7010435 A2 | IV 00O RO O O

A

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
22 January 2009 (22.01.2009)

lﬂb A 00 0 0

(10) International Publication Number

WO 2009/010435 A2

(51) International Patent Classification:
C08J 11/10 (2006.01) CO7C 51/09 (2006.01)

(21) International Application Number:
PCT/EP2008/058917

(22) International Filing Date: 9 July 2008 (09.07.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
PV 2007-469 13 July 2007 (13.07.2007) CZ
(71) Applicant (for all designated States except US): US-
TAV CHEMICKYCH PROCESU AKADEMIE VED
CESKE REPUBLIKY [CZ/CZ]; Rozvojova 135 Praha 6,

165 02 Praha (CZ).

(72)
(75)

Inventors; and

Inventors/Applicants (for US only): HAJEK, Milan
[CZ/CZ]; Jugoslavskych partyzanu 17 Praha 6, 160 00
Praha (CZ). SOBEK, Jiri [CZ/CZ]; Na Nabrezi 5 Bruntal,
792 01 Bruntal (CZ). BRUSTMAN, Jaroslav [CZ/CZ];
Smetanova 891 Kamenicky Senov, 471 14 Kamenicky
Senov (CZ).

(74) Agent: REZAC, Petr; Jihozapadni IIII 1145/4 Praha 4,
141 00 Prague (CZ).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, F1, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: METHOD FOR THE CHEMICAL DEPOLYMERIZATION OF WASTE POLYETHYLENE TEREPHTHALATE

(57) Abstract: A method for the chemical depolymerization of waste polyethylene terephthalate by application of microwave ra-
& diation and solvolysis in the presence of a catalyst comprising the first stage where the waste polyethylene terephthalate is mixed up
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salts or esters thereof, and ethylene glycol.
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Description
Method for the chemical depolymerization of waste polyethylene terephthalate

Technical Field

[0001] The invention relates to a method for the chemical depolymerization of
polyethylene terephthalate (PET), in particular in the form of PET bottles,
by application of microwave radiation and solvolysis in the presence of a
catalyst into appropriate monomers, i.e. terephthalic acid, or its
derivatives, and ethylene glycol.

Background Art

[0002] The recycling of waste polyethylene terephthalate, especially PET bottles,
is currently one of the most important tasks in the polymers recycling
industry. The driving force behind the PET bottles recycling is the
accumulated waste PET material produced by the beverage industry. At
present, the majority of PET bottles are processed into fibres. Because of
troubles in the use of waste PET bottles for the production of fresh PET
bottles in so-called “bottle to bottle” technology and insufficient sorting the
chemical processing of waste PET bottles into monomers is becoming
more attractive. The chemical depolymerization, which is especially
advantageous in the case of heavily contaminated PET material, is based
on the solvolysis and includes most frequently hydrolysis, methanolysis,
glycolysis, or potentially ammonolysis i.e. processes by which monomers
that can be used for the synthesis of new PET products are formed.

[0003] These methods include hydrolysis using acids or bases in the aqueous
medium, US 4,355,175, alcoholysis or glycolysis in the presence of
various catalysts, Journal of Applied Polymer Science 34, 235 (1989), or
potentially hydrolysis or alcoholysis in the supercritical medium, US
4,605,762. However, all these aforementioned methods require harsh
reaction conditions such as the use of strong acids or bases, high
temperature, and in particular, elevated pressure. Patents US 3,544,622,
EP 597751, and EP 587751 /and Czech patents CZ 288622, CZ 296280
also deal with the chemical recycling of the waste PET material.

