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ABSTRACT: Poly(ethylene terephthalate) (PET) waste
flakes (blow-molded-grade industrial waste) were degraded
with aqueous methylamine and ammonia at room temper-
ature in the presence and absence of quaternary ammonium
salt as a catalyst for various times. The catalyst reduced the
time required for the degradation of the PET waste. The
degraded products were analyzed with IR, nuclear magnetic
resonance, mass spectrometry, and differential thermal anal-

ysis and were characterized as N,N’-dimethylterephthal-
amide and terephthalamide in the case of methylamine and
ammonia, respectively. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 96: 1515-1528, 2005

Key words: degradation; infrared spectroscopy; NMR; poly-
esters; recycling

INTRODUCTION

Poly(ethylene terephthalate) (PET) has excellent me-
chanical properties in comparison with other com-
modity polymers, especially when it is used as a film
or fiber."? Extensive studies® on the thermal, chemical,
and catalytic photolytic degradation of PET waste
have developed many processes of commercial impor-
tance® for saving the environment.” Various processes,
such as hydrolysis,® methanolysis,” and glycolysis,®’
have been employed to study the degradation of the
main chain of PET by chain scission. However, a dis-
advantage associated with these processes is that PET
flakes are subjected to higher temperatures and higher
pressures, which change the morphological structure.
The hydrolysis of PET'® with water at 150-250°C un-
der pressure'! in the presence of a catalyst results in
the reclamation of terephthalic acid and ethylene gly-
col monomer. The methanolysis of PET'? occurs at
160-240°C under a pressure of 20-70 atm and pro-
vides an excellent yield of monomers."> The glycolysis
of PET" involves the treatment of high-molecular-
weight PET with an excess of glycol'® at 180°C in the
presence of a catalyst'® and produces hydroxyl-termi-
nated short-chain fragments. These reactions are car-
ried out at high temperatures and high pressures and
thus consume a lot of energy. The degradation of PET
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waste at lower temperatures would convert this reac-
tion into a green reaction.

Overtone and Murayama'’ used methylamine
(CH3NH,) to selectively separate amorphous and
crystalline regions and characterize the morphology of
PET. Mehta and Bell'® concluded, on the basis of the
weight loss, crystallinity, and molecular weight of
aminolyzed PET, that aminolysis was effective in re-
moving the amorphous phase selectively.

In this study, an attempt was made to synthesize
terephthalamides' through the reaction of PET
waste®® with 40% aqueous CH;NH, and ammonia
(NH;) at room temperature; the tedious conditions of
a high temperature and a high pressure were avoided
with a catalyst. The products were characterized with
different spectroscopic techniques [IR, proton nuclear
magnetic resonance (*H-NMR), and mass spectrome-
try (MS)], differential thermal analysis (DTA), chro-
matography, and chemical tests.

EXPERIMENTAL

PET waste flakes, obtained from industry, were placed
in a hot water bath maintained at 70-100°C to ensure
the effective separation of the PET flakes from other
impurities. The basis of separation was that PET under
such conditions underwent shrinkage, whereas other
impurities, such as labels, high-density polyethylene
cups, and polypropylene cups, did not. The separated
PET flakes were washed thoroughly with water.

The PET waste (10 g) was reacted with aqueous
CH;NH, (40% w/v, 100 mL) in a properly sealed
round-bottom flask. A quaternary ammonium salt
(cetyl ammonium bromide; 0.15 g) was used as a
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TABLE 1
Amount of CH,NH,, PET Waste, NH;, and Catalyst
Taken for Aminolysis and Ammonolysis

