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The amount of the recovery of polyethylene terephtha-
late (PET) bottles is increasing year by year due to the
enforce of the law for promotion of sorted collection and
recycling of containers and packaging from 1997.%2 At
present, the collected PET bottles undergo the material
recycling to the textile goods such as the dress shirts,
carpets and others. It is expected that the collected PET
will increase to 89000 tons in 2001 that will be more
than 4 times the amount in 1997. However, if we per-
form only the material recycling, it will be difficult to
consume the recycling goods completely. Therefore the
research and development of the chemical recycling of
the PET to its constituent monomers is necessary for the
effective PET reuse.

A number of depolymerization techniques of the PET
with liquid solvents have been reported until now. The
solvents used are an alcohol such as methanol® or ethyl-
ene glycol,* and water with an acid® or alkali® catalyst.
Methanolysis by liquid methanol is carried out at 180°C
and 2.5 MPa with a catalyst such as zinc acetate and the
monomers of dimethyl terephthalate (DMT) and ethyl-
ene glycol (EG) are recovered with high yield. Glycolysis
by liquid EG is also performed with zinc acetate catalyst
at 190—200C and 3—4 MPa. In this method, the prod-
ucts are low-molecular-weight oligomers. Hydrolysis
with HySO, can recover both terephthalic acid (TPA)
and EG monomers at 150°C and 0.48 MPa. For the hy-
drolysis with NaOH at 250°C and 5 MPa, the recovery of
the TPA monomer is about 100% but that of the EG is
only 50%, because the EG is oxidized to oxalic acid.
These depolymerization methods using liquid solvents
require the long reaction time of more than 5 h, in spite
of using the catalyst.

Recently much attention is given to the decomposition
methods using supercritical fluids. Adschiri et al. re-
ported that the PET was decomposed completely to the
monomers by the supercritical water (T.=374.1C, P,=
22.12 MPa) at 400C, 40 MPa and 5 min of the reaction
time.® Under this condition, the TPA monomer was re-
covered almost completely, but the recovery of the EG
monomer was less than 30%. The EG monomer was de-
composed to small molecules in the presence of water
and TPA working as an acid catalyst. The authors pro-
posed that the PET was decomposed completely by the
supercritical methanol (SC-methanol, T.,=239.4C, P.=
8.09 MPa) at 300°C, 8 MPa and 30 min of the reaction
time.”® The products were the DMT monomer, EG
monomer and low-molecular-weight oligomers which
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could be treated as the same as the monomers. The re-
covery of both monomers was about 100%. In addition,
this method did not need any catalyst to promote the
reaction and the depolymerization completed at a short
reaction time.

In this work, we investigated the effect of the tempera-
ture, pressure and reaction time on the monomer recov-
ery and determined the proper conditions for the depo-
lymerization of the PET to the DMT and EG monomers
with the SC-methanol.

EXPERIMENTAL

Figure 1 shows the experimental apparatus used for
the PET decomposition. The reactor was made of SUS
316 and its inner volume was about 20 cm®. The maxi-
mum working temperature and pressure of the reactor
were 400C and 40 MPa, respectively.

The experimental procedure was as follows. The PET
of 0.5 g and methanol were loaded into the reactor. The
amount of methanol was adjusted to get a desired reac-
tion pressure at a reaction temperature. Then the air in
the reactor was replaced with argon gas. The reactor
was closed and put into the sand bath which was already
heated to the reaction temperature. This moment was
the starting time of the reaction. It took about 5 min for
the reactor to reach the setting reaction temperature.
The reaction temperature was assumed to be equal to
the temperature of the sand bath. The reaction pressure
was monitored using a digital pressure gauge during the
experiment. After a given reaction time, the reactor was
taken out of the sand bath and cooled quickly in water to
stop the reaction as soon-as possible. Then the gaseous
product was collected into a sampling bag, and the liquid
and solid products were collected with methanol and
analyzed by GC and GC/MS.

The PET was decomposed to the DMT and EG mono-
mers via oligomers by the SC-methanol. Figure 2 shows
the pathway of the methanolysis of the PET using the
SC-methanol.

Figure 3 shows the analytical procedure of the prod-
ucts of the PET decomposition. The product contained
the monomers of the DMT and EG, oligomers linking
some units of the monomers, unreacted PET and metha-
nol. In this work the oligomer was defined as the product
which was hydrolyzed with NaOH aqueous solution to
the TPA and EG. In the first step, the product was sepa-
rated into a solid (called solid 1) and a liquid (liquid 1)
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Figure 1. Experimental apparatus used for decomposition of PET.
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Figure 2. Decomposition of PET with SC-methanol.

phases using the filtration. The solid 1 contained a part
of the oligomer, which did not dissolve in the liquid 1 ow-

ing to the solubility limitation, and the unreacted PET.

The liquid 1 contained the DMT and EG monomers and
some part of the oligomer.

Each component in the solid 1 was analyzed as follows.

After the removal of methanol by heating at 323K in an
air bath, the oligomer was decomposed with 1N NaOH
aqueous solution to disodium terephthalate (NaTPA)
and EG. The solution was filtered to a solid 2 and a lig-
uid 2. The solid 2 was the unreacted PET and was
weighed using a balance after drying at 323K. The liquid
92 contained NaTPA and EG obtained from the oligomer
decomposition. The NaTPA was precipitated from the
liquid 2 by adding HCI aqueous solution and separated
with the filtration. The solid was the TPA and called a
solid 4. The solid 4 was weighed after drying. Each com-
ponent in the liquid 1 was analyzed in the same manner
as that in the solid 1. There is a point in which we have
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Figure 3. Analytical procedure for PET decomposition.

to be careful for the determination of the amount of the
oligomer in the liquid 1. Because a part of the DMT
monomer dissolved into NaOH solution during the de-
composition of the oligomer, a solid 5 contained the TPA
from both the oligomer and DMT monomer. As the re-
sult, a solid 3 was the DMT monomer which did not de-
compose with NaOH solution. Therefore the real amount
of the TPA from the oligomer was determined by that
(the amount of the TPA in the solid 5)—(the amount of
the TPA from the DMT monomer), where the latter
amount was calculated by the subtraction of the amount
of the DMT monomer in the solid 3 from that in the lig-
uid 1.