[0004] It is known that using microwave radiation as an energy source in

chemical reactions increased rate of reaction, i.e. reduced reaction time
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[0005]

and higher product yield may be achieved even under milder reaction
conditions. Recently, a PET material depolymerization using for the
alcoholysis (methanol, propylene glycol, polyethylene glycol) microwave
radiation was described in the patent SI 9800060. The depolymerization
was performed under elevated pressure in the presence of zinc acetate as
a catalyst. Likely, Chinese patents CN 1401688 and CN 1594268 describe
the PET material depolymerization in the presence of microwave radiation
by using only water without catalyst, but under high pressure (20 bar) and
temperature (220 - 230°C)

The PET material depolymerization by the effect of microwave radiation
under atmospheric pressure was recently described by Iranian authors in
the journal of Advances of Polymer Technology 25, 242-246 (2006). The
paper describes hydroglycolysis carried out in excess of C, — Cg alcohols
in the presence of basic catalysts (sodium hydroxide, potassium
hydroxide) and sodium and zinc acetate, respectively. However, the
material subjected to the depolymerization reaction was a pure PET
material, which was easy to get depolymerized even without any
microwave radiation present (100°C, 30 min, 100% conversion) and not a
waste PET. The Czech patent CZ 296343 describes the acidic hydrolysis
of waste PET material by means of strong acids such as nitric acid or
perchloric acid, or mixtures thereof, by the effect of microwave radiation.
The hydrolysis was apparently carried out under elevated pressure but the

ethylene glycol formed was completely destructed.

Disclosure of Invention

[0006]

The primary object of the invention is to provide a method for the chemical
depolymerization of polyethylene terephthalate by application of
microwave radiation and solvolysis in the presence of a catalyst.
Specifically, in the first stage the waste polyethylene terephthalate is
mixed up with an microwaves absorbing activator, the mixture is melted by
its exposing to a microwave radiation on a frequency from 915 to 2450
MHz and with a power output from 0.1 to 0.5 kW per kg of a charge, at a
temperature from 230 to 330 °C, under atmospheric pressure and in the

second stage, the molten mixture is subjected to solvolysis, including
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[0007]

[0008]

[0009]

[0010]

[0011]

[0012]

[0013]

acidic or basic hydrolysis, alcoholysis or glycolysis in the presence of a
catalyst under continuing microwave radiation and atmospheric pressure
yielding terephthalic acid, salts or esters thereof, and ethylene glycol.
Other aspects of the method according to the invention are apparent from
the hereinafter described or detailed potential specific embodiments
thereof.

As an activator silicon carbide, tungsten carbide, ferrite, magnetite, active
carbon, or polar liquids as alcohols (methanol, ethanol) diols (ethylene
glycol, propylene glycol), ketones (acetone, acetophenone), acids
(p-toluene sulphonic acid, terephthalic acid, formic acid, or acetic acid), or
water and their mixtures at the amount of 1 - 30 % by weight based on the
PET raw material may be employed.

The acidic hydrolysis may be carried out in the presence of acidic
catalysts, for instance heterogeneous catalysts as montmorillonites K10
and KSF, ion exchangers, zeolites, phosphoric acid supported on alumina
or silica, furthermore, copper(ll), iron(lll), zinc(ll), aluminium(lil),
antimony(lll), bismuth(lll) chlorides or acetates, respectively, or using
homogeneous catalysts as p-toluene sulphonic, formic, acetic, benzoic,
terephthalic , or sulphuric acid, respectively.

Alternatively, the alkaline hydrolysis may be carried out in the presence of
strong bases such as alkaline metal hydroxide (sodium hydroxide,
potassium or lithium hydroxide, respectively), or potentially in the presence
of phase transfer catalysts, for example TOMAB (trioctyl methyl
ammonium bromide).

The alcoholysis may be carried out in the presence of alcohol such as
methanol or ethanol, or diol such as ethylene glycol and transesterification
catalysts in particular zinc(ll) or ferric(lll) chloride, or manganese(ll),
cobalt(ll), calcium(ll), and magnesium (ll) acetates, respectively.

The depolymerization may be carried out in the presence of ionic liquid
being added in the second stage of the depolymerization.

In the second stage of the depolymerization process, the molten mixture
may be exposed to a microwave radiation at a temperature between 100
and 220° C and in both the first and the second stage the
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[0014]

[0015]

depolymerization may be carried out in air or in inert atmosphere of
nitrogen or argon, in either a batch or continuous process.