Aminolysis Ammonolysis
With Without With Without
Ingredient catalyst catalyst catalyst catalyst
PET waste (g) 10 10 10 10
CH,;NH, (mL) 100 100 — —
NH,; (mL) — — 100 100
Quaternary
salt (g;
catalyst) 0.15 — 0.15 —

catalyst. The reaction was carried out under continu-
ous and constant stirring at 40°C. CH;NH, was used
in excess in comparison with PET waste in a 10:1
weight ratio. The white precipitates of terephthal-
amide started appearing within a few hours of the
start of the reaction. However, all the PET reacted
completely in 45 days. After 3 days, fine white precip-
itates were separated from unreacted PET waste by
dissolution in warm ethanol, and the precipitates were
regenerated by the addition of distilled water. The
white precipitates so obtained were dried in vacuo at
60°C until a constant weight was obtained. Table I
summarizes the amounts of PET waste, CH;NH,,
NH,, and catalyst taken for the aminolysis and am-
monolysis of PET waste.

The degradation of PET waste was studied under
similar conditions for various times (7, 15, 21, 25, 30,
and 45 days). Every time, white precipitates were
separated from unreacted PET waste flakes and puri-
fied. The weight of unreacted PET waste flakes during
the course of degradation was determined after they
were thoroughly washed and dried in vacuo for 2 h at
60°C (until a constant weight was obtained).

The same experiment was performed under similar
conditions in the absence of a catalyst, and so compar-
ative studies of PET waste degradation were made in
the presence and absence of a catalyst. The fine white
precipitates were characterized with chemical tests,
spectroscopic techniques [IR, nuclear magnetic reso-
nance (NMR), and MS], DTA, and chromatographic
techniques.

The ammonolysis of PET waste flakes was studied
in a similar manner, except that degradation experi-
ments were carried out with aqueous NHj solutions.
Dried PET waste flakes (10 g) were reacted with an
excess of aqueous NH; (100 mL) in a weight ratio of
1:10 at room temperature (40°C) with continuous and
constant stirring. The same reaction was carried out
under two different conditions—in the presence of a
quaternary ammonium salt (0.15 mg) and without a
quaternary salt—for various times (3, 7, 15, 21, 25, 30,
and 45 days). The products were separated from de-
graded PET flakes every time, purified, and character-

SONI AND SINGH

ized with chemical tests, spectroscopic techniques (IR,
NMR, and MS), DTA, and chromatographic tech-
niques.

The reference terephthalamide and N,N’-dimethyl-
terephthalamide were prepared through the reaction
of terephthaloyl chloride with NH; and CH;NH,, re-
spectively. The terephthaloyl chloride with NH; was
prepared through the reaction of dry terephthalic acid
(3 g, 0.018 mol) and thionyl chloride (7 mL, excess)
with continuous stirring for 24 h and purified with
vacuum distillation. To the freshly prepared tereph-
thaloyl chloride (5 mL), aqueous CH;NH, was added
dropwise at room temperature. Solid white precipi-
tates were filtered and washed with distilled water
and recrystallized with ethanol. The recrystallized
products were then weighed for the yield and charac-
terized with sodium bicarbonate tests, spectroscopic
techniques (IR, 'H-NMR, and MS), and DTA. Simi-
larly, terephthalamide was prepared through the re-
action of terephthaloyl chloride and NH; and was
purified and characterized as previously discussed.

IR spectra were recorded on a Nicolet 5DX IR spec-
trophotometer (Madison, WI) with KBr discs for the
ultimate degraded products obtained from the aminol-
ysis and ammonolysis of PET waste at different times (3,
7,15, 21, 25, 30, and 45 days) and were interpreted for
various bonds through the identification of their charac-
teristic frequencies as absorption bands.

All the 'H-NMR spectroscopy simulations in this
work were recorded on a JEOL JNM-FS-100 FT-NMR
instrument at 100 or 300 MHz for all the ultimate
degraded products. All the MS spectra were recorded
on a JEOL JMS-DX 303 mass spectrometer for the
ultimate degraded products resulting from the amin-
olysis and ammonolysis of PET waste. DTA thermo-
grams of the ultimate degraded products obtained
from the degradation of PET waste flakes with 40%
aqueous CH;NH, (aminolysis) and NH; (ammonoly-
sis) were recorded on a Rigaku thermoflex (Tokyo,
Japan). The solubility of N,N’-dimethylterephthal-
amide and terephthalamide was determined in differ-
ent solvents, such as water, ethanol, dimethylform-
amide, and dimethyl sulfoxide (DMSO).

