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ABSTRACT: Chemical recycling of poly(ethylene tereph-
thalate) (PET) in supercritical ethanol has been investigated.
In the presence of water, under supercritical conditions
(temperature and pressure above 516 K and 6,384 kPa, re-
spectively) excess ethanol reacts with PET to form diethyl
terephthalate (DET) as the main product. A laboratory-made
0.1 l-batch reactor was used at 528 K under pressures from
7,600 and 11,600 kPa. After the required reaction times, the
reaction products were analyzed by reverse phase high pres-
sure liquid chromatography and nuclear magnetic reso-

nance. It was found that PET is completely depolymerized
into monomers in about 5 h. The influences of water, pres-
sure, ethanol/PET weight ratio, PET sources, as well as
depolymerization time were investigated. Maximum DET
recovery yield was 98.5%. © 2006 Wiley Periodicals, Inc. J Appl
Polym Sci 101: 2009–2016, 2006
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INTRODUCTION

Over recent years, environmental concerns have re-
ceived a great deal of attention and green processing
has been the issue of several discussions.1–3 As indus-
trial sustainable development programs are under
pressure due to globalization and the changes of many
traditional markets, the chemical industry plays a key
support role in the world economy.4

Plastic has an excellent performance over other
packing materials like glass, and wood. The growing
interest in poly(ethylene terephthalate) (PET) recy-
cling is due to its widespread and increasing use in
packaging, mainly since the mid 70s as a consequence
of its use in the production of soft drink bottles.5 A
further increase in this application is predicted.6,7

However, plastic waste has been under mounting en-
vironmental pressure, and recovery and recycling

seem to be the best alternatives to minimize its haz-
ards.

Postconsumer PET bottles are mainly mechanically
recycled into textiles, carpets, and plastic sheets. Nev-
ertheless, mechanical processing results only in low-
grade material.8 Pyrolysis is another technique com-
monly used to degrade polymers, yet, it presents some
disadvantages such as nonuniform heat transfer, low
final product yields, and excessive formation of char
and gases.9,10 In contrast, as chemical recycling or
depolymerization involves treating waste materials
and recovering their monomers, it enables monomer
repolymerization and the production of virgin poly-
mers from recycled materials.11 An additional ad-
vantage over mechanical recycling processes is that
chemical processes can be applied to low-grade me-
chanically recycled materials.12 Moreover, chemical
recycling has also been proposed to mitigate some of
the above-mentioned problems associated with pyrol-
ysis.11

Chemical PET recycling was started in the 50s,
nearly in parallel to its commercial-scale manufac-
ture.11 Initially, chemical recycling found application
as a way to use PET production waste. Nowadays, this
technology is spread and targeted on postconsumer
PET.

Condensation polymers can be depolymerized by
solvolytic chain cleavage reactions. Several techniques
have been extensively studied, especially those using
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catalytic reactions. The catalysts most frequently stud-
ied are basic, acid,13,14 and metal salts.15–17 Processes
involving the depolymerization of PET in supercritical
conditions were first used in Japan in 1997 by Adschiri
et al.,18 who depolymerized PET using supercritical
water, and Sako et al.,19 using supercritical methanol.

Supercritical fluids are very attractive media for
conducting chemical transformations,20 mainly be-
cause the solvent and transport properties of a single
solution can be appreciably and continuously varied
with relatively minor changes in either temperature or
pressure.21 The variation of the supercritical fluid den-
sity also influences the chemical potential of solutes,
and thus, reaction rate and equilibrium constant.22,23

Although methanolysis has been extensively stud-
ied in recent years,19,24–26 to the best of our knowl-
edge, this is the first study on the use of ethanolysis as
a PET depolymerization method. This study repre-
sents a new alternative for the recycling industry,
especially for the Brazilian industry, since sugarcane
ethanol is abundant and relatively cheap in Brazil. In
this work, a series of experiments were conducted to
develop and understand PET depolymerization by
supercritical ethanol, particularly to determine the ef-
fects of water, pressure, ethanol/PET weight ratio,
postconsumer PET sources as well as the time re-
quired for complete PET depolymerization.