The melting process runs at high rate in the whole bulk volume and the
shape of the feed material has no influence on the melting rate. Molten
and partially depolymerised PET material may be transferred either
directly into an solvolytic solution, where it undergoes hydrolysis or
alcoholysis, or it may be left to solidify and be crushed or shredded into
grain 0.1 to 2 mm in size prior to being transferred into the second stage.
The combination of microwave technology and the methods according to
the invention, including application of an activator, presents very energy
saving technique in order of magnitude from 30 to 50 % of the electric
energy consumption compared with classic methods of the thermal
depolymerization and provides valuable resulting products, which then can

be directly used or be subject to further easy processing.

Mode(s) for Carrying Out the Invention

[0016]
[0017]

Example 1

2 kg waste polyethylene terephthalate containing 7 wt % impurities is
mixed with an activator represented by 10 % acetic acid in a 10:1 ratio.
The resulting mixture is fed into a ceramic crucible provided with a bottom
discharge valve and the crucible is placed into a microwave oven lined
with insulating material permeable for microwave radiation. Then the
mixture in the crucible is exposed to microwave radiation on a frequency of
2450 MHz and with a power output of 0.7 kW for the period of 30 minutes
at a temperature of 250° C until the mixture material is molten. The molten
and partially depolymerised PET material is then discharged into a
solvolytic reactor containing water or a solution of alkaline hydroxide, or
acid, and the depolymerization is completed in the microwave oven under
microwave radiation in the presence of a solvolytic catalyst yielding
ethylene glycol., terephthalic acid, or derivatives thereof. Ethylene glycol is
then separated by distillation under reduced pressure and terephthalic acid
and its derivatives are separated by conventional processes, i.e. by acid

filtration and esters distillation.

[0018] Example 2
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[0019]

[0020]

[0021]

[0022]
[0023]

[0024]
[0025]

The process of melting waste PET material is conducted under the same
conditions as in example 1 except that as the melting activator 20 wt %
silicon carbide, tungsten carbide, ferrite, magnetite, active carbon or polar
liquids as alcohols (methanol, ethanol), diols (ethylene glycol, propylene
glycol), ketones (acetone, acetophenone), acids (p-toluene sulphonic,
terephthalic , formic, and acetic acid, respectively), water and their
mixtures is subsequently used. The melt is then withdrawn from the
bottom outlet and continuously refilled through the upper inlet. The melt is
added to a solvolytic solution or it can be left to solidify and after being
crushed to grain 0.1 to 2.0 mm in size subjected to the depolymerization in
the second stage.

Example 3

In the second stage, 20 g crushed PET material prepared according to
example 2 is subjected to acidic hydrolysis in the mixture of 40 ml water
and 10 g iron(lll) chloride. The reaction mixture is exposed to microwave
radiation in a microwave oven in the nitrogen atmosphere and maintained
at its boiling point. 83 % conversion into terephthalic acid and ethylene
glycol is achieved in 90 minutes.

Example 4

The acidic hydrolysis according to the example 3 is carried out in the
second stage on the same conditions under the microwave radiation
except that in the second stage iron(lll) chloride is replaced subsequently
with montmorillonite K10 and KSF, ion exchangers, zeolites, phosphoric
acid supported on alumina or silica, furthermore, with chlorides or acetates
of copper(ll), iron(lll), zinc(ll), aluminium(lll), antimony (lll), bismuth(lll), or
homogeneous catalysts as p-toluene sulphonic acid, formic acid, acetic
acid, benzoic acid, terephthalic acid, or sulphuric acid, and ionic liquids,
respectively.

Example 5

20 g crushed waste PET material as in example 2 undergoes the alkaline
hydrolysis in the mixture of 50 ml water and 10 g lithium hydroxide, or
potentially sodium or potassium hydroxide and a phase transfer catalyst,

for example TOMAB (trioctyl methyl ammonium bromide). At a
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[0026]
[0027]

[0028]
[0029]

temperature of 106° C, 91 % conversion into the corresponding salt of
terephthalic acid and ethylene glycol is achieved in 60 minutes.

