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ABSTRACT:

Alkali-decomposition (depolymerization) of poly(ethylene terephthalate) (PET) was studied in 4 mixed solvent

of an alcchol (ethanol or methanol) and ether (dioxanc, tetrahydrofuran, or dimethoxyethane}) The time for complete
decomposition (>96%) of solid PET with NaQH in methanol at 60°C was 40 min when dioxane (10 vol%) was added as
co-solvent in the reaction mixture, whereas 7h without dioxane. Disodium terephthalate, a product, precipitated quantitatively
in the media and was separated easily. From the filtrate, ethylene glyco! (EG) was recovered by distillation while, for practical
use, the major portion of the filtrate was recycled repeatedly as the reaction medium.
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For recycling poly(ethylene terephthalate) (PET) as
terephthalic acid {TPA) and ethylene glycol (EG), there
have been reported a number of decomposition or
depolymerization methods. These methods involve (1)
hydrolysis with acids or bases in aqueous medial~3; (2)
alcoholysis or glycolysis by catalytic reactions*™''; or
(3)non-catalytic hydrolysis or alcoholysis in super critical
media.!?2 " '® Ta deal with recovered PET plastics with
different shapes, colors, plastic composites, chemical
additives, and impurities, several different methods are
necessary for solving the waste plastic problem. However,
the methods hitherto reported generally require severe
conditions such as strong acids or bases, high tem-
peratures and pressures, longer reaction times and
tedious product separation.

We reeently reported the alkali-decomposition of PET
in nonaqueous EG, where disodium salt of TPA and EG
were reproduced quantitatively under mild treatment
conditions.!® With this method, the chemicals to be
consumed are sodium hydroxide (NaOH) and mineral
acids such as hydrochloric acid (HCI) and sulfuric acid
(H,80,). Moreover, the waste to be emitted on theo-
retical basis is only sodium sulfate or chloride, which
can be reused on commercial bases,?® While the use of
nonaqueous EG as the solvent is the key of our method,
relatively high temperatures 160—180°C are required for
practical purposes. In parallel with our study, alkali-
decomposition of PET in a mixed medium of an alcohol
and aprotic solvent such as dimethyl sulfoxide (BMSO),
N, N-dimethylformamide (DMF) and N-methyl-2-pyrro-
lidone (NMP) was reported.?! However, the method
seems impractical because the separation of EG from
these high-boiling media must be tough and, moreover,
the solvents are not stable enough under the required
severe treatment conditions,?2

To lower the treatment temperatures in ordinary
solvents which are thermally and chemically stable, we
adopted mixtures of low boiling alcohols and ethereal

' To whom the correspondence must be addressed.
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additives such as dioxane {DX), tetrahydrofuran (THF),
or 1,2-dimethoxyethane (DME). In general, the rate of
alkali-decomposition of PET depends markedly on the
activity of hydroxide ion HO™, which is strengthen-
ed in the presence of cation-inclusion compounds such
as crown ethers in aprotic solvents.?®> However, the
chemicals are too expensive to be used for practical
processes such as plastic recycling. In this regard, we
adopted inexpensive ethereal additives such as DX,
THF, and DME in combination with ethanol (EtOH) and
methanol (MeOH) in expectation of rate-enhancement
effects to lower the treatment temperatures.

The objective of the present study was to develop an
improved method of alkali-decomposition {depolymer-
ization) of PET more or less comparable to our reported
method with EG'® and beneficial to solving the social
problem of plastic recycling. This report presents the
results of nonaqueous alkali-decomposition of PET in
alcohol ethereal additive media at the temperatures
lower than 80°C. Almost quantitative yields of disoedium
or dipotassium terephthalate (TPA-Na, or -K,) and EG
are attained within a period from 15min to 1h. In this
methoed, preliminary dissolution of PET is not necessary
because TPA-salts are formed on the surface of solid
PET and precipitated quantitatively.?* EG remains in
the medium and is recycled as a part of the solvent
system, while increased EG must be continuously distilled
to obtain EG.

EXPERIMENTAL

Materials and Reagents

We used two pure PET pellets 2mm length x | mm
diameter with M, =30000 (Type-1) and 33000 (Type-
2).*% In addition, cut-pieces (3x3x0.5mm) of PET
bottles were used after washing and drying. Commerci-
ally available reageni-grade MeOH, E1OH, DX, THF,
DME, NaOH, and KOH (pellets with >96 and 80%
purity determined by titration, respectivcly) were used
without purification. For titration of NaOH and KOH,
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Figure 1. Effects of alcohol on alkali-decompesition of PET pellets
with KOH at 60°C: in methanol (A ), ethanol (@), and i-propanol (O).

commercially available | N-HCl solution was used
after dilution to 0.2 M. 1,3-Dimethyl-2-imidazolidinone
(DMT), also used as a solvent of the decomposition, was
available from Mitsui Chemical Co.2®

General Procedure of the Nonaqueous Alkali-Decomposi-
tion

Pellets of NaOH (0.41g, 0.01 mol) or KOH (0.69g,
0.0l mol) were dissolved in 4ml MeOH or EtOH. re-
spectively, in which 1ml ethereal additive was added.
To this alkali hydroxide solution were added PET pellets
(0.96 g, Smmol on the basis of the repeating unit of
monomers) and PET was decomposed under stirring for
a specified period at a specified temperature in this
solid/liquid reaction system. The reaction mixture was
cooled rapidly by immersing the flask in ice water, and
quenched by pouring into 50ml distilled water. The
remaining NaOH or KOH was titrated by 0.2 N-HCI
solution to pH=7 to determine the consumed amount
of NaOH or KOH which is equivalent to the amount of
TPA-Na, or TPA-K,.