MATERIALS AND METHODS

Different PET sources have been used, green and col-
orless PET bottles, polyester strings, and mechanically
recycled PET fibers. Degradation reaction was carried
out in a 0.1-L laboratory-made batch-type reactor
made of stainless steel 316® equipped with inlet and
outlet valves, a manometer, a thermometer, and fit
with a heating collar controlled by a programmable
temperature controller used to heat the reactor to the
required temperature. The reaction temperature used
was 528 K. The precision of the reactor temperature
was estimated to be � 5 K. Temperature was mea-
sured by a J-type thermocouple.

For the experiments, specific amounts of PET, an-
hydrous ethanol abs p.a., CAS ISO Merck, and dis-
tilled water were charged into the reactor at room
temperature. Then, the vessel and its contents were
heated (at about 8 K/min) to a reaction temperature of
528 K. Reactor pressure was attained by varying the
initial amount of solution so that pumping pressur-
ized gas was not necessary. Reactions were carried out
using initial pressures ranging from 11,400 to 16,500
kPa. After the required reaction time, the heating col-
lar was removed, and the vessel was quenched to
room temperature using large amounts of fresh water.
It took less than 5 min to cool down the reaction
system to room temperature (around 298 K).

After each run, the reaction products collected from
the vessel and their amounts were determined using
reverse phase high-performance liquid chromatogra-
phy (RP-HPLC) and identified by proton nuclear mag-
netic resonance (1H NMR). RP-HPLC analysis was
performed using a Varian 240 apparatus equipped
with a reverse-phase C18-varian column and a Varian
330 ultraviolet detector set at 240 nm. An 80:20 (V/V)
methanol/water solution was used as a mobile phase
with a flow rate of 1 mL/min and column temperature
of (298 K). Diethyl terephthalate (DET) was quantified
through external standard method, (DET, purity 98%,
Acros Organics, CAS 636–09-9). External standard so-
lutions were prepared within the concentration range
of 0.05–1.00 mg/mL. A sample solution with an esti-
mated concentration of 0.05–1.00 mg/mL was pre-
pared for HPLC analysis by diluting the reaction
product in methanol (HPLC grade CAS 67–56-1) as a
solvent.

Samples were dried and powdered before 1H NMR
analysis. All 1H NMR spectra were obtained on a
Varian spectrometer model Oxford 300 operating at
300 MHz. The angle pulse and the relaxation time
used to obtain 1H NMR spectra were fixed at 45° and
1.36 s, respectively. Sample temperature in 1H NMR
experiments was maintained at 298 K. Tetramethylsi-
lane was used as an internal reference. Chemical shift
was given in ppm. The solvent used was acetone-d6.

RESULTS AND DISCUSSION

The products obtained from the depolymerization of
PET in supercritical ethanol were mainly DET, and
either ethylene glycol (EG) or bishydroxyethyl tereph-
thalate (BHET), as shown in Figure 1. In addition, it
was also possible to obtain by-products like ethyl-(2-
hydroxy-ethyl) terephthalate (EHET), dimers, and oli-
gomers. Following the reaction presented in Figure 1,
in which DET is formed as a main product, it can be

Figure 1 Reaction of depolymerization of PET in super-
critical ethanol.
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seen that each ester linkage uses one ethanol molecule
and creates ethyl end-groups to form DET.