The amine contents of N,N’-dimethylterephthal-
amide and terephthalamide were determined through
the boiling N,N’-dimethylterephthalamide (2 g, 0.01
mol) or terephthalamide (1.98 g, 0.01 mol) in 250 or
300 mL of a standard NaOH solution (0.15 or 0.17N),
respectively. The unreacted NaOH was titrated back
with oxalic acid (0.09N).

The amides prepared by the aminolysis and am-
monolysis of PET waste flakes were subjected to thin-
layer chromatography (TLC) and compared with ref-
erence samples to determine the purity of the pre-
pared compounds. The retention factor (Ry) values
were determined and compared with those of the
reference samples.
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RESULTS AND DISCUSSION

Two different series of reactions (aminolysis and
ammonolysis) of PET waste flakes were studied at
room temperature in the presence and absence of a
quaternary ammonium salt as a catalyst. The PET
waste flakes aminolyzed and ammonolyzed more
quickly with much greater yields in the presence of
a catalyst, as expected, and white precipitates of
amides were obtained within a few hours after the
start of the reaction. With the passage of time during
both aminolysis and ammonolysis, the concentra-
tion of precipitation increased, and after 45 days, all
PET flakes completely disintegrated into fine white
precipitates. No PET flakes were left unreacted. The
reactions were carried out in excesses of CH;NH,
and NH;. If an excess of the solvent was not used,
the rate of degradation of PET waste was very slow.
Higher concentrations of CH;NH, and NH; resulted
in the cleavage of all folds within the experimental

Amine value of terephthalamides (%) =
Molecular weight of NH;
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timescale, whereas lower concentrations could leave
some of the less accessible ones intact. In the ab-
sence of a catalyst, the degradation proceeded very
slowly, as shown by the fact that a smaller amount
of white precipitates were obtained in a longer time.
However, precipitation increased with time, but
even after 45 days, some PET waste flakes were
unreacted. This was attributed to the fact that ami-
nolysis and ammonolysis rapidly degraded the
amorphous regions initially, and then highly crys-
talline PET was degraded. The weights of unreacted
PET waste flakes during the course of degradation
in the presence and absence of a catalyst were de-
termined. The aminolysis and ammonolysis of PET
waste at the ambient temperature were green reac-
tions.

The amine values of N,N'-dimethylterephthalamide
and terephthalamide were determined with the fol-
lowing formula:

X Normality of NaOH taken(Volume of NaOH taken — Volume of NaOH consumed) X 100

1000 X Weight of N, N'-dimethylterephthalamide or terephthalamide taken

The calculated values were 17.00 and 20.14%, respec-
tively, and were in good agreement with the theoret-
ical values of 17.70 and 20.73%, respectively.

Characterization of the aminolyzed and
ammonolyzed products

The white precipitates obtained from the degradation
reactions of PET waste with CH;NH, and NH; were
characterized with different spectroscopic techniques
(IR, '"H-NMR, and MS), DTA, TLC, and chemical tests,
which are discussed next.

Spectroscopy and DTA of the white precipitates
obtained by the reaction with CH;NH,

Figure 1 shows the '"H-NMR spectrum of the products
obtained by the aminolysis of PET waste flakes in the
presence of a catalyst. The spectrum shows three absorp-
tion peaks. The peak at 8.45, a broad, low hump, was
attributed to CO—NH protons. A doublet at 2.9 ac-
counted for N—CH; protons, and a sharp singlet at 7.98
was associated with four Ar—H protons. When the 'H-
NMR spectra of the products separated by the aminol-
ysis of PET waste flakes in the presence and absence of a
catalyst were recorded after 3, 7, 15, 21, 25, 30, and 45
days of the reaction, the peak positions were found to be
exactly same as those mentioned previously. This NMR
spectrum matched that of the reference sample synthe-

sized by the reaction of terephthaloyl chloride with
CH;3;NH,, as shown in Figure 2.