After the titration, the mixture was filtered to remove
undecomposed PET solids, and weight was measured.
The filtrate was acidified by excess HCl to crystallize
TPA out of the agqueous solution.

The decomposition of PET (0.5g, 2.6mmol) in
non-aqueous DMI (30ml) with NaOH (0.4l1g, 10.2
mmol, 2.0mol equivalent to PET) at 120—150°C was
carried out for comparison with alcohols except that
ethereal additives were not used, and TPA-Na, was
obtained after removal of DMI by distillation and
acidification of the residue.

. RESULTS AND DISCUSSION

Choice of Alcohols
The rates of alkali-decomposition of PET pellets
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Figore 2. Tormation of TPA-K, ws. time of decomposition with
KOH (2mell™ %) at 50°C in a mixed solvent of ethanol and ethers
{80;20 vol%): no ether {O), dioxane (@), tetrahydrofuran (&), and
[,2-dimethoxyethane {A).
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Figure 3. Formation of TPA-Na, vs. time of decomposition with
NaOH (2Zmoll™ 1) at 50°C in a mixed solvent of methanot and ethers
(80/20 vol%): no ether (), dioxane (@), tetrahydrofuran (&), and
1,2-dimethoxyethane {A).

(Type-1) with KOH in three alcohols, ie., MeOH,
EtOH, and 1-propanol were measured at 60°C and shown
in Figure 1, expressed as weight of unreacted pellets.
EtOH and MeOH seem to be good combination with
KOH and, therefore, were used in the following ex-
periments,

Effect of Ethereal Additives on the Rate of Decomposition
To accelerate the rate of decomposition, an ethereal
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Table I. Time for complete decomposition of PET with NaOH in mixed solvent of cther/methanol (0.5/4.5ml) ai 60°C

NaOH

29.6

additive, dioxane (DX), tetrahydrofuran (THF), or
1,2-dimethoxyethane (DME), was added to MeOH or
EtOH (ether 20/alcohol 80vol®%4) and the rates were
measured at 50°C in terms of yield of TPA-K, or -Na,
as shown in Figures 2 and 3. Two significant features
are shown in the Figures: (1) KOH is more effective than
NaOH; (2) addition of an ethereal additive accelerates
the rate of decomposition several times than in pure
alcohol, regardless of the alcohol or alkali metal
hydroxide. For cxample, the vield of TPA-K, after
treatment in pure EtOH for 30min at 50°C was only
18%, butincreased to 60% by the addition of 20% DME,
82% by THF, and 92% by DX.

Appropriate combinations of alkali hydroxide and
alcohol for cffective decomposition are shown in Figure
4. With KOH, EtOH seems better whercas with NaOH
it is MeOH. Therefore, in the following experiments we
used these combinations,

Table I shows the time required for the complete
decomposition (depolymerization) of PET pellets (0.50 g)
at 60°C with NaOH (0.41 g) dissolved in a mixed solvent
of MeOH (4.5ml) and 10vol% of an cthereal additive
(0.5ml}. In comparison with the time (300 min) required
in pure MeOH, addition of DME, THF, or DX to thc
alcohol clearly shortened the time to 103, 60, or 40 min,
respectively, Tnstead of the pellets, when cut pieces of
PET-bottles were subjected to the conditions at 60°C,
somewhat longer rcaclion times were required for
complete decomposition probably due to higher degree
of crystallinity. In contrast, the same cut pieces in
much higher boiling alcohol EG at 180°C underwent
decomposition at a comparable rate or even faster than
the pellets at the same temperature (see Table I1).

In all cases, ethers clearly accelerated the rate of
decomposition in the order, DME < THF <« DX, For
example, based on kinetic analysis, the first-order rate
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PET g Reaction time Yield {TPA) Unreacted remaining PET
Ethers - . - — .
Pellets Bottlc flakes g min mol % mol %%
Dioxanc 0.50 - 0.41 40 97 29
0.50 — 0.41 6l 98 1.7
Tetrahydrofuran 0.50 0.41 150 99 03
Dimethoxyethanc 0.49 — 0.41 105 98 1.5
0.50 — 0.41 300 96 2.1
None — 0.50 0.42 420 96 3.0
Table 1I. Time for complete decomposition of PET in EG 1
{(5ml) with NaOH (0.42 g) at 180°C
PET/e Reactiontime Yield of TPA ~ Remaming
_— of PET -
Peliets  Bottle flakes min mol % maol % =
. _— N g
0.5 — 3 97.0 2.0 =
0.96 — 15 99.0 0.3 B
0.5 3 95.5 3.8 i
0.5 5 99.3 0.0 Z
— 0.5 7 90.5 0.0 -
— 0.5 10 99.5 0.0 |
— 0.96 15 0.0 v
]
(=]
=
L=
=