Example 6

20 g crushed waste PET material as in example 2 undergoes the
alcoholysis in the presence of 20 ml methanol and 20 g zinc(ll) chloride. At
the boiling temperature of the reaction mixture, 95 % conversion into
methyl ester of terephthalic acid and ethylene glycol is achieved within 60
minutes.

Example 7

The process of alcoholysis according to example 6 is carried out in the
presence of ethanol or ethylene glycol under the same conditions with the
exception that zinc(Il) chloride is replaced by iron(lll) chloride, or
manganese(ll), cobalt(ll), calcium(ll), and magnesium(ll) acetate,

respectively.

Industrial Applicability

[0030]

[0031]

The invention can be used for the solution of the problems of accumulated
waste, in particular waste based on PET bottles, by way of its total
depolymerization into monomers, i.e. ethylene glycol and terephthalic acid,

or derivatives thereof, and the reuse thereof for the PET bottle production.
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Claims

1.

A method of the chemical depolymerization of waste polyethylene
terephthalate by application of microwave radiation and solvolysis in the
presence of a catalyst characterized in that in the first stage the waste
polyethylene terephthalate is mixed up with an microwaves absorbing
activator, the mixture is melted by its exposing to a microwave radiation on a
frequency from 915 to 2450 MHz and with a power output from 0.1 to 0.5 kW
per kg of a charge, at a temperature from 230 to 330° C, under atmospheric
pressure and in the second stage, the molten mixture is subjected to
solvolysis, including acidic or basic hydrolysis, alcoholysis or glycolysis in the
presence of a catalyst and under continuing microwave radiation and
atmospheric pressure yielding terephthalic acid, salts or esters thereof, and
ethylene glycol.

The method according to claim 1 characterized in that the activator is selected
from the group consisting of silicon carbide, tungsten carbide, ferrite,
magnetite, active carbon, or polar liquids as alcohols (methanol, ethanol) diols
(ethylene glycol, propylene glycol), ketones (acetone, acetophenone), acids
(p-toluene sulphonic acid, terephthalic acid, formic acid, or acetic acid), or
water, and their mixtures, the amount of the activator being 1-30 % by weight
based on the PET raw material .

The method according to claim 1 or 2 characterized in that the acidic
hydrolysis is carried out in the presence of acidic catalysts selected from the
group consisting of heterogeneous catalysts such as montmorillonites K10 and
KSF, ion exchangers, zeolites, phosphoric acid supported by a carrier such as
alumina or silica, furthermore, copper(ll), iron(lll), zinc(ll), aluminium(lll),
antimony(lll), bismuth(lll) chloride or acetate, respectively, or homogeneous
catalysts such as p-toluene sulphonic, formic, acetic, benzoic, terephthalic , or
sulphuric acid.

The method according to claim 1 or 2 characterized in that the alkaline
hydrolysis is carried out in the presence of strong bases such as alkaline metal
hydroxides (sodium hydroxide, potassium or lithium hydroxide, respectively), or
in the presence of phase transfer catalysts, such as TOMAB (trioctyl methyl

ammonium bromide).
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5. The method according to claim 1 or 2 characterized in that the alcoholysis is
carried out in the presence of an alcohol such as methanol, ethanol, ethylene
glycol and trans-esterification catalysts selected from the group consisting of
zinc(ll) or iron(lll) chloride, respectively, or manganese(ll), cobalt(ll),
calcium(ll), and magnesium(ll) acetates.,

6. The method according to any of the claims 1 to 5 characterized in that the
depolymerization is carried out in the presence of ionic liquid added to the
molten mixture in the second stage of depolymerization.

7. The method according to any of claims 1 to 5 characterized in that that in first
and the second stage the depolymerization is carried out in air or an inert
atmosphere of nitrogen or argon.

8. The method according to any of the claims 1 to 7 characterized in that in the
second stage of the depolymerization process the molten mixture is exposed
to a microwave radiation at the temperature between 100 and 220° C.

9. The method according to any of claims 1 to 8 characterized in that in the first
and the second stage the depolymerization is carried out in a batch or

continuous process.
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