Figure 3 shows the mass spectrum for the white
precipitates obtained from the aminolysis of PET
waste in the presence of a catalyst. An electron impact
yielded a molecular ion peak at m/z = 192 (M") and
a base peak at m/z = 162 (100%). Subsequent fragment
peaks at m/z values of 163, 134, 135, 106, 77, 78, 57,
and 58 were attributed to N,N’-dimethylterephthal-
amide. The mass spectra of products separated after 3,
7,15, 21, 25, 30, and 45 days of the reaction, in the
presence and absence of a catalyst, exactly matched
one another and the mass spectra of the reference
sample, as shown in Figure 4.

Figure 5 shows the DTA thermograms recorded for
the white precipitates obtained as the result of aminoly-
sis in the presence of a catalyst from room temperature
to 400°C at a heating rate of 10°C/min. They confirmed
that the white solids obtained after different times were
N,N'-dimethylterephthalamide only. The thermograms
showed a single endothermic peak at 318°C that was
indicative of their melting point and the formation of a
single compound. The same endothermic peak at 318°C
was recorded in the DTA thermogram of the white pre-
cipitates obtained after aminolysis in the absence of a
catalyst and in the DTA thermogram of the reference
sample, as shown in Figure 6.

Figures 7 and 8 show the IR spectra of the white
precipitates obtained in the presence of a catalyst dur-
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Figure 1 'H-NMR spectrum of N,N’-dimethylterephthalamide synthesized by the aminolysis of PET waste in the presence

of a catalyst.

ing aminolysis and N,N’-dimethylterephthalamide
synthesized by the reaction of terephthaloyl chloride
with CH;NH,. The IR spectra clearly show the same
characteristic absorption bands for N,N’-dimethyl-
terephthalamide and the reference sample. The ab-
sorption bands at 3310 and 1670 cm ™" were attributed
to N—H stretching and C=0 stretching, respectively,
and these bands were characteristic of a secondary
amide. The C=0 absorption of amides occurred at

longer wavelengths than the normal carbonyl absorp-
tion because of mesomerism. Absorption bands char-
acteristic of a benzenoid compound were also ob-
served at 1660—2000 cm ™ '. Furthermore, the finger-
print region (990-1400 cm ™ ') and the large number of
unassigned vibrations in this region were the same in
all the IR spectra. This proof of identity of the white
precipitates with the reference sample of N,N'-dimeth-
ylterephthalamide was far more characteristic than a
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Figure 2 '"H-NMR spectrum of reference N,N’-dimethylterephthalamide.
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Figure 3 MS spectrum of N,N’-dimethylterephthalamide synthesized by the aminolysis of PET waste in the presence of a

catalyst.

comparison of any other physical property. The IR
spectra of all the white precipitates obtained during
the course of degradation through aminolysis for var-
ious times were also the same.

Only one product as N,N’-dimethylterephthalamide
was obtained throughout the aminolysis of PET waste
carried out for various times (3, 7, 15, 21, 25, 30, and 45
days). Table II summarizes the weight of unreacted
PET waste and degraded products so formed in the
presence and absence of a catalyst after different pe-
riods. This revealed that in the absence of a catalyst,

even after 45 days of reaction, 13 wt % of the PET
waste was unreacted, whereas in the presence of a
catalyst, the reaction was completed after 30 days, and
after 45 days, no PET waste flakes were unreacted.