Effect of water on reaction environment

It was investigated whether the presence of water
affects the chemical depolymerization environment in

supercritical ethanol. Reactions using anhydrous eth-
anol or by adding either 1 or 5 mL of water were
investigated. The chromatogram in Figure 2, obtained
after 5 h of reaction using 61 mL of anhydrous ethanol
and 1 g of PET shows the presence of dimers even
after the reaction time. The obtained products were
also identified through 1H NMR. After 5 h of reaction,
it was possible to identify six different 1H NMR spec-
trum signals, which were attributed to the three struc-
tures shown in Figure 3. The four aromatic ring hy-
drogens identified as number 1, showed the signal at
� 8.1 ppm. The hydrogens in the DET ethyl group,
numbered 2 and 3, showed the signals at � 4.3 and �
1.39 ppm, respectively. The two triplets, numbered 4
and 5, refer to the hydrogens in the BHET ethylene
group. Hydrogen signals of DET and BHET aromatic
ring were too close to be identified separately. The
signal 6 at � 4.9 ppm was attributed to the
OCH2OCH2O group present in the oligomer struc-
ture, and the signal at � � 2.1 ppm to acetone (C3H6O)
in the C3D6O solvent.

Figure 4 shows end-product chromatograms ob-
tained after 5.0, 5.5, and 6.5 h of reaction carried out

Figure 2 HPLC spectrum of the products of the 5-h reac-
tion at 528 K and 11,600 kPa using 61 mL of anhydrous
ethanol and 1 g of PET.

Figure 3 1H NMR spectrum run in C3D6O of the products of the 5-h reaction at 528 K and 11,600 kPa using 61 mL of
anhydrous ethanol and 1 g of PET. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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using 60 mL of ethanol, 1 mL of water, and 1 g of PET.
In Figure 4, only monomers, DET and BHET can be
observed after 5 h of reaction. However, after 5.5 h of
reaction, the amount of BHET decreased and did not
change up to 6.5 h of reaction. In addition, the amount
of DET obtained after 5.5 h of reaction was larger than
that obtained after 5 h and it did not change up to
6.5 h. On the basis of these results, it can be stated that
the reaction practically finishes after 5.5 h, when the
equilibrium DET � EG º BHET is reached. Also, it
can be pointed out that adding small amounts of water
affects the reaction environment and accelerates PET
depolymerization.

After 5 h of reaction at 528 K and initial pressure of
11,600 kPa using 1 g of PET and 60 mL of ethanol plus
1 mL of water, it was possible to identify five different

1H NMR spectrum signals, which were attributed to
the two structures shown in Figure 5. The four aro-
matic ring hydrogens identified as number 1, showed
the signal at � 8.1 ppm. The hydrogens in the DET
ethyl group, numbered 2 and 3, showed the signals at
� 4.3 and � 1.39 ppm, respectively. Finally, the two
triplets in the input in the figure, numbered 4 and 5,
refer to the hydrogens in the BHET ethylene group.
Hydrogens signals of DET and BHET aromatic ring
were too close to be identified separately.

A chromatogram of the product of the 5-h reaction
carried out using 5 mL of water, 54 mL of ethanol, and
1 g of PET is shown in Figure 6. For these amounts of
water and ethanol, the pressure in the reactor vessel
reached 11,600 kPa when heated to 528 K. Figure 6
shows that the product is constituted mostly by BHET

Figure 4 HPLC spectra of the products obtained with dif-
ferent reaction times (5.0, 5.5, and 6.5 h) at 528 K and 11,600
kPa using 60 mL of ethanol, 1 mL of water and 1 g of PET.

Figure 5 . 1H NMR spectra run in C3D6O of the products obtained after 5-h reaction at 528 K and 11,600 kPa using 60 mL
of ethanol 1 mL of water and 1 g of PET. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 6 HPLC spectrum of the product of the 5-h reaction
at 528 K and 11,600 kPa using 54 mL of ethanol, 5 mL of
water, and 1 g of PET.
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and DET. However, it was possible to identify a small
amount of EHET. The H1 NMR spectrum of the reac-
tion product presented in Figure 7 confirms the pres-
ence of DET, BHET, and EHET. It should be noticed
that no signal appears at � 4.9 ppm, which is indicative
of the absence of oligomers after 5 h of reaction. There-
fore, it is possible to conclude that small amounts of
water change the reaction environment and raises the
reaction rate, while large amounts of water tend to
produce more hydroxyl-containing products like
BHET and EHET.