Finally the unreacted PET was recovered as the solid
2, the DMT and EG monomers as the liquid 1, the DMT
component in the oligomer as the solids 4 and a part of
the solid 5. The EG component in the oligomer dissolv-
ing in the liquids 2 and 3 was not analyzed by the GC
because the alkaline solution or the salt obtained by
neutralizing the alkaline solution gave the serious dam-
age to the GC column. This amount was calculated by a
simple method mentioned after.

The accuracies of the measurement of the reaction
temperature and pressure were 1K and 0.2 MPa, re-
spectively. The gas chromatograph was calibrated by
injecting various amounts of pure components and ana-
lyzed in the range where the peak area was linear with
the sample amounts. The analytical accuracy of the GC
was =1.0%.

The methanol was supplied by Wako Pure Chemical
Industries, Ltd. and its purity was higher than 99.8%.
The PET was provided by Aldrich Chemical Co., and its
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Figure 4. Temperature dependence of yields of DMT and EG
monomers (pressure=9.8 MPa, reaction time =30 min, mole ratio
of MeOH/PET=43).

IV was 0.57. The DMT and EG used for the GC calibra-
tion were provided by Wako Pure Chemical Industries,
Ltd.

RESULTS AND DISCUSSION

In this work, the yield of each component was calcu-
lated based on the number of carbon atoms in its struc-
tural formula as follows ;

Yield of DMT monomer(%)=
Moles of produced DMT monomer X8
I: Grams of charged PET
Formula weight of a repeating segment of PET

X100

X 10

Yield of EG monomer(%)=
Moles of produced EG monomer X2
[ Grams of charged PET
Formula weight of a repeating segment of PET

X100

X10

Rate of unreacted PET(¢) = (12 of ynreactel it

X100

where the formula weight of a repeating segment of the
PET was 192.2. When the PET was decomposed to the
monomers completely, the maximum yields of the DMT
and EG monomers were 80% and 20%. The yield of the
DMT component in the oligomer was calculated from the
above equation for the yield of the DMT monomer by re-
placing the moles of produced DMT monomer by those of
the DMT component in the oligomer. On the other hand,
the yield of the EG component in the oligomer was ob-
tained by the subtraction of the yield of the EG monomer
from the EG maximum yield (20%).

Figure 4 shows the temperature dependence of the
yields of both monomers at 9.8 MPa, the reaction time of
30 min and the mole ratio of methanol/PET of 43. About
3% of the unreacted PET remained at 270C. The PET
was decomposed completely at 300C and the yields of
the DMT and EG monomers were 49% and 10%, respec-
tively. The yields of the DMT and EG monomers
increased to about 70% and 16% as the reaction tem-
perature increased to 330°C. This result showed that
92% of the DMT monomer and 80% of the EG monomer
were recovered on the basis of the maximum yield.
Moreover the gaseous components were hardly produced.
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Figure 5. Pressure dependence of yields of DMT and EG mono-
mers (temp=3307, reaction time=30 min, mole ratio of MeOH/
PET=43).
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Figure 6. Reaction time dependence of yields of DMT and EG
monomers (temp=3307C, pressure=8.1 MPa, mole ratio of MeOH/
PET=43).

When the reaction temperature increased to 350C, the
yield of each monomer changed little, but the amount of
the gaseous product increased slightly and the main
component was CO,. Judging from the experimental re-
sults, the best temperature condition for the depolymeri-
zation of the PET was 330°C because the yield of each
monomer was high and the gas did not produce.

Figure 5 shows the pressure dependence of both yields
of both monomers. The reaction pressure was changed
from 8.1 to 12.3 MPa, but the yields of each monomer
were almost constant with pressure. As the result, the
best pressure at 330°C was 8.1 MPa, which was the low-
est pressure condition in this experiment.

Figure 6 shows the dependence of the yields of both
monomers on the reaction time. The unreacted PET re-
mained in about 2% at 15 min of the reaction time. Then
the PET was decomposed completely, as the reaction
time extended to 30 min. The yield of the DMT monomer
at 30 min was 73%, which corresponded to 94% of the
maximum yield, and that of the EG monomer was 16%,
which corresponded to 80% of the maximum yield. While
7% of the rest of the DMT component was the oligomer,
4% of the rest of the EG component was the mixture of
the oligomer and by-products. The GC/MS analysis
showed that the oligomer was low-molecular-weight
compounds such as those composed of 1.1 monomer
and the main by-products of the EG were diethylene gly-
col and 2-methoxyethanol. When the reaction time in-
creased further, the yield of each product hardly
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changed but the gaseous product increased. Because the
chemical equilibrium was attained relatively rapidly
between the monomers and oligomers, the ratio of the
monomers did not change much with the reaction time.

CONCLUSION

SC-methanol depolymerized the PET to the DMT and
EG monomers with 94% and 80% recovery of the maxi-
mum yield. In addition, the secondary decomposition or
the side reactions of the monomers could be minimized
using SC-methanol.
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