Spectroscopy and DTA of the white precipitates
obtained by the reaction with NH;,

Figure 9 shows the 'H-NMR spectra of the products
obtained through the ammonolysis of PET waste
flakes in the presence of a catalyst; they show absorp-
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Figure 4 MS spectrum of reference N,N'-dimethylterephthalamide.
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Figure 5 DTA thermogram of N,N’-dimethylterephthalamide synthesized by the aminolysis of PET waste in the presence

of a catalyst.

tion by CO—NH protons at 7.36 as a low hump. A
sharp singlet at 8.026 was attributed to four Ar—H
protons. The same "H-NMR spectra were obtained for
the products obtained in the absence of a catalyst and
for the reference sample prepared through the reac-
tion of terephthaloyl chloride with NHj;, as shown in
Figure 10.

Figure 11 shows the mass spectrum of the white
precipitates obtained from the ammonolysis of PET
waste in the presence of a catalyst. These precipitates
upon an electron impact yielded a molecular ion peak
at m/z = 164 (M") and a base peak at m/z = 148
(100%). Subsequent fragment peaks were found at
m/z values of 120, 103, 92, 57, and so forth and could

(microv)
60 L]
313.0
0 — 4
318.1 k
-60 1. 1 1 %
0 100 300 400

Figure 6 DTA thermogram of reference N,N'-dimethylterephthalamide.

200
Temperature (°C)
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Figure 7 IR spectrum of N,N'-dimethylterephthalamide synthesized by the aminolysis of PET waste in the presence of a

catalyst.

only result from terephthalamide. Exactly the same
results were recorded in the mass spectrum of the
white precipitates obtained by ammonolysis in the
absence of a catalyst and for the reference sample
prepared through the reaction of terephthaloyl chlo-
ride with NHj,as shown in Figure 12.

Figures 13 and 14 show the DTA thermograms re-
corded for the white solids obtained by ammonolysis
in the presence of a catalyst and for the reference
sample of terephthalamide from room temperature to
400°C at a heating rate of 10°C/min. They confirmed
that the two white solids prepared from PET waste
flakes under different conditions were the same. The
thermograms showed a single endothermic peak at
333-334°C that was indicative of their melting point
and the formation of a single compound.

Figure 15 shows the IR spectra recorded for the
resulting terephthalamide obtained in the presence
of a catalyst and similar results in the absence of a
catalyst. The spectra show a pair of absorption
bands at 3200-3350 cm ' that were attributed to
N—H stretching and were characteristic of a pri-
mary amide (the separation between the two bands
was 150 cm ™ !). These bands were not associated
simply with symmetrical and asymmetrical N—H
stretching but arose from different degrees of asso-

ciation in amides. Two absorption bands observed
at 1640-1690 cm ™' were attributed to C=0 stretch-
ing. C=0 absorption was observed at longer wave-
lengths than normal C=O absorption because of
mesomerism. C=0 stretching and N—H deforma-
tion, being coupled vibrations, led to a pair of
bands; the higher frequency band was predomi-
nantly C=0 stretching, and the lower was predom-
inantly N—H deformation C—C multiple-bond
stretching absorptions in aromatics, characteristic of
a benzenoid compound, were observed at 1660-
2000 cm ™~ '. The IR spectra of the reference sample of
terephthalamide, as shown in Figure 16, clearly
shows the same absorption bands and the same
unassigned vibrations in the fingerprint region
(990-1400 cm ') observed in the IR spectra of the
two white precipitates. IR spectra of all the white
precipitates obtained during the course of degrada-
tion through ammonolysis for various times were
the same, and so only one spectrum is presented for
each condition.