Akiya and Savage27 asserted that in high-tempera-
ture chemical reactions, water can participate in ele-
mentary reaction steps as a catalyst. Examples include
water as a source of either an acid or a base catalyst,
and as a catalyst that modifies and stabilizes transition
states. Takahashi et al.28 investigated the catalytic role
of water molecules in the oxidation of ethanol and
proposed that water modifies the transition states of
ethanol molecule, which leads to a decrease in the
reaction potential energy barrier, and consequently to
an increase in reaction rate constant.

Effect of pressure

To investigate the influence of reaction pressure, ex-
periments were carried out under initial pressures
11,400 and 16,500 kPa (reaching final pressure among
7,600 and 11,600 kPa). The observed pressure was
attained by varying the initial amount of solution in
the vessel. In this way, heating the vessel filled with 54
mL of ethanol and 0.9 mL of water at 528 K the final

7,600 kPa was achieved, while with 60 mL of ethanol
and 1 mL of water, the pressure rose to 9,650 kPa at
the same temperature. Figure 8 shows the chromato-
grams of products obtained under each of these two
final pressures. It was observed that the same prod-
ucts were obtained at either 7,600 or 11,600 kPa and
528 K, and that the change in DET yield was not
significant. Based on these results, we can conclude
that if the pressure is maintained between these two
levels at 528 K, no influences on supercritical ethanol
PET depolymerization are observable.

Effect of PET/ethanol ratio

The effect of PET/ethanol ratio on depolymerization
at 528 K and 11,600 kPa for a 5-h reaction time was

Figure 7 1H RMN spectrum run in C3D6O of the products of the 5-h reaction at 528 K and 11,600 kPa using 54 mL of
anhydrous ethanol, 5 mL of water, and 1 g of PET. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 8 HPLC spectra of the products after 5-h of reaction
at 7,600 kPa and 11,600 kPa.
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investigated. Table I summarizes the results. Since
ethanol is the solvent responsible for the increase in
the pressure inside the vessel and considering that
ethanol is consumed during reaction to form DET, the
pressure inside the vessel decreases during reaction.
Table I shows the initial and final pressure in the
vessel for varying ethanol/PET ratios. It is worth re-
calling that, as previously mentioned, pressure does
not affect either BHET or DET yields. Table I also
shows the amount of DET produced (values obtained
through HPLC). Yields were calculated considering
the theoretical reaction values that would result in
100% DET under stoichiometric molar mass balance.
DET yield was not significantly influenced by the
PET/ethanol ratio. In addition, Figure 9 shows that
oligomers were not found among the reaction prod-
ucts. These results indicate that even though the eth-
anol/PET ratio affects pressure, it does not influence
the reaction products obtained.

The effect of different kinds of PET

We have also investigated depolymerization of differ-
ent PET sources, namely, polyester strings, green and
colorless PET bottles, and fibers obtained from me-

chanically recycled PET soft drink bottles. Recycled
PET fibers are used by industry as pillow, mattress,
and teddy-bear stuffing, while polyester strings are
used in the textile industry. Table II and Figure 9
summarize depolymerization results. Depolymeriza-
tion was performed using 1 g of polymer under initial
pressure of 11,600 kPa at 528 K. Figure 9(A) shows the
chromatogram of depolymerized green bottle PET.
Comparing the chromatograms of colorless [Fig. 9(C)]
and green bottle PET, it can be seen that green bottle
PET depolymerization produces more DET than
BHET. Moreover, Table II shows that green bottle PET
yields about DET 94.2%. This value is much higher
than that of colorless bottle PET, 64%, Table I. By
comparing Figures 9(B) and 9(C), it can be seen that
much more DET is produced using green fibers than
colorless ones. These results indicate that the green
dye incorporated into PET favors DET formation un-
der supercritical ethanol depolymerization.

