique. The product was also characterized for its melting point with the help of Differential
scanning calorimeter (DSC), (Shimadzu 60, Japan) at the heating rate of 10 °C/ min from 40 °C to
400 °C under nitrogen atmosphere. Mass spectra were measured on Thermo mass spectrometer by
electron ionization. The aminolytic product obtained was also subjected to thin layer chromatography
(TLC) analysis with ethanol: chloroform (2: 8) mixture as an eluent. For Nuclear Magnetic
Resonance (proton and carbon NMR), the product after aminolysis reaction was dissolved in solvent
d6- DMSO. Chemical shifts are expressed in o units (ppm) using tetramethyl silane as an internal
reference and the spectrograph was recorded on Bruker, NMR (300 MHz).

FTIR spectral analysis

Fig. 1 (a) shows the FTIR spectrum of the aminolyzed product BHETA. The peaks at 1052 and
3285 c¢m ' indicate the presence of primary alcohol. The peak at 1319 cm ' is due to C-N stretching
and peaks for secondary amide stretching are observed at 1558 and 3361 cm ™. The C=0 appears at
1623 cm . In the FTIR spectrogram for PBO Fig. 1 (b), the peak at 1637 cm ™' indicates the presence
of —C=N stretching. The peaks at 3361 cm ' for secondary amide stretching and at 3285 cm ™ for —
OH primary alcohol have disappeared due to cyclization of BHETA monomer and formation of PBO.
Other peaks observed at 3048 cm ' and 2875-2970 cm ™' correspond to aromatic —CH protons and
aliphatic —CH, protons, respectively.
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Fig. 1. FTIR spectra of (a) BHETA and (b) PBO Fig. 2. DSC spectrum of PBO

Thermal analysis (DSC)

The DSC thermogram was recorded from 40 °C to 400 °C at a heating rate of 10 °C per minute
under nitrogen atmosphere. Fig. 2 gives DSC scan of PBO, which indicates that the melting point of
the compound is 245 °C (lit. **, mp. 243- 246 °C).

NMR analysis

The 'H NMR for the PBO Fig. 3 shows the peak in the region & 4.47- 4.38 ppm corresponding to
CH; group protons attached to oxygen, peak in the region 6 4.03- 3.93 ppm corresponds to other CH,
group protons attached to nitrogen and at § 7.97 ppm corresponding to aromatic ring protons. *C-
NMR spectra of PBO Fig. 4 shows peak at 6 162.40 ppm of the carbon attached to aromatic ring and
the peaks at 6 129.91 ppm and 127.96 ppm corresponding to aromatic carbons. The peak at & 67.58
ppm relates to aliphatic carbon attached to the oxygen atom and peak at 6 54.56 ppm is due to CH,
attached to nitrogen atom.
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Mass spectral analysis

The mass spectrum shows peak at m/e 251.13 with intensity almost 100 % relating to molecular
weight of BHETA Fig. 5 (a), where as intense peak at m/e 217.19 was attributed to molecular weight
of PBO Fig 5 (b).
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Fig. 5. Mass spectra of (a) BHETA and (b) PBO
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