TLC of terephthalamide synthesized by aminoly-
sis and ammonolysis and a comparison with a ref-
erence terephthalamide confirmed the purity of the
compounds so synthesized. The R values for all the
compounds were found to be the same (i.e., 0.8).
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Figure 8 IR spectrum of reference N,N'-dimethylterephthalamide.
Chemical structure of the white precipitates The ammonolysis of PET waste produced terephthal-
obtained by aminolysis and ammonolysis amide as follows:

The aminolysis of PET waste produced N,N’-dimeth-
ylterephthalamide as per follows:

LNt JPENt
~-C—<Oy—C—0—CH;—CH—0—)r + nCH;NH, —C—~0)—C—0—CH;~CH—0=);~ + nNH;
Aminolysis Ammonolysis
% l i ' -
HiC-N-C— O )~C—N—CH; + HO—CHy~ CH;— OH + Unreacted PET B-N-C—O)~C—N—H + OH~ CHy~ CHy— OH + Unreacted PET
H H
H H
TABLE 11

Weight of Unreacted PET and Degraded Product During Aminolysis and Ammonolysis
in the Presence and Absence of a Catalyst

Unreacted PET waste (g) Product (g)
Aminolysis Ammonolysis Aminolysis Ammonolysis
Days Catalyst No catalyst Catalyst No catalyst Catalyst No catalyst Catalyst No catalyst
0 10.0 10.0 10.0 10.0 0 0 0 0
3 6.7 8.3 9.0 9.4 3.1 1.5 0.7 0.6
7 5.3 7.2 8.1 8.6 45 2.6 1.7 14
15 4.1 5.6 6.9 7.3 5.6 42 3.0 2.7
21 3.2 4.0 6.2 7.1 6.3 5.7 3.6 2.9
25 2.7 3.5 6.0 6.9 7.0 6.2 3.8 3.1
30 1.9 29 PET becomes Brittle 7.9 6.8 PET becomes Brittle

45 0.0 1.3 9.4 8.4
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Figure 9 'H-NMR spectrum of terephthalamide synthesized by the ammonolysis of PET waste in the presence of a catalyst.
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Figure 10 'H-NMR spectrum of reference terephthalamide.
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Figure 11 MS spectrum of terephthalamide synthesized by the ammonolysis of PET waste in the presence of a catalyst.

The ammonolysis of PET waste led to the formation
of the same terephthalamide as the sole product
throughout the reaction carried out for various
times (3, 7, 15, 21, 25, 30, and 45 days). Furthermore,
Table II shows the weights of unreacted PET under
both conditions and indicates that degradation in
the presence of a catalyst occurred at a faster rate
than in the absence of a catalyst. Reference tereph-
thalamides were prepared successfully in the labo-
ratory via terephthaloyl chloride (bp = 263°C) and
were characterized. Comparative studies of amin-
olyzed and ammonolyzed products were performed

with the reference terephthalamides with spectro-
scopic techniques (IR, "H-NMR, and MS), DTA, and
chromatographic studies. On the basis of these stud-
ies, the products so prepared were characterized
and elucidated for their structures.

Thus, on the basis of spectral analysis, DTA, and
a comparison with reference samples, the white pre-
cipitates obtained from the aminolysis and am-
monolysis of PET waste flakes were confirmed to be
N,N'-dimethylterephthalamide and terephthalamide, re-
spectively:

100
148
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O 60-
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2 40! !
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* |
|
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Figure 12 MS spectrum of reference terephthalamide.



TEREPHTHALAMIDES FROM PET WASTE 1525

10
323.2
or
333.7
10 3 L Y
0 100 300 400

200
Temperature (°C)

Figure 13 DTA thermogram of terephthalamide synthesized by the ammonolysis of PET waste in the presence of a catalyst.

Q Q Scheme 1 provides a clear summary of the preparation
HsC—Il\I—C—@—C— N—CH, of N,N’'-dimethylterephthalamide and terephthal-
H H amide via different routes.
N, N'-Dimethylterephthalamide Both N,N’-dimethylterephthalamide and tereph-
thalamide were soluble in solvents such as ethanol,
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xylene. TLC of the terephthalamides synthesized by
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Figure 14 DTA thermogram of reference terephthalamide.
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NH, Terephthalamide NH,

Terephthaloyl . SoCl,
Chloride

Terephthalate
PET Waste

CH;NH, »| N, N’ Dimethylterephthalamide M

Scheme 1 Preparation of terephthalamides.