In an attempt to explain the influence of the dye on
the depolymerization reaction, experiments were per-
formed using half as green PET and half as colorless
PET. In this way, it was expected that after the depo-
lymerization of green PET, the dye could help the
reaction of BHET formed from colorless PET with
excess ethanol to form DET. However, this result was
not attained. Figure 10 shows chromatograms of the
products for the three reactions carried out using: (i)
1 g of green PET; (ii) 1 g of colorless PET, and (iii) a
mixture containing 0.5 g of green PET and 0.5 g of
colorless PET. By the analysis of Figure 10, it can be
seen that green and colorless PET reacted indepen-

TABLE I
DET Yield for Varying Reaction Conditions and PET Amounts

Ethanol
(mL)

Water
(mL)

PET
(g)

Initial
pressure

(kPa)

Final
pressure

(kPa)

Amount of
obtained
DET (g)

Yield
(%)

60 1.0 1 11,600 11,600 0.74 64
54 0.9 5 11,400 9,650 3.53 61
54 0.9 10 11,600 7,600 7.41 64
60 1.0 15 16,500 9,650 11.44 66

Figure 9 HPLC spectra of the products of the 5-h reaction
at 528 K and 11,600 kPa using 60 mL of ethanol, 1 mL of
water, and 1 g of different kinds of PET obtained from (A)
green bottles, (B) mechanically recycled green bottles, (C)
mechanically recycled colorless bottles, and (D) polyester
string.

TABLE II
DET Yield for Reactions with PET from

Different Sources

Polymer source DET (g) Yielda (%)

(C) Green bottle PET 1.09 94.2
(B) Mechanically recycled colorless fiber 0.74 64.5
(A) Mechanically recycled green fiber 1.09 94.3
(D) Polyester string 1.14 98.5

a Yield based on the maximum amount of DET obtained
per gram of PET (1.00 g of PET yields a maximum of 1.56 g
of DET).
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dently from each other in the mixture. Thus, it can be
inferred that the green dye influences depolymeriza-
tion only when it was previously incorporated into the
polymer matrix (in the bulk). The possible presence of
hydroxide and wetting agents remaining from the
dyeing process also explains the increase in DET yield.
According to Roh and Bae,29 terephthalic acid can be
produced from PET waste using alkaline hydrolysis of
wastewater containing alkaline hydroxide and wet-
ting agents from the polyester fiber chromatic treat-
ment process.

It also can be seen that the reaction using PET from
the textile industry produces more DET than BHET in
comparison to the colorless one. It is well known that
PET strings contain color-changing carriers.30 In our
laboratory, the PET string carrier was identified as
TiO2 through atomic absorption spectrophotometry.
The influence of TiO2 on supercritical ethanol PET
depolymerization was also investigated. Figure 11
shows a chromatogram of a 5-h reaction of colorless
bottle PET, 60 mL of ethanol, 1 mL of water, and 0.1 g
of TiO2 (purchased from Aldrich, P25 CAS 13,463–67-
7). It can be seen that TiO2 influences the final reaction
step and BHETº DET � EG equilibrium. As a result,
the reaction product is richer in DET than in BHET,
which is consistent with literature works describing
TiO2 as a catalyst in supercritical fluid.31

No differences were observed between the results of
mechanically recycled postconsumer PET bottles and
fibers. In the depolymerization reaction, green and
colorless polymers presented similar behaviors before
and after mechanical processing.

CONCLUSIONS

Depolymerization of waste PET was carried out in a
laboratory-made batch reactor using anhydrous etha-
nol in supercritical conditions (528 K and pressures

from 7,600 to 11,600 kPa) in the presence of water.
According to our results, PET can be completely de-
polymerized to monomers in supercritical ethanol in
about 5 h. This reaction is strongly influenced by the
amount of water, the green PET dye, and TiO2. In
addition, the PET/ethanol weight ratios and the pres-
sures lye in the range investigated in this work did not
influence significantly the final product yield. The
data revealed a maximum DET recovery yield of
98.5%.

R. E. N. Castro thanks CNPq for the master fellowship.
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