4 1
30 100

Reaction time (min)

Figure 4. Comparison of aleohol in the decomposition of PET with
KOH or NaOH in a mixed solvent of alcohol and dioxane (80,20
vol%) at 30°C: NaQH (Q). KOH (@), in ethanol dioxane (------ ).
and methanol-dioxane (- ).

constants?? of the decomposition with KOH in EiOH
at 50°C were calculated on the basis of Figure 2 to be
0.0065min "' in purc E1OH, 0.1314 with 20% DX in
EtOH, 0.0736 with 20% THF, and 0.0430 with 20%
DME. This may be due to: (1) elongation of the surface
matrix of solid PET by the ethereal solvent accelerating
the percolation of hydroxide ion, and (2) chelation effect
of an ethereal solvent with an alkali cation to increase
the ion strength of hydroxide ion. Decomposition may
take place on the surface of the PET solids, not in solu-
tion and, therefore, decrease in molar quantity of PET
solids must be equivalent to the increase in disodium
terephthalate.

After examining the rate-acceleration effect of ethers
at a constant mixing ratio, e.g., 20 vol% for Figures 2
and 3, 10% for Table I, we investigated the proper mixing
ratio of ethers in alcohols at 50°C. The results are shown
in Figure 5. With KOH in EtOH, the yield of TPA-X,
reached maximum when 40—50vol% of DX or THF
was added and decreased beyond this point. With
NaOH in MeOH, the vield of TPA-Nua, straightly
increased as the amount of DX was increased up to
60 vol% where precipitation of NaOH began. In view
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Figure 5. Effccts of ether concentration on the formation of TPA-K
in a mixed solvents at 50°C: dioxane in ethanol for 10min (@),
tetrahydroluran in ethanol for 30min (), formation of TPA-Nu,:
dioxane in methanol for 10min (/).

ooC -@—COO

DMS0

-oH

e N

I AL LA R SN B

H,0

—r T T T T T T
14 12 10 8 ] 4 2 0 ppm

Figure 6. 'H NMR spectrum of TPA obtained from the decomposi-
tion of PET bottle flakes for 150min at 60°C in a mixed solvent of
mcthanol and tetrahydrofuran (8020 vol%).

of practical application to industrial purposes, we
adopted 10—20% concentrations of ethers for most
experiments in the present study.

'H NMR Analysis

Figure 6 shows the 'H NMR spectrum of TPA ob-
tained after the decomposition of PET bottle flakes
with NaOH in THF Me¢OH followed by precipitation
with HCI. Within the detection limit of the spectroscopy,
no ethylene residue of EG appeared.
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Figure 7. Effects of KOH concentrations on the [ormation of TPA-K,,
in ethanol after the treatment of 30 min at 60°C. [nitial concentration
of [PET]=1moll"1.

Effect of Alkali Concentration

Figure 7 shows the effect of KOH concentration on
the decomposition of PET carried out in EtOH at 60°C
for 10min. As concentration increases, the rate of
decomposition accelerated but reached a maximum at
2—3mol KOHI™!. The decrease in rates beyond this
critical point may be ascribable, at least partly, to the
slower rate of exfoliation of TPA-K, from the pellet
surface due to increase in solvent viscosity.

Decomposition in DM without Ethereal Additives

In comparison with the above decomposition in
alcohol—ether systems and also the report by Tindall
and Perry in aprotic solvents,?! we examined alkali
decomposition of PET in DMT without cthers. DMI is
an industrially available solvent and reported to be a
high-boiling aprotic polar solvent resistant to rigorous-
ly acidic and basic conditions.?” The decomposition of
PET pellets in DMI with NaOH at 150°C proceeded
efficiently and, after heating for 1h, DMT was removed
by distillation and the residue was acidified to vield
TPA quantitatively (99%). The rate was relatively slow
at 120°C so that TPA was formed in 85% after 1 h. DMI
was recovered without appreciable decomposition under
these conditions. Though efficient, we assume that this
process may be not so practical as that with alcohol-ether
systems due to the high boiling point of DMT (225°C).

CONCLUSIONS

In comparison with the preceding study on the alkali-
decomposition of PET in EG,'? the characteristics of
the present method are summarized as follows: (1) in
place of EG, methanol and ethanol can be used in
combination with ethereal additives such as dioxane and
tetrahydrofuran; (2) in the present combined solvent
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systems, applicable decomposition tcmperaturcs are
60—80°C, which in general are much lower than those
(150—180°C) in the single use of EG; (3) salts of TPA
are scparated quantitatively as powdery precipitates
while the liquid filtrate (mainly EG) is recycled repeatedly
and increased volume of the filtrate is distilled for the
recovery of EG; (4) both TPA and EG can be obtained
nearly quantitatively.

For solving the social problems caused by plastic
wastes, the present study may make possible, to some
degree, the chemical recycling of waste PET.
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