Acid

flakes and a comparison with reference terephthal-
amides confirmed the purity of the synthesized
compounds.

The presence of a catalyst increased the rate of
degradation for both CH;NH, and NH;. In aminol-
ysis, the catalyst increased the rate of degradation
throughout the reaction, and the effect was more
pronounced for the first few days than toward the
completion of the reaction. The reaction was com-
pleted after 30 or after 45 days, and no PET waste
flakes were unreacted. Although in the ammonoly-
sis of PET waste there was an increase in degrada-
tion with the passage of time, ammonolysis pro-
ceeded at a slow rate in comparison with aminoly-
sis. Toward the completion of the reaction, the rate
of degradation became constant, and all the residual
PET flakes became brittle.

There are two different phases involved in both ami-
nolysis and ammonolysis: aqueous (CH;NH,/NH;) and
solid (polymer). The aqueous phase is expected to carry
anucleophile. CH;NH, and NH; are much weaker acids
than water. Because acids can hardly catalyze the reac-
tion, this reaction occurs not by an electrophilic mecha-

s O c;urc11r0§ﬁ—@e—‘@— O

CH;NH,

CH3NHI
l Aminolysis

e 0—CH—CH;—0—C—{ : b= = Char
T iy | i

CH;NH; CH;NH;

& &3]
Rearrangement
G (S
wo—cuz—cu:—\(}\—«l:—@— ?fr;:
CH;—N ttl— CH;

I
H l H
i b
H,C—F:—c—@—c—ﬁ— CH; +HO—CHz~CHz OH + Unreacted PET

Scheme 2 Proposed mechanism of PET degradation by
aminolysis (in the absence of a catalyst).
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Scheme 3 Proposed mechanism of PET degradation by
aminolysis (in the presence of a catalyst).

nism but by a nucleophilic mechanism, and so the rate of
degradation is slow. However, it cannot be concluded
whether the reaction occurs by random scission or by
unzipping. If degradation occurs by random scission, the
same product should not be obtained at different times,
and the possibility of the formation of other terephthal-
amides cannot be ruled out. Because we obtained the
same white solid and 100% pure terephthalamides, it
cannot be concluded that the reaction occurs by random
scission. If degradation occurs by unzipping, degrada-
tion should start at one end and finish at the other end.
However, because the amorphous region of PET under-
goes degradation more rapidly than the crystalline re-
gion, unzipping also seems to be unreasonable. CH;NH,
acts as a nucleophile and attacks PET at the electron-
deficient center (C==0). This is followed by rearrange-
ment resulting in product formation. Scheme 2 presents
a proposed picture of PET degradation by aminolysis in
the absence of a catalyst.

Ammonolysis is supposed to take place in a similar
fashion.

When a quaternary salt (Q"X") is added to the
mixture, it is expected to exchange its anion with the
excess of the nucleophile in the aqueous phase.
Scheme 3 presents the proposed mechanism for PET
degradation by aminolysis in the presence of a
catalyst. Q"NH ™ attacks the polymer, and displace-
ment occurs with the product formation. The regen-
eration of the catalyst occurs as shown in Scheme 3.

CONCLUSIONS

This work involved the formation of amides (N,N'-dim-
ethylterephthalamide and terephthalamide) through the
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degradation of molded-grade PET waste flakes with 40%
aqueous CH;NH, (aminolysis) and NH; (ammonolysis),
respectively, at room temperature under two different
conditions (in the presence of a quaternary ammonium
salt and in its absence) for various times. The ultimate
degraded products were analyzed and characterized
with chemical reactions, spectral data (IR, 'H-NMR, and
MS), DTA, TLC, and comparisons with the reference
samples prepared separately in the laboratory.

Thus, technology has been developed for the reuti-
lization of industrial PET waste. The prepared N,N’-
dimethylterephthalamide and terephthalamide can be
used as amide hardeners in epoxies for various appli-
cations, such as adhesives and polyurethane foams.
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